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BHuMaHHI0 2aBTOPOB

MextyHapoaHbIH xypHaI «IIporpaMMHBIE IPOAYKTHI H CHCTEMBD» ITyOIMKYeT MaTepHAIIbl HAYYHOTO ¥ HAYYHO-IPaKTHIECKOTO
XapakxTepa Mo HOBbBIM HHPOPMALMOHHBIM TEXHOJIOTHSIM, Pe3yJIbTaThl aKaJIeMUUECKUX U OTPACIIEBBIX UCCIIEI0BAaHNI B 00JIaCTH UC-
MIOJT630BAHUSI CPEACTB BHIYMCIUTENLHON TeXHUKHU. [IpaKTHKYIOTCS BBITYCKH TEMAaTHYECKHUX HOMEPOB II0 MCKYCCTBEHHOMY MHTEN-
JIEKTY, CHCTEMaM aBTOMAaTH3UPOBAHHOTO MPOCKTUPOBAHUS, 110 TEXHOJIOTUAM pa3pabOTKU MPOTPaMMHBIX CPEJICTB U CUCTEMaM 3a-
LIATHI, a TaKKe CIEUATU3NPOBAHHBIE BBITYCKH, MOCBSIIEHHbIE HAyYHBIM HCCIECIOBAHMSAM M Pa3pabOTKaM OTIENbHBIX BY30B,
HWMW, Hay4HBIX OpraHU3ayi.

Pemenuem Ipe3uanyma Bricuieit arrecranmonnoi komuccun (BAK) Munucrepcrsa o6pa3oBanust U Hayku PO MexayHapo-
HBIN xypHaI «[IporpaMMHBIE IPOYKTHI U CUCTEMBI» BHECEH B [lepedeHs BeIyIMX pelieH3UpyeMbIX HayYHBIX JKypHAJIOB U M3/a-
HUi, B KOTOPBIX JOJDKHBI OBITH OMYOJMKOBAHBI OCHOBHBIC HaYYHBIE PE3yJbTaThl AUCCEPTALMI Ha COMCKAHUE YYEHBIX CTEIeHEH
KaHIUIaTa v JOKTOpa HayK.

Wudopmanust 06 onyOIMKOBaHHBIX CTaThsAX 110 YCTAHOBICHHOM QopMe peryisipHO IpeaocTaBisieTcs B cucreMy Poccuiickoro
uHzekca HayyHoro nutuposanus (PUHII), B CrossRef u B ipyrue 6a3sl U 371€KTpOHHBIC OHOITHOTEKH.

YcaoBus my0JauKkanuu

K paccMoTpeHHI0 MPUHUMAIOTCS paHee HUT/E He OMyOIMKOBAaHHBIE MaTePHANBI, COOTBETCTBYIOLINE TEMAaTHKE JKypHaa
(crrerranm3anus 05.13.XX — MHpopmaTHKa, BEIYUCIUTEIbHAS TEXHUKA M YIPABJICHUE) U OTBEYAIOIINE PEIAKIIMOHHBIM TpeOoBa-
HUSIM.

Pa6ora mpencrasisercs B aiekTpoHHOM BHIE B popmate Word. IIpu oOumuu ciokHBIX GOpMyI 00s3aTeIbHO HATHYIHE
ctathi U B popmare PDF. ®opmyibl 10/DKHBL ObITh HaOpaHbl B penakrope dopmyn Word (Microsoft Equation mnu MathType).
O0beM cTaThl BMECTe ¢ WuTIocTpaimsaMu — He MeHee 10 000 3HakoB. JluarpamMMsbl, CXeMbl, TpaMKH TOJDKHBI OBITH JOCTYITHBIMU
Juist pegakruposanus (Word, Visio, Excel). Bee unmoctpanuu 11 nonurpaduueckoro BOCIPOU3BEICHUS MPEACTABIAIOTCS B
yepHOo-0enoM BapuaHTe. L{BeTHbIe, TOHHPOBAaHHEIE, OTCKAHUPOBAHHBIE, HE MOJIISKAIINE PEAaKTHPOBaHUIO cpeacTBaMu Word pu-
CYHKH U 9KpaHHbIe GOpPMBI CIeAYET IPUCHUIATh B XOPOLIEM KauecTBe AJIsI UX JIONOIHUTENBHOIO pa3MeIleHUs] Ha caiiTe xypHaila B
MaKeTe CTaThH ¢ JOCTYHoM Mo ccbuike. ([lyOnmkanus MaTepraioB ¢ MCHOJNB30BaHUEM THIIEPTEKCTa, TpaduKy, ayano-, BHIEO-,
HPOTPaMMHBIX CPEICTB M JIP. BO3MOXKHA B 3JIEKTPOHHOM HM3IaHHMHU «IIporpaMMHbIC HMPOAYKTHI, CHCTEMBI W AITOPHTMBD), CalT
WWW.SWSYS-web.ru.) 3aroJloBOK J0JDKeH OBITh MH(GOPMATHBHBIM; COKPAIIECHHS, a TAKKE TEPMUHOJIOTHIO Y3KOH TEMATHKH JKeja-
TEeJILHO B HEM HE MCI0JIb30BaTh. KonuuecTBo aBTOPOB Ha OJJHY CTaTbio — He Ooee 4, KOJIMYECTBO cTaTeil 0JJHOrO aBTOpa B HOMEPE,
BKJIFOYAst COABTOPCTBO, — He Ooiee 2. CIIMCOK JIUTepaTyphl, HATHYUE KOTOPOTro 0053aTelIbHO, TOJDKEeH BKIF0YaTh He MeHee 10 myHK-
TOB.

Heo6xomuMbl Takxke cojliepKareibHasi CTpYKTYpUpoBaHHas aHHOTanus (He MeHee 200 cioB), kimodeBbie cioBa (7—10) u
unzaekc Y/IK. Hazpanue craTby, aHHOTAIMS W KIIIOYEBBIE CIIOBA JIOJDKHBI OBITh NMEPEBEICHBI HA aHTVIMHUCKUI SI3bIK (MAIlIMHHBINA
TIepEeBOJT HEIOMYCTHM ), a (paMIIIU aBTOPOB, Ha3BaHUS U IOPUANIECKHE aJjpeca OpraHu3auii (ecian HeT O(UIHATBHOTO TTEpeBoIa),
IpUCTaTeHHbIE CIIUCKU JIUTEPATYPhl — TPAHCIUTEpUpoBaHb! 1o cranaapty BGN/PCGN.

BwMmecre co cTaThell cieyeT mpuciaTh COMPOBOANTENFHOE MICHMO-PEKOMEHIAINIO B IPOM3BOJIBHOM (opMe, SKCIIepTHOE
3aKII0YEHHE, JTMLIEH3UOHHOE COTJIalleHNe, a TakkKe CBEACHUs 00 aBTopax: (aMuiIus, UMs, OTYECTBO, HA3BAaHUE U IOPUIAMYECKHUH
aJipec OpraHM3alyy, JOJDKHOCTh, YUeHbIe CTEIIeHb U 3BaHHe (€CIIU eCTh), KOHTAKTHBIHN Tene(oH, deKTPOHHBIN aipec, MOYTOBBIH
azipec Ui OTIPaBKU OECIUIATHOTO aBTOPCKOTO SK3EMILIIpa KypHaa.

IMopsinok peneH3UPOBAHMS

Bce crarby, nocTynaronye B peakiuio (COOTBETCTBYIOIINE TEMaTHKE M O(OPMIICHHBIE COTJIACHO TPEOOBAHUM K ITyOIIH-
KaIun), MOJIeKaT 0053aTe/IbHOMY PELIEH3UPOBAHUIO B TEUEHUE MECSIa C MOMEHTA OCTYIJICHHS.

B penakuuu ects yCTOSBIIUICS KOJUIEKTUB PEIICH3EHTOB, CPeld KOTOPHIX YWIEHBI MEKAYHAPOJHON PeIKOJUIEIHH KypHaa,
OKCHEPTHI U3 YUCJIa KPYIHBIX CIIEIUAJINCTOB B O6J'[3.CTI/I I/IHCt)OpMaTI/IKI/I M BBIYKUCIUTEILHON TEXHUKH BCAYIIUX BY30B CTpaHbI, a
Taxke ydeHsle U crienuanuctel HUU «llentpnporpammcucrem» (1. TBepsb).

PGHCHSI/IpOBaHI/Ie MPOBOAUTCA KOH(l)I/I)ICHHI/IaIIBHO. ABTOpy CTaTbu MNPEAOCTABJIACTCA BO3MOXKXHOCTh O3HAKOMHUTBHCA C TCK-
cToM peneH3uu. [Ipy HeOOXOIMMOCTH CTaThs OTIPABISAETCS HA JOPAOOTKY.

Penensun o0cyxaarTcst Ha 3aceiaHusaX paboueil Tpynmbl, COCTOAIICH U3 YWICHOB HAYYHOTO COBETA JKypHala. 3aceTaHus
npoBoaTcs pa3 B Mecan B HUM «lenrpnporpammcuctem» (r. TBepb), Te NpUHUMAETCS PELIeHUe O 1esiecoo0pa3HoCcTH myOIu-
Kaluu CTaThbHu.

CratbH, 0100peHHBIE PEJaKIIMOHHBIM COBETOM, ITYOJIHMKYIOTCS OECIUIATHO B TEYEHHUE T0/1a C MOMEHTA OZI00pEHHS, a OTIIPaB-
JICHHBIE Ha 1OpabOTKy — C MOMEHTA MOCTYIICHHS MOCIIe yCTpaHEHHs 3aMEeUaHHH.

Penakuus MexayHapomHoro xypHana «[IporpaMMHbIe TPOAYKTHI B CUCTEMBI» B CBOEH pab0Te pyKOBOJCTBYETCS CBOJIOM
npaBuit Koziekca 3TUKM Hay4qHBIX MyOJIUKaNi, pa3padOTaHHBIM U YTBEPKACHHBIM KOMUTETOM 1O 3THKE HAyYHBIX MyOJIMKAIMA.
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B craTbe paccMaTpHBaroTCsl MOCTAHOBKA 3aadll (POPMHUPOBAHUS HAIPABICHUH Pa3BUTHS aBTOMAaTH3MPOBAHHBIX CHCTEM
00paboTKN HHPOPMAIMY U YIIPABICHUS OPraHU3AIMOHHOTO THIIA U aJITOPUTM €€ PEIICHHS.

HeobxoxuMocTs penieHus JaHHOI 3a1aui 00yCIOBICHA TEM, YTO MHOTHE aBTOMAaTH3MPOBAHHBIE CHCTEMBI CO3IAI0TCS U
SKCIUTyaTHPYIOTCSl B TEUEHHE AECSATUIICTHH, IPU 3TOM B MPOIecce IKCILTyaTallUl MEHSIOTCSl TpeOOBaHUs, IPEABIBISIEMBIE K
3THM CHCTEMaM, NT03TOMY BO3HHMKAeT MOTPEOHOCTh B IMEPUOANIECKOM (POPMHUPOBAHUN PEIICHUIT 1T0 IPUBEICHHIO COCTOSHUS
ABTOMATH3UPOBAHHON CHCTEMBI B COOTBETCTBHE HOBBIM TpeOOBaHMSIM. B kauecTBe OCHOBHOTO Moka3zareist 3(pdexTHBHOCTH
(hopMHUpYEMBIX pEelIeHHI MPUHAT KOMIUIEKCHBIN IT0Ka3aTelb, XapaKTepU3YIOIHH CTeTIeHb aBTOMAaTU3alNH ()yHKIIMOHAIBHBIX
MPOLIECCOB, pealn3yeMbIX B CUCTeMe. B kadecTBe OrpaHHYeHHIl BHICTYIAIOT TpeOOBaHMs K 00s3aTENbHOM aBTOMaTH3aIMU
Han6oJjee BaXXHBIX (YHKIMOHATBHBIX IIPOLIECCOB M CBOEBPEMEHHOCTH MX BBIIIOJIHEHHS, a TAKXKE MPEAEIbHO JOMyCTUMEIE (u-
HAHCOBBIE 1 BPEMEHHBIE PECypCHI poLiecca Pa3BUTHS aBTOMAaTH3UPOBAHHON CUCTEMBI.

IIpoBeneHHBIi aHANN3 ANTOPUTMHUIECKOH CIOKHOCTH PEIICHUS 3a/1a4H MTOKa3bIBAeT HEBO3MOXKHOCTD €€ PEIICHHs ITyTeM
paccMOTpPEHHsI BCEX BO3MOXKHBIX BAPUAHTOB M3-3a SKCIOHEHINATBHON 3aBHCHMOCTH KOJIMYECTBA PEIICHHH OT pa3MepHOCTH
HCXOJHBIX JaHHBIX. B CBA3M ¢ 3TUM pa3paboTaH 3BPUCTUIECKUN aITOPUTM, TO3BOJISIOMINI CYIIECTBEHHO COKPATUTh KOJIHUYe-
CTBO paccMaTpUBAaeMbIX BapHAHTOB U MOIYYHTh PALlMOHAIBHOE PELICHHE 331aui [P OTHOCHTEIBHO HEOOJBIION BHIYUCIH-
TEIBHOH CIIOXKHOCTH.

IMpennoxxeHHbIH aJrOpUTM IO3BOJISIET 0OOCHOBATh PEIICHUs MO pa3paboTKe U M3TOTOBJICHHIO KOMIUIEKCOB CPEJICTB aBTO-
MaTH3al¥H1 JJIsl OCHAIEHHsI OPIaHOB YIIPABJICHHS U3 COCTaBa aBTOMaTH3UPOBAaHHBIX CUCTEM 00pabOTKH HH(OPMAIHH U YTIPaB-
JICHHS OPTaHM3aIMOHHOTO THIIA, A TAKKe MPOJUICHUS pecypca JeHCTBYIOINX B CHCTEME CPEACTB aBToMaTn3anuu. [Ipeamomna-
TaeTcsl peajn30BaTh ANTOPUTM B aBTOMATU3MPOBAHHON CHCTEME MOANCPKKHA NMPUHATHS PEIICHUH, MpeAcTaBIstomeil codoi
MPOTPaMMHBINA KOMIUTEKC, pyHKunonupyronmii Ha [I9BM motpeburensckoro kiacca.

Kniouesvle cnoga: asmomamusuposannas cucmema, npoeKmuposanue cucmem ynpagieHus, JICUHeHHulll Yuki cucmem

ynpaejienus, KOmMnjiexkc cpedcm@ asmomamuszayuu.

ABToMaTu3anus npoieccos cbopa, 00pabOTKH, Tie-
penaun wHGOpMANUU U POPMHUPOBAHUS YIIpaBICHYEC-
CKUX PCIICHWH B Pa3IMYHBIX c(epax UYeToBeUECKON
JIESTETPHOCTH, B TOM YHCJIE B NEATEIHHOCTH CHIIOBBIX
MUHHCTEPCTB ¥ BeJOMCTB Poccuu, BO3MOXKHaA ¢ TTIOMO-
IIBI0 A8MOMAMUUPOBAHHBIX cUCmeM 0OpabomKy uH-
Gopmayuu u ynpasneHus OpaHU3AYUOHHO20 MUnd
(ACOMY OT). Onn, Kak MpaBwiIO0, MPEACTABISIOT CO-
00i1 MHOTOYPOBHEBBIE HEpAPXUYECKHE CHCTEMBI, CO-
CTOAIINE W3 OPraHoB YIIPAaBJICHWA W KaHAJOB CBA3U
MCXY HAUMU.

Kak mokaspiBaet mpaktuka, ACOUY OT co3na-
I0TCS U OKCIUTYaTHPYIOTCSl He OJHO jaecstwietne. On-
HAaKo C TEYEHHEM BPEMEHH MEHSIOTCS TpeOOBaHMUS,
NpeabsBIsSEMbIE K CUCTEMaM, BO3HHUKAIOT HOBBIC 3a-
Jayl M TPOLECCHl, MNOJJIeKAlIe aBTOMATH3aLNH.
Kpome Toro, ycrapeBaloT M MpUXOAAT B IpelesIbHOE
COCTOSIHHE UCTIOJIb3YEMbIE KOMHIIEKCbL CPEOCME A8NO-
mamuszayuu (KCA). Ykazanusie (HakTOpsl BBI3BIBAIOT
HEOOXOMMOCTb MEPHOANYECKOr0 PEeIIeHHs 33/1a4 0
(hOpMHUPOBAHMIO YIPABICHYECKUX pPEIICHUH, HAIpaB-
neHHslx Ha mpuBenenne ACOUY OT B cocrosiHue,
obecreunBaroIiee BHIOJHEHUE aKTyaJIbHBIX TpeOoBa-
HUH.

VuuteiBas o, ut0 ACOUY OT cocrosar u3 60ib-
II0T0 KOJINYECTBA PA3HOTHITHBIX OPT'aHOB YIIPABJICHHUS,

OCHAIICHHBIX PA3MUYHBIMUA CPEJICTBAMH aBTOMATH3a-
UM, a TaKKe TO, YTO MPOIECCH pa3pabOTKH, TPOU3-
BoacTtBa U noctaBku KCA peanusyrorcs B TE€UEHHE
JUTATEIEHBIX IPOMEKYTKOB BPEMEHH B XO/I€ BEITIOJIHE-
HUS COOTBETCTBYIONINX HAyYHO-UCCIIECIOBATEIHCKHX,
OTIBITHO-KOHCTPYKTOPCKUX PadOT U CEPUHHBIX TOCTa-
BOK M MPHU 3TOM BCE pabOTHI BBITIOIHSIIOTCS Pa3jiny-
HBIMH CYOBEKTaMH B YCIOBHSIX PECYPCHBIX OTpaHUYe-
HUH, WHTYWTHBHOE pENIeHHWEe TMOJO00HOW 3ajauu He
MpeCTaBIsIeTCs] BO3MOXKHBIM. B CBSI3M ¢ 3TUM BO3-
HUKAaeT HEOOXOJUMOCTh HCIIOIb30BaHUSI CTPOTOM
METOIMKH (POPMHUPOBAHUS YKA3aHHBIX PEIICHUN U CO-
OTBETCTBYIOLIUX JTOH METOJUKE MPOrpaMMHO-UH-
CTPYMEHTAJIbHBIX CPEJCTB, MO3BOJISIIOIIMX IOIYy4aTh
TpeOyeMoe pelieHue B KOPOTKUE CPOKU C MHHUMAITb-
HBIMH TpYJ03aTpaTaMu.

AHanu3 UMEIOIUXCs MyOIUKAINA B paccMaTpHBa-
MOl TpeIMETHOM 001aCTH TTOKA3bIBAET, YTO BOIPOCHI
ynpasienus paszsutueM ACONY OT B Hacrosmiee
BpEMS PAcKpPBITHI HE MOJHOCTHIO. B psije pabot pac-
CMaTPHUBAIOTCA OTAEIHHBIE 3a1a91 (POPMHPOBAHUS pe-
IICHWH B YaCTH TEXHUYECKOTO, IMIPOTPAMMHOTO W WH-
dbopmammonHoro obecneuenns ACOUY OT [1-6].
B nmpyrux myOnmukanmsx 3aTpardBarOTCs MPOOIEMEI
nporpammHo-1ieneBoro rmianuposanus HUOKP 6e3
ydeTa BBITOJHCHUS (DYHKIIMOHAIBHBIX TPEOOBAHHUN K
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ACOWNY OT [7, 8]. B cBs13u ¢ aTM 3a1a4a pa3pabOTKH
MOAXO0A0B K ()OPMHUPOBAHUIO PEIICHUH 10 Pa3BUTHIO
ACONY OT mnpencraBiseTcss aKTyallbHOW W BOCTpe-
OOBaHHOM.

CyTp BBIOOpa BapHWaHTa PEHICHUH 110 Pa3BUTHIO
ACONY OT [9-14] B ToM, 9TO I KaXKIOTO TIIaAHO-
BOTO 3Tama MPOTHO3UPOBAHUS JOJDKHEI OBITH BEIOPAaHBI
CHUCTEMOTEXHUYECKHE PEIICHHUs I10 aBTOMAaTH3AIHU
OpTaHOB YNpaBJICHHS 3a CUET OCHAIIEHHMS (JI0OCHAIIe-
Hus) ux cepuiineiMu KCA (ocHamieHne BO3MOKHO B
TEKYIIMH MOMEHT BPEeMEHH) WIN pa3padaThIBAEMbIMH
KCA (ocHaieHue BO3MOXHO B Oy/IyIIIeM MOCIIEC OKOH-
YaHUS COOTBETCTBYIOLIEH OINBITHO-KOHCTPYKTOPCKOM
paboThI) C YYETOM JOMYCTUMOIO (Ha3HAYEHHOI0) pe-
cypca ucnosb3oanusd KCA B coctae ACOUY OT.
IIpu »ToM mpu BBIOOpe BapmanTa pa3Butua KCA
JOJDKHBI OBITH TaK)Ke YYTEHBI TPEOOBAaHHSA 1O KOM-
TUIEKCHOM MEXypOBHEBOM aBTOMATH3AIINU OTACIHHBIX
(hyHKIIMOHATBHBIX MPOIIECCOB, TO €CTh BHIOOD LIS pe-
anu3alliil B OpraHax YIpPaBJICHUSA TakKUX (YHKIHO-
HaJIbHBIX 33/1a4, KOTOPBIE COCTABIIAIOT paccMaTpUBae-
MBIl QyHKIMOHATIBHBIN TpOIECC.

C y4eToM H3JI0KEHHBIX TPEOOBAaHHMH B KauecTBE
LENIeBOM (DYHKIUU YIS PEHICHUS paccMaTpUBacMOn
3aJja4yy 1eIeco00pa3HO BhIOpATh KOMILICKCHBIN MOKa-
3arens [10, 11, 15-19], oTpaxkaromuii cTeneHb aBTo-
MaTH3alUHu TPeOyeMBIX (QYHKIIMOHAIBHBIX IPOIIECCOB,
MPpY HEOOXOJUMOCTH BBITTOJTHEHHS Psiia M3 HAX B Mac-
mrabe peaJbHOro BpeMeHH. i1 3Toro B AambHEHUIIeM
OyzeM UCIIONIb30BaTh JJBA YACTHBIX IIOKA3aTeIIs:

— TIOKa3aTelb OICHKH pealu3alu (yHKIHO-
HaJIbHBIX MTPOILIECCOB BBICLIETO IIPHOPUTETA;

— TIOKa3aTesb OLEHKH CTENeHW aBTOMAaTH3alHU
OCTaIbHBIX (PYHKIIMOHAJIBHBIX POLECCOB.

[Tokazarenp OlEHKH peanu3anuu (QYHKIHOHATE-
HBIX TIPOLIECCOB BBICHIETO MpHOpUTETa (TI0Ka3aTesnp 1)
MOJKET OBITh 3alKCaH KaK BEKTOpPHAs AMCKpPEeTHas Oy-
neBa QYHKIUSA, SJIEMEHTH KOTOPOi NMPUHUMAIOT 3Ha-
yeHne «1» mpu peanmzanuu (QyHKIHOHAIBHBIX IPO-
reccoB, «0» — B MPOTUBHOM CITydae.

IlokazaTenb OIEHKHM CTENEHHM aBTOMAaTH3ALUH
(hyHKIIMOHAJIBHBIX TPOIECCOB (IOKa3aTedb 2) MOXKET
OBITh 3aMMCaH KaK B3BEIICHHOE 110 BAYKHOCTH OTHOIIIE-
HHUE PEaTM30BAHHBIX IPOIIECCOB K CyMME Ba)KHOCTEH
(hyHKIIMOHATIBHBIX TPOIECCOB, TPEOYIOMNX pean3a-
UM,

IIpu sToM 11t IOKa3aTenei | 1 2 moj pean3oBaH-
HbIM (DYHKI[OHAJBHBIM MIPOLIECCOM OylieM HOHUMATh
nporece, Ui KOTOPOTo peaan30BaHbl BCE COCTABIISIO-
mue ero (yHKIMOHAIbHBIE 3a/laudl M BBIOJIHSIIOTCS
TpeOOBaHUSI K BPEMEHHBIM WM BEPOSTHOCTHO-BpE-
MEHHBIM XapaKTepHCTHKAaM €ro BBINOJHEHHs (B CIy-
yae, ecM Takue TPeOOBaHMS ISl pacCMaTpUBAaEMOro
mporiecca 3a/1aHbl).

B xadecTBe WMCXOIHBIX MAHHBIX, HCIIOIB3YEMBIX
JUIA PEHmICHHs pPacCMaTPHBA€MOM 3amad, NPHHATHI
CIIEYIOIIHE.

1. OprannzanuonHas ctpykrypa ACONY OT,
ONHCHIBaeMasi Kak MHOKECTBO OPTaHOB yIIPABIICHUS H
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cBsi3er Mex Ay HUMHU. [Ipu 3TOM Ka) bl OpraH ynpas-
JICHUSI MOKET OBITh OCHAllleH He 0Oojiee 4eM OJHUM
KCA ompenenernnoro Turma.

2. OynkmoHansHas cTpykrypa ACONY OT, omu-
ChIBacMasi Kak COBOKYITHOCTb (DyHKIIMOHAJBHBIX MOJ-
cucreM. Kaskmast 13 pyHKIMOHAIBHBIX TIOACHCTEM CO-
CTONT W3 MHOXECTBAa (PYHKIMOHAIBHBIX IHPOIECCOB,
COCTAaBHBIMH YacCTSMH KOTOPBIX ABJISIOTCS (DYHKIHO-
HaJIbHBIE 3aJa4H.

B 3aBucuMocTH OT IpebsBIsIEMbIX TPEOOBAHUHI K
CBOEBPEMEHHOCTH  BBINIOJIHEHUS!  (DYHKIMOHAIILHbIC
MPOLIECCHl  MOJPA3ACISIOTCS Ha (YyHKIMOHAJIbHbIC
IPOIIECCHl peaTbHOr0 U HepeanbHoro BpemeHu. Oc-
HOBHOE pa3inyue MeX]y yKa3aHHBIMH BUAAMH (YHK-
IIMOHAJBHBIX MPOLECCOB COCTOMT B TOM, YTO JUIA
(DyHKIIMOHAJBHBIX TIPOIECCOB PEAIBHOTO BPEMEHH
MPEABABIAIOTCS TPEOOBAHNS K BPEMEHHBIM HIIH BEPO-
SATHOCTHO-BPEMEHHBIM XapaKTEPUCTHKAM IJIHTEIBHO-
CTH MX BBITIOJHEHHMS, a /IS (PYHKIMOHAJIBHBIX MIPOLIEC-
COB HEpEeaJbHOTO BPEMEHH Takue TpeOOBaHUS HE
MPEIbABISIOTCS.

B 3aBucuMOCTH OT Ba)HOCTH, KOTOpast ONpeess-
eTCsl CTENCHBIO BIMSHHS peann3yeMoro (yHKIHO-
HaJIbHOT'O Tpoliecca Ha 00uyto 3¢ (GeKTUBHOCTD NPH-
Menenust ACONY OT no ueneBoMy Ha3HAUYECHUIO, BCE
(hyHKIIMOHAJBHBIE MPOLECCHl IOJPA3CISIIOTCS Ha
(hyHKITMOHAJIBHBIE MPOIIECCHI BBICIIETO NMPHOPHUTETA U
npoure GYHKIMOHAIBHBIE TPOLIECCHI.

3. Tunel OpraHoB YIpaBJIEHUS, KaXIbI U3 KOTO-
PBIX XapaKTepH3yeTCsi MHOXKECTBOM (DYHKIIMOHAIIb-
HBIX 3aj1a4, nojuiexxauux peanusanuu B KCA.

4. Tuner KCA, npegHa3Ha4eHHBIX I aBTOMaTH-
3alliy OPTaHOB YIpaBJIeHUS. B 3aBUCHMMOCTH OT cTa-
nuu xu3HeHHoro mukina KCA pasgenstorcs Ha JeH-
CTBYIOIIHE (HAXOAAIINECs Ha dTare dKCIUTyaTallud B
OpraHax YIpaBJeHHs), CEpHIHbIC (HaXOAAIINecs Ha
JTane CEepPUMHBIX IIOCTaBOK) M pa3pabaTbIBacMble
(Haxonsuecs Ha 3Tarax BBIIIOJHEHHUS COOTBETCTBYIO-
MHAX HAyYHO-HCCIIEAOBATEILCKIUX HIIM OINBITHO-KOH-
CTPYKTOPCKHX padoT).

5. Texymuii BapHaHT OCHAILLlEHHUsI OPTaHOB yIpaB-
nenns KCA, B TOM 4ncie BKIIIOYAIOLIUNA CBEICHUS O
tunax KCA, skcmmyaTHpyeMBIX B OpraHax yIrpaBiie-
HUS, U BIX OCTaTOYHOM pecypce.

6. TpeboBaHM K BPEMEHHBIM U BEPOSTHOCTHO-
BPEMEHHBIM XapaKTepUCTHKAM BBIIOJHEHUS (DYyHKIH-
OHAJBHBIX TponieccoB B ACONY OT.

7. IlepeueHpb, opraHu3alMOHHBIE, POU3BOJICTBEH-
Hble ¥ (PUHAHCOBBIE XapaKTEPUCTUKH IPEIIPHATHH,
KOTOpBIE BBINOJIHSIOT pabOTh MM MOTYT IPUHUMATh
ydacTue B Ipoleccax pa3pabOTKH, NMPOM3BOACTBA U
nocraBku KCA.

8. IlepedeHp 3TanoB NPOTHO3MPOBAHUS C YyKa3a-
HHEM UX IPOJOJDKUTENILHOCTH U 00beMOB (PHAHCHPO-
BaHMS.

3aga4a pemaercs ¢ y4eToM CIEIYIOMNX yCIOBUH
Y JOMYIIEHUMN:

—  ¢ynxauonansHerii poriecc B ACOUY OT cum-
TaeTCsl pealn30BaHHBIM B TOM CIIydae, KOTAa pean3o-
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BaHbl Bce (DyHKIMOHAJBHBIE 33/1a4M, COCTABIISIOIIME
JIaHHBIN (QYHKIMOHAIBHBIA NPOLIECC, a TAKXKe yJOBIIe-
TBOpPEHBI TPeOOBAHM K BPEMEHHBIM U BEPOSTHOCTHO-
BPEMEHHBIM XapaKTEPUCTHKAM €TO BHITIOIHEHUS (eCIH
Takde TpeOOBaHMS Ui paccMaTpUBACMOTO (YHKIIH-
OHAJBHOTO IIpOIiecca 3a/1aHbI);

— KCA nng aBToMaTn3aniy OpraHoB yIpaBICHAS
MIPEICTABISIIOTCS KaK HeJACIMMEBIE DJIEMEHTHI, B CBSI3U C
4eM BBIOOp OTJENBHBIX CXEMOTEXHHYECKUX PEIICHUN
n3 coctaBa KCA 151 ocHaIleHUs] OpraHoB yHpaBJICHHS
HE paccMaTpUBaeTCs;

— B paMKax JOIyCTUMOIO pecypca MCIOJIb30Ba-
Hust KCA Bcex TUIOB, a TakXe MPU MPUHATHU pele-
HUs 0 poasneHuu skciutyatanun KCA HaieKHOCTHBIE
XapaKTePUCTHKH PeaTH3aludl (YHKIHOHAIBHBIX MIPO-
1eccoB ((yHKIIMOHATBHBIX 3a/1a9) OCTAIOTCS HEU3MEH-
HBIMH H yIOBIICTBOPSIIOT 3aJJaHHBIM TPEOOBAHUSIM;

— TIOMeIIeHHs (COOpYKEeHH) M 0OBEKTHI, B KOTO-
PBIX pa3MeUICHH (TUIAHUPYETCS Pa3MECTUTh) CPEICTBA
aBromatm3anuu u3 cocraBa ACONY OT, ynoBneTBo-
psrOT TpeOOBaHUAM IO MacCOradapUTHBIM, KINMAaTH-
YEeCKMM M SHEPreTHYeCKUM I10Ka3aTelsiM Uil pa3Mme-
meHust cooTBeTcTByomuUX TunoB KCA (ecnu nis psiga
MOMEIICHUI 1 00BEKTOB TpeboBaHuUs 1O Maccoraba-
PHUTHBIM, KIIMIMaTHYECKUM U SHEPreTHYECKUM MOKa3a-
TEJISIM HE BBITTOTHAIOTCA, TO K TAKUM 00BEKTaM IpEIb-
SBIISTIOTCSI COOTBETCTBYIOIINE TpPeOOBaHHSA, KOTOpEIC
JIOJDKHBI OBITH PEaTHM30BaHBI 1O MOMEHTA ITOCTAHOBKH
KCA Ha 00BbEKTBI aBTOMATH3AIIHH );

— KaHaJBl ¥ CETH Iepeadd JaHHBIX yIOBIETBO-
PAIOT HHOOPMAITMOHHBIM TIOTPEOHOCTAM IO OOMEHY
JAHHBIMHM JUIS pealii3alud BceX (YHKIHMOHAJIBHBIX
NpoLECcCOB U (DYHKIMOHAJIBHBIX 3a71a4 (€l JyIsl psiaa
HarpaBjeHUil oOMeHa ykazaHHble MH(GOPMAaIOHHBIE
MOTPEOHOCTH HE BBIMOJIHAIOTCS, TO K 3JIEMEHTaM IO~
CHCTEeMBI Nepeaadn nHPopMaruu (00bEeKTaM TeJIeKOM-
MYHUKAITMOHHOH HH(PACTPYKTYpHI) TPEIBABISIOTCS
COOTBETCTBYIOIINE TPeOOBAaHUS, KOTOPHIC IOJDKHBI
OBITh peann3oBaHbl 10 MOMeHTa ocTaHoBkd KCA Ha
00BEKTHI ABTOMATH3AIUH);

— JIOJDKHOCTHBIE JIMI[a OpraHoOB YIIPaBJICHHSA
UMEIOT TpeOyeMbIl YpOBEeHb KBAM(HKAIMH (TO €CTh
NPH BBITIOJIHEHUH aBTOMATH3UPYEMbIX ()yHKIIMOHAIb-
HBIX 33/1a4 U (YHKIMOHAIBHBIX IPOIECCOB BPEMS BbI-
MOJIHEHHSI COOTBETCTBYIOMINX (DYHKUIMI ynpaBiieHHs
JIOJDKHOCTHBIMH JIMIIAMH OPTaHOB YIPaBJICHHs HE Ipe-
BBINIAET 33J]aHHOE);

— OOBEKThI yNpPaBJCHUs, KOTOPBIMH JIOJDKHA
ynpaBiate ACONY OT, ocHalieHbl COOTBETCTBYIO-
M OKOHEYHBIM 000pYyI0BaHHEM, 00eCTICUNBAIOIINM
unrerpanuio KCA B KOHTYp ynpaBieHHs 0e3 Kakux-
100 1opaboTOK.

C yueToM yKa3aHHBIX HCXOIHBIX JJaHHBIX, JAOITyIIe-
HUH W orpaHWYeHUN (opMaTn30BaHHAS MMOCTAHOBKA
3amaud  (GOPMHPOBAaHUS pEMICHHH 10 Pa3BUTHIO
ACHOY OT B yclnoBHSX PECYpCHBIX OTpaHHYCHHI
MOJKET OBITh 3aIrcaHa B CIICAYIOIIEM BHJIE.

Ha kaxxmom 3Tame mporHO3UpPOBaHUS HEOOXOTUMO
onpenenuts Bapuant pasputus ACOUY OT na oc-

HOBe BBIOOpa cHCTeMOTexXHuuYeckuX pemenuii X (U),
Y*(u), Z*(u), obecrneunBaromuii MaKCUMU3ALUIO (-
(heKTUBHOCTH peanm3aniy (yHKIHOHAIBHBIX MPO-
meccoB I(X(U), Y(u), Z(u)), mpu obs3aTenpHOI pea-
mu3anuyd  (QYHKOIMOHAIBHBIX IIPOIECCOB  BBICIIETO
MPUOPUTETA, NIPU 33JAaHHBIX TPEACIbHO-IOMYCTHMBIX
BPEMCHHBIX U BEPOATHOCTHO-BPEMEHHBIX XapaKTEpH-
CTHKaxX peanu3anuy (yHKIHOHATBHBIX MPOIECCOB,
NPY BBINIOJIHEHUN OTPAaHUYEHUH Ha BPEMEHHBIE T xon U
cronMocTHble Cjon TapamMeTpsl mpolecca pa3BUTHS
ACONY OT:
X*(U), Y'(u), Z'(u)) = Argmax D(X(U),Y (U),Z(u))
X ()Y (U).Z(u)
TIPH BHITTOJTHEHUH OTPaHUICHUH
QX(U), Y(W) N Qu = Qu; Pi(X(u), Y(u)) = PTi(u);
T(X(U), Y()) = Fi(w); CX(W), Y(u), Z(W)) < Cron(W);
TX(W), Y(u), Z(U)) < Thon(u), te u {1, ..., U}, U —
KOJIMYECTBO IUIAHOBBIX ATAIIOB POTHO3UPOBAHUS pa3-
Butust ACONY OT; X(u) — pemenus mo pa3paboTke
KCA; Y(u) — pemrennst o msrorosieHnio KCA u ocHa-
IICHUIO OPTaHOB yIIpaBieHIsT; Z(U) — peIIeHHs 110 TIpo-
nennto skcruryaranuu KCA; Q(X(u), Y(u)) — MHOXKe-
CTBO PEAIN30BAHHBIX (YHKIMOHAIBHBIX IIPOLECCOB;
Q; — MHOXXECTBO (DYHKIIMOHAIBHBIX MPOLIECCOB BBIC-
nrero npuopureta; Pi(X(u), Y(U)) — BepoSITHOCTh CBOE-
BPEMEHHOTO BBIMOJHEHUS (-T0  (YHKIIMOHAIBHOTO
nporiecca; P™i(U) — Tpedyemast BEpOSITHOCTh CBOEBpE-
MEHHOrO BBIMOJHEHUs I-r0 (YHKIHOHAJIBHOTO MPO-
necca; Ti(X(U), Y(U)) — cpemHee BpeMs BBITOIHCHHUS
i-ro pyHKIMOHATBHOTO mpotiecca; TPi(U) — Tpebyemoe
cpenHee BpeMs BBHIIOJHEHUS i-r0 (QYHKIIMOHAIBHOTO
nporecca; C(X(u), Y(u), Z(u)) — cTOMMOCTh peanm3a-
muu  pemeHuil mo passutmio ACOMY OT [17];
Cuon(U) — (QuHAHCOBBIE OrpaHWuYEHHs Ha pa3BUTHE
ACONY OT; T(X(u), Y(u), Z(u)) — IpoIOIDKUTENb-
HOCTH BBIMOJIHEHUS paboT no passutuio ACONY OT
[20]; Tyon(U) — IIUTENBHOCTH ATAIIA IPOTHO3UPOBAHUS.
J1st aHanu3a anropuTMUYECKOHW CIIOKHOCTH 3a-
Jlau¥ JIOTIOJTHUTENHHO BBeieM 0003HaueHus: N — Komm-
YEeCTBO OPTaHOB yHpaByieHHsl (OOBEKTOB aBTOMaTH3a-
un) u3 cocraBa ACONY OT; K, — Kor4uecTBO TUIIOB

KCA nmns xaxoro oprana ynpasnesus, N € {1, ..., N};
M, — KonmuecTBO (YHKIIMOHAJBHBIX 33134 KaXkJ0Tro
oprana ynpasieHus, N € {1, ..., N}.

Torna obIee KOJIMYECTBO BapHAHTOB pa3pabOTKU
KCA, xoTopoe HeoO0x0oauMo c(hOpMHUPOBATh U OLIEHUTH
B IIPOIIECCE PELICHUs], OYAET PaCCUUTHIBATHCS B COOT-
BETCTBHUH CO CJICYIOIINM BBIPOKSHUEM:

U

N

M

QI:[H(KH+1)2 ”) .
n=1

OO0miee KONMMYECTBO BAaPUAHTOB HW3TOTOBJICHHUS

KCA u ocHamieHusi OpraHoB ymnpaBieHHs] OyIeT pac-
CUUTHIBATHCS B COOTBETCTBUU C (hopmyoit

Q, =(ﬁ[(Kn +1)J .

OO0miee KOJIMYECTBO BapHAHTOB MPOIJICHUS DKC-
mryatarun KCA OyneT pacCYMThIBATHCS B COOTBET-
cTBuH ¢ BeipaxkenneM Q;=2NY.
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OO11iee KOJIMYECTBO BapUAHTOB DEIICHMS 33/a4d

HpOBe,Z[eHHLIﬁ aHaJIn3 aﬂl"OpPITMPI‘-IeCKOfI CJIOKHO-

OyZIeT paBHO TNPOU3BEICHUIO TPEX BBINICYKAa3aHHBIX | CTH PELICHUS IOCTABJICHHOM 3a/1auM II0Ka3all, YTo JAaH-
BeIpakeHuit: Q = Q1-Q»-Qs. Has 3ajgada ssysiercs NP-tpyanoit. Ilpu 3TOM, Kak
Hauano

BaXXHOCTN

CopTuposka ®l1c B nopsake yMeHbLUEeHNs

Bbi6op ovepenHoi ®lc(q)

B&XXHOCTU

CopTuposka ®lB B nopsiike yMeHbLUEHUA

Bbi6op ouepeaHoro drs(i)

®dopmupoBaHue cnvcka OY,
D3 koTOopbix BXOAAT B DI8(i)
)

Coptuposka OY B nopsiike yMeHbLUeHNS
cyMmapHoi BaxHocTn ®3 3 coctasa Pris(i)

Bbi6op ouepeaHoro OY(j)

[]

Bei6op o4epenHoro 3r(k)

[]

.

OLl,eHKa Konu4yecTtsa peanu3oBaHHbIX
D3(0Y(j),Pra(i)) B KCA(OY(j)) Ha DM(K)

KCA(OY())) Ha 3T(k)

Bce ®3(0Y(j),Pns(i)) peanvaoBaHbl B

8 KCA(OY())) Ha 3N(k)

OueHka BX 1 BBX peluerns ®3(0Y(j),drs(i) ‘

no ceBoeBpeMeHHOCTU

MeHbLUe NPpoAOITKUTESNTBHOCTN

Ans Bcex ®3(0OY(j),Pra(i))
BbIMOJSTHEHbI TpeGOBaHIAﬂ

OcTaTtouHblit pecypc KCA(OY(j)) He

CospaHuve pelueHus Ha ocHaleHne OY(j)
HoBbIM KCA Ha 3r(k)

‘ ‘

Iy

Het

CToMMmocCTb NpoaneHnst
akcnnyaTaumn KCA(OY(j)) He Gonblue
0CTaTOYHOrO (hHaHCMPOBaHUS

3Nk

Peluenunin He TpebyeTcs

‘ Co3apaHue pelleHns Ha NpoAneHne akcnnyaTauum

KCA(OY(j)) Ha 3M(k)
I

Het
PaccmoTpeHs! Bce 3r(k)

Het
PaccmoTtpeHbl Bce OY(j)

HeTt

PaccmoTpeHsb! Bce OIs(i)

KoHey,

[

J

Puc. 1. Ancopumm pewenus 3a0auu ¢opmuposanus peutenust no pazeumuio ACOUY OT:
@llc — pynxkyuonanvhas noocucmema, @lle — GyHKYUOHATLHYII NPOYECC BbICUIE20 NPUOPUMEMA,
OV — opean ynpasnenus, @3 — ynxyuonanvnas 3adaua, 11 — sman npoenosuposanus,

BX u BBX — gpemennule u 8eposmHOCmMHO-6PEMEHHbLE XAPAKIMEPUCTIUKU

Fig. 1. A problem algorithm for generation of decisions by development OAIPCS
(Organizational Automated Information Processing and Control Systems)
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MOKa3aHO B U3BECTHHIX paborax [5, 9, 10], naxe c uc-
MOJIb30BAHUEM BBICOKONPOU3BOJUTEIHHON BBIYUCIH-
TEJIbHOW TEXHUKU MOJYYUTh TOUHOE PELIEHUE TaKOH
3aJa4l BO3MOXKHO TOJIBKO [UISi OTHOCHTEIIHFHO HEOOIb-
LIIMX Pa3MEPHOCTEH HCXOOHBIX NaHHBIX. B cBs3u ¢
3THM OBUIT IPEIIOKEH SBPUCTHIECCKUI aITOPHTM pe-
mreHus (puc. 1), OCHOBaHHBIM Ha MUTEPATHBHO-IIOCTIC-
JIOBaTeIbHOM ()OPMHUPOBAHUH PEIICHUS, HAUNHAS C pe-
ammzanuu B ACOMY OT naunbonee BaKHBIX (DyHKIU-
OHAJIBHBIX IPOLIECCOB.

CyIIHOCTh peIIeHus 3aJaydl C MCHOJIb30BAHUEM
MPEJIOKEHHOT0 aJITOPUTMA 3aKJIF0YAETCS B BBIITOJTHE-
HUU CIEAYIOLUX JEeHCTBUN:

1. ®opmupoBaHue 0a30BOro BapUaHTa PEIICHHUS
JUTSL KaXKI0TO 3Tara IMPOrHO3UPOBAHMS.

1.1. ITocenoBaTeTbHOE PacCMOTPEHHUE BCeX (PyHK-
IIMOHAJIBHBIX ITOJICHCTEM B OPSIAKE YOBIBAHUS HX BaXK-
HOCTH.

1.2. ITocriegoBaTeTbHOE pacCMOTPEHHUE BCeX (PyHK-
[IMOHAJBHBIX IIPOIECCOB BBICIIETO MPUOPHUTETA B I10-
psinke yObIBaHUS UX BaKHOCTH JUJIS BEIOpaHHOU (yHK-
LMOHAJILHOU MOICUCTEMBI.

1.3. IlocneoBaTenbHOE pacCMOTPEHHE BCEX Opra-
HOB yIpaBiieHHs, pyHKIMOHAIBHBIE 33]]a4l KOTOPBIX
BXOIAT B BBIOpPaHHBIM (YHKIMOHAIBHBIH MpoLece
BBICIIIETO NPHOPHUTETA, B MOPAIKE YMEHBIICHUSA CyM-
MapHOH Ba)XKHOCTH (DyHKIIHOHATIBHBIX 3371a4.

1.4. Ins BBIOpaHHOTO OpraHa YIPAaBJICHUS OCY-
IIECTBILIETCS TIOCIIEOBATENbHOE PACCMOTPEHUE BCEX
3TaNoB IPOTHO3UPOBAHUS.

1.5. lns BbIOpaHHOrO 3Tarna HPOTHO3UPOBAHMS
OCYILIECTBIISICTCS CIEAYIONIEE.

1.5.1. OueHka MoJHOTHI peau3aliy BeeX (PyHKIH-
OHAJIBHBIX 33]]a4 BBIOPaHHOTO (hyHKIIMOHAJIBHOTO MPO-
Hecca BEICIIEro npuopurera. Eciu peannzoBaHbl He
Bce (h)YHKIIMOHAJIBHBIC 3a1a4H BRIOPAHHOTO ()YHKIIHO-
HaJIbHOTO TIPOliecca BBICIIETrO IPUOPHUTETA, OCYIIECTB-
JSIETCsI TIepexo]] K MPOLEeNLype CO3MaHMs PEIICHHs Ha
ocHamieHne OoO0BeKTOB ympaBieHus HOBRIM KCA Ha
JTare MPOTHO3UPOBAHMS, & 3aTEM IIEPexo]l K odepes-
HOMY d3Tamy mnporaosupoBanusa (m. 1.5). Ilpomenypa
CO3JJaHUS PELICHHs Ha OCHAIEHHE OPTaHOB yIpaBJiie-
uus HoBbIM KCA oOecnieunBaet (opMUpOBaHHUE ILIa-
HOB paboT mo pazpaborke u u3rororneHuto KCA ¢

yYueToOM BBITIOJIHC-

BBoA UCXOAHLIX AaHHLIX M OFPaHNYEeHUN HHA

OrpaHUYEHUN

<=

Ha BpPEMCHHBIC U

dopmMupoBaHue pelueHni

CTOMMOCTHBIC IIapa-
MCTPbI nponecca

pazsutus  ACONY

[MocnepoBaTtenbHbIN

MocnepoBaTenbHbIN

[NocnepoBaTtenbHbIN

nepe6op ®rc n @Il nepe6op OY nepe6op Ol
' }
MnaHupoBaHue pabot MnaHunpoBanye pabot Mnarvposarie
npoaneHus

no paspabotke KCA

no narotoerneHuto KCA

akcnnyatauum KCA

L=

OueHka pelueHun

OueHka
3P hEKTMBHOCTH
peanu3aumu Bcex Orl

OueHka NonHoTbl
peanusauumn Orl
BbICLLEro npuopuTeTa

OueHka BX 1 BBX
BbinonHeHns ®3 n eI

OueHka CToMMOoCTH
1 CPOKOB pa3paboTku
KCA

OugeHka cToumocTu
N CPOKOB M3rOTOBNEHMUS
KCA v ocHalleHns OY

OueHka cToumocTu
N CPOKOB NpoasieHus
akcnnyatauumn KCA

<>

OTo6paxeHune pe3ynbLTaToB pacyeTa

Mnan paspaboTkn KCA

[naH narotoBneHuns
KCA u ocHalleHns OY

[MnaH npoaneHus
akcnnyatauum KCA

Puc. 2. Ob0bwennas cxema peutenus 3a0ayvu gopmuposanus pewtenuti no passumuio ACOUY OT

C UCNONBL306aHUEM AGMOMAMUZUPOSAHHOL CUCTEMbL HOOOEPIICKU NPUHATNUSL DEULCHUTL:
@IlIc — pynkyuonanvuas noocucmema, OII — gynxyuonanvhelii npoyecc,
OV — opean ynpasnenus, @3 — ¢ynxkyuonanvras 3adaua, 11 — sman npoeno3uposanus,
BX u BBX — gpemennule u 6eposamHoCmMHO-6PEMEHHbLE XAPAKIMEPUCTNIUKU

Puc. 2. A general solution scheme for a problem of generation of decisions on development OAIPCS
using an automated decision support system

OT Ha KaXxa0oM IIIa-
HOBOM 3Tarle.
1.5.2. Onenka
YIIOBJIETBOPEHHUS
TpeGoBaHuUil K cCBOE-
BPEMEHHOCTH pelle-
HUS (Ha  OCHOBE
OLIEHKH BPEMEHHBIX
U BEpPOSTHOCTHO-
BPEMEHHBIX Xapak-
TEPUCTHK) BCEX
(YHKIIMOHAIBHBIX
3a7a4  BBIOPaHHOTO
(YHKIIMOHAIBHOTO
mpoIiecca BBICIIETO
npuoputera B KCA.
Ecmu tpeGoBanus k
CBOEBPEMEHHOCTH
BBINIOJIHSAIOTCS  HE
JUIA BceX (YHKIIHO-
HaJIbHBIX 3a]lad BBI-
OpanHoro QyHKuMO-
HAJILHOTO Hpoliecca
BBICIIETO  IIPUOPH-
T€Ta, TO OCYLIECTB-
JsleTCsl  Tepexon K
IpoLeaype  co3zia-
HUS pEIICHHS Ha
OCHAIIICHUE OPTraHOB
YIPaBICHUSI HOBBIM
KCA na stane mpor-
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HO3MPOBAHUS, a 3aTEM IEepexo] K OUepeAHOMY 3TaIry
nporxo3uposanus (1. 1.5).

1.5.3. Onenka ocrarounoro pecypca KCA na opra-
Hax ympasneHus. Ecmm ocrarounsrii pecypc KCA
MEHBIIIE MPOAODKUTEIBHOCTH 3Tala IPOrHO3MPOBa-
HUS U CTOMMOCTH NPOAJICHUS 3KCIUTyaTallud HE Ipe-
BBIIIIACT OCTATOYHBIN 00BeM (PHMHAHCHPOBAHUS dTara
MPOTHO3UPOBAHMSA, CO3/1ACTCS PEIICHNE Ha MIPOJICHIE
skcmryatanuu KCA. 3aTem ocyliecTBiseTcs mepexo
K OuepeHOMY 3Taly NporHo3upoBaHus (1. 1.5).

1.6. Eciiu paccMOTpEHBI BCce ATaIlbl IPOTHO3UPOBa-
HUS, OCYIIECTBIISIETCS IEPEX0/ K OYEPETHOMY OpraHy
ynpasneHus (1. 1.4).

1.7. Ecniu paccMOTpeHBI BCe OpraHbl YIpaBJIeHHUS,
OCYIIECTBIIIETCS MEPEX0] K OYEepEeAHOMY (YHKIHO-
HaJIbHOMY IIpoIeccy BbIciIero npuopurera (1. 1.3).

1.8. Ectu paccMoTpeHbl Bce (DYHKIIMOHAJIBHBIC
MPOLIECCHI BHICIIETO TPUOPHUTETA, OCYIIECTBIISCTCS TIe-
pexox K odepemHod (YHKIMOHATHHOW MOICHUCTEME
(m. 1.2).

1.9. Ecnin paccMmoTpeHbl Bce (DyHKIMOHAJIbHBIC
MOJICUCTEMBI, 0a30BbIi BApHAHT PeIleHUsT CHOPMHUPO-
BaH M OCYILECTBIIACTCA MEpexo K II. 2.

2. ®opMHpOBaHHE PalMOHATIBHOTO BapHaHTa AT
KaXJI0T0 dTarna IpOTHO3UPOBAHUS.

Bremonnstores pevictBus no n. 1.1-1.9, npu stom
Bce (DYHKIMOHAJIBHBIE IIPOIECCH BBICIIETO MPHOPH-
TEeTa CYNUTAIOTCS PEATM30BaHHBIMH, U ITOCJICIOBATEIILHO
(B COOTBETCTBHM CO 3HAUCHHEM ITapaMeTpa BaKHOCTH)
paccMaTpuBaroTCs (YHKIIMOHAIBHBIE MTPOIECCHl HE U3
cocTaBa ()yHKIIMOHAIBHOTO MIPOIIECCa BHICIIETrO MPHO-
puTeTa, 3a/1aua perraeTcs B yCIOBUAX OCTaBIIMXCS pe-
CYpCOB.

JlaHHBII aNrOpyUTM IpenoiaraeTcs peaiu3oBaTh B
pa3pabaTbiBaéMOil  aBTOMATH3UPOBAaHHOM CHCTEMe
MOJICP’KKH TIPUHATHUS PEIISHUH, YTO MO3BOJIHUT YIIPO-
CTHUTBH NPOLEAYPHI 33aHUS WCXOAHBIX JTAHHBIX, IPO-
BE/ICHUS PAacueTOB M OTOOpa)KeHHSI PEe3yJIbTaToOB pe-
meHns. O000IIeHHass cXeMa PeIIeHNs TOCTaBJICHHON
3a7a4M C MCIOJIb30BaHNEM IpeaaraeMol aBTOMaTH-
3UPOBAaHHOM CHUCTEMBI O KKH IPUHATUS PELICHUN
IpeJCTaBICHA HA PUCYHKE 2.

Jns mporpamMMHO# peasiu3anuu rnpeajiaraeMoi aB-
TOMAaTHU3UPOBAHHON CHCTEMBI IMOJIAEPKKH HPUHATHS
pemieHnii BbIOpaH CIEAYIOMUH TEXHOJOTUYECKUI
cTek: onepannoHHas cucrema Astra Linux Special Edi-
tion 1.4, OMOIMOTEKW MPOTPAMMHBIX KOMIIOHEHTOB
Qt 4.8.6, cucrema ynpasnenus bJl PostgreSQL 9.3.

Takum o0OpazoM, B HACTOSIIEH cTaTbe PaccMOT-
PEHBI MTOCTaHOBKA 3ajaud ()OPMUPOBAHUS HaIpaBile-
Huil passutus ACONY OT u anroputm ee pelieHus,
NPUMEHEHHE KOTOPOTO IMO3BOJIMT OOOCHOBATH pelie-
HUA 110 pazpabotke n nirotoBieHnto KCA mist ocHa-
LIEHUs] OPraHoB ympasneHus u3 cocraba ACONY OT,
a TaKKe MPOIJICHUS pecypca ACHCTBYIOUIUX B CHCTE-
me KCA.
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Abstract. The article discusses the statement of the problem of formation of directions for the development of organizational auto-
mated information processing and control systems and its solution algorithm.

It is necessary to solve this problem due to the fact that many automated systems are created and operated for decades, while the
requirements for these systems change over time. Therefore, there is a need to form solutions in order to bring an automated system in
compliance with new requirements from time to time. The main performance indicator of generated solutions is a complex index of the
degree of automation of functional processes implemented in the system. The constraints are mandatory requirements for automation of
the most important functional processes and timeliness of their implementation, as well as the maximum permissible financial and time
resources for development of an automated system.

The analysis of the algorithmic complexity of the problem solution shows the impossibility of its solution by considering all possible
options due to exponential dependence of the number of decisions on the dimension on the source data. Therefore, the authors have
developed a heuristic algorithm to reduce the number of options under consideration and rational solution to obtain a relatively small
computational complexity.

The proposed algorithm allows getting the decision on the development and production of complex automation equipment for an
automated control system, as well as extending the life of existing automation. This algorithm is expected to be implemented in an auto-
mated decision support system, which functions as software on a consumer-grade personal computer.

Keywords: automated system, automated control system design, life cycle of automated control systems, complex automation equip-
ment.
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POPMHPOBAHHE BAPHAHTOB PASBHTHA SGHEPI'ETHKH BbETHAMA
METOOQAMH KOMBHHATOPHOI'O MOAEAHPOBAHHA

A.B. Edenes, k.m.H., cmapuuil HayuHblil compyoHuk, flower@isem.irk.ru;

B.U. Bopranvues, d.m.u., 2naemsiii HayuHslil compyoHuxk, zork@isem.irk.ru
(Mrnemumym cucmem sHepeemuku um. A.A. Menenmovesa CO PAH,
ya. Aepmormosa, 130, 2. Hprymcek, 664033, Poccusi);

Lloar BaH BuHb, k.m.H., dupexmop uncmumyma, doanbinh@ies.vast.vn;

Hezyen Xoaii Ham, sas. nabopamopueii, nhnam@ies.vast.vn
(Hrnecmumym sHepzemuueckoil Hayku BAHT, yn. Xoane Kyok Beem, A9, 18, 2. Xaroii, BbemHam)

B crathe paccmoTpeH moaxox KOMOWHATOPHOTO MOJETHMPOBAaHMS K HMCCIEIOBAHHIO BAPHAHTOB PAa3BUTUSI SHEPreTHKH
cTpanbl. OCHOBY TOJIXO0Ja COCTaBILIET MIPEACTABICHNE PA3BUTHS MOJEINPYEMOil CHCTEMBI B (hopMe HampaBIeHHOTO rpada,
Y3JIBI KOTOPOTO COOTBETCTBYIOT BO3MOKHBIM COCTOSIHUSIM CHCTEMBI B OT/IETTbHBIE MOMEHTHI BpEMEHH, a CBSI3U XapaKTePU3yIOT
JIOITyCTUMOCTB IIEPEX00B U3 OJTHOIO COCTOSIHUS B JIpyroe.

Mertoap1 KOMOMHATOPHOTO MOZEIUPOBAHUS, SBISSCH HAIJSAHON (OPMOI NpencTaBiIeHHs] ANHAMHYECKUX AUCKPETHBIX
BETBSILUXCS aJIbTEPHATUB, II03BOJIIIOT UMUTUPOBATh JJOJITOCPOUHBII MpoLece Pa3BUTHSI UCCIIELYEMOM CUCTEMBI IPH pa3iind-
HBIX BO3MOJXKHBIX BHEUIHUX W BHYTPEHHHUX YCJIOBHSX, YUUTBIBAsI IUCKPETHOCTH OYIYIIMX COCTOSIHMH CHCTEMBI, OTPENCIATh
paLOHANBHYIO CTPATeTHIO Pa3BUTHA HcciexyemMoil cucteMsl. [Ipornenyps! hopMupoBanus u aHanu3a rpada pa3BUTHS SHEp-
TETHKH CTPaHbI peaTn30BaHbI B BUE TAKeTa MPUKIAAHBIX TporpamMMm «KoppekTruBay. AHamu3 rpad)oB pa3BUTHS OONBIINX Pa3-
MEpPOB MIPOBOAUTCS C IIOMOIIBIO PACTIPEETCHHbBIX BEITHUCICHUH.

IIpuBoauTCA OMMCaHKe MCCIEAOBAHUS YCTOWYMBOTO Pa3BUTHS DHEPTeTUKU BreTHaMa 1 ero sHepreTHyeckoil 6e30macHo-
ctu ¢ 2015 mo 2030 rr., BeimonaHeHHOro B 2015 r. MHCTUTYTOM 3HepreTuyeckoil Hayku BbeTHaMcKkol akafgeMuu HayKd U
TexHoJoruil. Ha 0CHOBE JaHHBIX ATOr0 NCCIIEA0BAaHMS TOKA3aHO IPUMEHEHUE METOI0B KOMOMHATOPHOTO MOJIETMPOBAHHMS IS
(hopMHUPOBaHHUS M aHANIM3a BapUAHTOB YCTOWYMBOIO Pa3BHTHS PHEPreTHKH BreTHama ¢ yueToM TpeGOBaHUIA YHEPTeTHIECKOM
6e3onacHocTr. Co3nan rpad pa3BUTHS TOTLIMBHO-YHEPTETHIECKOT0 KoMIUIekca BreTHama, cocrostmuii u3 531 442 y3nos. Ero
00cYeT MPOBOAMIICS B PACTIPEAEICHHON BEIYHCINTENBHON CPEe, COCTOSMIEH U3 BEIMUCIUTEBHBIX y3JI0B BHICOKOIPOU3BOIH-
TENBHOTO KiacTepa MHCTHTYTa TUHAMHIKH CHCTEM W TEOpPHH ympasieHns uMeHdu B.M. MarpocoBa CHOMPCKOTO OTIENCHHUS
Poccuiickoit akagemMuun Hayk.

Ha ocHoBe pe3ynpraToB pacuera ObUIa ONpe/iesieHa ONTUMANIBHAS CTPATernsl pa3BUTHS SHEPreTHKHN BreTHama, obecrieun-
BArOIasi MUHIMYM 3aTpaT Ha pa3BUTHE M (YHKIMOHUPOBAaHHE TOTUIMBHO-YHEPIeTHUECKOTO KOMIUIEKCA B PacCMaTpUBAEMBIi
MepUOJ] BpEMEHH.

Knrouesvie cnosa: kombunamopnoe mooenuposanue, cucmema dHepeemuKi, moniueHo-IHepeemuieckuli KOMnIeKc, noo-

0epaIcKa NPUHSAMUsL peweHull, PacnpeOelentas 8bl4UCIUmMenbHas cpeoa.

Pa3paboTKy MOJTOCPOUHBIX NPOrPaMM Pa3BUTHS
DHEPreTUKH C Y4eToM (haKTopa HEONpeIeTIeHHOCTH
(HEOTHO3HAYHOCTH) UCXOTHOW MH(POPMAIUH U yCIIO-
BUHl pa3BuTHsA [ 1] HEOOXOAMMO MTPOBOIUTH HA OCHOBE
00IIesHepreTHIECKUX UcclieoBanmii [2, 3] ¢ mpume-
HEHUEM CIIeUaIbHBIX METO0B, MoJienei, b/, Brruuc-
JUTENBHBIX CPeACTB. B Monensax nomkeH paccMaTpu-
BaThCS JUTUTENBHBIN niepro] Bpemenu (1o 30—40 ser)
C BBIJICJICHHEM HECKOJIbKHX JTaloB pa3BUTHS U (QyHK-
LHUOHUPOBAHUS CUCTEM IHEpreTUKH. Takke B MOJENsIX
B SIBHOM BHUJI€ IOJKHA YIUTBIBATHCS AUCKPETHOCTD Ba-
PHAHTOB Pa3BUTHS OOBEKTOB M CHUCTEM SHEPTETHKH.
Hcnons3yemsie 111 OpMHUPOBAHUS BApHAHTOB Pa3BH-
THS PHEPTETHKH 1 TOCIEAYIOIIETO UX aHaTIH3a HHCTPY-
MEHTHI JIOJDKHBI OBITH XOpOIIO OOOCHOBAaHHBIMH (TO
eCTh JaBaTh JOKa3aTeNbHBIC YTBEPXKACHUS) M THO-
KuMH. VIX OCHOBY JTOJPKHBI COCTABIISITH HEKOTOPBIE 00-
e OPraHU3YIOIINE HCCIIeI0BAHNs, AITOPUTMBI (op-
MHPOBaHHs M 0TOOpa BapuaHTOB. [Ipu aToM ciienyer
JIOITyCKAaTh BO3MOXKHOCTb NPUMEHEHHsI Pa3HbIX pac-
YETHBIX CXEM U MOJIENIEH ATl UCCIEe0BAHUS KOHKpET-
HBIX TIPOOJIEM.

O PEKTUBHBIM HHCTPYMEHTOM JUIS aHalmu3a OT-
JIENBHBIX BAPHAHTOB Pa3BUTHSI SHEPTeTUKU cTaja Oa-
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JIAaHCOBasi HYKOHOMMKO-MaTeMaTH4IeCcKast MOJEeNb Mon-
aueno-anepeemuyeckozo komniexkca (TIK) [4]. Tlo
MIPUHITUIIAM TTIOCTPOEHHS U IpHEeMaM OIHCAaHUS CBA3eH
1 CBOWCTB CHCTEM HEPTeTHKH JaHHast MOETb II0X0Ka
Ha 0000IIEHHYIO CETEBYIO MOJIEITb CUCTEM SHEPTeTHKH
CIIIA [5], a 1o cBOUM BO3MOKHOCTSIM OHA HE YCTYMaeT
HU MOJIENIM Pa3BUTHsI JIEKTPOIHEPreTUKH U TEIIO-
cHaOxenust B pamkax TOK crpansl EPOS [6] (dactb
MojenbpHo-uH(popmanmonHoro kommiekca SCANER
[7]), Hm 3apyOexnbiM wmomensm MARKAL [8],
MESSAGE [9], EFOM [10], TIMES [11], Balmorel
[12].

Jannas monens TOK mo3BossieT paccmarpuBaTth
SHEPTETHKY CTPaHBI KaK €IMHOE IIeJI0e OT MPOU3BOA-
CTBa 3HEPTeTHYECKUX PECypPCOB N0 MOTPEOICHUS KO-
HEYHBIX SHEPTOHOCUTEINCH B OCHOBHBIX OTPACISAX KO-
HOMHUKH, BKJIFOYasi BCE CTaJUH NepepaboTKu U Mpeoo-
pa3oBaHUSl HEPrOPECYPCOB, a TAaKXKE HCCIIEA0BaTh
IPOLECC Pa3BUTUS TEXHOJIOTUYECKOM U TEPPUTOPU-
AIBHOM CTPYKTYpPbI SHEPT€TUKU.

Monens TOK Bkimtouaer B ce0st MOJIETH OCHOBHBIX
CHUCTEM DHEPreTHKH: ra3ocHaOXeHUs, yriecHabxe-
HUsA, HePTEe- U HEPTEIPOAYKTOCHAOKEHMSI, IIEKTPO-
sHepreTHKU. Hapsmy ¢ mpou3BOACTBEHHBIM H pacIipe-
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JITTUTENILHBIM  (TPaHCIIOPTHBIM) OJIOKaMU  MIPUCYT-
CTBYET OJIOK MOTpeOJICHUs, B KOTOPOM HPE/ICTABICHBI
OCHOBHBIE ITOTpeOMTENN MpoAaykuuu otpacieit TOK,
PaHXNPOBAHHBIE IT0 COOTBETCTBYIOIINM KaTETOPHSM.

B xone pa3paboTkn METOAMKH TTONCKA PalliOHAIb-
HBIX Iy Tei pa3BuTis TOK ¢ yaetom TpedoBanuii sHep-
eemuueckoti bezonacnocmu (OB) cTaNo 04eBUIHO, UTO
B pamKax oxHO# Mozxenn TOK HEeBO3MOXXHO paccMOT-
PETh U OIUCaTh BCE XapaKTEPHbIE COYETAHNSI BHEIITHUX
YCIIOBUIA ¢ BApHaHTaMH Pa3BUTHS U (HYHKIHMOHHPOBaA-
Husg TOK ¢ ydeToM HeonpeneneHHOCTH, BO3AEUCTBUS
yrpo3 Ob u npounx (paxTopoB. ITO NPUBOIUT K OOIIb-
IOMY YHCITy pacueTHbIX cocTtostuuil TOK, urto Moxer
CO3/1aBaTh CYLIECTBEHHBIE TPYAHOCTH MpU (HOPMHUPO-
BaHMU W aHAJIN3€ KIACCHUECKUMH METOJaMU HCCIIE0-
BaHMsA. [l pemeHus 3Toil mpo0iaemMsl OBIIH HCIIONb-
30BaHbl METOABl KOMOMHATOPHOTO MOZEIHNPOBAHUS,
KOTOpBIE, SIBIISISICh HATJILAHON (POpMO¥i IIpeicTaBIeHHs
JUHAMHYECKUX JUCKPETHBIX BETBSIIUXCSA albTEpHa-
THUB, TO3BOJISIOT MMHUTHPOBATh JOJITOCPOYHBIN IIPO-
L[ecC Pa3BUTHSl MCCIEAYEMOW CUCTEMBI NMPH pas3ind-
HBIX BO3MOYKHBIX BHCIIHUX U BHYTPECHHUX YCJIOBUSX,
YUUTBHIBasl JUCKPETHOCTh OYIYIIMX COCTOSIHUH CH-
CTEMBI, ONIPEACIATh PAHOHATIBHYIO CTPATETHIO pa3BH-
THUA HCCHCI[yeMOﬁ CHCTCMBI.

B naHHOH cTaThe ONMUCHIBAETCS IPOTPAMMHOC
obecrieueHne, pean3yroniee HEKOTOpbIe MPOLEAYpHI
KOMOHMHATOPHOTO MOJEINPOBAHUS, a B KAYECTBE TPH-
Mepa pacCMOTPEHO X IPUMEHEHHE JUIS NCCIIEJOBAaHNS
npobiaem ycroitarBoro pazsutus TOK BrerHama.

@®opMuUpoOBaHUE BAPDUAHTOB
pa3Butusa TOK meronamu
KOMOMHATOPHOI'0 MO/IeJTUPOBAHUS

OcHOBY KOMOWHATOPHOT'O MOIEIMPOBAHUS COCTAB-
JACT MPEACTABIICHUE PA3BUTHA KAXKIOT'O O6’I)€KTa MO-
JIeMupyeMoil cHUCTeMBl B (opMe HAaIPaBICHHOTO
rpada, y3JIBl KOTOPOTO COOTBETCTBYIOT BO3MOYKHBIM
COCTOSIHUSIM OOBEKTa B OTHEIBHBIE MOMEHTHI Bpe-
MEHH, a CBSI3U XapaKTePU3YIOT JOIMYCTHMOCTD IIePEX0-
JIOB U3 OJJTHOTO COCTOSIHUSA B pyroe. @opMupoBaHue u
AHAJIN3 BaApUAHTOB Pa3sBUTUA CUCTEMBI B IIEJIOM IIPOBO-
JIUTCSL IIYTEM PACCMOTPEHMs PA3JIUYHBIX COUYETaHUI
COCTOSIHUH H neEPEXOA0B OTACIBbHBIX 06’I)CKTOB, 110-
ATOMY TaKOW MOAXoJ ObUT Ha3BaH KOMOWHATOPHBIM
MoaenupoBanuem [13].

ITox oObexTaMu MOHUMAIOTCS CTPYKTYPHBIE €IH-
HUIIBI MOJCIUPYEMO CHCTEMBI, paccMaTpUBacMbIC
KaK eIMHOE IIeJI0e. DTO MOTYT OBITh MPEAMPUSATHUS WITH
COBOKYITHOCTH OJHOTHUITHBIX HPEANPHUITHH OTpacieu
TOK, mnpeanpusaTus-noTpeOnTeNIM 3HEPropecypcoB
Wi 0000IIEHHO HEKOTOPBIE HAOOPHI (KaTErOpUH) Io-
Tpebuteneit. CTeneHp arperupoBaHUs B BBIICICHUH
00BEKTOB MpeAONPEEISIETCS TOCTAHOBKOM pemaeMoi
mpoOJIEeMbI ¥ BO3MOXKHOCTSAMH HH()OPMAIIMOHHOTO
obecnieuenns. [Ipuaem B pamMKax paccMaTpHBaeMOTO
MOJIX0/1a MOKHO €CTECTBEHHBIM O0pa3oM HpPOBOIHTH
obweauHeHne 00heKTOB. COBOKYITHOCTh HECKOJIBKUX

00BEKTOB B OJJHOH 3a/1a4e MOXKET 00pa30BaTh €AUHBIN
00BEKT MPH pacCCMOTPEHHH 00Jiee KPYITHBIX MPOOIeM.

Ha mepBoMm sTame wnccieJoBaHHS CO3MAETCSA Tak
Ha3bpIBaeMBIl 0a30BHIi rpad passurus TOK, comepxa-
Uil 10 OJHOMY Y3JIy AJSI KaXXJOrO OIOPHOTO roja
(maTepBana BpemeHH ). C KaXIbIM Yy3JIOM CBS3BI-
BAcTCsl OCHOBHas WMHGOpMAIys U1 CO3JaHUS BO3-
MOXHBIX cocTosHIH TOK co cBonmMm 0ocoOeHHOCTIMH
TOILUIMBO- U dHEprocHadxeHus norpedureneii. Ha pu-
cyHke 1 npezacraBieH 0a30BbIi Tpad 11 TpeX MOMEH-
TOB BPEMEHH, TJIe B LIEHTPE KPYroB MOKa3aHbl HOMepa
y310B. ¥Y3eia ¢ HoMepoM 0 onuchIBaeT Ha4aJbHOE CO-
crossHue TOK.

Puc. 1. bazosuvuii epag passeumus TOK

Fig. 1. Basic graph of energy sector development

Ha BTOpom stane crpykrypa TOK pa3buBaercs Ha
HECKOJIbKO COCTABIISIONINX YacTeil (00bEKTOB), HATIPH-
Mep, M0 TEPPUTOPHATEHOMY WM OTPACICBOMY IpH-
3HaKy. sl KaXXI0To 00BEKTa 3KCIEPTaMHU CTPOUTCS
CBOH rpad) M3MEHEHHIl MX MapamMeTpoB IO ONOPHBIM
rojiaM, KOTOPBIH JOJKEH UMETh OJIMH UCXO/HBIH y3ed,
OTIMCHIBAIONINH HAYaIbHOE COCTOSIHUE OOBEKTa.

Ha pucynke 2 noka3zansl rpadbl pa3BUTHS IBYX CH-
CTEM OHEPICTUKH. I/ICXOI[HBIG ¥3Jibl, COOTBETCTBYIO-
e MOMEHTY BPEMCHHU 0, HE UMCIOT HOMEPA, TaK KaK
B Mocieayromeil renepanuu rpada pasputus TOK
y4acTHs He IPUHUMAFOT.

10 (1 AN

I T T >

Puc. 2. I'pager pazeumus 08yx cucmem snepeemuxu

Fig. 2. The development graphs for two energy systems

Ha tpetpem stame crpoutcs rpag passutus TOK
myTeM KOMOWHMpOBaHUS HH(OpManuu 00 H3MEeHe-
HUSIX apaMeTpoB pa3nuuHbix yactell TOK, npunanme-
JKalIUX OJHOMY BPEMEHHOMY Cpe3y, M HaJIOXKEHHs
MOJYYCHHOT0 Ha0Opa M3MECHEHUT Ha 0a30BYI0 HHPOP-
MalluIo, CBSI3aHHYIO C COOTBETCTBYIOLINM Y3JI0M 0a30-
Boro rpada. Takum 00pa3om, MOIyyaeTCsi MHOKECTBO
BO3MOXHBIX cocTossHUN TOK 111 onpeneneHHOro Mo-
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MEHTa BpeMeHH, 1osrydeHHble coctossHusa TOK cBs3bI-
BAIOTCSl MEXKy COOOM JyraMu-Iiepexo aMH.

Ha ocHoBe KOMOWHUpPOBaHUS Y37I0B U AYT rpadoB
(puc. 1 u 2) co3maercs rpad passurus TOK, nmpencras-
JICHHBIN HA pUCYHKe 3, T1e Hall ero y3JIaMHd ITOKa3aHbl
COYeTaHHs KOMOMHUPYEMBIX HOMEpOB y3JI0B. B 1eH-
TpE Y3JIOB yKa3aHBl HOMEpa CTeHEPHPOBAHHBIX BO3-
MOXHBIX coctossHuE TOK (y3moB Tpada pasBurus
TOK).

3,7,1 4,8,2

Puc. 3. I'pag pazeumus TOK

Fig. 3. A graph of energy sector development

Bce mytu pazsutus TOK HaumHa0TCSA U3 €JMHOTO
HavyanpHOrO coctossHus TOK, koTopoe siBisieTcs: uc-
XOJHBIM y3710M 0a3zoBoro rpada (puc. 1).

Ha dgerBepTroM 3Tame OT HCXOTHOTO y3i1a Oynmer
OCYILECTBIIATHCS MPOXOJ 10 Tpady A OLCHKH OMY-
CTHMOCTH COCTOSTHHU W TIEPEXO0JI0B B rpade pa3BUTHS
TOK, Tak Kak He BCSIKUE BO3MOKHBIE COCTOSIHUSA U TIe-
pexonsl B Tpade MOTYT OBITh JOITyCTUMBIMHE. J{i1st 3TOM
emd B KOMOMHATOPHOM MOJICIIUPOBAHUH TIPHCYT-
CTBYIOT OOIIECHCTEMHBIC OTPaHUYCHUS, CPEIH KOTO-
PBIX MOXKHO BBIICTTUTH JIBa TUTIA!

— JIOTHYECKHE YCJIOBHS, HEKOTOPHIE BapUAHTHI B
Pa3BUTUM OJTHOTO OOBEKTa MOTYT OCYIIECTBISATHCS
TOJIBKO TIPU peaju3aliiii ONpe/IeICHHBIX BApUAaHTOB B
Pa3BUTHUHU APYTUX OOBEKTOB;

— OaJaHCOBBIE W JPYTHe pacyeTHBIE OTpaHUYe-
HUS; 9TO OTPAHUYCHUS Ha 00BEMBI HCIIOIh30BaHUS JIH-
MUTHPOBAHHBIX PECYPCOB M MPOU3BOJUMON MPOIYK-
LMY IS KQXKJI0T0 MOMEHTA BPEMEHHU U KaXKJI0ro nepe-
X0/Ia; TAKWE OTPAaHIMYCHHS MOTYT OBITh 3aJIaHBI B BUJIC
0ayaHCOBBIX YPAaBHCHHI WIIH HEPABCHCTB.

Jnst peanuzanyy JOTUUECKUX YCJIOBHM HCIIONbB3Y-
FOTCSI CIIUCKU MTap HECOBMECTHBIX y3J10B. [1apoii HecoB-
MECTHBIX y3JIOB Ha3bIBAETCS Iapa y3JI0B, IPUHA ek~
mux rpadam pa3BUTHS Pa3IUIHBIX 00BEKTOB MOIEIIH-
pPyeMO# CHCTEMBI, COUYe€TaHHE KOTOPHIX B BO3MOKHOM
COCTOSTHUM CUCTEMBI M0 KaKMM-THOO NpWYWHAM He-
BO3MOYKHO WJIK HE UIMEET CMBICIA.

IIpencrapneHnas BbInie OanaHCOBas SKOHOMHKO-
MatemaTuueckas Moaess TOK oTHOCUTCS KO BTOpOMy
TUIY OOIIECUCTEMHBIX OrpaHHuYCHUHA. J[OImyCTHMOCTh
BO3MOXkHOro cocrosuust TOK Hampsimyro 3aBHCUT OT
KOPPEKTHOCTH PE3YJIbTaTOB pacyeTa Ha Hell.
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YpoBerb Db B J1F000OM BO3MOXHOM COCTOSIHUU
TOK ans BeinoaHeHus TpeboBanuii b MOXeT oleHH-
BaThCSI C HCIIOJIB30BAaHHMEM amliapaTta HWHAUKATOPOB.
3Ha4YeHNsT HHANKATOPOB Db BEIUUCIIAIOTCS HA OCHOBE
pesynbpraToB pacuera Ha mMomenu TOK. Yposens Ob
OTIpeNeNsAeTCs IyTeM CpaBHEHHS 3HAUCHUI WHANKATO-
POB U HX IIOPOTOBBIX 3HAYCHUH.

B rpade pazsurns TOK, npeacraBieHHOM Ha pH-
CYHKE 3, MPOBEPKY JOMYCTHUMOCTH 110 Pa3HBIM MPUYH-
HaM He MPOLUTH YeThIpe y3ia (puc. 4).

1

777777777 Henomyctumsie coctostaus TOK

Puc. 4. Ilposepka donycmumocmu y3nos epaga
passumust TOK

Fig. 4. Nodes validation in the graph of energy
sector development

Ha msitom atame ctpourtcs rpad passurus TOK, co-
JIep>KaIUif IOITyCTUMBIE COCTOSTHHS 1 iepexopl. CHa-
yajia MpOXOJOM OT MCXOAHOTO JI0 KOHEYHBIX Y3IJIOB
OTIPEZICTISIOTCSl COCTOSIHUSA M TIEPEeXoJibl, HEIOCTH-
JKMMBIE M3 HA4aJbHOTO COCTOSIHUS. 3aTeM OOpaTHBIM
MPOXOZOM ONPEJEINIIOTCS TYIMHKOBBIE COCTOSIHUSI H
MEePexoAbl, 0 KOTOPHIM HEBO3MOXXHO IOCTPOWUTH IyTH
passutust TOK 0T HawaabHOTO 710 TIOCNEIHETO MOMEHTA
HHTEpBajia BpeMeHH 1. HemomycTumsble, HETOCTHKH-
MBI€ ¥ TYIHKOBBIE COCTOSIHUS M TIEPEXOAbI YAAISIIOTCS
u3 rpada passurus TOK.

Ha mocnennem srane B rpade passurus TOK mo
KaKOMY-ITH00 KPHUTEPHIO ITyTEM IOMCKa KpaTdaIinx
MyTel U3 UCXOIHOT0 y3J1a JI0 KOHEUHbIX popMupyeTcs
MHO)KECTBO ONTHUMAJBHBIX M OJNM3KUX K HUM IyTed
passurust TOK. Ha pucynke 5 nokasan rpa¢ pasButus
TOK, coxepxamuil 10MyCTHUMBIE COCTOSHUS U Iepe-
XOAbl U COPMHUPOBAHHBIH Ha OCHOBE rpada, mpen-
cTaBlieHHOTO Ha pucyHke 4. Ha HeM y3mbl m ayru
ONTUMAJIFHOTO IYTH, OOECIEeYUBAIOMIETO MHHUMYM
3arpar Ha pa3BuTHe u ¢yHKunoHuporanue TOK, BbI-
JICJICHBI )KUPHBIMH JTMHUSMH.

OcHoBHas TpobieMa aJIrOPUTMOB KOMOWHATOP-
HOTO MOJEIHMPOBAHUS IPU MX PEaln3aliu 3aKIroda-
ercs B HEOOXOIMMOCTH PacCMOTPEHHs OOJIBIIOTO
4HCIa COCTOSHUM U IEpeX010B B pa3BUTHH MOJEIUPY-
eMoit cucteMbl. YHCI0 3TO BO3pacTaeT SKCHOHEHIIU-
JIBHO C POCTOM 4YHCJIa BBIJICNISIEMBIX OOBEKTOB U HX
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Puc. 5. Onmumanvuwiii nyme pazeumus TOK

Fig. 5. The optimal way of energy sector development

coctosiHui. [IpuMeHeHHne 3TOro moaxoaa BO3MOYKHO
TOJIBKO IIPU HAJIMYMM BO3MOXKHOCTEH IO CKOPOCTHOM
00paboTKe OONBIINX 00HEMOB JAaHHBIX, YTO B HACTOSI-
1iee Bpems oOecrieunBaeTcs OpraHu3alueil pacnpee-
JIEHHBIX BBIYHUCIIEHHH, a TAKXKE 3a CUET UCIOIb30BaHUS
SKOHOMHBIX aJrOpUTMOB pacuera. CyliecTBEHHOE
3HAaYCHHE UMEIOT Pa3yMHOE arperupoBaHue 0OBEKTOB
U COCTOSTHUHM MOJIEIMPYEMOM CUCTEMBI Ha dTarle 3aia-
HUS MCXOTHOH MH(OPMAIUH, a TaKXKe OpraHH3alusi
MpoLEecca BBIAEIEHUS JOMYCTUMbIX BAPUAHTOB.

ITakeT MpUKJIaTHBIX IPOrPaMM
«KoppekTusa»

Brimeonucannasie npoueayps! (GOpMHUPOBaHUSA U
aHanuza BapuaHTOB pa3Butusi TOK peannsoBanbl B

BUJIE MaKeTa MPHUKIaJHBIX HporpamMm «KoppekTuBay
[14], B KOTOpOM MOKHO BBIACTUTH CIAEIYIOIINE OCHOB-
HBIC IIPOTrPAMMHBIEC MOTYIIH:

— Monynb (OpMHPOBAaHUS 0a30BBIX CIICHAPHEB
passutist TOK (my);

— MoZIynb co3nanus rpada pazsutus TOK (my);

— MOIyJdb OIEHKH JOIyCTHMOCTH COCTOSHHS
TOK (m3);

— MOJynb HOJAEPKKH OJKCIEPTHOTO aHanu3a
MHOXXECTBA ONTHMAIIBHBIX W OJNM3KMX K HUM IyTed
pazButus TOK (my).

HudopmManmoHHO-IOTHYECKUE CBSI3M  OOBEKTOB
NpeJIMETHON O00JIaCTH TakKeTa IMpeICTaBlIeHbl Ha pH-
CyHKe 6 B BHIE IBYAOJIHHOTO OPHEHTHPOBAHHOTO
rpada. Mogymu my, Mz, M3, M4 TPEACTABICHBI CEPBIMHU
OBAJaMH, a BXOAHBIC M BBIXOJHBIC MApaMETPhl —
OKPYXHOCTSIMH.

OcHOBHOM 3amadyeil MOAyJsl M; SIBIASETCS YTECHUE
napopmannu U u3 b1 u popMupoBaHie Ha ee OCHOBE
COTJIACHO LIEJSIM HCCIIeIOBaHUSA OIHOTO M3 KOHKPET-
HbIX cuieHapueB pa3BuTus TOK W. briok ucxonnoit un-
¢dopmarn U CcOAEpKUT MHOMXKECTBO HCCIIETyEeMbIX
ctpateruil pasutus TOK u Moxer BIO4aTh mepe-
YeHb KPUTHYECKHUX CHUTyalluil (CIleHapHeB BO3MYIIe-
HUI1), KOTOpBIE MOTYT BO3HUKHYTh B TE€UCHHE IIEPHOIA
BpeMeHH T BeiencTBHE peanm3annu yrpo3 Ob, u Habop
uHAKaTOpoB Ob.

Monyne M, peanu3yeT METOAbl KOMOWHATOPHOTO
MOJICTIMPOBaHMs, OTBEHaromKe 3a (OPMHUpPOBAHHE
rpada passutus TOK u ero o6xoxn. Cuenapuii pa3Bu-
st TOK W Momymem m, mpeoOpasyercss B 0a30BEIi
rpad pazutus TOK.

1. Crpaterun pazsutus TOK bazoBblit MHoxecTBO MHoxecTBO MHoxecTBO ONTH-
2. Kputnueckue cutyauuu clieHapHit BO3MOJKHBIX MIPOBEPEHHBIX MaNbHBIX MyTeil
3. Habop nnguxaropos Ob passutus TOK cocrosianit TOK cocrosiauit TOK passuts TOK

Puc. 6. Ocnosnvie cocmagnsiowue nakema npukiaousix npozpamm «Koppexmueay

Fig. 6. The main components of Corrective software package
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Crparerun passutus TOK, creHapuu Bo3Mylie-
HUM peanu3yloTcsl M3MEHEHHMEM II0 ONpeNeleHHBIM
3aKOHaM 3HA4YCHHH KOMIIOHEHT MaTpHIl M BEKTOPOB,
COCTAaBILIIONINX CHUCTeMy ypaBHeHni Moxmemn TOK.
ITomoOHBIM 00pa3oM MOIyds M HA OCHOBE 0A30BBIX
cocrogauii TOK co3maer BBIXOZHOE MHOXKECTBO P,
cocrosiiee U3 BO3MOXKHBEIX coctosuHuii TOK: Py, Py,
P2, Pk.

Snpo Moxynst M, npeAcTaBisieT cOO0H HECKOJIBKO
JICCSITKOB CKPHUIITOB HAa MHTEPIPETUPYEMOM SI3BbIKE
nporpamMupoBanus Lua [15]. KinroueBbIM KOMIIOHEH-
TOM My sBIAETCS TeHepaTop Mozeinel [16], KoTopslii
co3naet HoBoe coctosHue TOK. I'enepaTop Moxeneit
(puc. 7) ynpaBisieTcss HA00pPOM MpPaBuUIL, IPeodpasyro-
MUX JaHHbIe crieHapus pa3sutus TOK W B BexTops! 1
Mmatpuily A ypaBHeHuil. VccnenoBaTenp MMeeT BO3-
MOXHOCTh HM3MEHSTH TIpaBHia IpPeoOpa3oBaHMS HC-
XOIHOW MH(OPMALHH.

ViHnumranusauus redepatopa Moaenen

) [ins kaxdoeo pezuoHa modenu TSK“

YrteHne npasun Ans npeobpasoBaHms
MCXOAHBIX AaHHbIX

[ins kaxdozo)
¥ npasuna npeoGpasosanu

¥

I
I
|
|
} YCTaHOBKa 3HAYEHIIA KOMMOHEHT BEKTOPOB
I 1 matpuy, mogenu TOK
I
I
\

YCTaHoBKa 3Ha4eHni NpaBblx YacTen
YPaBHEHUI

Puc. 7. Ancopumm pabomul eenepamopa mooenetl

Fig. 7. The algorithm of model generator

Moaynbs M3 IPOBOAUT OLIEHKY JOMYCTUMOCTH CO-
crosiaus TOK u3 MHOkKecTBa P ¢ MOMOIIIBI0 MHOTOCTY-
neH4aToil cuctembl orpanndyeHuil. Ha mepBom aTame
IIPOUCXOAUT NIPOBEPKA JIOTHYecKUX ycsoBuil. Ha BTo-
pPOM DdTame OCyIecTBiseTcs pemenue moaenu TOK
Kak 3a/1aud JIMHEWHOTo nporpaMMmupoBanus. Eciu pe-
IIeHHEe CYIIECTBYET, TO Jlajiee B clydae He0OX0IuMOo-
CTH Ha OCHOBE PE3yJbTATOB PEIICHUS BBIYUCIISTIOTCS
3HaYEHWs MHAMKATOPOB Db W ocymiecTBiseTcs mpo-
Bepka ypoBHs Ob.

PesynbraTel paboTHI CHCTEMBI OTPaHHYCHUN MO-
Iynst M3, 1o6aBmsiscek kK Po, Pi, P2, Pk, 00Opa3yrot BbI-
XOJJHOE MHOXECTBO Q, cocrosimee W3 MPOBEPEHHBIX
cocrosiauit TOK Qo, Q1, Q2, Qk.

Mopynb M4 Ha OCHOBE MOJYYEHHOI'O MHOXKECTBA
Qo, Q1, Q2, Qk popmupyer rpad passurus TIOK, co-
JIep KAl IOMyCTUMBIE COCTOSTHUSI W TIEPEXObl, a
TaK)k€ MHOYKECTBO ONITHMAITLHBIX U OJIM3KUX K HAM ITy-
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teit pazsutus TOK, ¢ koTopbIM fanee paboTaet ucciie-
JIOBATEJNb C LIEJIBIO MIPOBEJICHUS IETaIbHOTO aHAIN3a.

Iocne cozmammsa rpada paszsutuss TOK kaxkabrit
€r0 y3eJI ABJISAETCS MOJHOCTHIO HE3aBUCHMBIM OT JIPy-
THX C TOYKH 3pEHHS IIPOBEICHUS PacueToB, 4TO obec-
MEYNBAET BO3MOXKHOCTh OpPTaHM3alUM Ha JaHHOM
3Tane MHOTOBapHAHTHBIX PAacueTOB C NMapaIeIN3MOM
o gaHHbeM [17]. J{ns opraHu3amym nporecca pacrpe-
JICTICHHBIX BBIYMCICHUH HCIOJB3YeTCs] WHCTPYMEH-
tanpHbI KomIuieke DISCOMP [18], opuentupoBaH-
HBIIl Ha aBTOMAaTH3aLMUIO Pa3pabOTKH W MPUMEHEHHUS
pacrpeseNeHHbIX MMaKeTOB HMPUKIAJHBIX IPOrpaMM B
Pa3sHOPOJHBIX PpacIpeAeiIeHHBIX BBIYUCIUTEIBHBIX
cpenax.

MopenupoBaHue yCTOHYMBOIO Pa3BUTHUS
TIK Brernama

Ha 6a3e onmcanHoit Beimie mogenu TOK B mepron
¢ 2011 mo 2015 rr. B X0Jie COBMECTHBIX HMCCIJICIOBAHHI,
MIPOBEACHHBIX VHCTUTYTOM CHCTEM JHEPIeTHKH HM.
JLA. MenentbeBa Cubupckoro otaeneHus Poccuii-
CKOH aKaJeMuu HayK U MTHCTUTYTOM 3HEpreTudecKoiu
Hayku BreTHaMCKON akaJieMUH HAYKU U TEXHOJIOTHH,
Obia pazpaborana mojens pazputus TOK BreTHama
[19]. B neit crpykrypa TOK npencrasieHa no BOCbMU
arpernpoBaHHBIM pernoHaM: nenbTra KpacHo# pekw,
Cesepo-Bocrounslii, CeBepo-3anaaubiii, cesep Llen-
TpanbHOTO MoOepexss, for LleHTpansHOro nodepesxss,
HentpansHoe Haropbe, FOro-Bocrounwlii u nenbra
MexoHra. BxonHbple 1aHHBIE MOJENH BKJIIOYAIOT B
cebs TeXHHKO-?KOHOMHMYECKHE IOKa3aTelnd 3HEPro-
cHaOxeHus (3aTpaThl, CTOMMOCTh U OOBEMBI IPOU3-
BOJICTBA, MMIIOpTa M 3KCIIOpPTa), NMpeoOpa3oBaHUS H
TPaHCIOPTa 3HEPTOPECYPCOB, NOTPEOICHHS IHEPTOpe-
CYPCOB I10 BU/IaM, BKJIIOYast yrojb, He(Th, Ia3 U JJ1eK-
TPOIHEPTHIO.

WHCTUTYTOM 3HEPreTHYECKOH HAyKH C TOMOIIBIO
CHENATM3UPOBAHHOTO MOJLYJISl M| IIPOrPaMMHOTO ITa-
kera «Koppekrusay [20] B 2015 r. ObIIH TIPOBEACHBI
UCCIIEIOBAaHNUS yCTOMYMBOIO Pa3BUTUSl JHEPreTUKU
BberHama M ero sHepreTHYEcKod OE30MacCHOCTH C
2015 mo 2030 rr. BapuaHTBl pa3BUTHSA SHEPIETHKU
(hopMHUpPOBAITUCH HA OCHOBE IIECTH HPEACTaBUTEIHHBIX
HabopoB u3MeHeHni napamerpoB TOK st 2020, 2025
1 2030 rr. I3MeHeHHI0 MoABepraJicsi BEpXHUN TIpeIen
BO3MOXHOCTEH cienytomux otpaciied TOK: moObraa
yTIIs1, 100BIYa MPUPOIHOTO Ta3a, BEIPAOOTKA DIEKTPO-
sHepruu Ha ['DC. [lepeuncnennsle mapaMeTpsl MeHs-
nuck B rpanunax ot —10 % g0 10 % ot ucxonHoro 3Ha-
YEeHUSI.

Jlis OLleHKH yCTOWYMBOIO Pa3BUTHUsSI HALMOHAJb-
HOM PHepreTuKy OblIM BbIOpaHb! 16 MHAMKaTOpOB Db
n 24 kpurepus ycroiunsoro passurus. Ha nx 6aze ¢
MTOMOIIBIO0 METOJIa aHaM3a uepapxuit [21] ObuUTH BBI-
Opansbl yeThipe BapuanTa pa3sutus TOK. B pesynbrate
SKCIIEPTHOTO aHAIN3a HAWIYy4YIINM OBbII MPH3HAH Ba-
puanT, rae B 2020 r. BOBMOXXHOCTH TIO J0ObIUE YIS
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cHIbKeHBI Ha 10 %, BO3MOXKHOCTH 1O JOOBIYE IPUPOI-
Horo rasa ysenuuessl Ha 10 %, a B 2025 u 2030 rr.
passutre TOK mmet mo 6a30BoMy BapuaHTy.

Hcnone3ys Te ke MPENIOCBUIKA W JaHHBIC, IS
(hopMupoBaHUs U aHAIU3a BapuaHToB pa3BuTHi TOK
BrerHama OBUIH TPUMEHEHBI aJTOPUTMBI KOMOWHa-
TOPHOTO MOJETHPOBAHUSL.

Ha mepBoM sTame Ha OCHOBE MCXOAHBIX JAaHHBIX
0611 co3nan 6a3oBblii rpad passurus TOK. Ha BTopom
stane s codetaHui orpacneit TOK u pernoHos
BrperHama, OTMEUEHHBIX 3HaKOM + B TaOuune, ObUTH
MOCTPOEHBI Ipadbl pa3BUTHS, TOJOOHBIE rpady pa3BH-
TUsE 00BbEKTa, IPUBEICHHOMY Ha pUCyHKe 8. B y3max
rpada moka3aHsl U3MEHEHHs BEPXHEro mpejaenia Bo3-
MoxkHOocTe oTpacian TOK mo oTHomeHHIo K 3Hade-
HUIO, 3aJJaHHOMY B 0a30BOM Tpade.

Coueranus orpacieii TOK u peruono Beernama

Combining energy sector industries
and Vietnam regions

12015 12020 12025 12030

Puc. 8. I'pagh pazeumuss TOK Bvemuama

Fig. 8. The graph of Vietnam energy
sector development

Jo0brya | Jo0b14a npu- Bripaborka
Pernon yram | pomsoro rasa 3JIeKTPOIHEp-
ruu Ha I'OC

Jenbra KpacHoit n
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Celiepo-BOCTori- n n
HBIH
Cesepo-3anagHbIit +
Cesep Llentpainb- n n
HOT'O OOEPEeKbsI
IOr LlenTtpansHoro N
oOEePEKbS
LlenTpansHoe n
Haropbe
Oro-BocTounslit + +
JlenpTa Mekonra +

Ha tpersem stane Obut coszpmaH Tpad pasBHTHA
TOK, comepxamuit 531 442 y3na. MIx obcyer Ha 4yeT-
BEPTOM 3Tare MPOBOIMICS B PaCIpeIe/ICHHON BBIUNC-
JUTEIBHON cpene, COCTOSIIIEH M3 BBIUMCINUTENBHBIX
Y3JI0B BBICOKOIIPOHM3BOIUTEIHHOTO BEIYHCIUTEIIEHOTO
kiacrepa «Akagemuk B.M. Matpocos» [22].

TTocne pacuera Ha momenmu TOK Bwernama mis
MPOBEPKH ypoBHI OB WMCIONB30BaNnCh ABAa pETHO-
HaJIbHBIX MHIMKaTopa Ob: 10 COOCTBEHHBIX MCTOY-
HHKOB B 0aJlaHCe KOTEJIbHO-IIEYHOT0 TOIUINBA U IOMH-
HUPYIOLIETO pecypca B CTPYKTYpe 3TOro Torusa [23].

Ha nstom 3Tane Ha OCHOBE KpUTEpUS MHHAMYMa
3aTpar Ha pazBuTHEe M QyHKIHMOHMpoBaHue TOK Obu1
BBIOpaH ONTHMAJIBHBIA MyTh passutust TOK, mpemy-
CMaTPHUBAIONINI JUI BCEX MEPCIEKTUBHBIX MOMEHTOB
BPEMEHH yBEIMUYEHHE OOBIYM MPUPOIHOTO Tra3a u
CHIDKEHHE JOOBIUH YTIIA.

3akJjoueHue
BakHBIMH TIPEHMYIIECTBAMH METOJa KOMOHWHA-

TOPHOTO MOICIHUPOBAHUA ABJIAIOTCA NPCACTABICHUC
BAapUAHTOB PAa3BUTUA 00OBEKTOB M 3aT€EM CHCTEMBI B

BUJIE HAIIPaBJICHHOTO rpada, HarJsAHOCTh U KOMITAKT-
HOCTb B IIPECTaBlIieHNU BapuaHToB. OmucaHue B BUjie
rpada BapuaHTOB HAIJISJHO MOKA3bIBAET UX Pa3INUUs
1 001IME COCTOSHUS WU NIEPEXOIbI.

K nmocTomHCTBaM cieqyeT OTHECTH JOCTHIaeMYIO
IPA 3TOM IIOJNHOTY OIHCAHWS BapHaHTOB DPa3BUTHUS
CUCTEeMBI. [Ipu TpaguIMOHHBIX CIIOCO0aX CpaBHEHHS
BapHaHTOB Pa3BHUTHUS, OCHOBAaHHBIX HA MHOTOKPHTEPH-
ANBHBIX METOJaX, TAaKMX KaK METOJ aHajm3a uepap-
XHH, UCCIEOBATEIN OOBITHO OTPAHUYHBAIOTCS COTIO-
CTaBIICHMEM HEOOIBIIOTO YHCIIA BapHaHTOB, BHIOOD
KOTOPBIX OOOCHOBBIBAETCS WHTYHMLMEW U HAKOIUICH-
HBIM ONBITOM paboTel. BmecTe ¢ TeM Takoil orpanu-
YEHHBIH BBIOOD, 1ake €CJIM OH CHeNIaH yJayHo, BCera
OTpa)kaeT HEKOTOPYIO CyObEKTHBHOCTh. DTO CHIKAET
YPOBEHb JIOKa3aTeIbHOCTH MOJIy4aeMbIX PE3YJIbTATOB.

[TonmydeHHBIE MHOXECTBA JOMYCTHMBIX TPACKTO-
pUil pa3BUTHS CHCTEMBI MOTYT HCIOJIB30BaThCS BO
MHOTHX MTOCTAaHOBKAX 33734 IMPOTHO3UPOBAHUS, B TOM
4HCcIe ¢ y4eToM (akTopa HeompeaeneHHocTH. Cpean
JIOITYCTUMBIX TPACKTOPUI Pa3BHTHUS CHCTEMBI MOXKHO
COTJIACHO 3aJJaHHBIM KPHUTEPUSM BEIOUPATH HE TOJBKO
ONTHMAaJIbHBIE MIYTH, HO ¥ BCE MHOXKECTBO OJM3JIekKa-
LIUX TPAEKTOPUH.

Hccnedosanue evinonneno npu uHancoou noo-
oeporcke PODU, npoexm Ne 15-07-07412a.
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Abstract. The article describes the combinatorial modelling approach to the research on energy sector development. The
idea of approach is to model a system development in the form of a directed graph with nodes corresponding to the possible
states of a system at certain moments of time and arcs characterizing the possibility of transitions from one state to another.

The combinatorial modelling is a visual representation of dynamic discrete alternatives. It permits to simulate the long-
term process of system development at various possible external and internal conditions, to determine an optimal development
strategy of the system under study. The formation and analysis procedures of energy development options are implemented in
the Corrective software package. The distributed computing environment are necessary to compute an energy sector develop-
ment graph.

In 2015, the Institute of Energy Science of the Vietnamese Academy of Science and Technology performed a study of
Vietnam sustainable energy development from 2015 to 2030. Data of this study show application of the combinatorial model-
ling methods to formation and analysis of Vietnam energy development options taking into account energy security require-
ments. The created Vietnam energy sector development graph consists of 531 442 nodes. It is computed in the cluster located
at the Institute for System Dynamics and Control Theory of the Siberian Branch of the Russian Academy of Science (Irkutsk).

The found optimal way of Vietnam sustainable energy development provides minimum costs of energy sector development
and operation.

Keywords: combinatorial modelling, energy development, energy policy, decision support, distributed computing envi-
ronment.
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ITPHHIIHII MHHHMH3ALIHH SMITHPHIECKOI'O PHCKA
HA OCHOBE AI'PErHPYROIIIHX ®YHKIIHH CPEAHHX IIOTEPbH
AAA PEINIEHHA 3AAY9 PETPECCHH

3.M. II1Iub3yxo8, o.¢.-Mm.H., 6edyuuil HayuHbsLil compyoHux, szport@gmail. ru;
LI lumumpuueHKko, k.m.1., cmapuwuil HayuHslii compyonurk, dimdp@rambler.ru;
M.A. Kazaxos, mradwuii HayuHwtii compyorur, f wolfgang@mail. ru

(MHcmumym npukiadHol mamemamuku U ag8momMamu3ayuul,
ya. Illopmarosa, 89a, 2. Hanvuurk, 360000, Poccus)

B Hacrosmeii pabote npezyaraeTcsi paclInpeHHBI BapuaHT MPUHINIIA MHHIMHU3ALUH SIMINPHIECKOTO PUCKA JUTS pelle-
HHMS 33/1a4H PETPECCUH.

OH CTpOHUTCS HA OCHOBE NMPUMCHEHHS YCPEAHAIOMINX arperupyoIux GyHKIUNA 1151 BBIYMCICHUS SMIMPUYECKOTO PUCKa
BMECTO CPEIHET0 apu(pMETHIECKOro. ITO ONPaBIAHHO, ECIH PACIIPE/e]ICHHE TOTEPh UMEET BEIOPOCHI HIIH CYIIECTBEHHO HC-
Ka)KCHO, OTYErO OIEHKA PUCKa KaK CPEAHHMX HOTEPh C CAMOT0 Hayalla SBISETCS CMELICHHOH. IT09TOMY B TakMX CIIydasx IpH
ONITHMH3AIMHY NTapaMETPOB B 33/1aUe perpecCHy H3HAYaJIbHO CIIEIyeT HCIOJIB30BaTh pOOACTHYIO OLIEHKY CPEIHETO PUCKa.

TlonoOHBIe OIIEHKH CPEeHEro pHUCKa MOXKHO ITOCTPOUTE, UCHIONB3Ys YCPEAHSIONIHE arperupyomne GyHKINH, KOTOPHIE SB-
JISTFOTCSL PEIIeHNeM 3aJa9l MUHUMH3AIUU TpadHOH GYHKINH 32 OTKIOHEHHE OT CBOETO CPEJHEro 3HaYeHHsI. TaKkoi Imoaxox
JUIS TIPEJICTAaBIICHHS arperupyromux GyHKIHHA CPeTHEro MO3BOJISIET, C OJJHOW CTOPOHEI, ONPEIEIINTh 3HAUNTEIBFHO 0oJee IIH-
poKuii K1acc GyHKIHH CPEAHETO, a ¢ APYroii, onpenenuts auddepeHppyemMple GYHKIHNA CPEAHET0, KOTOPHIEC alllPOKCUMH-
pytot Henud hepeHnupyemble GYHKIMU CPEIHEro, TAKHE Kak MeJMaHa M KBAaHTHIIb. B pe3ynbrare MosBIseTcs] BOSMOXKHOCTh
HOCTPOUTH I'PAAUCHTHBIE METOJbI PELICHUS 33/1a4ll PETPECCUH, B ONPECICHHOM CMBICIIEC allIPOKCUMUPYIONHE pobacTHbIC
MeToIbl, TakKe kak Least Median u Least Quantile.

B nHacrostieit pabote mpeiaraetcst HoBast TpaAMCHTHAS CXeMa JUTsl PEIeHUs] 3a1a4 MUHUMU3aluK cpeHero pucka. Ona
SIBJIICTCSl AHAJIOTOM CXEMBI, IpuMeHsieMoii B anroputMe SAG B ciydae, KOTrJla PUCK BBIYUCISACTCS TP IOMOLIH CPEIHEro
apu(METHIECKOTO.

IpuBeneH WUTIOCTPATHBHBIA IPUMep MOCTPOSHUST POOACTHOM MPOLEAYPH! OLICHKU MapaMeTpoOB B 3a/iaue JIMHEHHOW pe-
rpeccun Ha 6a3e UCHOJIb30BaHUs yCpeHstonieil GYHKIMU CpeJHET0, alPOKCUMUPYIOLICH MeIHaHy.

Knroueswie cnosa: azpecupyrowas pyrkyus, azpecupyrowds onepayus, IMMUPULECKutl puck, pespeccus, wmpagpras pyHk-

yus, npoyeodypa epaoueHmHo20 CHycKd.

Meron MUHUMU3aUUU 3MIMPUYECKOro pucka [1]
ABJACTCA NPU3HAHHBIM METOJIOM PEHICHHUA 3ada4 Iia-
pPaMETpUYECKON PETPECCUM.

OMITUPUIECKAN PUCK OOBIYHO BBIYHCISICTCS KaK
cpenHee apupMeTHIeCKOe OT 3HAUCHHIA ITapaMeTpude-
CKOM (YyHKIIMH MOTEPh. DMIHMPUUECKas OIIEHKA CPe-
HUX MOTEPh KaK cpefHee apudMeTHueckoe ajgeKBaTHa
CO CTAaTUCTHYECKOW TOYKH 3PEHHS, €CIIU OTEPH pac-
MpelieieHbl 0 HOPMaJIbHOMY 3akoHy. OfHaKo Jaxe
JUIE HOPMAaJIbHOTO 3aKOHA CpejiHee apudmMeTudeckoe
HE SBIIETCSI pOOACTHOM OIICHKOM CpEeTHETr0 3HAYCHUS,
B TO BpEMA KaK M€AHaHa IMO3BOJIACT OLICHUBATH OMITU-
pUYecKOoe CpeHee MPU HaIMIUU BEIOpOCOB. [ToaToMy
JUI TIOCTPOCHHS MapaMETPUICCKUX PETPEeCCHOHHBIX
3aBUCUMOCTEH TaK)Ke€ HCIOJB3YIOTCS AMIUPUIESCKUE
OIICHKU CPEAHCTO NPH IMOMOIIU MCIAWAHbI, HECCMOTPSA
Ha TO, YTO HUCIIOJIb30BAaHHE MEIUAHBI JIENaeT MpoIle-
Jlypy HaCTPOWKH MapaMeTPOB PErPECCUOHHON 3aBUCH-
MOCTH 00JIee M€EIJIEHHOIA.

B ycnoBusx BEIOPOCOB TaKkKe HCIIOIB3YIOT OLICHKU
KBAaHTHJICH, KOTJ]a UCKAXKCHUS B PACIPEACICHUU II0-
Tepb cocTaBisAoT MeHble 50 %. DTo mo3BoIIeT MpH
HACTPOMKE MapaMeTPOB MPU MOMOIIU METUAHBI HE Te-
PATH MOJIE3HYIO YacTh paclpeneieH sl NoTepb, KOTO-
past pacmoJIoKeHa BhIIIIE 3HAYCHUS MEHAHBI, pa3eis-
IOIIEH YIOPSIIOYEHHBI 10 BO3pacTaHHUIO HAOOp ITo-
TEPb Ha JIBC PaBHbBIC YACTH.

180

Kaaccuyeckuii MeTox SMIUPHYECKOr0 pUcKa

3amaya noucka napaMmeTpuuecKon perpecCUOHHOM
3aBUCHMOCTH Y = f(X, W) Mex Iy BXOAaMHU X ¥ CKaJsip-
HBIM BBIXOJIOM Y SIBJIIETCS] OHOW U3 KJIIACCUYECKHX 3a-
Jlad MalmyHHOTO o0ydueHus. VIMerTcs KOHEUHBIH Ha-

6op BXOIOB X = {X, -k =1,..., N} 1HabOp H3BECTHBIX

3HaueHuii Ha BhIxoze: Y = (¥, : k=1, ..., N}. TpeGy-
eTcs HaliTn Takoit Habop napameTpoB W', IpU KOTOPOM
dynxuus f*(x) = f(x, w*) anexsatno npejcrasnser 3a-
BHCHMOCTE MEXTy Y M X Ha MHOXKeCTBE X.

B kauecTe Mephl ajekatHocTH f* yacTo ucnons-
3yI0T 3MOUpHUeckuii puck. Habop napamerpos W, 3a-
JAOIINI  aeKBaTHYIO IapaMETPHYECKYI0 3aBHCHU-
MOCTb, TOJDKEH MHUHUMH3UPOBATH BEJIHUNHY SMIHPHU-
YECKOT0 PUCKA.

OMIUPHYECKU PUCK OOBIYHO BBIYMCISICTCS Kak
cpenHee apudMeTHYECKOE OT 3HAUCHHUI MapaMeTpude-

1 N
cKkoll (yHKIMH TIOTEpb Q(W)=§ka(w) , rne
k=1
t(w) = b(rw)), tme £(r) — GyHKOUSA MOTEPBb;
no(w)=r(f(%X.,w),¥,) - Gyuxims nepsizku mexy

3HayeHHeM (yHKIMH f U OXUIaeMbIM 3HAYCHHEM B
k-it Touke. Hampumep:
e pasHoCTh: r(w)=f (x,w)-y;
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e aBcomoTHas pasHocTh: F(W)= | f(x,w)- Y| ;

e HecHMMeTpWYHas  abcoIoTHAs
ar, ecimur >0,
a (oc—l)r, ecnur <0;

Pa3HOCTE:

|f (x,w)— y|a ,rae |r

e OTHOCHUTEJIbHAs Pa3HOCTH: r(w):ﬁ|f(x,w)—y|

TIPY YCIIOBHUH, YTO 3HAUCHUS Y OTICIICHBI OT HYJIS, WIH
1
r(w :—|f X,W)— |
()= 17 o) -y

OyHKIUS MOTEPh — 3TO HEOTpHUIllaTeTbHAsS (PyHK-
[Hsl, KOTOpasi UMEET CIUHCTBCHHBIH MHHHUMYM, TaK
gt0 £(0) = min £(r) = 0. Hampumep:

e abcomorHas: ((r)=|r

5
. 2.
e KBaJpaTUYHAS: €(r) =r’;

c(2|r|-c), ecnm |r|2 ¢,

2

° XBIO6epa: U(r): r eC.HI/I|r|<c.

e Toroku (A1 TIPOCTOTHI NPUBENCHA MTPOU3BO/-
Hast QYHKIMH):

0(r) = r[l—[gnz, ecnu |r| <,

0, eccau |r| >c;

e HECHMMeTpPUYHas abCOIOTHAS:

) _|oar, ecmar >c,
t(r)= {(oc—l)r, ecuur <c;

® HCCUMMETPpUYHAA KBaApaTU4Hasd:

L(r)=

3mecr C>0,0<a<1.

Co cTaTUCTHYECKON TOYKH 3PEHHUS OIEHKA IOTEPh
P MOMOIIM CPEIHEro apu(METHYECKOTO SBISETCS
aJIeKBaTHOM, €CJIN MOTEPH pacIpeiesIeHbI 10 HOPMaJlb-
HOMY 3aKkoHy. OJTHaKO €cH B JIE€HCTBHTEIBHOCTH I10-
TEePHU pacrpeieNieHsl M0 JAPYroMy 3aKOHY, OIICHKa
CPEeIHHX TOTepPh IOJDKHA OCYIIECTBIATHCS IPYTUM
cnocoboM. Ho nake B cirydyae HOpMajibHO pacmpenie-
JICHHBIX HOTEPh CpelHee apu(MEeTHUEcKoe He SBIIS-
€TCsl YCTOWYMBBIM 110 OTHOIIEHHIO K BBIOpOCaM B M-
MUPUYECKOM paclpefeneHu. B atom ciyuae cymie-
CTBEHHO OoJyiee aJeKBATHOM OLIGHKOW sIBisSeTCH,
HanpuMep, MeMaHa UM KBaHTUIIH.

Cpennee apudmerndeckoe, MeIMaHa U KBAHTHIIU —
MPUMEPHl  YCPEAHSIOMEeH arperupyromeil (QpyHKImm,
MIO3TOMY B OOIIIEM CITydae CpeIHIE TOTePH MOXKHO BBI-
YHUCTIATH IPU MTOMOIIN YCPEIHSAIOMINX arperupyrOImnX
(hyHKIHH.

(xrz, eciur = c,
(I-a)r’, ecmur <c.

Ycpennsiiomue arperupyomue (pyHKnuu

Hycte I = R —cerment R I" — MHOXECTBO BceX

KOHEYHBIX MOCJIEI0BATEIbHOCTEH {71, ..., ZN} & 1.

Onpeodenenue. Arperupyromas (GyHKIUI — 3TO
otobpaxenne M: I"—1, xoTopoe ymOBIETBOpPSAET
CJIEIYIOLINM TPEOOBAHMSIM:

. M{z}=1z;
o ecnnz <z,..,7 <2y, 10 M{z,....5} <
SM{zlzN}

IMocnemnee TpeboBaHme — TpeOOBaHWE MOHOTOH-
HOCTH arperupyromei GpyHKIuH.
Arperupyromias QyHKIust M cuMMeTprdHas, ecitu

M{zy, ..., zn}= M{Znq)y, ..., Zrevy} U151 JTIO0O# TIEpECTa-
HOBKW T psima umcen 1, ..., N.
VYcepenusiionpe  arperupyromie  GyHKIUH, 110

OIIPEICTICHUIO, YIOBJICTBOPSIOT JOMOJHUTEIEHOMY
TpeOOBaHUIO Min{zy, ..., In} < M{zi, ..., Zn} < max{zi,
ey IN}-

OCHOBHBIE MTOHSATHS 1 OCHOBHBIE CBOHCTBA arperu-
pyromux GpyHKIHH moapoOHO onucaHsl B [2—4].

CyliecTByeT yHHBEPCaJIbHBINH CIOCOO ompenerne-
HUSl YCPEAHSIOMNX arperupyrommx Gynkuuii [S]. dons
UX ONpENeNICHNS NCIONB3YIOTCs TpadHble QyHKINH.

Onpeoenenue. Oyuxuus P{z,, ..., Zn, U} sBis-
ercs TpadHOH, €CIM YAOBICTBOPSIET CIIEAYIOLINM
TpeOOBaHUIM:

o P{z),...,2n,U} 20 A BcEeX UM Z4, ..., IN;

e P{z;, ..., v, U} = 0, TomBKO eciH Z; = ... =
=IN=U;

® JIs BCeX Zi, ..., ZN MHOXeCTBO My, . N =
= {UZ P(Z], vees IN, U):Pmm(Zl, ey ZN)},FJL[e Pmm(Zl, vy

ZN) =minP(z,, ...,Z,,U), ABJIAETCA CHHTIETOHOM MK
u

CBA3HBIM CCI'MECHTOM.

Besikyro  ycpeaHsIIONIyI0 arperupyromyr  QyHK-
IIMI0 MOXXHO OIPEIeNUTh Ha OCHOBE HEKOTOPOH
wrpadHoit pyHkuuu P cnenyrommm odpazom: My{zi,
N =argmuinP(zl,...,zN,u) ,eciu Mgy, . ;N — CHH-

a+b
TIIETOH ¥ Mp{Zy, ..., In} = ,ecimi My, N — cer-

MEHT ¢ KOHIIaMu a U b. 3amerum, 4To (OpMaIBHO B
MOCJIETHEM CITydae MOKHO OBUIO OBl BEIOpATh JIt000E
3Ha4YeHUE U3 MHTepBaia (a, b) wim HeKoTopoe 3Haye-
Hue u3 (a, b), 3aBucsiiee ot P.

Jlanee paccMOTpUM pPa3HOBHIHOCTH IITPagHBIX
(hyHKIHH, KOTOPBIE ABISIOTCS CyMMaMHy (QyHKIUN He-
CXOJICTBA!

P(zi, ..., 2n, U) = ip(zk,u), (D

rze p(z, u) — pynkuus Hecxozctna (dissimilarity func-
tion). PyHKIMS HECXOJCTBa OIPEAEIACTCS CIeIyIo-
MM 00pa3om.

Onpeodenenue. Oyuxuns p(z, u) ssusercs QyHK-
el HECXOJCTBA, €CJIM yJIOBJIETBOPSET CIICAYIOLUINM
YCIIOBHSM:

e pz,u)=0z=u;

e p(z1, u) 2 p(z2, u), Xorma z; = z; = U WA
Z1<zZa< U
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Arperupylomyo (QyHKIUIO, OINpeeieHHYI0 Ha
6aze mtpaduo pynkiyu uga (1), 0Oymem 0603Ha4aTh
M,.

Cratuctudeckass mHTepriperarst Mp{zi, ..., In}
Ha OCHOBE IMPHHIMIA MaKCUMyMa IpaBIONOA00Ms
CIIE/IyIOLIasi: eClIM CllydaiiHas BelIW4MHA Z pacrpeje-

JIeHa IO BEpOSITHOCTHOMY 3akoHy € "?) rne 7 —
cpenHee 3HaYeHUe, TO Mp{Zi, ..., ZN} SBISETCS DMITU-
pHYECKOH OLEHKOH 7.

VYHukanabHOCTh MUHUMYMA P71, . N(U) = P(z4, ...,
Zn, U) ¥ MOHOTOHHOCTb Mp{Z, ..., ZN} TapaHTHPOBAHBL,
Korjaa

p(z, w) = G(h(2)- h(u), @)
rie G:R —» R — HempepbIBHas CTPOTO BBHIMYKJas
¢byukuwst; h(u) — ctporo monoToHHast GpyHKuMA [4, 5].

[TpuBeneM nmpuMepsl U3BECTHBIX YCPETHSAIOLINX ar-
perupyromux GyHKIHH, KOTOPbIE MOYKHO ONPENEIUTh
TaKuM 00paszoM.

e Cpennee apu(MeTHYECKOE MOIydYaeTcsl NpU

N
P(z, U) = (zu)*: M{zy, ..., 2n} =argmax Y (z, —u)z.
Ukt

e Menuana

Z.., ecomd N =2k +1,

(

k)
med{z,, ..., z,} =1 7,

()+Z

), , ecmi N = 2Kk,

TIOJTy9aeTcs pH P(Zx — U) = | Z—U | :

B

N
med{z,, ..., z,} =argmin |z, —u
U k=l

rae Zay, ..., Z(N) — MHOXECTBO Zi, ..
HOE B IOPSIJIKE HEYOBIBAHMUSL.

e Ksautmis o Qu{zi, ..
pz u) = |z—ulw:

N
Q. {7, ..., 2} :argmuink2|zk -ul
=1

.» IN, YHOPSJ04EH-

., IN} TIONy4YaeTcsl MpH

rIe |u

_[o|ul, ecnimu >0,
° (1—(1)|u|, ecan U < 0.

e  DKCIEKTHIb O

N
E {z,..., 7} :argmuin2|zk —u|i,
k=1

> |ow?, ecim u >0,
rze |u =

(1-a)u?, ecan u <O0.
e Cpennee no Kommoroposy
M {z,....,2,}=9" (%ig(zk )j noJtydaercst
k=1
npu (U, ) = (9(U) - 9(29)*:
. N 2
M, {z.....2} = argmﬂnéw(zk)_ g(u)) .
e MacmrabupoBaHHasI MeTMaHa
, ZN} =g (med{g(zk):k =1,..., N})
nosrydaetcs pu pP(U, zx) = | g(u) — g(zv) E
N
med, {z,, ..., 2} = argmin2|g(zk)— g(u)| :
Uok=t

med, {z,, ...

182

[Mowuck 3nauenus My {zy, ..., Zn} MOKHO OCYyIIIECTB-
JATh METOJOM IIOJIHOTO TPaJHWeHTa WM METOIOM
Herorona. B nepBom ciydae Ha KaXIOM Iare TeKy-
I11as1 OIIeHKa MCKOMOTO 3HaueHUsI OOHOBIISIETCS T10 CIie-

Ayiomiemy mpasuiy: U, =u —hP, (U, z,..., 2y),

N
rae P (U, z,,..., zN)=kZ_‘1pu(zk,u).

Bo BTOpOM citydae 0OHOBIICHHE OCYIIECTBISCTCS
TI0 TIPaBUITY
z,)
P, (u

s s
b
w (U 2,0, Zy)

e Pu(u[ 2,0 2y) Y (Z,4)

Puu(ut’zl""’ ZN) ZkN:Ipl:U(Zk’ul)

[Mapametp Temna oOy4eHus hy B 3TUX MeTOJaX MO-
JKET OBITh MIOCTIOCTOSIHHBIM HJIM BBIOMPATHCS [P TI0-
MOIIM OJTHOTO W3 METOIOB ITOKCKa Thma line search.

[Mpu 6onbimx N yno0Hee NPUMEHSITh CTOXaCTHYE-
CKHE BapHaHThI 3THX aaroputMmoB. Hampumep, Takue
ANTOPUTMBI, B OCHOBE KOTOPBIX JIEKHUT TaKas xKe
cxema, Kak u B ocHoBe SAG [6, 7].

B nepBom ciyuae oOHOBICHHE OYAET OCYIIECTB-

P, (u
Uy, =U —h —

z

t> 71

_ — 13
JATHCA 10 npaBuiy U,,, =u, —hg,,rae g, = EZng ,
k=1

k(t) — HOMEp cityyaiiHO BBIOPAHHOTO 3HAYCHHS U3 Zj,
..., Zx Ha ware t. I[Ipu sTom

_{p;(zk,ut), ecn k =k (t),

g
“be g, uHave.

Cpennee 3Ha4Y€HHE IIPOU3BOJHON {, MOXHO 00-
HOBJIATH HA KaXXJIOM I11are 1o IpoCcTOMYy IIpaBUily

_ _ 1,
Ga =G +E( Py (zk,ut )_ 9t )
Bo BTOPOM cCiry4ae O0OHOBIIEHHE OCYLICCTBIIACTCA

MO CIEyIoeMy TpaBuiry: U rie

t+

G
 =u —h—,
H,
N N
Gt = ZGt,k u Ht = ZHt,k .
k=1 k=1
P, (Z,U,,), ecmm k =k(t),

ITpu stom G, =
P "G, uHade,

ULk H . pHave.
3nauenue orHomeHus Gt/Ht oOHOBIISETCS Ha KaxkK-
JIOM TIIare Mo MPOCTOMY IPaBUITY:
G1+1 _ Gt + pu (Zk’ut)_Gt,k
H ) - Ht,k
[IceBnokon anroputma — Air. 1.
Algorithm 1. Anroput™ Tuna SAG AJ1s BeIYUCTIE-
HUS 3HaYeHus Mg{zy, ..., In}.
WunnmanusupoBath Uy
g < p'(z.,u,), k=1,..,N
G, < p,(z,.u,),k=1,..,N

GG+ ...+ Gy

a H :{p;u(lk,ut),ecnnk:k(t),

t.k

H, + Py, (2.u

t+1 k> ™t
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If ucone3yetcs cxema Herotona then
H, < p, (z.U,), k=1,..,N,
HeHi+ ...+ Hx

end if
t<-0

repeat
k « k(t)

G« G+p,(z.u,)-G,
Gy < Py (z0u)

If ucone3yetcs cxema Herotona then

H« H+ p,, (z,.u,)-H,

Hk <« p\;u (Zk’ut)

_ G
" h

else
_ G
ERREN

end if
ut+l<_ut_htg
tt+1

until 3Hayenue Uy He CTAOUIH3UPYETCS.

OT S5MNIIUpHYECKOro pucKa
K arperupoBaHHOMY

Yepeausronme arperupyromnme GyHKIUH yKe UC-
MOJIb30BAJIKCE B [8, 9] 171st OCTpOCHUS (HYHKIIMOHATIOB
MOTeph B KOHTEKCTE 3a[a4d MOCTPOCHHUS OMEpaIHii
HaJl aIrOPUTMAMHU KJTaCCU(UKAIIUU U PErPECCHH, KO-
TOpBIC COXPAHSIOT CBOMCTBO KOPPEKTHOCTH aJITrOPHUT-
MOB. [IpuMeHUM HMX TeHeph IS OLCHKH CPEIHHX IO0-

Teps: Q, (w):Mp{ék(w):k :l,...,N}, rae ycpen-

HsOIIAs arperupytomas GyHkims My ompexpensercs
Ha oCHOBe mTpadpHoi pyHkuu Buaa (1):

N
M [0, () =g (7, (w).0).
=1
OnruManbHbIH HabOp MapamMeTpoB W' JIOCTaBIISET
MHHEMYM Q_ (W) : Q) (W) =minQ_ (W).

Ecmu p(z, u) mMeeT yacTHBIE TIPOU3BOIHEIE 0 BTO-
POro HopsiIKa BKIIOYUTENBHO, TO

M {z,....,2,} ~ o, (2,.7)
% YN (2.7)
rae Z=M,{z,,....7} .
Torma grad M | {(1 (W),....0 (W)} -
X P (4 (W), Z) gradl, (w)
T e (e (w).7)
rue ZZMp{fI(W),..., /N(W)} '

Ilouck onTUMAaIBHOTO Ha6opa W MOXHO OCy-
MECTBJIATH IIPU MOMOIIU CICAYIOUICTO BapuaHTa Ipo-

E)

OCeaAypbl IMOJHOI'O IpaJuCHTA. HpaBI/IJ'IO OOHOBIICHHS
BCKTOpa MnapaMeTpoB UMECT BU/]

—w, —hgrad M_{(,(w,),....0(w,)}.

OOHOBICHUS BCEKTOpa MmapaMeTpoB OCYHICCTBJIA-
IOTCI 0 TeX M[mop, IIOKa 3Ha4YeHus Wy MU

Wt+1

M, {ﬁl (Wit )seonn Uy (W, )} HE CTaGHIM3HPYIOTCS.
Ecmu p(z, u) = G(z — U) — gacTHBIH cioy4aii (2), TO
N
grad M {£,(w),....0, (W)} = Ya, (w)grad(, (w),
k=1
G"(¢ (w)-7)
G"(¢,(W)-Z)+...+G" (L (w)-7)’
npraeM o (W) + ...+ an(w) = 1.
HeTpynHo 3aMeTHTh, YTO B 3TOM Ciyd4ae IpoLe-
Jlypa rpafiueHTHOTO CITyCKa OX0Xa Ha IPOLEAypY I0-
MCKa MUHHMYyMa B3BEILICHHOTO CPEAHEro OT MOTEPh C

4ncaoBbiME Becamu. OIHAKO B JaHHOM Cilydac Beca
ABIAROTCA QyHKIMAMHA OT £ (W)—Z,..., 0 (W)—Z —

e a, (W)=

OTKJIOHEHUH MEX/y arpeTUPOBAaHHBIM CPETHUM OT I10-
Tephb M TeKyluMu notepsamu. Eciau G(z-U) = (z-U)%/2,
T0 k(W) = 1/N, 9TO COOTBETCTBYET CpemHEeMY apud-
METHYECKOMY OT HOTEPbh WIM 3HAYCHHUIO IMITHpHYE-
CKOT'O pHUCKa.

[ceBaokon anropuTMa HACTPOWKHU MapaMeTpoB W
Ha OCHOBE METOJla MOJIHOTO I'PajMeHTa — alrOPUTM
PBFG. IlpuBeneHHBIN anroOpuTM HE SBISIETCS ONTH-
MaJIbHBIM C BBIYMCIMTEIILHON TOYKH 3pEHUs, TaK Kak
Ha KaXJIOM IlIare UTepanyuy HeoOXOJMMO PellaTh 3a-
Jlady TOMCKa MUHMUMyMa (DYHKUIMH AJISI BBIYMCICHUS
3HAUCHMS arperupoBaHHOTO CpeaHero 3HaueHwus. [lo-
3TOMY PacCMOTPHM JIpyroi HTEPaMOHHbIA aJITOPHUTM,
KOTOPBIH uIeT 3HadeHus W™ u Mp{fi(W"), ..., {n(W")}
OJTHOBPEMEHHO.

Algorithm PBFG. Anroput™ MOJHOTO TPaJHEHT-
HOTO CITyCKa Ha 0a3e arperupyroieii GyHKIuu

t«0

NunumanusupoBats Wo

Uy < M {0 (W), ... 0 (w,)}
repeat
W, < W, —hgrad M, {¢ (w,),....0 (w,)}

t+1

ut+1 <« Mp {Kl (WHI )’ ""fl (WHI )}

T t+1
until {u} u {W:} He cTaGuIM3UpyeTCS.

AJITOPUTM CTOXaCTHYECKOI0 yCPeHEHHOI 0
rpajueHTa Ha 0a3e arperupyomux GpyHKuui

INockonbky NaHHBIN ycpeIHEHHBIN ITpaueHT SIBIIS-
eTcsl B3BEHIEHHOM CyMMOH TpaJMeHTOB OT COOTBET-
CTBYIOILIMX ITOTEPb, MOXHO HPUMEHHUTh METOJ, JIe¥kKa-
nmii B ocHoBe anmroputMa SAG (Stochastic Average
Gradient) [6, 7]. [locTpouM Ha OCHOBE 3TOTO METOZA
anroput™m PBSAG (Penalty Based Stochastic Average
Gradient) cTOXacCTHYECKH YCPEAHEHHOTO TpagueHTa
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Ha 0a3e yCpeIHSIONICH BEpHOU arperupyroiei GhyHk-
nuu. CxeMa ajantainuy napaMeTpoB W u U UMeeT BUJ

Wi =W, _htgt’ Uy =U — 7,0, »
N

Zk:lgk,t

—_— -

2k

3HauycHHE (Tt JJIs1 TIOMCKa MHUHHUMAJIBHOI'O 3Ha4c-

rae g, =

HUS yCpeaHsIomei arperupyromeii Gpynkuun My mMo-
JKET OOHOBJIITECSA B COOTBETCTBUH C OJHUM U3 CIEAY-

N
_ 1 X D D

IOIUX MPaBUL: §, = — >0, WM {, == —— B 3a-
N k=19k.t

BHCHUMOCTH OT UCIIOJIE3yEMOT0 METO/a: IPafieHTHOTO

cmycka win HelotoHa. Bekropel w3 Habopa

{gkt k= l,N} OOHOBIISIIOTCS IO CJEAYIOIIEMY Ipa-

BHJLY:
—pu (L, (w,).u,)gradl, (w,),
ecim k = k(t),

J,, HHaUe.

Oy =

3HaueHus w3  HaboOpoB

{gk,t k= I,_N} u
{qk’t k= I,_N} OOHOBIISIIOTCS O CIIEAYIOLINM MPaBU-

JlaMm:

P (£ (W)U, ), ecik =k(t),
Oy =

g, uHaue,

- p;(ﬁk(wl),ut), ecimk =k (t),
“*'"dq,, nnaue.

Algorithm PBSAG. AJroputM CTOXacTHYECKH
YCPEHEHHOI0 TpajueHTa Ha 0asze yCpeaHsolei
byskunN

t«0

Nunnuanusuposats Wo

for ke{l,...,N} do

G, « p, ('é)k (WO),uo)gradfk(WO)
Hy < Py (£ (W) uy)
Q P, (L0 (W ),u,)

end for
G« Gi+...+Gn
H«H;+...+Hx
Q«Qi+...+Qn
repeat
k= k()

H<«H-H, +p,, (fk w,),u

~—

H, « p;u(Ck (Wo)’ut)
Q«Q-Q,+p, (£, (w,).u,)

184

w,,, <w,—hg

if ucmonb3yercst cxema Hprotona then
q«<Q/G,

else
g« Q/N

end if
vu

t+1

g < U — 14

vt t+1
until {u} u {w} He crabUITU3UPYIOTCS

Anroputmy PBSAG Ha kaxioM mare He00X0JMMO
XPaHUTh MO OJTHOMY TPaJUEHTHOMY BEKTOpPY H 110 ABa
3HAUCHUS Ha KaXIBIH MpuMep U3 o0yvaromiero Habopa
JTaHHBIX, TO €CThb N(M + 2) BeleCTBEHHBIX YUCEII, TJe
M — paHr BekTopa mapamerpo W. [lostomy ero cie-
JIyeT MIPUMEHSATb, €CIIH €CTh IaMATh ISl XpaHEHUS Ta-
KOro o0beMa JaHHbIX.

HerpynHo 3ameTnTh, uTO IIpH P(Z, U) = (Z-U)*/2
cxema anroputMa PBSAG penyuupyercs k cxeme aji-

1 N
roputma SAG: w,,, =w,—-hg,, rae ¢, = Ekzgk,ta
=1

B {gradfk (w, ), ecmn k =k(t),
k,t+1 —

g, MHadYe.

Takum obpasom, cxema anroputmMa PBSAG sBns-
€TCsI €CTECTBEHHBIM OOOOIIEHHEM CXEMBI aIropuTMa
SAG [6, 7], xorma At BEIYUCIEHUS CPeTHUX TOTEpPh
UCTIONb3YETCsl yCPEIHAIoIIasi arperupyomas QpyHk-
IS, OCHOBAaHHAs Ha INTpagHON, BMECTO CPEIHEro
apu(pMETHYECKOTO.

Ipumeps! npumenenust PBSAG

Paccmotpum npumenenne PBSAG ¢ ncnosnp3oa-
HHUEM alpoKCUMHpoBaHHOro Bapuanta LMS [10, 11]
JUISl TIOMCKA JIMHEHHON Perpeccuy B yCIOBHSAX BBIOPO-
coB. B crannaptHom anroputme LMS nmercs MuHu-
MYM Me/IMaHbl KBajpaTa OINOKH:

€ (w) = med{(f (x,w)=y, ) ik =L....N}.

PBSAG Henb3s npUMEHUTh, Korjaa M siBisiercs Me-
quaHoil. OIHAKO €e MOYKHO 3aMEHUTh Ha CypporaT Me-
JIUAaHbI, KOTOPbIA ACHMIITOTUYCCKH DKBUBAIICHTEH €i.

Omnpenesenne. Po(Z — U) OIpeaenseT Cypporar Mme-
JIHAHBI, aCHMIITOTHYECKH DKBHBAJIIEHTHBIH MeEIUAHE,
€CIIH U1 HEKOTOPOTO O

lim* pa(Z—U):|Z—U|,
a—>a

lim p, (z—u)=sign(z-u).

a—a

Paccmotpum mpumep:

P (z-u)= o’ +|z—u —a,

rie o"=0,
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The examples of linear regression recovery using LMS and LMedSa (o = 0,001) methods
. T 1omasi pyHKIHMsSI OnpeseNsieTcss Ha 0OCHOBe mTpadHon
P (z-u)= . N ¢bynkuun. B pesymbrate mpoleaypa IpaJdeHTHOTO
((X +|Z —U| ) CIlycKa CTaHOBUTCSl aHAJIOTMYHOM Mpoleaype Noucka
o MUHUMYMa B3BELIEHHOI'O CPEIHEro OT MOTEPh C YHUC-
p., (u-2)= —. JIOBBIMHU B€CaMU. JTO MO3BOJISIET HOCTPOUTH AJITOPUTM
(0(2 " |z _ u|2 )A PBSAG — crToxacTHYecKH YCPEIHEHHOI'O rpaJueHTa

CoOTBETCTBYIONIYIO €i YCPEMHSIONIYIO arperupy-
IOIIYI0 (PYHKIHIO OyIeM Ha3bIBaTh O-MEeIHaHOM:

med, {z,,..., zN}zargmini( ;0‘2+|Zk—U|2_—oc).
Uok=1

Hpyroit npuMep cypporara MO>XHO IOCTPOUTH Ha
OCHOBE CJIeyomel (hyHKIIMH HECXOICTBA:

p, (z—u)=|z-ul-aln(a+|z-u|)+alna. (3)

Ha pucynke npeacraBneHsl IpUMepbl IPUMEHEHUS
anroputMa PBSAG. Onn moxasbIBaroT criocoOHOCTB
MeTozaa u anroputMa PBSAG Ha 0a3e ycpenHsomnero
BEPHOTO arperupyoniero (GpyHKIMOHANA, ANIPOKCH-
MHpYIOIIEro MeanaHy (3), BOCCTAHOBIIMBATH JIMHEH-
HYI0O PErpecCHOHHYI0 3aBHCHMOCTb B CIydae, KOTAa
WCXOJHBIE TAHHBIE COAEPKAT BHIOPOCHI.

3akiaouenue

B nannoii pabote 3TH GyHKINN HCTIONB3YIOTCS IS
OLICHKH CPEIHUX II0TePb, I'lIe YCPEIHAIONIAs arperupy-

Ha 0a3e yCpemHSIOUIeH BEpHOU arperupyromei QyHK-
uuu. IlpennoxeHHbl aaropuT™, pealu3yoluid Me-
TOJl MUHIMM3ALUN SMIIMPHYECKOTO PUCKA, TIO3BOJIIET
CIIPABIIATBCS C 3aJladyeii BOCCTAHOBJICHUS JIMHEWHOU
pEerpecCHOHHON 3aBUCUMOCTH B CIydae, KOTJa MCXOJ-
HbI€ JaHHBIE COJEpIKaT BBHIOPOCHL. J[aHHOE CBOHCTBO
aNropuT™Ma MPOAEMOHCTPUPOBAHO HAa COOTBETCTBYIO-
HIUX IPUMEpPaAX.

(Paboma sevinonnena npu noooepaicke epanma PODH
Ne 15-01-03381 u epanma OHUT PAH).
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THE EMPIRICAL RISK MINIMIZATION PRINCIPLE BASED ON AVERAGE LOSS AGGREGATING
FUNCTIONS FOR REGRESSION PROBLEMS
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D.P. Dimitrichenko !, Ph.D. (Engineering), Senior Researcher, dimdp@rambler.ru
M.A. Kazakov !, Junior Researcher, f_wolfgang@mail.ru)

!Institute of Applied Mathematics and Automation, Shortanova St. 89a, Nalchik, 360000, Russian Federation

Abstract. The paper proposes an extended principle of empirical risk minimization to solve the regression problem. It is
based on using aggregate functions instead of arithmetic mean to calculate risk. This can be justified if the loss distribution of
emissions is significant or distorted, causing a shift in the risk assessment of the average loss from the very beginning. There-
fore, in such cases, when optimizing characteristics in the regression problem the robust estimate of average value-at-risk
should be initially used.

Such intermediate risk assessment can be constructed using avg functions, which are the solution to the problem of penalty
function minimization in case of mean deviation. This approach allows, on one hand, to determine a much broader class of
secondary functions, and, on the other hand, to determine the average differentiable functions that approximate the average
non-differentiable functions, such as a median or quintile. As a result, it is possible to construct gradient methods for solving
the regression problem that, in a sense, can approximate robust techniques such as Least Median and Least Quantile.

This paper proposes a new gradient scheme for solving the minimization problem of the intermediate risk. It is an analog
of the used in the SAG algorithm circuit when the risk is calculated by arithmetic mean. An illustrative example presents the
construction of robust procedures for characteristics assessment in a linear regression based on the use of the avg function,
which approximates the median.

Keywords: aggregation function/operation, empirical risk, regression, penalty function, gradient descent procedure.
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C2KATOE ITPE/ICTABAEHHE CTPOIHX ACCOILIHATHBHBIX IIPABHA
B AHAAH3E JAHHBIX

B.B. BbiKkosa, 0.¢.-m.1., npogpeccop, bykvalen@mail.ru;
A.B. Kamaesa, acnupanm, kataeva_av@mail.ru

(Cubupckuii gpedepanvbHulii yHugepcumem,
Ceobo0Hulii npocn., 79, 2. KpacHosipck, 660041, Poccust)

CoBpeMeHHBIE METOABI M CPEACTBA MOMCKA aCCOLMATUBHBIX IPABHI B GOJBIIMX MAacCHBaX IAHHBIX NMPUBOJAT K 3HAYHU-
TEIILHOMY MHOXKECTBY ITPaBHJI, MHOTHE M3 KOTOPBIX SIBIIIOTCS M30BITOUYHBIMH. V30BITOUHBIE acCOIMAaTHUBHEIC MPABHUJIA HE
MPEICTABISIOT IIEHHOCTH, HO MOTYT BBOJIUTH B 3a0iryxaenue. [y pemenus 3Toi mpoGiemsr npemioxker anroput™m MClose,
sBIIIoImmiics Moaudukarnuei anropurma Close.

WM3BectHO, uTO ¢ HoMoIbro anroputMa Close MOKHO ITOCTPOUTh MUHUMAKCHBIH 0a3uC I CTPOTUX aCCOLMATHBHBIX TIpa-
BUJI (IIPaBHJI C JOCTOBEPHOCTHIO 1). MUHMMAaKCHBIN 0a3uC MHTEPECEH Ui HKCIEPTOB TE€M, YTO KaXKI0€ BXOIIIEEC B HETO
HPaBUIO UMEET MUHHMAJBHYIO ITOCBUIKY ¥ MaKCHMalIbHOE ciefcTBHE. OHAKO MHHMMAKCHBIN 0a3uC MOXET CO/lepKaTh H3-
OBITOYHBIC accolMaTHBHEIC MpaBmia. Aaroput™M MClose T03BOIsIET B polecce MOCTPOSHHs MUHIMAKCHOTO 0asmca ycrpa-
HATh M30BITOYHBIC NpaBUiIa. Pe3ynbTHpyIOIHii 0a31C Ha3BaH CHKAThIM CTPOTHM 0a3ucoM. Y IaJeHHbIE acCOLMATHBHBIC Ipa-
BHJIa BCETJa MOXKHO IOJIYYHUTh U3 CKATOTO CTPOroro 6a3uca ¢ COXpaHEeHHEM HX IOJJIEPKKH U JOCTOBEpPHOCTH Oe3 oOpamieHuit
K aHAIU3UpyeMoMy MaccuBy maHHBIX. AnroputM MClose ocHOBaH Ha COOTBETCTBHSAX ['aiya ¥ BEIBOJMMOCTSX, MOJXOOHBIX
akcnoMaM AMCTPOHTa, KOTOPBIE UCIIONB3YIOTCS B TEOPUH PEISLMOHHBIX B/l 1u1st pyHKIIMOHAIBHEIX 3aBUCUMOCTEH.

Kak mokazaiy BeIMHCIHTENBHBIE KCIIepUMeHTHI, anroputM MClose mo BpeMeHH pabOoTHI CONOCTaBUM C aJTOPHTMOM
Close. OnHako OH IPUMEPHO B JBa pa3a YMEHBIIAET YHCIIO aCCOLMATUBHBIX NMPABUJI MUHUMAaKCHOTO Oa3mca. B paboTe mano
OTIMCAaHUE MPOTPAMMBI, B KOTOPO#i npeacTaBieHbl aroputMel MClose u Close.

Knroueswie cnosa: ananus oannwlx, coomgememsus I anya, 3aMKHymble MHOMCECMEA, ACCOYUAMUBHbIE NPABUILA, HEU30bl-

TMOYHOCMb, COHCAmbIll CMpocutl Oasuc.

WHTemeKTyansHbIH aHATN3 JaHHBIX HATIPABJICH Ha
HCCIieIoBaHue OONBIINX 00bEMOB MH(POPMAIHH C TIe-
JIBIO BBISIBJICHUS 3aBUCUMOCTEH MEXITy TaHHBIMH. Ac-
colMaTHBHbIE MpaBmia (association rule) — ogun u3
XOPOIIIO U3YYCHHBIX KJIACCOB 3aBHCUMOCTEH, KOTOPEIC
OTpaXalOT, KaKWe MPHU3HAKH WM COOBITHS BCTpeYa-
FOTCSI COBMECTHO M HACKOJIBKO YacTO 3TO ITPOUCXOTHUT.
B Hacrosiiiiee BpeMsi acCOIMATHBHBIC MPaBHIIa HAIILIH
[IMPOKOE NMPUMEHEHHE B MEIUIIMHE, HH()OPMAIHMOH-
HOW 0€30I1aCHOCTH, aHAIN3e KOMIBIOTEPHBIX CETeH U
MapKETHUHTE TPU PEIICHUH 3a/1a4 JUATHOCTHKY U TIPO-
rHo3upoBaHus [1-3].

[Ipu moncke accoMaTUBHBIX MTPABHI aHAIH3HPYE-
MO€ MHOKECTBO JaHHBIX OOBIYHO OIKMCHIBAETCS OU-
HApHBIM KOHTEKCTOM — MaTPHUIIEH, CTPOKH KOTOPOW CO-
OTBETCTBYIOT OOBEKTaM pacCMaTpUBAEMOM IPEIMET-
HOW 00JIaCTH, a CTOJIOIBI — IPU3HAKAM 3TUX 00BEKTOB.
EnvHnyHOE 3HAYCHUE 3JIEMEHTAa MAaTPHIIBI TPAKTYETCS
KaK HaJJM4ue y 00bEKTa COOTBETCTBYIOIIETO MPU3HAKA,
a HyJIeBOE — KaK ero OTCyTCTBUE. buHapHOE mpecTaBs-
JICHHE JaHHBIX 3HAYUTEIBHO PACIIAPSIET MaTeMaTHUC-
CKUH ammapar s ux ucciegoBanus. COBpeMEHHBIC
METO/IbI ITOUCKA aCCOIMATHBHBIX MPABHJI 0a3HUPYIOTCS
MIPEUMYIIIECTBEHHO HA aHAIN3€ ()OPMAIILHBIX TTOHSITHIA
1 TEOpHH BeposTHOCTEH [4, 5]. AHamu3 GpopMaIbHBIX
MOHATHI, KaK IPUKJIaTHAsI BETBb aJITe0pandecKoi Teo-
PUH PEIIETOK, SBISICTCS yTOOHBIM MaTeMaTHYCCKIM
amnmapaToM OIMMCAHUS METOJOB IIOMCKA acCOLMATHB-
HBIX TipaBui [6—8].

I'maBHast mpoOneMa MpU MOMCKE aCCONUATHBHBIX
MPaBWJI — OTPOMHOE YHCJIO TPABHJI, BO3HUKAIONTUX
MPU UCCIICTIOBAHUN OONBIINX OMHAPHBIX KOHTEKCTOB.

OTO CYIIECTBEHHO YCJIOXHSET JKCIEPTHBIN aHaIN3
BBISIBJICHHBIX acCCOLMATUBHBIX NpaBwi. s pemeHus
3TOH NPOOIIEMBI UCTIONB3YIOTCS PA3IMYHbIE MEPHI 3Ha-
YHMOCTH, TaKHe KaK IoJiIep KKa (SUpport) u rocrosep-
nocts (confidence) [9]. C ux moMoIbr0 HaliIeHHBIE ac-
COLIMATUBHBIC MpaBuiIa GUIBTPYIOTCS, U JJIsl aHAIHU3a
MPEIBABISAIOTCS TONBKO TE, A KOTOPHIX 3HAYCHHUS
Mep 3HAYMMOCTH TPEBHIMIAIOT 3aJaHHBIE IOPOTOBBIE
3HaveHus. [logoOHast GuiabTpanus, KOHEYHO, YMEHb-
IIaeT YUCII0 MPaBMI, HO HE pelaeT npodsieMy pa3Mep-
HOCTH HOJNHOCTBIO. He momoraer n pacmmpenue Mep
3HaunMoctu [10]. Yacto mocie ¢uisTpamun Bce
PaBHO OCTAaETCs 3HAYNTEIHHOE YHUCIIO ACCOIIMATHBHBIX
MpaBMJI, TIPH 3TOM MHOTHE U3 HUX M30BITOYHBIE. ACCO-
[IMaTHBHOE NPAaBWJIO CUUTACTCS H3OBITOYHBIM, €CIH
€ro yJlaJieHHe M3 MHOXECTBa IPaBWJI HE MPUBOJUT K
norepe HHGOPMAIUH O CBA3SIX MEXTy TaHHBIMH B pac-
CMaTpUBaeMOil IpeIMeTHOH 0bIacTu.

CymiecTByIOT pa3nu4Hble popMabHEBIE ONpeesne-
HUSI N30BITOYHBIX aCCOLMATUBHBIX NPABUI M METOJIBI
nx ycrpanenust [11]. HanmbGonee pa3BUTBI METOJBI
yCTpaHEeHUS N30BITOYHOCTH AJISI CTPOTHX acCOIMATHB-
HBIX mpaBu (Strong association rules). Takue npaBuia
MMEIOT JIOCTOBEPHOCTH | M CUMTAIOTCSI CAaMbIMU BaX-
HBIMU. J{J151 TUX IpaBWII IMEIOTCS TUTOTHAS Mapaieb
¢ (YHKIHMOHAIBHBIMI 3aBUCHMOCTSIMH U3 TEOPUH pe-
msiunoHHbIX B/, a Taxoke yeTkoe moHsATHE N30BITOYHO-
ctu [12]. Ctporue acconmaTHBHBIC IPABUIIA IPEICTAB-
JSIFOT MHTEpEC IS TeX HPIIIOKEHUH, rae Tpedyercs
BBICOKasl CTEIIEHb YBEPEHHOCTH B OOHApYKEHHBIX 3a-
BHUCHMOCTSIX MEX/ly JaHHBIMH, HAIPUMED, B MEIHUIIMHE
1 MHPOPMAITMOHHOH 6e3omacHocTH [1-3].
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MHOX€eCTBO aCCOLMATUBHBIX IIPABUII, HE COJEPXKA-
mee M30BITOYHBIX (B HEKOTOPOM CMBICIIE) IPaBMII,
MPUHATO HA3bIBaTh OazncoM. B Hacrosiee BpeMs m3-
BECTCH PSJ aJlTOPUTMOB, MTO3BOJISIOMINX CTPOUTH Pa3-
JIYHBIE 0a3UCHI I CTPOTHX aCCONMATHBHBIX TPABHIL.
Haunbonee 3HaYMMBIMK SABISIOTCS KaHOHWYECKHH H
MUHUMaKCHbIM Oaszuchl. KanHoHwueckuid Gasuc (Wiam
Oasuc JlrokeHa—I'Wra) COCTOUT W3 MHHHMAJILHOTO
YHCIa acCOILMATUBHBIX MPaBWI, PEKYPPEHTHO OIH-
ChIBa€MbIX B TEPMHHAX rceBrocoepxkanuii [13]. Ka-
HOHMYECKUH 0a3zuc TiIyOOKO HCCIeNOBaH B aHalIH3e
(hopMaIbHBIX MOHSATHI, OJJTHAKO BCE MPEJIOKEHHBIE Ha
CETOMHAIIHUN JEHb alrOPUTMBI €ro IOCTPOCHUS B
Oonple CTENeHH NPEeACTaBIAI0T TEOPETHUECKUil,
4yeM mpakTtudeckuil uaTepec [14]. MunnMakcHbIN Oa-
3HC COCTOHT U3 CTPOTHX ACCOIIUATUBHBIX TIPABHUIL, UME-
IOMUX MHHUMANBHYIO TIOCBUIKY W MaKCHMalbHOe
ciencteue [15]. ns mocTpoeHNs] MUHIMAaKCHOTO Oa-
3Wca CYIIECTBYET psAI XOPOIIO arnpoOHPOBaHHBIX
MpaKTUKON anroputMoB. K HHM OTHOCHTCS, HampwH-
mep, anmroput™m Close [11, 16]. HccnenoBanusi mo-
Ka3aJH, YTO B MOCTPOCHHBIX KAHOHHYECKUX U MUHH-
MaKCHBIX 0a3ucax 0CTaeTcsl HEKOTopast H30BITOYHOCTD,
KOTOpast MOXeT OBITh yCTpaHEHA Ha OCHOBE BBIBOJIH-
MOCTEH, MOIOOHBIX aKCHOMaM AMCTPOHTa, H3BECTHBIM
B TEOPUH perAOHHbIX b/l i GyHKIMOHANBHBIX 3a-
BUCHMOCTEM.

B nmamHOI craThe IS CTPOTHX AaCCOLUMATHBHBIX
npaBu npeioxken anroputM MClose — moauduka-
s m3BectHoro anropurMma Close. Anroputm MClose
MO3BOJSIET B MpoIlecce MOCTPOCHUS MHHHMAKCHOTO
Oa3mca yCTpaHATH HU3OBITOYHOCTH C COXPaHCHHEM
MOJICPKKA W TOCTOBEPHOCTH 0€3 JOTOIHUTEIHFHOTO
oOpaieHusi K HCXOJAHOMY OHWHApHOMY KOHTEKCTY.
Pesynbrupyromuit 6a3uc Ha3BaH CKATHIM CTPOTUM Oa-
3ucoM. BBenieHO TOHATHE M30BITOYHOTO acCOIMATHB-
Horo npasuia. [IpuBeeHB! BEIBOJUMOCTH, JOKA3bIBa-
IOIIMe KOPPEKTHOCTh MpeNIaraeMoro ajropurMma, a
TaKXKe Pe3yIbTaThl BEIYHCIUTENBHBIX SKCIICPUMEHTOB.
IMockonpky anroputM Close ocHOBaH Ha aHamm3e Gop-
MaJIbHBIX ITOHATHH, HEOOXOIUMBIE OINpENENCHUS |
0003HaueHHMs 3TOH TEOpPHU BO3bMeM U3 pabor [6—-8].

OcHoOBHbBIE ompee/ieHHsT H 0003HAYEHUS
aHau3a popMaTbHBIX MOHATH I

IlycTs a7t HEKOTOPOH peMETHOH 06IacTH oTpe-
JICJICHBI J[Ba HEITYCThIX KOHEYHBIX MHOecTBa G u M,
00BEKTOB M MPU3HAKOB COOTBETCTBEHHO. [Ipemmoia-
raem, uTo Bce 00bekThl B G 1 ipu3Haku B M pa3iniyHbl.
Ilycts 3agan0 otHommenue | < G X M HHIHMACHTHOCTH
Mexxny mHokectBamu G m M. CymectBoBanue B |
napsl (g, M), g € G um € M, o3Hauaer, 4TO 0OBEKT g
MMeeT MpHU3HAK M 1, Ha000POT, MPU3HAK M XapaKTepeH
st oobekra g. Tpoiiky K = (G, M, |) npunsito Ha3bI-
BaTh KOHTEKCTOM IPEIMETHOM 001aCcTH.

Bribepem B K= (G, M, |) aBa moObIx siiemMeHTa
g € Gume M. Onpenenum i HAX JBa OTOOpaxe-
HUS Q U !

188

¢(@)={m e M| (g, m) € I} — MHOXECTBO IIpHU3HA-
KOB, TIPUCYIIHX 00BEKTY J;

y(m)={g € G| (g, m) € I} — MHOXECTBO 00OBEK-
TOB, 00JIaJAIONIUX [TPU3HAKOM M.

OTo0paskeHUs @ U \y 0000IAIOTCS Ha TPONU3BOIIb-
uHele MHOKecTBa A < G n B < M crenyromum o6pa-
30M:

O(A) =M geap(@={meM|VgeAm)el,

y(B)=Nnmesy(M)={g G| VmeB (g, m) el}.

CnenoBarenbsHO, ((A) — MHOXECTBO IPH3HAKOB,
o0mmx 1 Bcex 00bekToB m3 A, a y(B) — MmHOXECTBO
00BEKTOB, KOTOpBIE 00J1a1al0T BCEMU MIPU3HAKAMH U3
B. IMonaraem, uro @(J) = M u () = G: nycromy
MHOXKECTBY 00BEKTOB IPUCYIIN BCE NPU3HAKK U3 M 1
KaXIblii 00BEKT paccMaTpHBaeMOro  KOHTEKCTa
K= (G, M, ) obiagaeT mycThIM MHO)KECTBOM NPU3HA-
KOB.

OObryHO B aHayim3e (POPMATBHBIX HOHITHI UIs
0TOOpaKEHUH ( ¥ Y IPUMEHSIETCSl eIMHOe 0003HaYe-
Hue (-)', a mpuBeneHHbIC BbIle (opmyisl st O(A),
y(B) 3anmuckiBaroTCs TaK:
A=ngead'={meM|VgeA@mel}, (1)
B =nmesam={geG|VmeB(@mel}. (2

Ecmng € Gum € M, To o6o3raderus ¢’ um’ cy-
JKaT COKpAIIeHHOHN (OpMOH 3aImiCH MHOXKECTB ((Q) =
={g} my(m) = {mM}' COOTBETCTBCHHO.

Oto0paxkeHUsT «'» YIOBICTBOPSIFOT CBOICTBaM,
BBITEKAIOLIMM M3 UX ONpPEJENICHNS] U BIIOJIHE pealiu-
CTUYHOTO U MOCTYJIMPYEMOTO B aHAJIN3€ JIAHHBIX I10-
JIOKEHHS: pacIIMpeHUe (COKpAIlEHHEe) MHOMKECTBA
MIPU3HAKOB YMEHBIIACT (YBEIMYHBACT) YUCIO OOBEK-
TOB, 00JNamaIOMMX 3THUMHU Ipu3Hakamu. PopmanabHO
9TH CBOMCTBA MOXXHO BBIPA3HUTh B BHJE CIICIYIOIINX
YTBEPKICHUM.

YrBep:kaenne 1. [l Besskoro konTekcTa K = (G,
M, I)) n mo6s1x B, B» € M BepHEI cBoMiCTBA:!

— GHMUMOHOMOHHOCTY:
cClIn B] c Bz, TO (Bz)' [ (Bl),;

— 9KCMEHCUBHOCb:

Bi < (B1)", roe (B1)" =((B1)") = M.

Mmuoxecto (B1)" = @(y(B1)) MmoxHO TpakTOBaTh
Kak HabOp IMPU3HAKOB, KOTOPBIE BCET/A MOSBIISIOTCS B
o0wekTax koHTekcra K = (G, M, |) BmMecte ¢ mpu3sHa-
KamM# U3 B, mpuuem 3TO MHOXXECTBO SIBJISICTCSl HaW-
OonpmmM 1o BKIFOUeHUIo B npepenax K = (G, M, 1).
OueBuaHO, uTo (D) = @(W(D)) =G, rne G’ — MHOXKe-
CTBO MPU3HAKOB, CBOWCTBEHHBIX BceM o0bekTam u3 G.
Jlist o iMHOYKeCTB MHOXKecTBa G CIIpaBesIMBO yTBEP-
YKJIeHNE 2, aHAJIOTHYHOE YTBEPIKACHHIO 1.

YrBep:xaenue 2. [liis Besikoro koutekcra K = (G,
M, I) u mo0ObIx A1, A2 — G BepHBI CBOWCTBA:

— AHMUMOHOMOHHOCTY:
ec A € As, To (Az) < (A1)

— 9KCMEHCUBHOCb:

Arc (A)", rre (A)" = ((A)) < G.

MmuosxectBo (A1) = y(p(A1)) MOKHO MHTEPIIPETH-

pOBaTh Kak HamOOJIbILIEE MO BKIFOUCHHUIO MHOKECTBO
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00BEKTOB, 00JIaIAI0IINX BCEMH IIPU3HAKAMH, KOTOPbIE
HUMCIOT O0BCKTHI U3 Aj.

3aMeTHM, 9YTO, COTJIAaCHO YTBEpXIeHMsIM | u 2,
OTOOPAXKEHHS (P U \J COCTABIISIIOT Mapy COOTBETCTBHI
Tanya mexay MHoxectamu 2¢ u 2M, yactuuno yro-
PSAIOYCHHBIMY TI0 BKJIIOUEHHIO [6, 7]. 3aechk Tpaauiu-
oHHO 2% 1 2M — cOBOKYMHOCTB BeeX MOAMHOKECTB Pac-
cMaTpuBaeMbIXx MHOXeCTB G M M COOTBETCTBEHHO.
W3BectHO, uTo Anst cootBeTcTBUil [amya [7] ¢ u ¢
CIpaBeITUBO PABEHCTBO

Py (9(A) = o(A), w(p(y(B))) = w(B),

WIIN B €IUHBIX 0003HAYCHISIX

(A7) = A"y =A"((B)) =(B") =B"

JIBoiiHOE MpUMEHEHHE OTOOpakeHUs «'» ompese-
JET OmepaTop 3aMblkanusa Ha 2M B anreGpamdgeckom
cMmbicie [8]. EMy npucym

— peghrekcusHoOCmb:

s mo6oro B < M Bcerma B < B,

— MOHOTMOHHOCMY:
ecm By Bo M, 1o (B1)" < (By)" < M;

— UOEMNOMEHMHOCb:
quia moboro B < M Becerna (B”)" =B".

CrpaBeIMBOCTh 3TUX CBOWCTB BEITEKACT W3
yTBepkaeHUH 1 u 2. MHOXeCTBO mpu3HakoB B — M,
Jutst kotoporo B = B"', Ha3piBaeTCs 3aMKHYTBIM OTHO-
curenbHO oneparopa «''» B koutekcte K = (G, M, ).
[TpuHATO TOBOPHUTH, YTO MHOXECTBO B’ sgBisgercs 3a-
MmbikanueM 1t B < M B konrekcre K = (G, M, 1). 3a-
MmeTuMm, 4to, ucxonas u3 (1) u (2), npu B' # & 3ambika-
Hue i1 B € M MOHO BBIUKCIIUTG 110 hopMyJie

B"=Ng-c{g'|Bcy}. (3)

Eciu B' =, o Bcerna B = o(y(B)) = ¢(J) = M.

BaxHO OTMETHTh, YTO npuMeHeHue Gopmyisr (3)
MO3BOJSIET HAWTH IS 3aJaHHOTO MHOXKECTBA TPH3-

HAKOB 3aMBbIKAHHUE 3a OIUH HpOCMOTp KOHTCEKCTa
K=(G,M,I).

AccouuaTuBHbIE IPaBUJIA
¥ OCHOBHBbIE MePbI HX 3HAYHMOCTH

OmnpenenyM acCOIMaTUBHOE TPABHIIO, HCIIONB3YS
MIPUBEICHHBIEC BBIIIEC TOHATUS U 0003HAUYCHHS. AcCCO-
[IMATUBHBIM MPABUIIOM Ha MHOKECTBE MPU3HAKOB KOH-
texcta K = (G, M, |) Ha3piBaeTCs yropsiioueHHas mapa
r=0XY),X,YcM.

IIpunsTo accormatuBHOE mpaBmio I = (X, Y) 3amu-
ceiBaTh B BHAe X = Y. B accomumatuBHOM npaBuie
X =Y mHoxecTBa X U Y Ha3bIBAIOT MOCBUIKOW (WA
MPUYHHON) U 3aKIFOUeHHEM (WK CIICJACTBUEM) COOT-
BeTCTBEHHO [9]. B aHanmuse accolMaTUBHBIX MpaBUII
4acTo IOJIATal0T, YTO MOCHIIKA M 3aKIIOYCHUE — HEy-
CTBIE HeTlepeceKkaromrecs MHokecTBa. C popMaIbHBIX
TIO3HINH 3TH OTPAHUYCHUS HECYIIECTBCHHBL.

IIpumMeHuTeabHO K 3aganHOMy KoHTEKCTy K = (G,
M, 1) Bcsikoe accormatuBHOE npaBuio X = Y xoimde-
CTBEHHO XapaKTEpPHU3yeTcsl ¢ MOMOIIbIO JIBYX YHCIIO-
BbIX QyHKIMI: O(X = Y) — momnepxka, y(X = Y) — no-
croBepHOCTh [ 10]. [Togaepxka u TOCTOBEPHOCTH acCO-

[IMaTHBHOTO TIpaBHJIa ONPEAEISIOTCS Yepe3 MOHSATHE
MOJJIEP)KKA MHOKECTBA ITPU3HAKOB.

[Monnepxka d(X) MHOKecTBa npu3HakoB X — M B
koutekcte K = (G, M, |) — oTHOmEeHNe yncia oObek-
TOB, KOTOPBIM IIPUCYIIY IPU3HAKK X, K 00IIEMY YHCITY
00BEKTOB, MPEICTABICHHBIX B ’TOM KOHTEKCTE!

8(X) =X'| /Gl. “4)

Benmnmunny 8(X) MOKHO HHTEPIIPETHPOBATH KaK da-
croty Berpeuaemoctu B koHTekere K = (G, M, 1) 005b-
eKTOB, umetomux npusHaku X. U3 popmysnsr (4) cre-
nmyet, uro mus qroboro X < M 3HaueHwe O(X) Hems-
MEHHO HaxOJIUTCS B ECTECTBEHHBIX TI'paHHIAX
0 < 3(X) < 1. Yem O6mmxe 3naueHue d(X) x 1, Tem 60J1b-
Iee Yuciao OOBEKTOB paccMaTpPHBAaEMOI0 KOHTEKCTa
obnasiaet Bcemu npusHakamu u3 X. B cuiy antumoHo-
TOHHOCTH OTOOpakeHHsi «'» TOJAEPIKKAa MHOKECTBA
MPU3HAKOB TAK)KE YIOBIIETBOPSIET CBOWCTBY aHTHUMO-
HOTOHHOCTH: JUIs BCskoro kKoHTekcTa K= (G, M, I) u
mo0bIX X, Y < M nipu X < Y BepHO HEpaBEHCTBO

3(Y) < 3(X). %)

Cornacho (5), moajepKKa MHOKECTBA PU3HAKOB
HE MOJKET MPEBBILIATH MOAJEPHKKY JIF000T0 U3 ero Mo/-
MHOXecTB. Tak, st mpomsBoisHOTO X < M Bcerma
d(M) <3(X) <d(D) = 1.

MmuoxectBo mpuzHakoB X < M Ha3pIBaercs ya-
ctbiM B koHTeKCcTe K = (G, M, 1), ecitn ero moaaepsxka
OoJibllIe WK paBHA 33 JAHHOMY [TOPOTOBOMY 3HAUEHHIO
S0 € [0, 1]. Ecut 8(X) > 8o u X = X', To X Ha3pIBaeTCs
YacThIM 3aMKHYTBIM MHOJKECTBOM MPU3HAKOB B
K= (G, M, I). YacTble MHOXXECTBA M YaCThIe 3aMKHY-
ThIC MHOKECTBA IIPH3HAKOB TPATUIIMOHHO CITy)KaT OC-
HOBOI1 JIJI1 TIONCKA acCOIMATUBHBIX MPABIII B 33JaH-
HOM KOHTEKCTE.

[Moanepxkoit 3(X = Y) accounaruBHOro mnpaBuia
X =Y ortHocutensHO KoHTeKcTa K = (G, M, |) Ha3bI-
BaeTCs BEIMYMHA

d(X=2Y)=3XuY)=|(XuY)|/|G| 6)
yKa3bIBaroIasl, Kakas 105151 00bEKTOB ITOr0 KOHTEKCTa
nmeet npu3Haku X U Y. JloctoBepHOCTh Y(X = Y) ac-
COLIMATUBHOTO TpaBuia X = Y OTHOCHUTEIBHO KOHTEK-
cra K = (G, M, |) onpexnensiercst Kak OTHOIICHUE YHCITA
00BEKTOB, 00TaJAFOIINX BCEMH NMPpU3HAKaMu 13 X U Y,
K 4YUCITy OOBEKTOB, KOTOPBIM CBOWCTBEHHBI TOJBKO
npu3Hakd X: y(X =Y) = |(X v Y)'|/ X

Jl0CTOBEpHOCTh aCCOLMATUBHOTO MpaBHia Yepes3
(DYHKIMIO TIOJJIEPIKKH BBIpaXkaeTcs: opMyJIIoi

YX=2Y)=3X=2Y)/3X)=3XUY)/dX).(7)

3aMeTnM, 4TO JJOCTOBEPHOCTH Orpeessiercst Gpop-
MyJnoit (7) TONBKO I TeX ACCOIMATHBHBIX IPaBHII
X =Y, nnsa koropsix 8(X) # 0. Ecnm 8(X) =0 (B koH-
TEKCTe HET HU OJIHOTO 00BEKTa, KOTOPHIK 001a1an Obt
npusHakamu X), To Takxke &(X U Y) = 0. B aTom oco-
O6om ciydae momaraior Y(X = Y)=1. HUcxoms wu3
(4)—(7), MOCTOBEpHOCTH ACCOLMATHBHOTO TMpaBUIIA
X =Y npu npousBonbHbix X,Y < M Bcerma naxo-
qurcst B rpanunax 0 <y(X'=Y) < 1. Yem Gumxe 3Ha-
yenne Y(X = Y) k 1, Tem ¢ Oospliell yBepeHHOCTbIO
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MOJKHO CKa3aTh, YTO MPU3HAKU Y MOSIBISIOTCS B 00b-
eKTaX pacCMaTPUBACMOT0 KOHTEKCTa BMECTC C MPH-
3HaKaMH X.

AccoruatuBHoe npaBmwio X = Y Ha3bIBACTCS MH-
HUMAaKCHBIM, €CJIH HE CYIIECTBYET APYIOro accoIha-
TUBHOTO mpaBwia X* = Y* takoro, uro X*c X,
YCY*udX* = Y*) =3X=Y), y(X* = Y* =
=y(X=Y).

B amammse acconmmaTHBHBIX MPABHI YacTO JTOCTO-
BEPHOCTH ACCOITMATHBHOTO IPaBHJIa HA3BIBAIOT BEIIH-
YUHOH ero 3HaunMocTH. CaMBIMHU 3HAUNMBIMHU CUHTA-
IOTCSI CTPOTHE aCCOI[MATUBHBIC MPAaBUIa — MPaBHJA C
JIOCTOBEpHOCThIO 1. M3BecTeH KpuTepud Haludus
B KOHTEKCTE CTPOTOTO ACCOIMATHBHOIO IPABUIIA: JI0-
CTOBEPHOCTH aCCOIMATHBHOTO mpaBmwia X = Y OTHO-
curenbHo koHTekcTa K = (G, M, |) paBna 1 toraa u
TOJBKO Toraa, korga Y < X''. 3amernm, 4TO JaHHBIN
KPUTEPH TPUBHAIBHBIM O0pPA30M BBIMOJHSACTCS ISt
X=X".

W3 onpenencHus 3amMbikanus U Gpopmyiis (3) cire-
JyeT, 4to Juis Beskoro kourekcra K = (G, M, 1) u mo-
6oro mHOKecTBa X — M momnepskka X'' OTHOCHTEIIEHO
K= (G, M, I) coBnazmaer ¢ noanepxkoii X:

B(X™) = 8(X). (®)

Takum oOpaszoMm, eciiu X — M sBisieTcss 4acThiM
MHOecTBOM B K= (G, M, I), To X"' Taxxe sBasieTCs
94acThIM B 3TOM KOHTeKcTe. ClieyeT OTMETUTh, 4TO B
XYJIIEM CITydae YUCIIO YaCThIX 3aMKHYTBIX MHOXECTB
npu3HakoB KoHTekcTa K = (G, M, I) coBnanmaer ¢ guc-
JIOM YacThIX MHOYKECTB NPU3HAKOB M 3KCIIOHCHITHU-
anpHO 3aBHCUT OT |M|. OmHaKo Ha MpakTHKE OOBIYHO
YHUCIIO YaCThIX 3aMKHYTHIX MHOJKECTB 3HAYUTEIHHO
MEHBIIIE YHCITa YaCThIX MHOXKECTB. [IprMepsl KOHTEK-
CTOB C IOJMHOMHUAIILHBIM OTHOCHTENILHO |M| dnciiom
Y4acThIX 3aMKHYTBIX MHOKECTB MOXHO Haiitu B [16].
Hcnonb3oBanue Ghopmyiibl (8) MO3BOJISIET NIPU TIOUCKE
ACCOIMATUBHBIX TPABUJI BMECTO YaCThIX MHOXKECTB
MPU3HAKOB MPUMEHSITh YaCThIC 3aMKHYThIC MHOXKECTBA
M TEM CaMbIM COKpaIllaTh MPOCTPAHCTBO IMTOMCKA acCo-
raTHBHBIX paBmwi. B cuiny (3) u (8) pacmmpenue nc-
XOJTHOTO KOHTEKCTA IMyTeM JOOABJICHUS B HETO HOBBIX
00BEKTOB HE U3MeHseT 3aMblikanusa X'’ < M, HO MOXKeT
PACIIUPUTH COCTaB 0OBEKTOB, KOTOPHIM MPHUCYIIU BCE
npu3Haky u3 X''. DTo 03HAYaET, YTO MPH TAKOH TpaHC-
(hopMan HMCXOAHOTO KOHTEKCTa BO3MOXKHO IIHIIb
YBEJIMYCHUE MOIACPKEK I paHee HaWJCHHBIX 3a-
MKHYTBIX MHOXECTB NpH3HAKOB. [lo3Tomy, ecnu 3TH
MHOYKECTBA OBLIM YaCTBIMH, OHHU IMO-TPEKHEMY OCTa-
HYTCS 4aCThIMH.

3agaya moucKa acCOMHATHBHBIX IMPpaBUJI
" U3BECTHBIC AJTOPUTMBI €€ PEeIlICHUS

ITycts 3amansl koutexet K = (G, M, 1) u 8o, yo— Be-
mectBeHHble yncna u3 [0, 1]. Bymem rosoputs, 9To
X =Y aBusercs (S, Y0)-aCCOLMATUBHBIM IIPABUIOM B
K= (G, M, ), eciu BBIITOJIHAIOTCS 1Ba YCIOBHSL:
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Y<yX=>Y)< 1, )
So<dX=>Y)< 1. (10)

TpebOyercs HaliTH A 3aJaHHOTO KOHTEKCTa
K=(G, M, I) maoxectBo AR Bcex (o, Yo)-accorma-
TUBHBIX MTPaBWI. 3aMETHM, YTO UCKOMBIH HabOp mpa-
BuI1 AR mapaMeTpu3npoBaH OTHOCUTEIBHO TOPOTOBBIX
3HaYeHHH Oo ¥ Yo. Hampumep, mpu do = 0 yciosue (10)
OTpa)kaeT €CTECTBEHHBIC I'PAHUIIBI NOAJNCPKKU. JlaH-
Hasl CUTyallMsl CBUJICTEIbCTBYET O TOM, YTO HET Orpa-
HUYCHUH HA YacTOTY TOSBICHUS Mpu3HaKoB X U Y B
K= (G, M, I). IIpu yo = 1 ycnosue (9) npuBoaut K pa-
BeHCTBY V(X = Y) = 1. B aToM ciyuae Oyznem umerth
CTPOTHE aCCOIMATHBHBIC MPABHIIA.

Pemenne nocraBieHHON 3aJauy IIPE/IIONATACT BbI-
MOJTHEHHE CIEAYIOIINX JIBYX TANOB: BHAYAJIE TIOCTPO-
€HHE PA3IMIHBIX IOIMHOXKECTB MHOKecTBa M, BeIUMC-
JICHUE JUIS KaXJI0T0 M3 HUX MOJIEPKKH U MPOBEpKa
ycnoBus (10); nanee reneparysi acCOIMATUBHBIX Tpa-
BWJI C Y4E€TOM HaWJEHHBIX YacThIX Ha0OPOB M MPO-
Bepka ycioBus (9). Hanuuue Ha 060uX 3Tanax KOMOu-
HATOPHBIX MePeOOPOB NPUBOAUT K 3HAUYUTEILHBIM BbI-
YHUCIUTEIBHBIM 3aTpaTaM AJIsl HAXO0XKICHUS PEelICHHs
JaHHOH 3a1aun. OueBHIHO, YTO, 4YeM OOJIbLIe TIOPOro-
BbIC 3HAYCHNUS, TeM OBICTPEE HAXOIHUTCSI COOTBETCTBY-
ommuit Habop acCOIMAaTHBHBIX MPABHJI U TEM MEHbIIEEe
4HCcIo mpaBwil Oyner copepars 3ToT Habop. K co-
JKAJICHUIO, B XyJIIEM Cllydae BpeMs IOHCKa BCEX
(80, Y0)-aCCOIMATUBHBIX TPABWI B 3aJaHHOM KOHTEK-
cre K= (G, M, |) skcrioHeHIIaIBHO 3aBUCHT OT |M].

K macrosimemy BpeMeHH pa3zpaboTaHo Ooibloe
YHCJIO AITOPUTMOB TMOWCKA ACCOIMATHBHBIX IPAaBHIL.
Nx 0630p npencrasieH B pabotax [15, 16]. OcHoBomO-
JIaraloluMMH CPEAH HUX SIBJISIOTCS ITOPUTMBI Apriori
u Close. Anroputm Apriori HCIIOJIb3yeT CBOMCTBO aH-
THUMOHOTOHHOCTH (yHKIMHU moaaepxku [3, 9]. OH re-
HepupyeT (Oo, Yo)-aCCONMATHBHBIC TPABWIIA IS JIFO-
OBbIX Oo M Yo MCXOJS U3 HAlIEHHBIX YACThIX MHOKECTB
npusHakoB. Anroputm Close npejcraBisieT Kiace aj-
TOPUTMOB, TEHEPHPYIOUINX TOIBKO (Oo, 1)-accomma-
TUBHBIC TPaBHJa, TO €CTh CTPOTHE ACCOLMATHBHBIC
paBuiIa. DTOT AITOPUTM MTOPOKAAET CTPOTHE ACCOITH-
aTHBHBIC TIPaBMJAa W3 YacTBIX 3aMKHYTBIX HaOOpOB
npu3HakoB [15]. Ilepexoa OT 4acTbIX MHOKECTB K 4a-
CTBIM 3aMKHYTBIM MHOKECTBaM IIO3BOJIIET CY3UTh
MPOCTPAHCTBO MOUCKA. J[pyruM JOCTOMHCTBOM alro-
purma Close 1 ero MHOTOYHCIIEHHBIX BEPCHUH SIBIISIETCS
CMocoOHOCTh (OPMUPOBATH MUHHUMAKCHBIE accoIha-
TUBHBIE TIPaBUJIA.

Mpumep 1. Paccmorpum konteker K= (G, M, 1),
npejicTaBiaeHHbI B Tabnuiax 1 u 2, rae G = {g1, 92, 03,
04, Us} — MHOKeCcTBO 00ObekTOB, M= {a, b, C, d, e} —
MHO>KECTBO IPU3HAKOB, | — MaTpuIia HHIMASHTHOCTH.
3aMeTnM, 4TO UMEHHO 3TOT KOHTEKCT TpaJUIIMOHHO
UCTIONB3YeTCs B MyOIMKALUSX 110 alTOPUTMaM TTOHCKa
ACCOLMATHBHBIX IPAaBWII JJIsl ICMOHCTPALMK U TECTH-
poBaHus 3TUX anropuTMoB [9]. B Tabnunax 1, 2 u na-
Jiee TP HaIMCAaHUHM MHOXECTB Ul KPAaTKOCTH OITy-
meHbl (UrypHbIe CKOOKH, 3alsiThle MEXAy 3JIeMEH-
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TaMHM 3TUX MHOXECTB M AJIEMEHThl PacIOJIOKEHBI B

JIeKCUKOrpaduueckoM mopsake. Hampumep, BMecTo

{a, b, ¢} samucano abc, a Bmecto {a, b} = {c} —
ab=c.

Tabnuya 1

HcxoaHblii KOHTEKCT
Table 1
Input context

O0beKT I[Ipusnaku, npucyuiie 00beKTaAM
g1 acd
g2 bce
g3 abce
g4 be
gs abce
Tabnuya 2
Martpuna HHOHIEHTHOCTH HCXOAHOT0 KOHTEKCTa
Table 2
The incidence matrix of the input context
a b c d e
gl 1 0 1 1 10
g2l 0 1 1 0|1
g3l 1 1 1 0 |1
g4 O 1 0 0 |1
gs| 1 1 1 0 |1

s paccMaTpuBaeMoro KOHTEKCTa Ipu oo = 1/5 u
Yo = 1 anmropurm Apriori NpUBOAUT K CEMHAIIATH
CTPOTHM aCCOIMATUBHBIM MPaBUIIAM:
AR={a=c,d=ae=>bb=ed=c,ab=c,
ae=>bh, ab=e cd=a, ad=c, d=ac, ae =c,
ce =>b,bc=e,ace > b,abe = c,abc=e}. (11)
[TomygenHnoe MHOecTBO AR comep kUt MHOTO M3-
OBITOYHBIX MPABUJI B TOM CMBICIIE, YTO, €CIIU UX HC-
KITFOYUTh, TO OHU BBIBOJMMBI U3 OCTABUIMXCS TMPABUJL.
D10 creayromMe accouuatuBHbie npasmia: {d = C,
ab=c, ae=>bh, ab=e cd=a ad=c, d= ac,
ae = c,ce = b,bc = e, ace = b, abe = ¢, abc = e}.
HexoTtopsie u3 Hux yaamsores anroputMom Close
B Tporiecce nocTpoerus MHoxkecTBa AR. B pesynbsrare
anroput™M Close U3BJIeKaeT JIUIIb BOCEMb MHHUMAKC-
HBIX CTPOTHX ACCOIMATUBHBIX MPABILI:
AR={a=c,b=e e=b d=ac,
bc = e, ce = b, ab = ce, ae = bc}, (12)
41O B JiBa paza MeHble yeM B (11). Anroputm Close
HAXOJIUT MUHIUMAKCHBIC CTPOTHE aCCOIIMATUBHBIC ITpa-
BIJIA IO CICIYIOIIUM YacThIM 3aMKHYTBIM Habopam
NpU3HAKOB: C, ac, be, bce, acd, abce. Bee atu npaswuia
MMEIOT JIOMYCTHMBIE ToIAepkku: o(a = C) = 3/5,
d(b=¢e) = 4/5, 8(e = b) = 4/5, 8(d = ac) = 1/5,
d(bc = e) = 3/5, 8(ce = b) = 3/5, 8(ab = ce) = 2/5,
d(ae = bc) =2/5.

Knaccuuecknii anroputm Close

Cytp kmaccndeckoro anropurma Close 3aximroua-
€TCsl B [IOLIIArOBOM H3BJICYCHHH I€HEPATOPOB U YaCThIX

3aMKHYTBIX Ha00poB mpu3HakoB [11, 15]. MHoxecTBO
p < M Ha3pIBaeTcs TeHEPaTOpPOM 3aMKHYTOTO Habopa
npu3HakoB X < M, X = X", Torna u TOIbKO TOTAa, KO-
roa p'’ = X W HE CyIIECTBYeT APYTOoro MHOKECTBA
T < M, Takoro, uto Tt c pu t" = X. [Ipyrumu cioBamu,
TeHepaTop 3aMKHYTOro Habopa mpu3HakoB X — HaW-
MEHBIIIee TI0 MOIIHOCTH MHOYECTBO IPHU3HAKOB, UMe-
fomiee 3ambikanne X. YuCIo Npu3HAKOB, BXOSIIUX B
reHepaTop p, Ha3bIBACTCSI MOLIHOCTBIO ATOTO T'eHepa-
topa. Ecin |p| =k, To p sBnsiercst K-remepatopom.

Ha Bxox anroputma Close momaroTcst MCXOHBIH
koHTekeT K = (G, M, I) u moporosoe 3HaueHme do. 13-
HavyalbHO MHOKECTBO AR cunTaercs mycthiM 1 K = 1.
Ha nepBoMm mrare B ka4ecTBe K-reHepaTopoB paccMmar-
pHUBAIOTCS BCE OJHOAIEMEHTHBIC MOAMHOXECTBA
MHOkecTBa M. 3ambikanue p¢’’ Ans TeHepaTopa Pk
BhruucisieTest mo gopmyine (3). Tomnepxka mis pi'’
Haxonutcst o Gopmyie (4). Eciu d(py'") = 8o, TO 1O
4acTOMY 3aMKHYTOMY MHOXECTBY k'’ CTPOUTCS MUHH-
MaKCHOE CTPOTO€ aCCOLMATUBHOE MPABIIIO

Pk => P\ px (13)
u coxpansiercss B AR. Cormacuo (6) u (8), mis Hero
3(pk = pK'" \ pr) = 8(pK"") = So, Y(pk = pK’" \ px) = 1. To,
YTO acconmaThBHOE npaBuio (13) sBuseTcs MHUHH-
MaKCHBIM, CIIEIyeT U3 oIpezeseHus reneparopa. Oue-
BUJIHO, YTO Pa3IM4HbIC TEHEPATOPHI MOTYT MOPOXKIATH
OJIMHAKOBBIE 3aMbIKaHusl. Tak, JUIsi KOHTEKCTa U3 TPH-
mepa 1 umeem: b"' = be, e’ = be. TToatomy (12) comep-
’KUT MUHUMAaKCHBIE CTPOTHE aCCOIMATHBHBIE TPaBUIa
b=eue=nbh.

[Tocne reHepalyy accOLMATHBHOTO IPaBUia IO
pK'’ cosmarorcs kaumuaatel B (K + 1)-reHeparopst st
cienyromie wurepanuu. Kaxaplid Takod KaHauaat
(dopmupyercst myreM 00beIMHEHHUS IBYX K-reHeparo-
POB, 00JIaAAIOIIMX OJMHAKOBBIMHU MEPBBIMU K — 1 TipH-
3HaKamu. Jlajee mpoBepsieTcs], BIOXKEH JIM Hall AEHHbIH
KaHauaat B px'’’. Eciu BIOXKeH, TO OH UCKITIOYaeTcs U3
paccmotpenust. [locie HaxoxaeHus Beex (K + 1)-reHe-
paTopoB OCYILECTBIAETCS IEPEXO/ K CIEAYIONEH uTe-
pauun. Anroputm Close 3aBepiuaer paboTy, KOraa uc-
YyepraHbl Bce T€HEPaTOPBI.

MHOXXECTBO acCCOLMATHBHBIX IIPAaBHJI, IOJYYEH-
HBIX B pe3ynbTare padboTs! anroputMa Close, oopasyer
MHUHHUMAaKCHBIH 0a3uC CTPOrMX acCOLMATUBHBIX Ipa-
B koutekcta K= (G, M, I). KoppekrHocTp airo-
putma Close nokazana B padore [15]. Anropurm Close
MOJKET OBITh MOTU(DHUINPOBAH TaK, YTOOBI B PE3yIbTH-
pytromiee MHOKecTBO AR He momnaianu 3aBe1oMo U30bI-
TOYHBIE CTPOTHE ACCOIIMATHBHBIC ITPABUIIA.

Aaropurm MCIlose ais nocrpoeHus
CKATOro cTpororo 0asmuca

Bepna cnenyrorias Teopema.

It mroboro koutekcra K= (G, M, 1) u npowus-
BoubHBIX X, Y, Z, W < M crmpaBesiuBbI CIIEAYIOIINE
CBOWMCTBA CTPOTHX aCCOIMATHBHBIX IPABHIL:
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Di. Pepnexcusnocmo: X = X.

D.. IHononnenue nocolaxu:
eecmX=Y,toXUZ=Y.

Ds. Aooumusnocme:
e X=>YuX=>Z, ToX=>YUZ

D4. IIpoexmusnocmes:
eemX=>YnZcY, ToX=>Z

Ds. Tpansumusnocms:
ecm X=YuY=W, o X=W.

Ds. Ilcesoompansumugrnocms:

e X=>YuYUZ=>W, o XUZ=>W.

CaotictBa (rn BeIBoguMOCTH) Di—Dg mMO3BOISIIOT
13 HEKOTOPOTO MHOKECTBAa CTPOTHX aCCOIHMATHBHBIX
MPaBUJI BBIBECTH MHOTHE JAPYTHE MpaBuia 0e3 A0ToI-
HUTEJBHOTO CKaHUpOBaHMs KoHTeKkcTa. C OHOM CTO-
pOHBI, UMEHHO BbiBoguMocTu D1—Dg 00ycnoBiuBatoT
AKCIIOHCHIIMAIBHOE YUCIIO BO3MOXKHBIX CTPOTHX acCO-
[UATUBHBIX MPABHI IS PACCMATPUBACMOTO KOHTEK-
CTa U HEOJHO3HAYHOCTH X mpenactabieHus. C apyroi
CTOPOHBI, OHU MPEIOCTABIIIOT BOZMOKHOCT IOCTPO-
UTH JJISI MHOXKECTBA CTPOTUX aCCOIMATHUBHBIX IPABHII
CKaThIil cTporuit Oaszuc (concise strong basis), kom-
MTAKTHO OTIMCBHIBAOIIIH CBSI3U MEXKY TaHHBIMH H3yda-
eMOH TIpeIMETHOH 00TIacTH.

[IprmMegaTenbHO, YTO BBIBOAMMOCTH, IOJOOHBIC
D,-Ds, cripaBeauBbl 11t PYHKIMOHAIBHBIX 3aBUCH-
MOCTEH, UMEIOIIUX MECTO B TEOPUH PEISUOHHBIX b/I,
T/ie UX IPUHATO Ha3bIBaTh akcuoMamMu AMcTpoHra. Ta-
KO€ COBIaJIEHUE HE CIIYYaifHO, MOCKOJIbKY CTPOTHE ac-
COLIMATHBHBIC MPABWIA MOXKHO PacCMaTPUBATh Kak
0coOBIH ciydail (yHKIIMOHAIBHBIX 3aBUCHMOCTEH [5].
B pa6ore [12] BeiBomumocTu D—Dg moka3ans! mpume-
HUTEIHHO K (PYHKIMOHAIBHBIM 3aBHCUMOCTSIM. Of-
HaKO OHU MOTYT OBITh JOKa3aHBI HETIOCPEICTBEHHO
JUTSL ACCOITMATUBHBIX TTPABUII HA OCHOBE COOTBETCTBUM
lamya. Baxxno, uro BeiBomumoct Dy, D3, D4, Ds ra-
PAHTUPYIOT COXPAHCHHUE MOMICPKKH. DTO O3HAYACT,
YTO Pe3yJbTaTOM NpUMeHeHus ux (Jo, 1)-accormaTus-
HBIM TIPaBHJIOM Bcerja sBisieTcs (Oo, |)-acconmaTuB-
HOE MpaBuiIo. [103TOMY 3TH BBIBOAMMOCTU HMPUMEHSI-
torcst B anroputmMe MClose i1t TOCTpOEHUS CKATOTO
ctpororo 6asuca. BBenem omnpenenennst u306ITOYHOTO
aCCOIMAaTUBHOTO TPaBUJIa M CKATOTO CTPOTOro Oa3uca
Jutst MHOXecTBa (8o, 1)-acCONMATHBHBIX TPABUIL

ITycte AR — MHOXECTBO CTPOTHX aCCOIMATHBHBIX
MPaBUJI, KAKI0C W3 KOTOPBIX CIPABEIIUBO IS KOH-
texkcra K= (G, M, I). Byznem roBoputh, 4to CTpOroe
aCCOIMAaTUBHOE TPaBWIO X => Y JIOTHYECKU CIIECIYeT
n3 MHOKeCcTBa AR, €CJIM OHO MOKET OBITH BBIBEIEHO U3
AR ¢ momompro BeiBoguMmocTeill Dy, D3, D4, Ds. Tor
(hakT, 9TO CTPOTOE ACCOIMATHBHOE MpaBwiIo X = Y 110-
rudecku creayer u3 AR, Oymem o0003HadaTh Tak:
AR EX=Y.

Crtporoe acconuatuBHoe TipaBmiio X = Y Ha3bIBa-
ercst m30bITOUHBIM B AR, ectt AR\ {X = Y} |=X =Y.
MHOXeCTBO CTPOTHX aCCOIIMATHBHBIX TPABUI HEH3-
OBITOYHOE, CITH OHO HE COJCPIKUT U30BITOYHBIX CTPO-
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I'MX aCCOIMATHUBHBIX MpaBmwil. MHoxecTBo CSB Ha3bI-
BacTCs CXKATBIM CTPOrMM Oa3ucoM MHOxkecTBa AR,
€CJIM OHO HEM3OBLITOYHOE M COCTOMT TOJBKO M3 MHHH-
MaKCHBIX CTPOTHX AaCCOIMATHUBHBIX MpaBuil. JlaHHOE
OTpe/IeTICHUE CXKATOrO CTPOroro 0Oas3mca yKa3blBaeT
croco0 ero HaXOXKICHHS — FeHepalys MHHUMAaKCHBIX
CTPOTHX aCCOIMATHBHBIX MPABUII (HATIPHUMED, C IIOMO-
mpio anmroputMma Close) n ycTpaHeHue Cpeu HUX W3-
OBITOYHBIX.

Pacnio3naBaHue M30BITOYHOIO CTPOrOTO accolua-
TUBHOTO mpaBmiia B AR ocHOBaHO Ha MPOBEpPKE JIOTHU-
YECKOTO CJICTOBAHUS

AR\ {(X=VY} FxX=V. (14)

ANTOPUTM TaKO# MPOBEPKU HUCIIOJIB3YET MOHATHE
3aMBIKaHHS MHOXKECTBA MPU3HAKOB OTHOCHUTEIBHO
MHOecTBa AR U SIBJII€TCS TOJTMHOMHUAIBHBIM OTHOCH-
tenbHO |M| 1 |AR|. 3ampIkaHreM MHOecTBa X < M oT-
HocuTebHO AR (0b603HauyaeTcs X') Ha3pIBaeTCS MHO-
JKECTBO BCEX MPU3HAKOB M € M, Takux, 4TO BEpHO JIO-
rudeckoe cremoBanHme AR |=X = m. 3ameTuM, YTO
HeusMeHHO X < M. U3 BeiBomuMocteii Dy, D3, Dy BBI-
TEKaeT CIPABEVIUBOCTh CICAYIOIIEr0 YTBEPKICHHS.

VYrBepikaenue 3. Jlormueckoe —cieaoBaHue
AR |=X = Y uMeeT MECTO TOrJa M TOJBKO TOraa, KO-
roa Y < X"

Orcroma Bcerma AR |=X3 X', AR |=X: X\ X
B cuny ytBepxaeHust 3, 4ToObI YOSTUTHCS B CIIPaBE-
muBoctu (14), mocrarouno Berauciaute X' oTHOCH-
tenmbHO AR\ {X =Y} u mnpoBepuTh BKIIOYCHHUE
Y < X*. Ecin Y < X, TO cTporoe accoraTHBHOE Tpa-
BrIIO X = Y u30bITOUHO B AR, HHaU€e — HE H30BITOYHO.

Anroput™ BeruucieHus X' mennkoM Oazupyercs
Ha BeIBOAUMOCTAX D1, D3, D4, Ds 1 cBOIHMTCS K BBITION-
HEHUIO cienyromux jaeicreuil. CHayana moJsaraercs
X*= X. Tanee 0CyIIECTBIAIOTCS TIPOCMOTP TIPABHIT M3
AR ¥ monoJTHeHUE 3aMBIKaHUS IO CIIEAYIOIEMY IpUH-
IUMy: ecau ais npasmwia Y = Z € AR BepHO BKItOYe-
nue Y < X*, o mHO)ecTBO Z noGasnserca k X', Dror
MpoIIecC MOBTOPSETCS 10 TEX MOp, IMTOKa U3MEHIETCS
X*. ockonbky MHOKecTBa M 1 AR KOHEUHBIE, TO IIPO-
ecc BerauciaeHnst X KOHeueH.

3aMeTHM, YTO MPOLECC UCKITIOYCHNS H30BITOUHBIX
CTPOTHX aCCOIMATHBHBIX MPABMII HE TPeOyeT IocTyma
k koHTekery K= (G, M, I) u noatromMy Bpemsi ero Bbi-
MOJTHEHNSI HE3HAUMTENHFHO IO CPAaBHEHHIO CO BpeMe-
HEM MOJYYCHHUS YaCThIX 3aMKHYTBIX MHOXECTB IMPH-
3HAaKOB. UTOOBI HCKITIOUHTH 100aBICHNE 3aBEIOMO U3-
OBITOYHOTO CTPOI'OT0 ACCOIMATUBHOTO MpaBmia B AR,
HEOOXOJIMMO BCAKHH pa3 IMocje MOCTPOeHUs Pk’ BEI-
MOJHATH clenylomue aelcrBus. Ecnm mockiika p
HalJEHHOTO MpaBuja He paBHa px’’, TO HEOOXOIUMO
HalTH 3aMBIKAHHE Pk~ OTHOCHTENHLHO BBLIYMCICHHOTO
mHoxkectBa AR. Ecin p" = pi'’’, TO MUHUMaKCHOE ac-
COIIMATUBHOE TIPABWIO Pk = Pk’ / pk ABISETCS H30bI-
TOUYHBIM (IO YTBEPKACHUIO 3), HHAY€ OHO BKIIFOUAETCS
B AR. Tlocne 3aBepiieHus TeHEPAIIMM MHUHUMAKCHBIX
CTPOTHX aCCOLMATHBHBIX MPAaBUII 0053aTENBHO TPeOy-
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eTCsl JOTOJIHUTENBHBII IIPOCMOTP PE3yJIbTUDPYIOLIETO
MHOecTBa AR ¢ 11e1p10 0OHApY)KEHHsI OCTABLIMXCS
M30BITOYHBIX NpaBwil. Takue NpaBHia BIIOJHE BO3-
MO>XKHBI: OHH HEH30BITOYHBIE 10 OTHOLICHHIO K paHee
BBISBJICHHBIM NPaBHJIaM, OJHAKO IIOCJE MOMOIHECHUS
AR HOBBIMH TIpaBHJIAMH MOTYT OKa3aThcid H30BITOY-
HbIMU. TakuM 00pa3oM, IO IOCTPOCHHUIO PE3YJIbTHU-
pyromiee MHOXKeCTBO AR COCTOMT W3 MHHHMaKCHBIX
CTPOTHX aCCOIIMATHBHBIX IIPABWII U SIBIISIETCS] HEU3ObI-
TOYHBIM. 3aMETHUM, YTO OINEPATHBHOE yJalleHue W3-
OBITOYHBIX TPABHJI CAEPKUBAET poCT MOIIHOCTH AR 1
CHIYKAeT BpeMsl BBIIIOJIHEHUS aliroputMa. OnuieM aj-
roput™m MClose.

Aaroputm 1. MClose

1: begin

2: AR« U

3: k<«1

4. while px=d

5: Gen-Closure (pk)

6: if 3(pk) > do

7: if px=pK’

8 pk" < SX (pk)

9: end if
10: if pk"#pK”’
11: AR <« (pxk = pk'" \ px)
12: end if
13: end if
14: Gen-Generator (k+ 1)
15: Ke—k+1
16: end while
17:  Non-Redundancy (AR)
18: end

B ommcanun anroputma MClose npouenypsr Gen-
Closure u Gen-Generator aHaJIOrM4Hbl OJHOMMEHHBIM
nporeaypaMm kinaccuueckoro aigroputma Close (cwm.
[11, 15]). [Iponemypa SX ocCymIecTBISET OCTPOCHUE
3ambikanus pk . [Iporieaypa Non-Redundancy, Bemot-
Hsiemas Ha miare 17 anroputma MClose, ycTpaHseT B
AR n30bITOUHBIE CTpOTHE acCOIMAaTHBHBIC MNpaBHIIa
HOCJI€ 3aBEPLICHHS €r0 FeHepaltu.

Ipumep 2. [ng KOHTEKCTa, MPEACTABICHHOTO B
tabmmuax 1 u 2, mpu 8o = 1/5 u yo = 1 MUHUMAaKCHBII
6asmc coCTONUT U3 BOCHKMH MpaBwi (12), B KOTOpOM H3-
OBITOYHBIMH SBIISFOTCS

bc = e, ce = b,ab= ce, ae = bc. (15)
Cxatblil cTporuii 0asuc, MOCTPOCHHBIN AJITOpUT-

MoM MClose, COEpKUT TOJNBKO YEThIPE MUHHMAKC-
HBIX CTPOTUX aCCOIMATUBHBIX MPABUIIA:

CSB={a=c,b=ee=b,d= ac}.

3amernm, 4to Ha ocHOBe CSB MOXHO TOIYy4UThH
BCsKOe MpaBmwiio U3 (15) ¢ momMompo aaroputMa BbI-
guciennsa X . Tak, 4ToObI HATH MaKCHUMAaJIbHOE CIE/I-
cTBHE Ui MOCBUIKM DC, mocraTouHo BeUUCIMTH bC*
otHocutensHO CSB. B pesynbrare mmeem bc™ = bce.
Orcrona CSB |= bc = e. TTockonbky bc™ = be''= bee u
e € bc”, To acconmaruBHoe mpasuiio ¢ = e sBisercs
CTPOTHM.

IIporpammuas peaausanus anropurma MClose
H pe3yJIbTaThl IKCIIEPHMEHTOB

Anroputm MClose mporpaMMHO peain30BaH Ha
s3BIKE TIporpamMmupoBanmns C++ B cpene pazpaboTku
Embarcadero RAD Studio XES8. McxomueimMu maH-
HBIMH U1 Hero ciryxaT koHTekeT K = (G, M, |) u mo-
pOroBO€ 3HaUCHUE TOANEPKKHU. [[71s BBOJIa MICXOMHBIX
JMAHHBIX uMeeTcs uHTepdeiic (cm. http:/www.swsys.
ru/uploaded/image/2017 2/2017-2-dop/7.jpg).  Hdusa
ynoOCTBa MOJB30BaTENsl MOPOTOBOE 3HAYEHHE BBO-
JUTCS B BUJE IIEJIOT0 MOJOKHUTEIBHOTO gucia o - |G.
Pesynpratrom pabotsl anroputma MClose siBisitoTCs
BCE BBISIBJICHHBIC YaCThIe 3aMKHYThIE MHO)KECTBa TIPH-
3HAKOB M C)KaThld cTpormii Oasuc (cM. http://www.
swsys.ru/uploaded/image/2017 2/2017-2-dop/8.jpg).
3HaueHMS TTOIEPIKEK MAaCIITAONPYIOTCS ¥ BBIBOJISATCS
B BHJIC LICJIBIX MOJOKUTEIBHBIX YHCEII.

B nporpamme cymiecTByeT BO3MOKHOCTb H3MEHE-
HUS PE3yIbTUPYIOMIETO0 MHOXKECTBA ACCOIMATHBHBIX
MpaBWJI IyTeM A00ABIEHWSA W yJOalCeHUS OTACIbHBIX
npaBuwiI. DTO CAETAHO VISl TOTO, YTOOBI HKCIEPT MOT
UCKIIIOYUTh W3 PAcCMOTPEHMsI acCOLMATHBHBIC TIpa-
BUJIA, KOTOPBIE, Ha €r0 B3IJIs]], HE OTBEUYAIOT peaslbHOM
JICUCTBUTEIILHOCTH, U JI00ABUTH CYILECTBEHHBIC Ipa-
Buiia. Jlomyckaercst coOKpalieHue MpU3HaKOBOTO MPO-
CTpaHCTBa (BKJIaJKa «AHAIU3 MPU3HAKOB») C MOMO-
IIBFO METOJIOB, OIIMCAaHHBIX B padoTte [17]. [IpexycmoT-
peHa (YHKIUS BBIYMCICHUS CIEACTBHS JUIS BCAKOM
3aJ]aHHO} MOCBUIKH OTHOCHTEIBHO CKaToOro CTPOTOTrO
Oasmca. [lng omeHkn 5()(HEKTUBHOCTH aiIropuT™Ma
MClose ObUIH TaKke MPOTPAMMHO PEATN30BAHBI AJITO-
putmbl Apriori u Close.

Anropurmer Apriori, Close u MClose cpaBHuBa-
JIMCh TI0 YMCIIy CT€HEPUPOBAHHBIX CTPOTUX acCOllHa-
TUBHBIX NPABHJI U BPEMEHHU PadOThL. DKCIIEPUMEHTHI
OCYIIECTBIISUIMCH Ha KOMIIbIOTEpE C mporeccopom In-
tel® Core™ i5 CPU & 2.30 GHz u O3V pasmepom
4 T'b. DKcriepuMEHTHI BBINOIHSUINCh HA KOHTEKCTax
pa3MuHON Pa3MEpPHOCTH W IUIOTHOCTH, CTeHEpPHUpO-
BaHHBIX CIIy4aliHBIM 00pa3oM. Pesynbrarhl skcnepu-
MEHTOB TIpeJICTaBJIEHbI B TabiuIe 3.

Tabnuya 3

Peay.m)TaTm IKCIIEPUMEHTOB
Table 3

Results of experiments

XapakTepucTuka AJITOpUTM
KK:}EEK,\CAT’aI) Apriori Close | MClose
Gl |IM]| © 1 2 1 2 |12
20 |[10] 0,38 | 1797 | 17562 | 45 | 250 | 22 |297
30 [10] 0,39 | 2029 | 18347 | 46 [ 374 19 |412
30 |10] 0,55 | 15438/ | 187202 | 69 | 390 | 20 |484
50 |10] 0,53 | 27769 | 375178 | 46 | 78 | 13 |124
500 | 10| 0,53 | 27769 | 376154 | 42 | 124 | 13 |168
10000| 10| 0,53 | 27769 | 378400 | 42 | 671 | 13 |872

[Mpumeuanue: B KOJOHKaX 1o u¢poii 1 — yuco u3sie-
YEHHBIX CTPOTHX aCCOIMATUBHBIX MPaBHJI, MO UPPOH 2 —
BpeMsl, MC.
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B Tabnune 3 a1 BCAKOTO aHaIM3UPYEMOro KOH-
tekcta K= (G, M, ) ykazansl |G| — uncio 0OBEKTOB,
M| — guciio mpusHakoB, ¢ =N /(|G| - [M|) — TuIoTHOCTH
KOHTEKCTa, I/1e N 33/1aeT YUCIIO AMHUYHBIX SJIEMEHTOB
Mmartpuisl nHIEAeHTHOCTH |. KoHtekeT n3 10 000 06b-
eKTOB OBII COPMHPOBAH MHOTOKPATHBIM KOIHPOBA-
HHEM KOHTEKCTa, cocTosmiero u3 500 o0beKTOB.

W3 Tabmumer 3 BumHO, yTo anmroputmbl Close m
MClose »ddexTnBHEE anropuT™Ma Apriori Kak IIo
YHCITy U3BJICUCHHBIX CTPOTHX aCCOLMATUBHBIX IPaBHIL,
Tak ¥ 1o BpeMeHH paboTsl. Anroputm MClose 1o Bpe-
MeHHU paboThl conoctaBuM ¢ anroputmom Close. On-
Hako anroputM MClose mo3Bossier Gonee 4eM B 1Ba
pa3a yMEHBUIMTh MOIIHOCTh MHHHMAaKCHOTO 0Oa3mca,
dhopmupyemoro anropurmom Close.

3akiaouenue

CoBpeMeHHbIE METO/IBI U CPEICTBA MTOMCKA aCCOLIU-
ATHBHBIX TPaBHUJ B OOJBLIMX MAacCUBax IAaHHBIX MPH-
BOJIAT K 3HAYUTEIILHOMY YHCITY PABHJI, OOJIBIINHCTBO
U3 KOTOPBIX SIBISIFOTCSI U30BITOYHBIMU. Y CHITUSI MHO-
THX HCCIIeZIOBaTelNeil HalpaBiIeHbl Ha pa3paboTKy Me-
TOJIOB YCTPaHEHHs H30BITOYHOCTH B IPEICTABICHUH
4CCOLMATUBHBIX MNpaBHi. Jas peleHus 3TOW mpo-
O5eMBI MPUMEHUTEIBHO K CTPOTUM AacCOLMATHBHBIM
npaBmwiaM mpemioxken anmroputM MClose, sBisiro-
mmiics Mmoaudukanueit n3pectHoro anroputMma Close
U OCHOBAaHHBIN Ha CBOMCTBAX YaCTBIX 3aMKHYTBIX MHO-
skecTB. [IpensioKeHHbIH anroput™ (HOPMHUPYET IS
3aJIaHHOTO KOHTEKCTa CXKaThI CTporuil 6asmc — He-
M30BITOYHOE MHOXKECTBO MHHUMAKCHBIX CTPOTHX ac-
COLIMATHBHBIX IPAaBHJI C COXPAaHEHHEM IOIICPIKKH.
BrruncnurtensHbple SKCIIEPUMEHTHI OKA3aIH, YTO ajl-
roputMm MClose CyImecTBEHHO COKpAIlaeT dYHCIIOo
M3BJICYCHHBIX CTPOTMX ACCOIMATHBHBIX IpaBui 0e3
MOTepH MH(POPMAIMH O CBS3SIX MEXAY JaHHBIMU aHa-
TH3UPYEMOH TpeaMeTHOW oOmacTh. [lepcreKTHBHBI
WCCIIe/IOBaHMs, HApaBJICHHbIE HAa yCTpaHEeHHe M30bI-
TOYHOCTH JJISI acCOLUMATHUBHBIX MPABMI C JFOOBIMH
MOJIEP’KKaMHU M JOCTOBEPHOCTSIMU.
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A CONTRACTED REPRESENTATION OF STRONG ASSOCIATIVE RULES IN DATA ANALYSIS
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Abstract. Modern methods and means of searching for association rules in big data lead to a significant number of rules,
many of which are redundant. Redundant association rules are generally of no value, but they can misinform. To solve this
problem, the paper proposes an algorithm MClose, which is a modification of the algorithm Close.
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It is known that Close algorithm might help to construct mini-max basis for strict association rules (association rules with
the confidence of 1). Mini-max basis consists of only min-max association rules. Association rules with minimal antecedent
and maximal consequent are called min-max association rules. Such rules are interesting for experts. However, mini-max basis
may contain redundant association rules. The algorithm MClose immediately eliminates redundant association rules when
creating mini-max basis. The resulting basis is called concise strong basis (CSB). Redundant association rules might always be
obtained from the CSB without sacrificing their support and confidence, without references to the data set. Algorithm MClose
is based on Galois connection. MClose algorithm is also based on derivability, which are similar on Armstrong axioms for
functional dependencies.

Experiments have shown that running time of algorithm MClose is comparable with the algorithm Close. However, it
reduces the number of association rules mini-max basis about twice. We provide a description of the program which presents
MClose and Close algorithms.

Keywords: data mining, Galois connection, closed sets, association rules, non-redundancy, concise strong basis.
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Constructing associative rules is one of the most important algorithms for extracting knowledge from databases. All modern
algorithms are somehow connected with Apriori algorithm proposed in R. Agrawal’s and his co-authors’ works published more
than 20 years ago and now considered classical. The known effective implementations of the algorithm are connected with
database compression and presentation of data structure as a tree, which allows effective evaluation of support and other char-
acteristics of associative rules.

The proposed ConApriori algorithm does not use the above idea. We regard database transactions as enumeration given by
a scale. This allows instant calculation of the basic algorithm operation determining whether some set is a subset of another set
or not. The calculations are reduced to several logical computer commands. Enumeration also allows us to treat the transaction
in the internal presentation as a number, preserving the meaning of the transaction elements in their external presentation at the
same time.

Another idea used in the algorithm allows us to construct most of the confident rules on the basis of those previously built.

This article provides evidence for correctness of the algorithm as well as evaluate its complexity. We analyze its effective-
ness compared with other known algorithm implementations. Possibility of parallelization is also considered.

Keywords: data mining, apriori, associative rules, support, confidence, lift, enumeration, scale, database, transaction,

knowledge discovery, parallel computation, correctness, complexity, anti-monotony.

With the exponential growth of the stored data, data
mining algorithms start playing a great role. Apriori al-
gorithm proposed by R. Agrawal and his co-authors
[1-3] is particularly important. The algorithm is based
on the antimonotony property of the function calculat-
ing the item set frequency. As a result, the set of k-
length frequent item sets can be built using
(k—1)-length frequent item sets. This allows avoiding
an exhaustive search and constructing frequent item
sets and associative rules within reasonable time. The
idea is used in all algorithms of constructing associa-
tive rules.

An important contribution to constructing effective
algorithms was made by F. Bodon [4]. He stated that
the algorithm’s effectiveness is defined by three fac-
tors: the means of generating candidates to frequent
sets, the structure of data presentation and implemen-
tation details. Bodon proposed a tree structure for
transaction presentation, showed the structure’s effec-
tiveness as compared with other means of data com-
pression.

One of the modern and probably most effective al-
gorithms is the implementation by Ch. Borgelt
[5-7] who has been developing it for more than 20
years. In this algorithm, the database is compressed to
a transaction tree. The current version of the algorithm
is free at his site [8].

Frequent set and associative rule algorithms have a
wide application range, thus both the algorithms and
the tasks taking into consideration the specific charac-
ter of rule application are diverse. We will mention
only the works closely correlated with the algorithm
considered in the present article.

The first work on building multilevel associative
rules was that of J. Han and Y. Fu [9]. In [10] the au-
thors analyze effective building of multilevel rules. In
the summarizing article by Ch. Borgelt [11] we find a
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description of several algorithms. The fundamental
book by J. Han, M. Kamber and J. Pei [12] devoted to
the conceptions and methods of knowledge extraction
from database considers various algorithms and ap-
proaches to the construction of associative rules in the
broad aspect of overall approach to data mining.

The present article is organized as follows. Section
2 introduces the problem. Section 3 describes the basic
conceptions of ConApriori algorithm and proves its
correctness. Section 4 gives evaluation of its complex-
ity. Section 5 is devoted to possible optimizations of
the algorithm. Section 6 considers some constraints.
Section 7 describes some details of implementation.
Section 8 is devoted to approbation of the algorithm
and its effectiveness compared with Ch. Borglet’s al-
gorithm realization. Section 9 draws a conclusion.

Problem formulation

Consider database db with a set of objects:

db={vi, vy, ..., Un}. (1)
Each object vk has a certain set of properties Px:
Pi={0k1, Gz, ---, Qem} - 2

The sets Py are subsets of the set of Properties com-
mon to all objects:

P« < Properties ={qi, Qz, ..., Qum}. 3)

We assume that all properties of the objects are bi-
nary, i.e., object Vk can either have or not have the prop-
erty of gj. Further, we will show how this constraint can
be reduced.

Next, we will consider dbp database containing the
object properties since we are not interested in the ob-
jects themselves:

dbp:{Pl,Pz,..., PN}. 4
Let X be an item set of properties:
X ={0ys Giys -0 O }- 5)
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Frequency of the item set or its support in database
dbp will be defined as a proportion of the records of the
database containing the set X:

P :XcP
Support (X )=|kT_k (6)
An associative rule has the form:
X-Y. (7

Here X and Y are not empty and disjoint sets of
properties:

XAY=0. (8)

An important characteristic of the rule is its fre-
quency (support):

Support(Rule) = Support(X—Y) =
= Support(Xwy). 9

A rule should be considered as an implication, the
“if—then” rule. If X is in a certain set, then so is Y. In
other words, appearance of X implies occurrence of Y.
For the rule to be of practical value it should have a
high degree of confidence.

Confidence is the second important characteristic
of the rule. We will define it as proportion of the rec-
ords of the database that contain X and Y among the
records containing X:

Confidence(Rule) = Confidence (X—Y) =
R :XuYc R

) 10
IR :X < R (10)

It is easy to see that confidence can be expressed
through the Support function:

Confidence(Rule) = Confidence (X—Y) =
_ Support (Rule) an

Support (X )

We define the length of the rule L(Rule) as the sum
of the pair (m, n), where m and n are lengths of sets X
and Y, respectively.

The goal of the algorithm. We wish to find all As-
sociative Rules with support and confidence more than
specified minimum values:

Rules = {Rule|Support(Rule) >
> support_min& Confidence(Rule) >
> Confidence_min}. (12)

The basic idea of Apriori algorithm. We call the
set X frequent if Support(X) > support_min.

The following statement is true:

If X is a frequent set, all its subsets are also frequent
sets.

A contrapositive statement is more important:

If X is not a frequent set, all its supersets are not
frequent sets either.

This property called Antimonotony allows exclud-
ing a large number of sets from our consideration. Con-
struction of all frequent rules of length m can be per-
formed by extending the set of frequent rules of length
m-1. Then in the built set of frequent rules we can
choose the rules with the required confidence.

The lift parameter. In addition to frequency and
confidence, we consider other characteristics of the
rules.

An important additional feature of the rules is the
lift parameter specifying the correlation between two
events, which are antecedent of the rule and its conse-
quent.

Let us discuss the role of the parameter. We will
consider Support parameter specifying the frequency
of set X in the database as the probability of event X.

Then for the rule X — Y and the symmetric rule
Y — X the lift parameter will be defined as follows:

e P(XY) POX)*P(Y/X)
CP(X)*P(Y)  P(X)*P(Y)
P(Y)*P(X/Y) P(Y/X) P(xrY) )

TUP(X)*P(Y)  P(Y)  P(X)

For independent events, probability P(X, Y) of co-
occurrence of events X and Y is the product of proba-
bilities of occurrence of the events P(X) * P(Y), so that
the lift parameter in this case is equal to 1. For depend-
ent events the conditional probability P(Y/X) (a proba-
bility of occurrence of event Y on condition that event
X takes place) can be higher than probability P(Y). By
analogy, the conditional probability P(X/Y) can be
higher than probability P(X). For fully dependent
events, when a single event clearly implies the occur-
rence of another event, conditional probabilities P(Y/X)
and P(X/Y) are equal to 1 and probabilities P(X) and
P(Y) coincide. In this situation the lift parameter has a
maximum value: 1/P(Y) = 1/P(X). For fully dependent
events when a single event clearly implies impossibil-
ity of the occurrence of another event, conditional
probabilities P(Y/X) and P(X/Y) are equal to 0 and the
lift parameter has a minimum value equal to 0. It im-
plies that values of the lift parameter are in the range
[0, max(1/P(Y), 1/P(X)].

Values of lift close to 1 show no correlation be-
tween the premise of the rule and its conclusion, so that
such rules should be considered useless, even if they
are frequent and confident. Values of lift parameter
greater than 1, approaching a maximum value, indicate
a high positive correlation confirming confidence of
the rule. Values of lift close to zero indicate a negative
correlation between the premise and the conclusion.
Such rules may also be useful, as well as rules with
positive correlation, allowing us to make important
conclusions about the existence of links between the
sets of the an alyzed parameters.

ConApriori algorithm.
The basic ideas

There are two key ideas underlying the ConApriori
algorithm. The first is related to the method of data
presentation. The second is related to the method of
constructing confident rules.

Data presentation. How to present database rec-
ords containing object properties? It is possible to pre-
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sent records as a list of properties in csv format
(comma-separated values). In this case, the length of
each record varies depending on the number of proper-
ties owned by the object. Another method (or ap-
proach) takes into account the binary nature of the
properties. Each record is a string of fixed length M,
where M is the total number of possible properties. The
string consists of zeros and ones, where zero means ab-
sence of the corresponding property of the object and
one identifies its availability. A string of zeros and ones
can be viewed as a number in binary notation, so in this
case, each record is presented by one integer from the
range [0, 2M - 1].

The first method preserves the meaning of each rec-
ord. However, its drawback is the size of a database
depending not only on the number of records in the da-
tabase, but also on the length of each record. The sec-
ond method provides a compact presentation of the
data but does not save their meaning, which is ex-
tremely important in applications, when users of a soft-
ware system are experts in a relevant application area.

We have tried to avoid the difficulties. Properties of
objects are defined as enumeration, a type well-known
in programming languages. A feature of this type is that
the external presentation of data is a line of text de-
scribing properties of objects. The elements of enumer-
ation are mapped onto integers which present internal
data. Moreover, to present the dataset we choose a spe-
cial kind of enumeration type called scale. Scale is
characterized by the fact that the k-th element of enu-
meration is displayed as the number 2, and the entire
set can be viewed as an integer in binary notation. In
the binary presentation of a number, the unit in k-th po-
sition means that the corresponding object has the k-th
property in the enumeration.

Let us consider a simple example where three prop-
erties characterize a person: Properties = {good, smart,
rich}.

In enumeration with the property “good” given by
scale maps to 1, “smart” maps to 2, rich maps to 4. The
set of properties {good, rich} maps to 5 (in binary no-
tation 101), the set {smart, rich} maps to 6, and the rare
set {good, smart, rich} maps to 7.

Enumeration given by scale has an important fea-
ture. On its elements, which are numbers, we can de-
fine logical bitwise operations. This allows us to effi-
ciently perform the basic operation, that is, to deter-
mine whether one set is a subset of another set. Let X
be a set of properties and Pk be a database record. Ob-
jects X and Py have enumeration type given by scale.
Then X < Py, when the following Boolean expression
is true:

X & Py=X. (14)

In this expression & is a bitwise conjunction run-
ning over binary presentations X and Pk, and = is a
comparison operation. We will use the sign | for a bit-
wise disjunction operation. Operations & and | can be
regarded as operations of joining and intersecting of
the corresponding sets of properties.
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The chosen presentation allows the complex opera-
tion of determining the occurrence of a set X in a set Y
to be performed in constant time, independent of the
size of sets, almost instantly, as the implementation re-
quires only two machine operations of the computer.
Hence, the complexity of computing Support function
is significantly simplified. Complexity of computing
the function is O(N), it depends linearly on the size of
the database with a small constant factor.

It is necessary to mention a possible limitation in-
herent to this method of data presentation. While im-
plementing the algorithm, we have a limited number of
possible properties due to the finiteness of the interval
presenting the integer type of the programming lan-
guage.

In the following examples of recording algorithms
and their fragments we use an implementation of our
algorithm in the C# programming language. Note that
in C# the maximum integer is 64-bit ulong type, and
therefore the number of possible properties may not ex-
ceed 64.

Further we will show in more detail how to over-
come this limitation and discuss the question of the rea-
sonable number of properties.

Constructing confident associative rules. The
basic idea of Apriori algorithm is associated with the
iterative scheme, which allows constructing frequent
rules. Frequent sets of length k are constructed on the
basis of frequent sets of length k—1. Construction of
rules does not involve infrequent sets . This is the es-
sence of Apriori algorithm.

In addition to the properties of antimonotony char-
acterizing frequent sets and rules, ConApriori algo-
rithm uses a similar property characterizing confident
rules. This property allows us to construct confident
rules at step k on the basis of confident rules con-
structed at step K — 1. The algorithm is based on the
following statement:

Lemma 1.

If X — Yis a confident rule, any rule X — Y;, where
Yj is a proper subset of Y is a confident rule.

Let us prove that the statement is true.

Since Yj is a proper subset of Yy, the latter can be
presented as: Yk = Y;j | add. This record takes into ac-
count the variables specified by enumeration, so that
the union of sets can be expressed through disjunction.

The confidence of rule X — Yy is computed as fol-
lows:

Support(X |YJ. |add)
Support(X)

The confidence of rule X — Y] is computed as fol-
lows:

Confidence (X—>Yy) = . (15)

Support(X[Y;)
Support(X)

The denominators in formulas (15) and (16) coin-
cide, and the numerator in formula (15) is less than or

Confidence (X—Yj) = (16)
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equal to the numerator in formula (16) by the property
of set frequency. Hence, our statement is true.

Consequence. The negation of the statement is
more important than the statement itself. And here anti-
monotony takes place. If rule X — Yj is not confident,
rule X — Yk is not confident either.

It follows that confident rules with a given premise
X can be constructed on the basis of the previously built
confident rules with the same premise.

Note that the statement only applies to rules with a
given premise. It is possible that rules X — Y and
Z — Y are not confident, and rule X' | Z — Y'is a confi-
dent rule. Therefore, it is not sufficient to build confi-
dent rules at step k using only confident rules of step k
— 1. However, it is sufficient to add confident rules,
whose premise is of length k, and the conclusion is a
single frequent set. We give more details about it below
in considering the iterative scheme of the algorithm.

Iterative scheme of ConApriori algorithm. Con-
sider the iterative scheme of ConApriori algorithm.
First, at step 1 we construct a set of frequent sets of
length 1 and a set of frequent confident rules of length
2 with a single premise and a single conclusion. Next,
iteratively, at step K the built set of confident rules of
the previous step is extended with the addition of a sin-
gle frequent item in the premise or in the conclusion.
To complete the construction of the set of all frequent
confident rules of length k + 1, it is sufficient to add
confident rules, their premise being taken from the set
of frequent examples of length K, and their conclusion
being a frequent single set. The process continues as
long as it is possible to construct new rules.

Consider the process of extending a set of confident
rules at each step. Suppose at step k — 1, there is a built
frequent confident rule: X — Y. Let cand be a frequent
single set satisfying the rule. This means that cand is
not contained in the union of X and Y of length k — 1
and all subsets of length k — 1 obtained by replacing
one of the elements of the joint set X and Y by cand
element are frequent. Checking the candidate with the
given way of presenting the sets is quite easy. If check-
ing of cand is successful, it is possible to ge-
nerate 6 new rules:

X|cand —Y; Y —»X|cand; X —Y|cand;
Y|cand —X XY — cand; cand —X|Y. (17)

All 6 rules have the same support — Support(X | Y |
cand). If the support value is less than the minimum
value, no new rules are built. For frequent rules, only
after checking their confidence they are included in the
list of confident rules at the next step. To calculate the
confidence of all six rules, it is sufficient to calculate
two values of the Support function — Support(X | cand)
and Support(Y | cand).

In accordance with lemma 1, when extending con-
fident rule X — Y we should only build confident rules
of the form X — Y | cand. However, for effectiveness
other confident rules of length k are also constructed,
since for five added rules it is required to additionally
calculate only one value of Support function. A simple

check is sufficient to avoid duplication in constructing
these rules. This technique does not guarantee the con-
struction of all confident rules of length k. However, as
practice shows, few rules will have to use premises not
included in the set of premises of length k — 1 rules.

Lemma 2. If at step k — 1 a set of all frequent con-
fident rules of length k is built, the considered iterative
process at step k will construct a set of all frequent con-
fident rules of length k + 1.

Indeed, the iterative process at step K builds all the
rules of length k + 1 of the form X — Y| cand for each
rule of length k of the previous step X — Y. In accord-
ance with lemma 1, this means that all possible confi-
dent rules will be built with the same premises as the
rules of the previous step and all possible conclusions.
If we add to this set all rules with all possible single
conclusions and frequent premises of length k not co-
inciding with the premise of the previous step confi-
dent rules, the full set of confident rules of length k + 1
will be built.

Let us now consider the software interpretation of
ConApriori algorithm. It is based on the Create_Rules
method, which allows us to build confident rules.

A possible implementation is as follows:
public void Create Rules()

{

iteration = 1;
Create Rules 1();
bool exist new rules = true;

while (exist new rules)
{
iteration++;
exist new_rules = Create Rules K();
}
}

Lemma 3. CreateRules method of ConApriori al-
gorithm builds all frequent confident rules.

To prove the lemma it is necessary to prove the cor-
rectness of the following Hoare triads:

{Pred1} Create_Rules 1 {Postl} (18)

{Pred2} Create_Rules_K {Post2}. (19)

Predicate Predl of the precondition states that be-
fore calling Create_Rules_1() a database db has been
built in the previously described data format. The pred-
icate of the postcondition Postl states that there is a
constructed set of the rules — the set of all frequent con-
fident rules of length 1 with a single premise and a sin-
gle conclusion. The truth of the triad (18) ensures that
if the precondition is true, the postcondition of the
method will also be true after the completion of Cre-
ate_Rules_1() method.

Precondition Pred2 confirms the truth of the con-
junction: exist_new_rules & Rules(k — 1) — the con-
junction of Boolean variable — and the statement about
the construction of all confident rules of length k at step
k — 1. Postcondition Post2 can be written as follows:

(Rules(k) & exist_new_rules) XOR
lexist_new_rules. (20)

The truth of the triad (19) ensures that if the precon-
dition is true, the postcondition will be true after Cre-
ate_Rules_K() method is completed. Informatively, it
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means that every time Create Rules K() method is
called in the while loop, it builds the set of all confident
rules, increasing the length of the rules by one. If the
constructed set is not empty, Boolean variable ex-
ist_new_rules equals true. If building a new set of rules
is impossible, the Boolean variable gets the va-
lue false. In this situation the cycle ends, thus complet-
ing the process of creating rules.

The predicate Rules(k) is described as follows: the
set of all frequent confident rules of length k + 1 is con-
structed at step k.

This predicate is an invariant of the while loop. The
truth of the predicate before the execution of the while
loop guarantees the postcondition Postl of Cre-
ate_Rules_1() method. Create_Rules_K() method pre-
serves the truth of the predicate. At the end of the
cycle it is guaranteed that the set of all frequent and
confident rules is constructed, and it is impossible to
extend the set. It is easy to show that the while loop will
end since the length of rules is limited and cannot ex-
ceed the length of the longest record in the database.

For lemma 3 to be true in a particular implementa-
tion of the algorithm, it is necessary to build correct
Create_Rules_1() and Create_Rules_K() methods in
relation to the pre and postconditions. We will not give
a specific implementation as it requires giving details
of data presentation, including the necessary internal
data. We only note that both methods are not complex,
and programmers can easily create a speci-
fic implementation ensuring the truth of statements
(18) and (19).

Create_Rules_1 method first calls another method
to build the set of single frequent sets. The set is ac-
tively used in further constructions. In the double cycle
a set of all frequent confident rules of length 1 is easily
constructed by this set, which guarantees the truth of
the postcondition of the method. Certainly, prior to
calling Create_Rules_1 it is necessary to call a method
presenting the database in the desired format, thus en-
suring fulfillment of the method’s precondition.

Implementation of Create Rules K method is
somewhat more complicated than that of the Cre-
ate_Rules_1 method. In its first call in the body of the
while loop the precondition of the method is per-
formed. It is guaranteed by the postcondition of Cre-
ate_Rules_1 method preceding the while loop in Cre-
ate_Rules method. So that at calling Create_Rules_K
method there exists a current set, i.e., the set of all fre-
quent confident rules constructed at the previous step k
— 1. In the cycle there is constructed an extension to
each to the rules according to the set building rules, as
described above. All confident rules with a single con-
clusion and a premise of length k not belonging to the
premises of the previous step confident rules are added
to the newly obtained confident rules. Create_Rules K
method preserves the invariant of the while loop and
builds a new current set consisting of all frequent and
confident rules of length k + 1. In case it is impossible
to build the rules of this length, the process ends in cre-
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ating a complete set of all frequent confident rules. It is
guaranteed that the process will be completed.

Algorithm complexity

Let us evaluate the complexity of the basic me-
thods used in ConApriori algorithm.

Complexity of Support method. The Support
method calculating the frequency of the set, largely de-
termines the efficiency of the whole algorithm, since
all characteristics of the rules are defined through the
Support function. For this reason, special attention
should be given to both optimization of calculations of
the method and the number of method calls. Presenta-
tion of sets and database records by enumeration given
by scale allows us to reduce a complex operation of
checking the occurrence of one set in another to a finite
number of machine operations of the computer. Com-
plexity of the operation is O(1), whereas complexity of
the Support method is O(N), where N is the number of
records in the database.

In implementing the algorithm we tried to minimize
the number of possible calls of the function. Further,
we consider two possible optimizations to reduce the
time of computing the function significantly.

Complexity of Create_ OBC_1 method. The
method computes a set of single frequent items — of-
ten_set_one. The method is called only once in Cre-
ate_Rule_1 method constructing frequent confident
rules of length 1.

The method is simple. For each property of Pro-
perties enumeration we compute its support (Support)
and if it exceeds the minimum value, the property is
included in the often_set_one set. It is clear that com-
plexity of the method is O(M * N), where M is the num-
ber of properties in the Properties enumeration.

Complexity of Create OBC_K method. The
method computes a set of the frequent sets of length k
— often_set_current. The method is called only once in
the Create_Rule_K method constructing frequent con-
fident rules of length k+1.

The method builds pairs (set, cand), where Set is an
element of the often_set_current set built at the previ-
ous step, cand is an element of often_set_one. If the
pair passes the Apriori test and can generate a frequent
set, the Support function is calculated for it. Frequent
pairs are included in set often_set_current of the next
step.

Complexity of this method is O(q * M * N), where
g is the number of pairs having passed the Apriori test.

How large is this set? Consider a database of size N
consisting of identical records, each of them containing
all the elements of the Properties set of size M. Then
any set will be frequent, any rule X —Y will be frequent
and confident. The example is only of theoretical inter-
est, since all the rules in this case are uninformative and
therefore useless for practice. According to our esti-
mates, when the record has the length an order less than
M, the value of q is two to three orders less than N.
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Complexity of Create Rule_1 method. The
method is called only once and builds the current set —
a set of frequent confident rules of length 1. The
method builds a rule with a single premise and a single
conclusion. If the rule meets the required frequency
and confidence, it is included in the current set.

Complexity of the method is O(M2 * N), where M
is the number of elements of the often_set_one set.

Complexity of Create_Rule_ K method. The
method is called repeatedly in the while loop of the
main Create_Rules method building all the confident
rules. At step K, it builds the current set of frequent con-
fident rules of length k + 1 using the current set con-
structed at the previous step.

Complexity of the method is O(NCR * M * N),
where NCR is the number of elements of the current
set.

Complexity of Create_Rules method. The
method builds all frequent and confident rules and de-
termines the final complexity of ConApriori algorithm.
To evaluate its complexity is not difficult, as here in
the while loop there is called Create_Rule_K method,
whose complexity has already been evaluated. Let
iteration be the number of iterations of the while loop.
The final evaluation of the complexity of Create_Rules
method and therefore of the entire ConApriori algo-
rithm is:

O(iteration * NCR * M * N). 21

Among the four factors, the greatest is parameter N
usually exceeding the product of all other factors, since
the databases searched for Associative rules can be
large.

Algorithm optimization

Optimization of the algorithm can be performed at
different levels. To build an effective implementation,
we can use low-level languages, such as Assembler or
C, where we can write a code taking full advantage of
the computer, which the code is built for. This is the
way the effective Borglet’s implementation [8] is con-
structed. Implementation in high-level languages, such
as, for example, our implementation in the C# lan-
guage, does not allow generating a code as efficient as
a C language code, however it has such advantages as
reusability, ease of understanding and modification of
the code. Let us consider two possible optimizations
applicable to our implementation of the algorithm.

Compressing the database. Usually database rec-
ords are repeated. Therefore, it is possible to compress
the database saving only the unique record and the
number of its repetitions. If the average number of rep-
etitions of records is equal to q, parameter N can be re-
duced to q times, thereby reducing the computational
time by the same factor. This operation should be per-
formed only when the average number of repetitions is
greater than two.

Algorithm parallelization. Now that all comput-
ers are multi-core, we should parallelize the computa-

tion to increase the algorithm efficiency. In our case, it
is advisable to parallelize the calculation of Support
method. A database of N records can be divided into k
groups and work with them in parallel. The number of
groups can be adjusted to the number of cores on the
computer the calculation is performed on. Paralleliza-
tion of the Support method is transparent enough and
does not cause any difficulties in the use of various
tools of parallelism typical of modern programming
languages.

This optimization has helped to speed up the com-
putation about 4 times on a four-core computer. Using
technologies, such as CUDA, and the GPU with its
large number of cores we can achieve a much greater
effect of parallelization.

Restrictions on the algorithm

Restriction on the data type. The algorithm as-
sumes all data (object properties) to be binary — an ob-
ject can either have a property or not. How can we
overcome this limitation?

First, consider a property whose values belong to
some interval. Such a property can be replaced with k
binary properties. For example, a parameter character-
izing a patient’s temperature can be replaced with bi-
nary parameters: normal, high, low, extra high, extra
low. The unnecessary details complicate detection of
connections existing between items.

Consider a property of the discrete type that can
take a finite number of values. Let these values be V1,
V2, ..., VK. Then the property can be replaced with k bi-
nary properties. Whenever the source property takes
the value vi, the i-th binary property takes the value of
1, and other binary properties are set to 0.

Restriction on the number of properties. If we
use the enum type defined in a programming language,
the number of properties is limited for enumeration
specified by scale. This limitation is connected with the
limited interval of integer type the elements of the enu-
meration are mapped onto, for example, in C# the num-
ber of elements of the enumeration cannot be more
than 64.

This limitation can be easily overcome. To imple-
ment the "long enumeration" we can write our own
class LongEnumScale. That is exactly what we did in
the project implementing the algorithm.

Note that, in our opinion, for meaningful associa-
tive rules, the number of properties should not be too
large. For such classical applications of associative
rules as market basket analysis you should look for
multi-level associative rules, where the number of
properties is limited at each level.

Details of implementation

The algorithm was implemented in C# in Visual
Studio 2015 development environment. The Solution
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includes four projects, namely DLL and three interface
projects. The class library includes 6 classes.

e LongEnumScale — enumeration defined by a
string of arbitrary length. The string is cut into k frag-
ments, each being mapped onto the ulong integer type.
K numbers will internally represent each transaction.
The technique eliminates restrictions on the length of
enumeration.

e Rule — a class defining properties and behavior
of the objects presenting rules.

e ConAprioriLongRules — a class constructing
frequent sets and confident rules.

e Apriori DB — a class to work with database.
The Support method is included in the class.

e Model — a class allowing creation of a model
database.

e Converter — a class whose methods allow us to
convert the original database into the format required
for the algorithm.

Three projects define a user-friendly interface,
which allows: creating the model database, converting
the database, building confident rules, filtering
and saving the rules, as well as building a specific rule.

Approbation and efficiency
of the algorithm

Comparison of ConApriori with Microsoft
Analysis Services and Arules tools. ConApriori algo-
rithm was implemented to solve a real problem of med-
ical diagnosis [13]. For physicians the discovered rules
had a scientific interest that allowed them to confirm
the hypothesis of a possible early diagnosis of meta-
bolic syndrome. The rules had a high degree of confi-
dence and correlation.

The article [14] shows a comparison of the effec-
tiveness of ConApriori Toolkit with two widely used
tools for building Associative rules.

e Microsoft Analysis Services Tools [15, 16] al-
lows constructing Associative rules for data prepared
in Excel and then processed in SQL Server.

e Arules Tools are built into RStudio, a popular
development environment for the R language [17]. The
Arules package includes one of the earliest versions of
Apriori algorithm developed by Christian Borgelt.

In contrast to ConApriori algorithm both tools —
Microsoft Analysis Services and arules — can only build
rules with a single conclusion.

In most cases the time of constructing rules was
minimal for Borgelt’s version. However, reading a da-
tabase implemented by means of the R language, sub-
stantially slowed down the whole process of creating
rules. A rather complex process of building the rules
used in Microsoft tools demanded more time in com-
parison with other algorithms and occasionally led to
incorrect results.

It should be noted that the current version of
ConApriori algorithm has been significantly improved
in comparison with the version considered in [14].
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Comparison of current ConApriori version with
current Borgelt’s version. Let us compare the effi-
ciency of the ConApriori algorithm and the Apriori al-
gorithm developed by Christian Borgelt. Borgelt’s al-
gorithm used version 6.24 as of 15.10. 2016 available
on his website [8], written in C and having been devel-
oped for 20 years. The version is an exe file being run
from the command line.

All the following results are obtained on a computer
with an Intel Core 17, 2.20 GHz processor.

Model database. Using our toolkit we created two
model databases of 100,000 and 500,000 records. The
number of items in the records is 100. They are divided
into four groups of 50, 25, 15 and 10 items. The prob-
ability of occurrence of the elements in each group is
equal to 0.05, 0.1, 0.15 and 0.7, respectively. The max-
imum length of transactions is 10.

High probability of occurrence of the forth group
transaction items implies appearance of the corre-
sponding associative rules. Table 1 shows the results of
calculations for ConApriori algorithm for a database of
100,000 transactions.

The last two columns of the table show the number
of rules and the time of their construction.

Table 1

Model database 100,000. ConApriori algorithm
Confidence_min|Support_min| N_Rules | T rules (sec.)

0,3 0,1 90 0,38

0,3 0,05 447 1,7

0,3 0,03 450 1,7

0,3 0,01 1290 6
0,15 0,03 704 2,3

The time of reading the database of 100,000 trans-
actions is 0.12 seconds.

Table 2 gives the results for Borglet’s algorithm.
The last column shows the number of nodes in the
transaction tree.

Table 2
Model database 100,000. Borglet’s Apriori algorithm
Confidence_min|Support_min|N_Rules T(—sgléfs Tr;:a%(:?sgr:ree
0,3 0,1 90 < 0,01 1024
0,3 0,05 447 <0,01 1024
0,3 0,03 450 <0,01 1024
0,3 0,01 1290 0,03 44 717
0,15 0,03 450 < 0,01 1024

The time of reading the database of 100,000 trans-
actions is 0.05 seconds.
Tables 3 and 4 show similar results for the database
containing 500,000 transactions.
Table 3
Model database 500,000. ConApriori algorithm

Confidence_min| Support_min | N_Rules | T_rules (sec.)
0,3 0,1 90 1,7
0,3 0,05 450 8,2
0,3 0,03 450 8,2
0,3 0,01 1290 26,4
0,15 0,03 704 10,4
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The time of reading the database of 500,000 trans-
actions is 0.6 seconds.

Table 4
Model database 500,000.
Borglet’s Apriori algorithm
Confi- | Support_min |[N_Rules| T_rules | N nodesin
dence_min (sec.) Transac-
tion tree
0,3 0,1 90 <0,01 1024
0,3 0,05 447 <0,01 1024
0,3 0,03 450 <0,01 1024
0,3 0,01 1290 0,11 157 741
0,15 0,03 450 <0,01 1024

The time of reading the database of 500,000 trans-
actions is 0.24 seconds.

Let us analyze the obtained results. ConApriori al-
gorithm demonstrates the efficiency acceptable for
practical use. For a database of 100,000 transactions it
detects 90 rules in less than one second. The time de-
pendence of the algorithm on the database size and the
number of constructed rules is linear.

Borglet’s algorithm shows hyper efficiency. It
builds and processes 157,000 nodes of the transactions
tree in tenths of a second. This high efficiency is due to
two factors, namely the quality of the algorithm and its
implementation in the C language.

As is noted above, the algorithm does not build
rules with multiple conclusions. The number of rules
can be very different. For example, ConApriori algo-
rithm builds 704 rules, whereas the number of the rules
built with Borglet’s algorithm is 450, being limited to
the rules with a single conclusion. For the latter rules
both algorithms build the same set of rules.

We can also note that a database of 100,000 trans-
actions is as representative as the base of 500,000 rec-
ords. In fact, both databases use the same set of rules,
with only one case showing the minimal variance of
three rules.

FIMI website databases. The FIMI website [18] is
a database repository (Frequent Itemset Mining Da-
taset Repository) used for comparative analysis of effi-
ciency of algorithms building frequent examples. The
databases presented on the website contain re-
cords in csv format. The meaning of the elements in the
records is not specified, each element is represented by
a numeric code. The number of records in the database
and the number of different elements can be quite large.
For example, in Kosarak database the number of rec-
ords is more than 990,000, the number of different ele-
ments being more than 10,000.

For algorithms such as ConApriori, whose task is
to build confident Associative rules, the direct use of
databases like Kosarak is hardly reasonable, since
there is no point in looking for associations, the number
of different elements being so great. Elements should
be combined into categories, building multi-level As-
sociative rules. This approach was applied to the
Kosarak database analysis regarding the first two digits

of the element code as the category code. In this case
associative rules specify the connection between 99
categories of elements.

It took ConApriori algorithm about 0.6 seconds to
find 13 rules with the minimum support of 0.1 and min-
imum confidence of 0.5.

In the same environment Apriori algorithm builds a
tree of transactions from 512 nodes, in the time com-
mensurate with the measurement error. It builds one
rule fewer without detecting the rule with multiple con-
clusions.

Consider the results for another database from the
website — the accidents database. The database built, as
is noted, on real data, contains 340,183 transactions.
The number of different elements is 468.

It took ConApriori algorithm 0.6 seconds to find
329 rules with the minimum support of 0.85 and mi-
nimum confidence of 0.9.

In the same environment Apriori algorithm builds a
tree of transactions from 140 nodes, as usual, in the
minimum time commensurate with the measurement
error. Nevertheless, it builds 156 rules — much fewer
than ConApriori does — as more than half of the 329
rules are those with multiple conclusions.

It should be noted that despite the high frequency
and confidence of the constructed rules, they are in-
formatively useless as the lift parameter for all discov-
ered rules is practically equal to one, which indicates
the absence of any correlation between the premise and
conclusion of the rules. This has been expected, as the
number of items contained in the transactions is great
and detectable associations are random. In such situa-
tions it is wiser to search multi-level rules by combin-
ing the elements in groups.

Wiki datasets databases. Databases allowing us to
test algorithms for constructing frequent examples and
Associative rules are also available on the Wiki web-
site [19]. Let us do the research on the databases con-
taining real data about purchases of confectionery. The
site contains four databases of this kind. The number
of records in the databases are 1 000, 5 000, 20 000 and
75 000. The number of different elements found in the
records is 50, among them 40 confectionery products
and 10 drinks of different kinds. Elements in the rec-
ords are represented by codes of the products, but a
meaningful decryption of the codes is supplied includ-
ing the name, price and other product characteristics.

The databases present a classic pattern of market
baskets to search for Associative rules. They ideally
suit the effective search for rules by our algorithms. All
50 elements found in the records belong to the same
category, so the databases provide a good example of
search for associations within one product category.
The fact that not only one database but four bases with
the same elements are presented, allows us not only to
detect the rules, but also to test the hypothesis of sta-
bility of the rules, i.e., to see the degree of coincidence
of the rules built on all four databases representing the
same population.
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Table 5 presents the results of applying ConApriori
algorithm to the four databases.

Table 8
Characteristics of the products

Table 5
ConApriori algorithm The code of element The code’s interpretation
- 33 'Cheese','Croissant',1.75,'Food'
Confidence_ | Support_ | N_Rules [T_rules (sec.)| N tran-
min min sactions 42 'Orange','Juice',2.75,'Drink’
0,45 0,03 75 0,05 1 000 3 'Opera','Cake',15.95,'Food'
0,45 0,03 65 0,08 5000 18 'Cherry','Tart',3.25,'Food'
0,45 0,03 45 0,2 20 000 35 'Apricot','Danish',1.15,'Food'
0,45 0,03 42 0,6 75 000

Table 6 presents the results of applying Apriori al-
gorithm to the same databases.

Table 6
Apriori algorithm
Confidence_| Support_| N_Rules | T_rules N N

min min (sec.) [transactions| nodes
0,45 0,03 64 <0,01 1 000 874
0,45 0,03 55 <0,01 5000 |3783
0,45 0,03 41 <0,01 20000 |12 551
0,45 0,03 41 0,01 75000 |38 842

The effectiveness of the search for the rules in the
databases is high for both algorithms. Since Borglet’s
algorithm does not build rules with multiple conclu-
sions, the number of detectable rules is somewhat less
than for ConApriori algorithm. However, all the rules
built coincide with those built by ConApriori algo-
rithm.

What to say about the stability of the discovered
rules? Out of the 42 rules discovered in the database of
75,000 records, 30 rules meet the 4 of 4 criteria, that is,
they are present in the rules constructed for all four da-
tabases. The remaining 12 rules meet the 3 of 4 criteria.
These rules are not found in the database of 1000 rec-
ords. The database has more random associations.

The following table provides examples of stable
rules occurring in all databases.

Table 7
Examples of stable rules
The number
of records in Rules
database
1 000 33 => 42 support = 0,04 confidence = 0,49 lift = 5,94

3, 18 => 35 support = 0,04 confidence = 0,93 lift = 12,36

5000 33 => 42 support = 0,04 confidence = 0,56 lift = 6,06

3, 18 => 35 support = 0,04 confidence = 0,94 lift = 10,49
20000 33 => 42 support = 0,04 confidence = 0,54 lift = 5,82

3, 18 => 35 support = 0,04 confidence = 0,94 lift = 10,13
75 000 33 => 42 support = 0,04 confidence = 0,52 lift = 5,72

3, 18 => 35 support = 0,04 confidence = 0,95 lift = 10,24

We can see that stability of rules and coincidence
of characteristics confirms the hypothesis that the con-
structed rules are a reflection of the real existing rela-
tions between elements.

Table 8 shows decrypting the codes of the items in-
cluded in the rules presented in table 7.
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One of the rules says that choosing a cheese crois-
sant is often accompanied by choosing orange juice.
Such information can be useful for providing the best
possible service to the customers of the bakery.

Do we need the rules with multiple conclusions?

In contrast to the known tools (Borglet’s algorithm,
Microsoft Toolkit), ConApriori builds rules with a
multiple conclusion.

Explaining why his algorithm does not build rules
with multiple conclusions, Christian Borglet writes:
“Multiple items in the consequents of association rules
come at a considerable cost, which must be counter-
balanced by some added benefit in order to justify
them”.

He rightly notes that the existence of the confident
rule with a multiple conclusion, x — y, zZ implies the
existence of four confident rules with a single conclu-
sion: x — y; x — z; X, y — z; X, z — y. Further he writes:
“Given that a customer placed the item x into its shop-
ping cart, we first use the rule x =>y to infer that the
customer is likely interested in y, then hypothesize that
the customer will place item y into the shopping, and
apply the rule x, y — z to the resulting situation to sug-
gest z as well. In this way we achieve the same result,
without any loss of information or approximation, that
would result fromx — vy, z”.

The latter statement is hard to accept. The existence
of confident rules with a single conclusion does not im-
ply the existence of a confident rule with multiple con-
clusions. Meanwhile, in practice, such rules may be of
particular interest. When a Bank or some other organi-
zation offers the customers a set of services, it is im-
portant to understand not only which customers prefer
a particular service, but also which customers choose a
package of services.

Currently together with a group of physicians we
are conducting a research of the risk factors affecting
the emergence of children’s diseases. It is important to
discover the rules giving evidence of the factors influ-
encing the possibility of occurrence of a certain set of
diseases.

Similar situations (customers and the services of-
fered, patients and possible diseases) can be consi-
dered as the tasks of classification. For them the reduc-
tion in the number of constructed rules is due to the fact
that the premise of the rules is chosen from one set, and
the conclusion is taken from another one.
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Conclusion

ConApriori algorithm is based on presenting the
database transaction using enumeration given by scale.
Database records in this case can be presented by one
or more integers. The basic algorithm for the Support
function is computed in linear time proportional to the
size of the database, with the minimum constant. Using
capabilities of parallelization we can sufficiently re-
duce the computation time of this function.

The algorithm provides high performance, practi-
cally sufficient for building associative rules in large
databases.

It would be of interest to study the possibility of
combining the approach used in the algorithm with
methods of compressing the database into a tree of
transactions.
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ABdDEKTHBHBIH AATOPHTM KOHCTPYHPOBAHHS
ACCOILIHATHBHBIX ITIPABHA

B.A. Bunnue, k.m.n., cmapuiuil HayuHslil compyoHur, douerm, Viadimir-Billig@yandex.ru
(Teepcicoii zocyoapcmeeHHbLI MexHUUecKUll yHusepcumem,
Hab. Agp. HukumuHa, 22, 2. Teepw, 170026, Poccust)

KoHcTpynpoBaHHe acCOLMATUBHBIX MPABIJI SBISETCS OJHAM M3 HanOoJjee BaKHBIX aITOPHTMOB M3BIICUCHHUS 3HAHUN M3
B/1. Bce coBpeMeHHBIE alrOpUTMBI TaK MIIM HHAYE CBS3aHbI C aITOPUTMOM Apriori, MpeaiokeHHbIM B paboTax P. Arpasana u
€ro COaBTOPOB, OIMyOIMKOBAaHHBIX Ooiee ueM 20 JIeT Ha3aja M CTABIIHUX CETOMHS KIAacCHKOH. V3BecTHBIE 3(h(eKTUBHEIE peann-
3aI[1M AJITOPUTMA CBSI3aHBI CO cxkatreM b /1 1 mpencraBieHreM CTpyKTyphI JaHHBIX B BUJE IEPEBa, 4TO IO3BOIISIET 3 HEeKTHBHO
BBIYMCIIATh IOAJEPIKKY aCCOLMATUBHBIX IPABUI U IPYTUE UX XaPAKTEPUCTUKH.

IIpemnaraemsrit anropurm ConApriori He HCTIONB3YeT BhIICHA3BaHHYIO uzero. Tpansakiuu B/l paccmarpuBaroTes Kak 1ie-
peuHClIeHue, 3a1aHHOE MIKANOKH. DTO MO3BOJIAET MPAKTUUECKH MTHOBEHHO BBIYUCIATH OA3UCHYIO AT adrOpPUTMa OMNEPaIHIo,
OIPEIEIAIONLYIO, SBJISETCA I HEKOTOPOE MHOKECTBO IIOJMHOKECTBOM APYrOro MHOKECTBA. BBIUMCICHHUS CBOAATCS K HE-
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CKOJIbKUM JIOTUYECKUM KOMaHJaM KOMIIBIOTEPA. HepeqncneHI/Ie IMO3BOJIAECT TAKXKE pacCMaTPpUBATh TPAH3AKIIUIO BO BHYTPCH-
HEM NPEACTABIICHUN KaK OAHO WJIN HECKOJIBKO YUCEN, COXPAHAA B TO K€ BPEMSA CMBICII DJIEMEHTOB TPAH3aKUU B UX BHCIITHEM
MPEACTABICHUU.

I[pyraﬂ HJCd, UCIIOJb3yEeMast B aJITOPUTME, TO3BOJIACT KOHCTPYHPOBAThH OOJIBIIMHCTBO JOCTOBEPHBIX IPpaBHUJI HAa OCHOBE
PpaHeeC NMOCTPOCHHBIX JOCTOBEPHBIX IMTPAaBUIL.

B cratee gaercs 000CHOBaHHUE KOPPEKTHOCTHU aJIrOpHUTMa U MPUBOJUTCA OLICHKA €0 CIIOKHOCTHU. AHaJ'II/I?)I/IpyeTCS[ 3(1)(1)CK-
TUBHOCTB aJIrOpUTMa B CPABHECHUU C IPYTUMHU U3BECTHBIMU pEaIn3allusIMU. PaCCManI/IBaeTCH TaKXX€ BO3MOXKXHOCTB pacnapali-
JICJIMBAHUS aJIrTOpUTMa.

Kniouesvie cnosa: Data Mining, anpuopu, accoyuamushsie npaguia, no00epickd, 00CmMosepHoCmb, 1ugm, nepeucienue,
wikana, BJ], mpansaxyus, obnapysicenue sHanuil, NApainelbHble 8bI4UCIeHUs, KOPPEKMHOCTb, CIIOHCHOCIb, AHMUMOHOMOH-
HOCMb.
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IHAPAAAEABHBIE BBIYHCAEHHS TIIPH PEAAH3AIIHH
WEB-HHCTPYMEHTAPHS PACIIOBHABAHHS OBPA30B
HA OCHOBE METOZAOB IIPELIEAEHTOB

B.B. @omuH, 0.m.n., npogpeccop, v_v_fomin@mail.ru;

H.B. Anexkcaropos, acnuparm, chrono555@yandex.ru
(Pocculickuii eocydapcmeerHblii nedazozuueckuil yHueepcumem um. A.H. I'epueHa,
Hab. pexu Motiku, 48, 2. Cankm-Ilemepbype, 191186, Poccusi)

Tpennaraercs mporpaMMHOE pelICHNE, HANPABJICHHOE Ha YJIy4dIlIeHHEe KauecTBa PAClO3HABaHUS 00Opa30B M MOBBIIICHHE
3¢ PEeKTHBHOCTH HHCTPYMEHTApHsl MAIIMHHOTO OOY4YeHHs IOCPEACTBOM peaiu3anuu grid-texHonoruid. OopMymHpyOTCs
CTpaTeruyecKye HarpaBiIeHHs pa3pabOTKH HHCTPYMEHTApHs Paclio3HaBaHHs 00pa30B B BUAE MPOTPAMMHOM CHCTEMBI, OCHO-
BaHHOH Ha MPUHIUIIAX paclpee]IeHHbIX CHCTEM, paciapajuIeIMBaHus U aJallTHBHON HACTPOIKH BEIYHCIIUTENIBHBIX PECYPCOB.
PaccmarpuBaeTcst CTpyKTypa OpraHU3alMi Web-HHCTpyMEHTapHs paclio3HaBaHHsA 00Pa30B C MCIIONB30BAHMEM KOHLICIIIMU
OMOIMOTEKH adrOpUTMOB. Jlal0TCs aNrOpUTMHYECKIE PpELIeHHs pacapajlIeIMBaHus aITOPUTMOB OOYUCHHUS U PAcIIO3HABAHUS
Ha 0a3e KIIACCHYECKHX METOI0B HHTEIUIEKTYaIbHOTO aHAIN3a JaHHBIX, KOTOPbIE XOPOIIO 3aPEKOMEH/I0BAIIM ce0sl Ha MIPaKTHKE.
K TakuMm aaroputMam OTHOCSATCS METOJBI IPELEICHTOB WM METO/bl, OCHOBaHHBIC Ha MeTpukax Omusoctd. OHHU 00nanaioT
GOJBIINM NOTEHIMAIOM K paclapauleInBaHHUIO BBIYHCIUTEIBHBIX IPOLECCOB M pa3paboTKe MapalIebHBIX AITOPUTMOB HX
peanu3anuy.

Tlowcku myTeil HOBBILICHUS TIPOM3BOANUTEIBHOCTH BBIYMCIUTEIBHOH TEXHUKH, OCOOCHHO TIPH peaM3alul web-uHCTpy-
MEHTapHsi Ha OCHOBE PECYPCOEMKHX BBIYHUCIMTENBHBIX aJITOPUTMOB MAlIMHHOTO PACIIO3HABAaHUs M NMPOTHO3UPOBAHMS, TIPHU-
BEJIH K PEeIIeHUI0 co31ath grid-cucreMy. PaccMarpruBaeMBble B cTaThe apXUTEKTypa U pean3anus grid-cucTeMbl MpeAronaraT
pacrnapauieluBaHUe 1 OPraHU3alUIo PacpeIeIeHHBIX BEIYHACICHUH Ha MHOTOMAIIMHHON OCHOBE C IPUMEHEHHEM HHTEPHET-
TEXHOJIOTHH, YTO O3BOJISET MOJYINTh IPAKTHYESCKH T€ YK€ BEIYMCINTENBHBIE MOIITHOCTH, YTO H Ha MHOTOIIPOLIECCOPHBIX KOM-
HBIOTEPHBIX CHCTEMax, HO C TOPa3 0 MEHbIIIEH CTOMMOCTEIO.

B cratbe penraercs 3a1ayua MoBbIeHHS 3 (OEKTHBHOCTH BEIYUCIUTENBHBIX PECYPCOB ITPH BO3MOXKHOCTH PEKOHPHUTIYPHUPO-
BaHHs CTPYKTYPBl HHTEPHET-COCANHCHHUH, B TOM YHCIIe NPOLEAYPbl HACTPOWKH CTPYKTYPBI BHIYMCIUTEILHOMH CETH, TTOKITIO-
YaeMBIX KaHAJIOB CBSI3H U BBIICICHHBIX CEPBEPOB B 3aBUCHMOCTH OT HCXO/HBIX aJTOPHUTMOB H JaHHbIX. IIpeicTaBIeHbl 3aBU-
CHMOCTH ITapaMETPOB BPEMEHH BBITIOJIHEHHS OTepalHil OT TUCUUIUINHBI 00CITYKUBAHHS, AN TUPYIOIIEH CUCTEMY K 3alpocam
none3oBateneil. [Ipu 3ToM 3a1auu paHKUPYIOTCS IO PECYPCOEMKOCTH U IO/ HUX BBIIEIJISIOTCSI COOTBETCTBYIOIIME UX PAHTy
BBIYHCIIUTENILHBIE MOIIIHOCTH.

Kniouesvle cnosa: unmennexmyanvbhvle UHGOPMAYUOHHbIE CUCMEMbL, PACNO3ZHABAHUE 00PA308, MawuHHoe 00yuenue,

Web'CqueMbl, napaijejlbHble 6bl4UCTEHUA.

B coBpeMEeHHOM MHpE POCT MPOU3BOAUTEIILHOCTH
npu 00paboTke OOJNBIIOro KOJIMYECTBAa Pa3HOOOpa3-
HOU MH(OpPMAIUK JOCTUTACTCS TOIBKO B TE€X CIIydYasx,
KOTJla 4aCTh WHTE/UICKTYaJbHON HAarpy3ku OepyT Ha
ce0s1 KoMnbloTephl. OJTHUM U3 HANPaBJICHUH UCCIENIO0-
BaHUI B 00JaCTH MCKYCCTBEHHOTO MHTEIUIeKTa [1, 2]
SIBIISTIOTCSI HHTEIUICKTYaIbHBIE WHPOPMAMOHHBIC CH-
CTEMBI, KOTOPbIC HAXOJATCS HA IHUKE UCCIICIOBATEb-
CKOW aKTHBHOCTH, MPAKTHKH HPUKIATHOTO IPUME-
HEHHS U KomMepruanu3anuu. OHA MHAPOKO BOILIH B
pasHble 00JIACTH TMPOMBINIICHHOCTH, YKOHOMUKH, Me-
JUIMHBL ¥ T.J1. MHTeIIeKTyalbHbIe HHOPMAIIMOHHBIC
CHCTEMBI COCPeOTOUmIN B cebe Hanbosee HayKoeM-
KH€ TEXHOJIOTHHU C BBICOKHMM YPOBHEM aBTOMATH3AIUU
MPOIIECCOB HE TOJBKO MOATOTOBKHM MH(GOPMAIMU IS
MPUHATHS PEHICHHUH, HO ¥ BBIPAOOTKH BapUAHTOB pe-
IICHUH, OMMPAIOIINXCS Ha TOyYeHHbIe HH(OpMAIH-
OHHOM CHCTEMOMU J1aHHBIE.

[Ipobnemsl >PEeKTUBHOTO NMPUMEHEHUS, UCTIOJb-
30BaHMS, BHEIPCHUS HHTCIUICKTYAIBHBIX CHCTEM
OMPENICNISAIOT CI0XKHOCTD IMOIX0J0B K KIACCU(PHUKAIINU
3aJja4 MCKYCCTBEHHOTO HWHTCIUICKTA M PEIIAIOTCS B
paMKax pas3JIMYHbIX HANpaBICHUH UCCIIEIOBAHUMN, OC-
HOBAaHHBIX Ha OJHM3KUX MOJEIIX, METOIaX U aJTrOpUT-
Max. K TakuM miccae10BaHusIM OTHOCSATCS pacrio3HaBa-

HHe 00pa30B, MalIMHHOE 00yUYeHHe, MalllMHHbII nepe-
BOJI, MHTEJJIEKTYaJIbHBIA aHaTN3 JaHHBIX U Jp. [2].

OpHoi#t U3 0a30BBIX ANMOPUil WHTEIUICKTYaTbHOTO
aHaM3a JaHHbIX [3] ABJIAIOTCS TEXHOIOTHUHU paclo3Ha-
BaHUs 00pa3oB [4—6]. PacnioznaBanue 00pa3oB — Kiiacc
3aJa4, CBSA3aHHBIX C OINpEeNICHIEeM MPHHAIIC)KHOCTH
00beKTa K OZTHOMY U3 KJlaccoB 00beKTOB. Pacrio3HaBa-
HHEe 00pa30B MOXKHO paccMaTpHUBaTh Kak Kiaccu(puka-
o 00bekToB. CIOKHOCT M MHOTO(aKTOPHOCTB
npoOJyieMbl  pacrio3HaBaHHUs 00pa3oB, pa3HOOOpasue
npoOyieMHBIX oOnacTeli M KaTeropuil 3ajad, OTCYT-
CTBHE YHHMBEPCAJILHBIX METOJIOB PEIeHHUs 3a]a4 pac-
MO3HABAHUS IPUBOST K TOMY, YTO TPAJUIHOHHAS Me-
TOZIOJIOTHS pa3pabOTKH CHUCTEM paclO3HABaHMSA, Kak
MpaBUJIO, HE MO3BOJISIET JOCTUTHYTh TpeOyemoit a¢-
(heKTHBHOCTH PE3YJIbTATOB B PaMKaX MPOMBIIIIEHHOTO
MIPUMEHEHUS.

B Hacrosimiee BpeMs CyIIECTBYET 3HAUHTEIIHLHOE
MPOTUBOpEYHE, OOYCIOBICHHOE YPOBHEM pa3BUTHS
(hopMaibHOTO amnmapara TEOpUH pPaclio3HaBaHKs 00pa-
30B, CpaBHHUTEJILHONH OTrPaHUYCHHOCTBIO M Y3KOU
HAaIpaBJIeHHOCTHIO OOJNBIIMHCTBA U3 CYLIECTBYIOMINX
MPUKIIAIHBIX CHCTEM paciio3HaBaHus. JlaHHOE MPOTH-
BOpEYHE YaCTHYHO MOXET OBITh MPEOIOICHO ITyTEM
pa3paboOTKU WHTETPUPOBAHHBIX MHOTO()YHKIIMOHAIE-
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HBIX aBTOMaTU3UPOBAaHHBIX HH()OPMALIMOHHBIX CHCTEM
pacro3HaBaHus, OPHEHTHPOBAHHBIX Ha pELICHHE IIU-
POKOro Kiacca 3ajad W JOIMYyCKAoUINX aIanTaluio H
HAaCTPOWKy Ha HOBYIO NIPEIMETHYIO 00IaCTh U KaTero-
pHIO 3a/1a4.

Onucanue nporpammsbl. B paMkax ncciaenoBanuit
mo TemaTnke «Web-MHCTpyMeHTapuii MAaIIMHHOTO
00y4YeHHI» B KaUeCTBE MPOTOTHIIA 0OJIAYHOTO pecypca
paspaborana nporpamma «Web-nHcTpyMeHTapuii pac-
MO3HaBaHUS O0pa30B HA OCHOBE pACHIMPSIOIICHCS
OMONMMOTEKH METOIOB MAIIMHHOTO o0y4deHus» [7, 8].
[Iporpamma MosxeT OBITh HCIIOJIB30BaHA 11 HPUHSATHS
PELICHUH IUPOKUM KPYT'OM JIUII, B TOM YHCJIE CTYACH-
TaMH, TpenoaaBaTeNsIMu, OM3HECMEHaMH, CIICIHalIi-
CTaMH B Pa3IMIHBIX 00IACTSIX.

B 6a30B0ii Bepcun nporpaMMbl pearn30BaH K1acc
METOJIOB MPEILECHTOB KaK MONb3YIONasicss MOMyIsp-
HOCTBIO KJIaccWKa B obOmactu data-mining. MeTossr
MPENEICHTOB COCTOAT U3 CIEAYIOINX IUKIOB: 1) u3-
BJICUCHHE IIOXOXKETO TpeleAeHTa W3 OMOIMOTEKH;
2) ucronb30BaHUE BHIOPAHHOTO IMpeLe/eHTa s 10-
CTPOEHUS pelIeHus; 3) IpoBepKa NOIYIEHHOTO pele-
HUS; 4) 3aHECeHUe pellleHHs Kak HOBOTO Mpele/IeHTa B
6ubnuorexy. Takum o6pa3zom, cUCTeMOIl HakKarIMBa-
eTcs OMBIT (TMPEeleNeHThl) U peaan3yeTcsl MaIlluHHOe
o0ydeHHe, 9TO CIIOCOOCTBYET MOBBIMICHUIO KAadyecTBa
MPUHUMAEMOT0 peleHus [9].

I'maBHBIM JTOCTOMHCTBOM METOJIOB IPELE/ICHTOB
SBIISIETCS MX BBICOKAsl 3((EKTUBHOCTD JUII MHOXECTBA
33724 C TOYKU 3PEHUS JOCTOBEPHOCTH pe3yjbTara U
KOMITaKTHOCTH aJITOPUTMOB aHAJIN3a, a TJIABHBIM HEI0-
CTaTKOM — TpeOOBaHUE 3HAYUTEIHHBIX BBIYHCIHTEb-
HBIX pecypcoB. OCOOCHHO 3TO aKTyalbHO IpU padoTe
¢ 6onmpmMMU 00beMaMH JaHHBIX.

B kagecTBe OCHOBHBIX QJITOPUTMOB aHAJIN3a B IIPO-
rpamme (puc. 1) ObLIM peaar30BaHbl TAKUE METOJIBI
NpeleeHTOB, Kak MeTo]| k-Ommkaiinux coceneit, me-
TOJ| MMOTCHIMANBHBIX (PYHKIMH, METO] STaJOHOB, Me-
TOJ] KOPPEKIIMOHHBIX IPHUPANICHNH, METOJ HauMEHb-
MINX CPEJHEKBAAPATUUECKHX OIIMOOK, METOJ HaWB-
HBIN OaifecoBCcKuit. MeTOIBI OCHOBAHEI HA AJITOPUTMAX

METPHYECKOH KilacCU(PUKAMK U OLICHUBAHHU CXO[-
CTBa OOBEKTOB, JIJISI BCEX METOJIOB XapaKTepPHO HalH-
e oOyJaromei BBIOOPKH.

[Tporpamma pa3BUBaeT KOHIENIINIO OOTATHBIX BbI-
YHCIEHNH W OCYIIECTBISIET PAcIO3HABaHHE OOpPa3oB
Ha OCHOBE METOJIOB MAIIMHHOTO OOYYEHHs MOCpen-
CTBOM pealn3alui web-cepBrca W HCIIOIb30BaHUSA
web-texnonornii. KoMnoHeHTs! web-TexHONIOTHI B
MporpaMMe peann30BaHbl C IIOMOILBIO CEPBIETOB, KO-
TOpBIE PACIIMPSIOT (QYHKIMOHAIBHOCTH Wweb-cepBe-
poB. BEIOOD B 1107163y CEpBIETOB 00YCIOBIEH TEM, YTO
OHH T03BOJISIIOT CO3/1aBaTh MIaT(OPMEHHO-HE3aBHCH-
MBIH KOJ, MPEAOCTaBJISIOT BO3MOXXHOCTh MacIiTaOu-
pPOBaHMsI IPOrpaMMbI U MOTYT BBINOJHSATHCS Iapal-
JIETHHO B PaMKax OJIHOTO TIPOIiecca Ha cepBepe.

AJITOPUTMBI  pacnapajljieIHBaHUSI MeTO/I0B
npeneaeHToB. boppba 3a 3 PeKTHBHOE HCITOIB30BA-
HHE BBIYMCIUTENBHBIX PECYpCOB NpHUBENA K IOSBIIC-
HHIO TEXHOJIOTHI paclpeneNeHHbIX CHCTEM U Iapai-
nensHBIX BbraucieHui [10, 11], B wactHOCTH, grid- u
UHTepHeT-TexHoNorui. Grid-cucrema CTpoUTCS MO
NPUHIHUIY KIWEHT—CEPBEP, COCTOMT W3 OJHOTO WM
HECKOJIbKUX KOMITBIOTEPOB-CEPBEPOB M MHOXKECTBA
KOMITBIOTEPOB-KIMEHTOB CBOOOHOW KOHPHUTYpaALUU U
MPEeJCTaBIsIeT CO00i A hEKTHUBHYIO I pacrapaiie-
JMBaHUS CTPYKTYPY BBIUHCIUTEIBHBIX PECYPCOB.

Tak kKaK y METOZOB IPEUEACHTOB HaIM4YNe 00yJa-
IoIIel BRIOOPKH 0053aTENTFHO, B MX pab0Te MOXKHO BEI-
JITIUTB JIBa MTOCJIEA0BATEIbHBIX ATAIA: 3Tall 00yIEeHUs
W 3Tal pacro3HaBaHusi. PaccMOTpHM CXeMBI peann3a-
IIM 9THX TAIOB Ha OJTHOM KOMITbIoTepe (6a30BOM Jutst
pacueToB koMmbloTepe Ko) 6osee moapodHo. B pamkax
UCCIIeIOBaHUH MHOXeCTBa 00y4aloUIMX U Kiaccugu-
UPYEMBIX OOBEKTOB INPEJCTaBICHBI KaK OTIENbHbIC
(haitsel, a OOBEKTHI B HUX — KaK CTPOKU aTpHOYyTOB.
Daiin ¢ obygaromumu 00bekTaMH (Fosyw.) cOmEpKUT W
00BEKTOB (CTPOK), a (aitn ¢ KiaccCupuIUpyeMbIMU
o0bexTaMu (Fyuacenp.) IMEET M OOBEKTOB.

Ortan ody4yenns. Jran oOyueHus Ha Ko KOMITbIO-
Tepe 3akiodaercs B ciexyronieM: 1) kommbiotep Ko
MOOYEPETHO CUUTHIBAET OJMH U3 W 00ydJaromux o0b-
eKTOB (k-1 00BbeKT) U3 daiina Fosyy. 1 10-

Tlomoms Miums momszoearem: Tocts ArTopmzamus

Mowm chainbl
3arpyska
Cnucok Becex dhainnos

CpeacTsa aHanmsa

[MaeHas cTpaHuua

JlaeT ero Ha BXOJ Kiaccuukaropa; 2)
KJIacCU(PUKATOP, TIOTYIUB (k- 00ydaro-
M 00BEKT, CTPOUT HA €r0 OCHOBE pe-
IICHHE C YI€TOM MepHI OJIM30CTH IIpHUMe-

MeToqb! npeLeaeHTos
MeToa K 6nuxaiwmx cocenen
MeToa noTeHUManbHbIX hyHKLWIA
MeToq sTanoHos
MeTon KOPPEKLMOHHEIX NPNpaleHni
MeToq HafMeHbLMX CPeAHeK. OlNGOoK
MeToa HaWBHbIA BalecoBcKui

AononHuTensHo

Momowbs

O npoekTe

PaapaGoTunkn

Llesio npoexTa aB1seTCa paspaboTka Web-cepsrca o pacriossasamo
0BPAT0B HA OCHOBE PACTIHPAIOMIINTCA GHETHOTEKH METOTOB MAIHHHOTO
oByera. PaspaboTka BETETCA B PAMKAX HCCTETIOBAHHH TTO TEMATHKH
«WEB-HHCTpy esTApHit MATIHHNOTO OBYHeHHD)

HEeMOro MeTo/ia npeuenaenra. [locne no-
CTPOCHHUS PEICHHMs Ha OCHOBE BCEX W
o0bekToB M3 (aitna Fosya, HA BBIXOZE
knaccupukaTopa oOpasyeTcs cucTemMa
PEIIAIOINX TIPaBHII, CIIOCOOHAS OTIpeie-
JUTh KJIACC KIACCHPUIHPYEMOro 00b-
€KTa.

Puc. 1. Menio ynpaenenus npozpammor « Web-uncmpymenmapuii

MAMUMUHHO20 06yquu}z»

Fig. 1. The program control menu “Machine learning web-zools”

O603HauMM BpeMsi 0OydeHHust Kiac-
cupukaropa Ha (k-M OOBEKTE Kak
Tosys.(Qk). Torma Bpems oOyueHus Ha oc-
HoBe (haima Fosyu. Ha Ko KOMIBIOTEpE
paccUUTHIBACTCSI KAK CyMMAapHOE BpeMs
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Bpemsi npenoopadoTku
Xk-TO 00bEKTA

Bpems onpenesenns Kiaacca
Xk-TO 00beKTa

Bpemsi no6aBienust
c-To KJIacca

Tnpe}:oﬁp.(xk) Tonpcﬂ.(xk) Tuoﬁan.(ck)
/_H A A
s N
IpexoGpaboTka Cucrema Omnpenenexnue JloGaBiienre
daiin p P R KJIacca Xg-TO Cx-T'O Kj1acca B .| Brxoanou
> X-To oObeKTa > peIIaoInX . . > .
Fronaceno. o0bekra BBIXOHOM (haiist taiin

ane:mﬁp,(xk) IIpaBuJI E =

onpeu.(xk) noﬁas.(ck)
L |

Puc. 2. Obwas cxema pacnosnasanusi Memooamu npeyedennmos

Fig. 2. General scheme of recognition by precedents

o0y4ueHHs KIaccupuKaropa Ha W 00yJaromunx o0beK-
Tax:

TOOGW.:ZTOOG)’H.(qk) . (D
k=1

Jran pacno3HaBaHHUsl. DTall paclio3HaBaHUS Ha
Ko xoMmbroTepe (puc. 2) 3aKIf09aeTcs B CICIYIOIIEM:
1) kommprotep Ko moodepenHo 3anmMaetcs mpenobpa-
0OTKOW OTHOTO W3 M KIacCHHUIMPYEMBIX OOBEKTOB
(Xk-11 00bekT) U3 aitna Fyuaceup.; 0003HAUNM 3TOT 3Tal
Kak QyHKOUIO Frpenoop.(Xk), @ BpeMs, 3aTpadeHHOE Ha
penoOpaboTKy Xk-To 00BEKTa, KaK T npenosp.(Xk); 2) 3a-
TeM Xk-i OOBEKT MOCTYMAET Ha BXOJ CHCTEMBI PEellalo-
IIMX TPaBUII, KOTOpast OMpeIesisieT ero kiace (Cx); 000-
3HAYMM 3TOT 3Tal KaK QYHKIHIO Fonper(Xk), @ Bpems,
3aTpaueHHOE Ha OIpeJeIeHUe Kiacca Xk-To 0OBbeKTa,
KakK Tompen(Xk); 3) B 3aKIIFOUEHHE KJIACC Xk-TO OOBEKTA
(Cx) mobarJIsieTCsI B BBIXOAHO# (haiii, 3T0T 3Tar 0003Ha-
9UM KaK QYHKIHIO F o645 (Ck), @ BpeMsi, 3aTpaueHHOE Ha
JIo0aBlIeHUE Ck-TO KJIACCa, Kak T zo6as.(Ck).

Tornma Bpemst pacrio3HaBanusi Ha Ko KoMIbroTepe
paccuuThIBaeTCs 1o Gopmyiie

T 0 pacr. = Z (T 0 npenoﬁp,(xk) + T 0 onpeq.(xk) +T 0 quaB.(Ck))' (2)

k=1
Wnu, crpynnupoBaB BpeMst 110 GyHKIUAM, Iepe-
nuieM Gopmyiy (2):

m m
T 0 pacr. = ZT 0 npeno(’)p.(xk) + ZT Oonpen,(xk) +
k=1 k=1

m A3)
+ZT 0 noGaB,(Ck)'

PaccMOTpHM ¥ IpoaHaNU3UpyeM BXOJSIIHME B pac-
MO3HAaBaHUE KIACCUPHUIPYEMBIX 0O BEKTOB IPOIIECCHI
Ha Ko koMmmbroTepe 6oee moapoOHo.

IIpomece mpenobpaboTku (GYHKIHA Frpenosp.(Xk))
Ha Ko KOMITBIOTEpE COCTOUT U3 JABYX ATAMOB: 1) uTeHHe
Xk-To 00bekTa u3 daina Fynacenp.; 0003HAUNM UTEHHUE
KakK QYHKIHIO Fure (Xk), @ BpeMs, 3aTpaueHHOE Ha YTe-
HHE Xk-TO 00BEKTa, KAK Turen.(Xk); 2) 3aIHCH Xk-TO 00B-
€KTa B BEIXOAHOMW (aiiir; 0003HaYMM 3a1nch Kak GpyHK-
IHIO Fian(Xk), @ BpeMsl, 3aTpaueHHOE Ha 3alHCh NPOYH-
TaHHOTO Xk-TO 00BEKTa B BBIXOIHOH (haiii, Kak T san (Xk).
Jpyrumu ciioBaMu, BpeMs MPeaoOpabOTKH Xk-TO 00b-
ekta Ha Ko KoMmbroTepe ompenemseTcs mo (hopmyie
TO npe;{oﬁp.(xk) = TO qTel—L(Xk) + TO 3arL(Xk)~

[Mpouece ompeneneHus Kiacca CHEUUPUUYCH LIS
Ka)XJOr0 M3 METOJOB IPEIEICHTOB, CIIeIOBATEIbHO,
BpeMsI OTIPEeICIIeHNsI Kitacca OyIeT 3aBUCETh OT MpUMe-
HEHHOTO METO/Ia MPELEeICHTA.

ITporecc no6aBIeHNUSI pE3yIBTATOB PACIIO3HABAHHSI
Xk-To 00BEKTa B BHIE Kiacca Ck B BBIXOJHOW (haiii
(pyHxums Frosas.(Ck)) Ha onHOM Ko KOMTIBIOTEpE TIpE-
cTaBisieT co0oi (pyHKIMIO 3amucH Kiacca Ck B KOHEIl
BBIXO/IHOTO (haiiia u pacCUUTHIBACTCSI CIESIYIOIUM 00-
pasoM: To nosas.(Ck) = To san(cK).

JlononHUTEeNnbHO ~ BBEAEM ~ JBa  Iapamerpa:
TO cpenn. onpen. M VO CPEMH. OmpeL. -

To cpens. onpen. — CPEIHEE BPEMsI ONPEICIICHUS Kiacca
Ha Ko koMmbroTepe 0IHOTO KiIacCUBHUIPYEMOTo 00b-
_ kale 0 onpeu.(xk)

CKTa: T 0 cpean. ompex.
m

V0 cpem. omper. — CPEAHSISI CKOPOCTH OIPEAEICHUs
KJ1acca 00beKkToB Ha Ko KoMIbIoTEpE, TO €CTh CKOJIBKO
KJIACCOB OOBEKTOB (YMCIIO MOXKET ObITh HenenbiM) Ko
KOMIBIOTEP OMPEAC/IACT B €CAMHUIY BPDEMCHU:

! @)

V 0 cpean. onpen. =
0 cpenn. onpen.

CrouT OTMETUTH, 4TO To cpenn. onpen. M Vo CPEH. ONpEL..
JULsl BceX 00BbEKTOB pacro3HaBaHus Ha Ko koMIbloTepe
OJIMHAKOBBI, IOTOMY YTO MOPSIOK M KOJUYECTBO OIe-
panmii U1 onpeAeNeHns Kiracca II000ro o0beKTa o1u-
HAKOBO, a CKOPOCTb BBINOJHEHHs omepanud Ha Ko
KoMImbioTepe moctostHHa. CiiejoBaTeNnsHO, 9eM 00JIb-
11Ie CKOPOCTh BBINIOJHEHHs onepanuu Ha Ko KoMIibo-
Tepe (MPOU3BOUTEIILHOCTD), TEM MEHBIIE T cpera. onpen.
n 6oxpure Vo CpeZH. onpex. -

C yuetom dopmyusl (4) hopmyiry (3) MOKHO nepe-
IHICaTh TaK:

+

0 cpexn. onpen.

T 0 paciw. = ZT 0 npeﬂoGp,(Xk) +
k=1
) 5)
+ z T 0 ,ElOGaB.(c k)'
k=1

Peanu3anus mapajiesibHOM BbIYUCIUTEIBHOM
CHCTeMBbI. AHAJIM3 OCHOBHBIX MPOLIECCOB dTama pacio-
3HaBaHUs U POPMYIBI (2) MO3BOJIAET CACNIATh BHIBOJ,
YTO PacCIO3HAaBaHUE Xk-TO 0OBEKTa HUKAK HE CBS3aHO C
pacmo3HaBaHUEM OCTAIBHBIX  KIACCUPHUITUPYEMBIX
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00bekToB. TakuM 00pa3oM, pacro3HaBaHUE 0OBEKTOB
MOXHO JIeJIaTh NapaijeiabHo Ha N KOMIbIOTepax, a 3a-
NHCHIBATH PE3yJIbTAaThl paclO3HABAHMS B OJMH BBIXOJI-
HOU (aify1 Ha IEHTpaTbHOM cepBepe. pyruMu cio-
BaMH, IIOJKJIIOYUB N KOMITBIOTEPOB K Ko, MOKHO HOITY-
YHUTHh BBIYUCIHTENBHYIO ceTh, Tae Ko Oynmer Hrparh
POJIb LICHTPAJIBHOTO CepBepa.

Ha pucynke 3 nokasaHa CTpyKTypa TakoW mapai-
JIETBHOW BBIYUCIUTENBHON CUCTEMBI M3 N KOMITbIOTE-
poB Ki, Kz, Ky 1 cepBepa Ko, rne dyakimun Frpenosp. (Xk),
F 10628.(Ck) TaKue ke, Kak B cIydae 0JJHOTO KOMIIbIOTEpa
Ko, motomy 4T0 cepBepoM sBisercs Ko KoMObroTep.
Oco0y10 posb B BBIYHCIUTEIBHOW CHCTEME HIPaeT
(dyHKIMA pacripeaeneHust M KiaccupUIMPyeMbIX 00b-
eKTOB MEXIy N KOMIBIOTEPaMH, TO €CTh (YHKLUS
P(m, n). ®ynakmms P(m, n) mo Mepe TOro, Kak KOMITb-
I0TEpPBI 3aKOHYMIH 00paboTKy OJJHOrO 00BEKTa, mepe-
JaeT UM II0 3aJJaHHOMY JITOPUTMY HOBBIH Kiaccudpu-
UpYeMBIil 00BEKT sl pacro3HaBaHus. COBOKYyII-
HOCTh 0OBEKTOB It 00paboTku Ha Ki-M KoMIbloTEpe
0003HaUMM Kak Xi = <Xi; Xi2; ...>.

CyTb pabOTHI TAKOI BHIYUCIUTENBEHON CHCTEMBI 3a-
KITI0YaeTcsl B clieqyromeM: 1) cepBep moodepeaHo 3a-
HUMaeTCs IMpe00padboTKOM 0JHOTO U3 M KiIaccu(UITH-
PYEMBIX OOBEKTOB (Xk-H 00BEKT) U3 paina Fipaccup. U
nepenaer ero gpynkuuu P(m, n); 2) dynkuus P(m, n)
pacmnpenenser MoTy4eHHbIN Xk-i 00bekT Ha Ki-if KoM-
NBIOTEP COTJIACHO AITOPUTMY pealn3aluu (YHKIHUNA
P(m, n); 3) mocie pacmno3HaBaHus Ha BbIxozae Ki-ro
KOMIIBIOTEpa 00pasyeTcs pe3yJbTaT B BHIE Kiacca Cy;
4) cepBep, NOJIY4UB KIacc Ck, J0OABISIET €ro B BEIXOJI-
HOU (a1 ¢ MOMOIIBI0 GYHKIUHU Fjopas.(Ck).

Heo0x0quM0 y4UTBIBaTh, 4YTO CKOPOCTBH pacio3Ha-
BaHHA (Vi cpen. onpen.) Y KOMITBIOTEPOB MOKET OBITH pa3-
JMYHOM, TaKk Kak KOMIBIOTEPbl MOTYT 00JanaTh
pa3HOi MPOU3BOIUTENBHOCTHIO. OTCOPTHPYEM KOMIIB-
I0TEPBI 10 CKOPOCTU Vi cpem. onpen. B TIOPSAKE BO3pAC-
tanus. Ecmu ckopocTH Vi cpemn. ompen. Y HECKOJIBKHX
KOMITBIOTEPOB OJIMHAKOBBIE, OyJIeM COPTUPOBATh UX B
TIOPSI/IKE BO3PACTAHMUS HHICKCOB | (KOMIIBIOTEPHI IIPeI-
cTaBjeHsbl B Buze Kj).

BBenem o6o3HaueHne Ki wuu. npous. JUII OTCOPTHPO-
BAHHOTO I10 BO3PACTAHHUIO CKOPOCTH Vi cpem. onpen. PIIA

KOMITBIOTEPOB, @ UX CKOPOCTb Vi cpemm. onper. 0O03HAUNM
\ [POU3. CPE/IH. OTIPEL. « HaHpMMep, K1 s, npous. — HepBI)H\;I
KOMIIBIOTEP B PAIY, TO €CTh KOMITBIOTEP, Y KOTOPOTO
CKOpPOCTBH V1 v, HPOU3. CpeIH. Onpet. Vi . TIPOM3. CPEJIH. ONpESL. »
rme 1 <i<n, 1o ectb CKOPOCTH Vi cpenm. onpen. MEHBIIIE,
YeM y Hero, cpenu N KOMITBIOTEPOB HET.

JloTIOTHUTETBHO OTMETUM, YTO K3 wun. npous. — BTO-
PO KOMITBIOTEP B PSIY, TO €CTh, €CIIM U3 MHOXKECTBA
N KOMIIBIOTEPOB UCKITIOUHUTD K| yuw. npons., TO CKOPOCTH
Vi CpPEJIH. ompe. MCHbBIIC V2 MHH. IIPOH3. CPEH. OIPE. Cpeﬂl/l MHO-
JKecTBa N—1 KOMIBIOTEPOB HE OYIET.

Paccunraem Bpems pacrniosHaBanus daitna Feuaccu.
Takoi cuctemoil. McciemoBas 3tamnel paboThI mapai-
JIEJTbHOM BBIUUCIUTEIBHON CUCTEMBI U3 N KOMIIbIOTE-
POB, MOXKHO C/IETaTh BBIBOJ, YTO BpeMs paclo3HaBa-
HUS OyIeT 3aBUCETh OT PabOTBl CaAMOTO IOJTOTO MO
BpeMeHH 3BeHa. OOO3HAYMM KOMITBIOTEp M3 STOTO
3BeHa KakK Kour. spena, KOTHIECTBO OOBEKTOB, TIOCTYITHB-
X Ha Kyonr, ssena, KaK P zonr. seera, CKOPOCTD Vepens. onpen.
KOMITBIOTEPA Kionr. 3cna KK V nonr. seewa cpenn. onpen.. CTOUT
3aMETHUTh, 9TO KOMIBIOTEP Konr. ssena MOXKET HE COBIIA-
JaThb C Ki MUH. TIPOU3.+

Jlns pacueToB BpEMEHH pACIO3HABAHHS TaKKe
HEOOX0/IMMO OTMETHTH cieiylomee: 1) KaKk roBopu-
jock BeIIe, Ki-ii KOMIBIOTEp MOIydaeT OOBEKT I
pacro3HaBaHUs TOJNBKO IIOCIIE PACHO3HABAHHA Xk-TO
00BEKTa M 3alMCH CEPBEPOM €TOo Kiacca B BBEIXOTHOU
(hatir; 2) u3-3a TOTO, YTO YTEHHE OOBEKTOB W3 (haiina
Frnaceng. TPOMCXOIUT MTOCIIEOBATEIBHO, @ PACIIO3HABA-
HUE TapalIeIbHO, MOXKET BOSHUKHYTH CUTYAIIHS OKH-
nmaaus yTeHns Ki-M KOMITBEOTEPOM CBOETO 00BEKTA JIJIs
pacno3HaBaHusi, TO e€cTh Ki-ii KOMIBIOTEp BBIHYXICH
KJIaTh, TIOKA OCTAJILHBIC KOMIIBIOTEPHI HE MPOYUTAIOT
CBOM O0BEKTHI; 3) 3aIKCh B BBIXOHOH (haiis Toxe mpo-
HCXOMUT MOCIICAOBATEIbHO, YTO MPEOaracT Haau-
gre BO3MOXKHOCTA OXHIaHus Ki-M KOMITBIOTEpOM
cBOeil ouepenu 3amucu. J[pyrumu cioBaMH, HEOOXO-
JTUMa CHHXPOHH3AINS POIECCOB PACIIO3HABAHUSI.

3aMeTHM, 4TO W3-32 CHHXPOHH3AIUH KOMIBIOTEP
Kionr. ssena MOXKET OKa3aThCSI TIOCICIHUM B OYepeId Ha
YTEHUC U eMY MPHUICTCS KAATh, IMOKa Bce N—1 KOMIIb-
IOTEpbl HE MPOYUTAIOT CBOM OOBEKTHI W3 (haiina
Frnaceng.- TO e caMoe OTHOCHTCS M K 3aIHCH KJlacca B

TO npenodp. (Xk)

Ti onpeu.(xk)

TO 100 as,(ck)

— — ~
X Fanpen (1)
o~ Kl ompen.\/M
OyHKLMS
pacrpenenenus
M 00BEKTOB )
Daiin R rii?:ggiiﬁza o mexayn X.= K |G Foupen (%) | Cepaep | Fuosu (k) | Brrxonmoit
Fknawu(j:. F npenobp (Xk) KOMIIbIOTEpaMH : (KO) q)aHH
' P(m, n)
X | PonpeaOX)
n

Puc. 3. Peanuszayusi napannenbHo2o 8bIMUCIEHUs C NOMOWbI0 n+ 1 KoMnblomepos

Fig. 3. Implementing parallel computing with n+1 computer
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BbIX0/1HOH (aitn. C yueToM 3TUX yCIIOBUI paccyuTaeM
BpeMs pacrio3HaBaHus daina Fiaceng.:

n 1
T paci. = ZT 0 npeﬂoﬁp.(xk) + +
k=1 V JIOJIT. 3BEHA CPEJIH. OTpes. (6)

n
+ kz T 0 goGaB.(C k)j x pgonr. 3pena’
=1

n
rae ZT 0 npenoﬁp.(xk)

k=1
moka Bce N—1 KOMIBIOTCPBI HE TPOUUTAIOT CBOU 005-
C€KTbl, U BPEMCHU YTCHUA KOMIIBIOTEPOM Kﬂoﬂr_ 3sena CBO-

1

CyMMa BPEMCHHU OXHUIAHUA,

ero o0beKTa; — BpeMsl OIpeieNICHUs

JIOJIT. 3BEHA CPEJIH. OIpPEs.

Kj1acca OJJHOTO KIACCU(PUIMPYEMOro 00bEeKTa KOMIIb-

n
10TepoM Kionr. smena; 2T 0106 (Ck) — CYMMa BpeMEHH
k=1

OKHJaHUs, TOKa Bce N—1 KOMIBIOTEPhI HE 3alUIIyT
CBOM KJIACChI, M BPEMEHU 3alKHCH KOMIBIOTEPOM
Ko, ssena KJTACCA CBOETO OOBEKTA; P sonr. s5ena — KOJIAYEC-
CTBO OOBEKTOB, KOTOPOE PACIIO3HAET KOMIIBIOTEP
KI[OJTF. 3BCHA-

Wnu, crpynnupoBaB BpeMs 110 GyHKIUAM, Iepe-
nuieM Gopmyay (6):

) p
T pacn. = ZT 0 npeuo6p,(X k) + — Aoar.seema +
) k=1 JIOJIT. 3BEHa CPEJIH. OMpe. (7)
+Z To uoﬁas_(C k)-
k=1

Heo0xoauMo NpHHATH BO BHUMaHHE, YTO OT pea-
JM3alUK ajJropuTMa pacrpeeneHns: 00beKToB QyHK-
et P(m, n) Oyzner 3aBuceTh U pe3yiabTaT 00paboTKH,
Tak Kak oT GpyHKIuUU P(M, N) 3aBUCUT YUCTIO Prosr. sseua-
PaccMOTpUM HECKOJIBKO BapHAHTOB PEAIN3alUU ATOH
(hyHKIHM.

Mepsoriii Bapuant. @ynkius P(m, n) paBHOMEpPHO
pacnpezenseT kiaccuduppyemble 00bEKThI MEXKIY N
KOMITBIOTEPaMH 110 CIeAyIomeMy npuHImy: Xi = <Xi;
Xi+n; Xi+2n; ...~

PaccuntaeM KOMMYECTBO  KIACCH(DUITUPYEMBIX
O00BEKTOB, KOTOpBIE MONYYUT KaXK/AbIH KOMIIBIOTEP.
st aToro yurem TOT (akT, 4To M (KOJIMYECTBO 00B-
€KTOB) MOXKET OBbITh HE KPaTHBIM YHCITY N (KOJHMYECTBO
KOMITBIOTEpOB). Torja HEKOTOpbIe KOMITBIOTEPHI TTOJTY-
yaT MeHbllle 0OBEKTOB, a Jpyrue Ooible 0OBEKTOB
(Pwaxe.). PaccunTaeM makcuManbHOE KOJMUYECTBO 00B-
€KTOB, KOTOPBIE TOJIy4aT KOMIBIOTEPHI NIPH YCIOBUH,
qro M > N:

m

n

p Make. 2 (8)

rie

m
— ‘ — OKpYTJIEHHE Yrciia M/N 10 IEI0ro Yrcia B
n

0OJBIIYIO0 CTOPOHY.

YroObl BOCIONB30BaTHCS (opMmynoi (7), HE0OXO-
Mo onpeneuTh Kior. ssena, @ TOYHEE, €O CKOPOCTh
Vonr. spena cpen. onpen. B KOJIMYECTBO OOBEKTOB, KOTOPOE
oH pacnosHaer. 13 (8) u ompenenenust Ki yun. npous.

MOXHO cJeJaTh BBIBOJ, YTO Ko ssena = Ki s, npous.
VI[DJ'[F. 3BCHA CPEIH. onpen. = Vl MHH. IIPOU3. CPEIH. OIIPEL. » a pI[OJ'll‘. 3BeHa:
= Puaxe.. Torma mo popmyne (7) paccantaeM Bpems pac-
mo3HaBaHUS ¢aitna Fiuacenp. TIPH PAaBHOMEPHOM pac-
npeneaeHn 00bEKTOB MEKAY N KOMIBIOTEPaMH:

m
T paBH. paciL. = z T 0 npeuo(’)p.(x k) +
k=1

p ) ©)
+ Makc. + Z To aosan,(Ck)'

\ 1 mun. npouss. cpemi. onpea.  K=1

[Ipoanammsuposas Gopmyry (9), MOKHO clenaTh
BBIBOZ[, 9TO CKOPOCTB V1 wun. npous. cpemt. onpen. OOPATHO
MIPOTIOPIMOHATFHA BPEMEHH PACIIO3HABAHUS.

Bripazum V1 s, npous. cpean. onpex. ICPE3 Vo CcpejH. ompe. -
AT npous. cpe. onpen. — O * Vo cpeH. onpen- HapaMeTp o
MOKAa3bIBACT, BO CKOJBKO Pa3 Ki yum. mpons. MEIVICHHEE
Ko, eciin 0 < o < 1, u 6bICTpee, eciu o > 1.

[epemnumem dopmyny (9) ¢ yderoMm BBEICHHOTO
mapameTpa ol:

u p
T paBH. paci. = z T 0 upeuoﬁp.(xk) + —e— +
k=1 ax 0 cpemn. onpest. (10)

m
+ZT 0 noﬁan.(c k)'
k=1

PaccmorpeB dopmyiy (10), MOXKHO 3aMETHTh, 4TO
NepBOe M TPEThe cllaraeMble Bcerga OyAyT BHOCHUTH
OJIMHAKOBBIM BKJIaJ B 00lIee BpeMsi pacrio3HaBaHHs
HECMOTpS Ha U3MEHEHHe Iapamerpa o. Jpyrumu ciio-
BaMH, Kak Obl HU HM3MCHSICS MapaMmeTp o, cyMma

m m
2 T 0 npe)mﬁp.(Xk) + Z T 0 no6as,(c k) BCCraa 6yZ[€T HH)I(HCﬁ
k=1 k=1

rpaHHIIei BpEMEHH PACIO3HABAHUS.

Hccnenyem BnusiHHE mapameTpa o Ha BpeMs pac-
MO3HABAHUS:

1) o= 1, Torga Vi MWUH. TIPOH3. CPEJTH. OTIpEL. VO CpeJIH. OTpert. s
a oOmiee BpeMs pacro3HaBaHHs, COTIAacHO (opmyre
(10), sBIISIETCS CyMMOW BpeMEHH PACTIO3HABAHUS Puaxc.
00BEKTOB, BpEMEHH NpPeAoOpabOTKH M OOBEKTOB H
BpPEMEHHU JI00ABIICHUS PE3yIbTaTOB paclio3HABaHUSA M
00BEKTOB B BEIXOJHOM (haiii:

ul p
_ MAaKC.
T paBH. pacI. z T 0 npenoﬁp,(xk) + +
k=1 0 cpean. onpen.
m
+Z T 0 no6aB.(c k)’
k=1
2) o 2, torma Vi NPOM3. CPEIH. Ompes.

=2 * Vg cpemn. onpen., @ 00IIIEE BpeMsI pacIIO3HaBaHUSI pac-
CUYHTBIBACTCS CIEIYIOIUM 00pa3oM:

2 p
_ MAaKC.
T paBH. paci. z T 0 npenoﬁp.(x k) + +
k=1

X 0 cpenn. ompen.

m
+Z T 0 quaB.(C k)a
k=1

3) pas Vl MUH. [POM3. CPEH. OIpPeL. 06paTHO poropuro-
HAJILHO 00IIEMY BPEMCHHU PACIIO3HABAHUS, OTIPEICITHM
Olfimit, IPA KOTOPOM T pacn. = T pasn. pacn., TO €CTh HE OyaeT
BBIUTPBIIIA TI0 BPEMEHH IIPH PACTIO3HABAHUH; TIPUPaB-
Hs1B hopmyibl (5) u (10), onpeneuM Oiimic = Puaxe./M.
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PaccmotpeB ¢opmyny (10) u cpaBHUB MEXIy co-
0011 BpeMs pacrio3HaBaHuUs PU Pa3IMYHBIX 3HAYSHUSX
mapameTpa o, MOKHO CIeNaTh CIEIYIOIIIE BEIBOIBI:

— echH mapaMeTp o < Puaxc/M, TO BBIUTPHIIIA TIO
BpPEMEHHU IIPH PAcIIO3HABAHWH HE OyeT;

— ecCIi TapameTp o Puaxe/M, TO To pacn.
= TpaBl—L pacrn.»

—  €CIH O > Pyaxc/M, TO MOXKHO OyZeT HAOIIOAATH
YMEHBIICHUE BPEMEHH PACIIO3HABAHUS.

JIOTIOTHUTEBHO OTMETHM, YTO C POCTOM O BpeMs
pacrno3HaBaHus ToXe OyJeT yMEHbIIATHCS, HO TOJIBKO
JIO CBOEH HIDKHEH IpaHUIIbL:

m m
Z T 0 npcuo6p.(x k) + z T 0 quaB.(C k) .
k=1 k=1

PaccmoTpuM TOCTOMHCTBA W HEINOCTATKH JaHHOU
peammsanmu ¢pyaknoun P(m, n). Cpeowm DOCTOWHCTB
MOJKHO BBIICITUTH MPOCTOTY peanu3anuil (yHKIHA
P(m, n), oTcyTcTBHE TPYIOEMKUX BBIYUCICHUH U TO,
YTO 3apaHee N3BECTHO, Kakhe 00BbEKThl Ha KaKue KOM-
MBIOTEPHI MOMATYT.

['maBHBIM HeloCTaTKOM JaHHOWM QyHKImu P(m, n)
SIBJISIETCS TO, YTO OHA HE YYHUTHIBAET OCOOCHHOCTH CKO-
poctH 00pabOTKH KOMIIbIOTEpaMHu OOBEKTOB. J[Ipy-
TUMH CJIOBaMH, § KOMIIBIOTEPOB MOXKET OBITH pa3Has
MIPOM3BOUTEIHHOCTD, @ BPEMs paOOTHI BEIYHCIHTEb-
HOW CHCTEMBI N KOMIBIOTEPOB OMpEICIACTCS BpeMe-
HEeM pabOTHI caMbIM MEITICHHBIM K| yun. npous. KOMITBIO-
TepoM. OTCI0O]a BBITEKAET BO3MOXKHOCTD MPOCTOS BHI-
YUCITUTEIBHBIX PECYPCOB APYTHX KOMITBIOTEPOB.

OnHuM 13 coco00B pemeHus IPOoOIEMBI IPOCTOS
KOMITBIOTEPOB SIBJSIETCSI BO3BPAT CHUCTEME KOMITbIO-
Tepa, KOTOPBIH BBITIOIHUI CBOIO paboTy, 9TOORI OH MOT
BBITIOJIHATH PaboTy yxe Apyroit 3agaun. Onpenenurs
00beM paboThl (KOJINYECTBO OOBEKTOB JJIsl PacIo3Ha-
BaHU) KOMITBIOTEpa BO3MOXKHO OJaromapst TOMy, 9To
3apaHee M3BECTHO pacIpeelieHHe 00BEKTOB MO KOM-
BIOTEpaM.

Ho 31oT crioco® He MOMOXET peIuTh MpodiIeMy,
€CIIM 3a1a9y HYXXHO PEIINTh B MHHUMAIFHBIC CPOKH,
TO €CTh KPUTEPHUEM ONTUMAIBHOCTH BBICTYITUT BPEMS
pacnio3HaBanusi. HecMOTpsi Ha Hanmuume CBOOOIHBIX
pecypcoB, cucTeMa He CMOYKET UMH BOCIIOJIB30BATHCS
JUISL COKpAILIeHNs] BPEMEHH PacIio3HaBaHHs 00bEKTOB.

Bropoii Bapuant. B npenpiaymem mpumepe cy-
IIECTBYET MpobieMa MpocTos KOMITBIOTepoB. [ ee
pELICHUs] MOXKHO TPEIUIOKUTh Peaiu3annio GpyHKIuK
P(m, n) Ha ocHOBe >kaJHOTO AITOPUTMA, CYTh KOTO-
POro 3aKJIFOYaeTCsl B TOM, YTOOBI OTIPABISITE OOBEKT
JUISL paclio3HaBaHUs IEPBOMY OCBOOOIMBILIEMYCS KOM-
MBIOTEPY, TEM CAMBIM YMEHbIIast BPEMSI IPOCTOSL.

Beezem cnenyromye napaMeTpbl: unucio b — yucino
KIACCUPUITUPYEMBIX O0OBEKTOB, KOTOPOE MPHIILIO HA
BXOJ K| wun. npons. KOMITBEOTEPA; YHCIO Z = Pyaxe. — D —
YHCIIO Tepepacipepe]CHHBIX 00BEKTOB, TO €CTh, €cC-
m Ha BXOA K vum. npows. KOMITBIOTEPA TTOCTYIIHT YHCIIO
b u b < Puae, TO HKaIHBIA AITOPUTM IEPEpPACIIPELE-
JUT Z 00BEKTOB C K| wyun. npows. KOMIIBIOTEPA HA APYTHE
KOMITBIOTEPBI, TEM CaMbIM yYMEHBIIIasi BPEMsI UX MPO-
CTOS1.
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B pesynbTare paboThl 3TOr0 aJIrOpUTMa MOT'YT CJIO-
JKUTBCS JIBE Pa3IMYHbIE CUTYAIUH.

1. XKagHoMy anroputMmy He yAajnoch Mepeomnpee-
JUTh YHCIO OOBEKTOB, MPHIICANINX Ha BXOX
K| wun. npous. KOMIIBIOTEPA, TO €CTh D = Pyaxe. Torma
Toxam. pac. = T pasu. pacn. 1 HET HUKAKOTO BBIMTPHIIIA BO
BpeMeHH. Takast CUTyaIst BO3MO>KHA, KOT/1a CKOPOCTH
Vi cpen. onpen. BCEX N KOMIIBIOTEPOB PaBHBI MEXIY CO-
6oii. B Takom ciryuae pacnpeneneHue Kinaccupuuupy-
eMbIX 00BEKTOB MEXy N KOMIBIOTEPaMH ¥KaJHOTO all-
roputMa OyJeT COBNaJaTh C pacHpesielieHHEM PaBHO-
MEpPHOT'0 aITOPUTMA.

2. XXagHOMY aNropuTMy YAaI0Ch NEPEonpeIeuTh
YHUCIIO OOBEKTOB, MPHUIICANINX HAa BXOA Ki yum. npous.
KOMIIBIOTEpa, TO €CTh D < Puacc. TOTAA Tram. pacn. <
< Tpass. pacn.. JJISI TOKazaTenbcTBa oOpatuMmcs K pu-
CYHKY 4.

Ky ‘
Kn ‘L
[

T
|
| n-1 kKoMnbloTEPOB
I
|

[Sym— i

K swan. mpouse. §——g——t—§ ____

0 T2 sun. npowse.~ Th T, cex.

Puc. 4. Jluacpamma npouzeo0umenbHOCmu KOMNbIOMepos
6 pabome JHcadHO20 anzopumma

Fig. 4. Computer performance graph in the work
of the greedy algorithm

PaccmoTpum Touky BpeMeHH Tp — BpeMs, KoTaa 3a-
BEPUIUT CBOIO PAOOTY Ki v, npows. KOMITBIOTED IO pac-
no3HaBaHuio b 06bexToB. CTOUT 3aMETUTH, YTO B 3TO
BpeMsl ye He OyJeT OOBEeKTOB Ui PaclO3HABaHUS.
WHaue xaxHBIN aNropuT™M JTOJDKEH OyIeT Ha3HAYHUTh
K1 vk, npons. KOMITBIOTEPY OOBEKT JUIS paclio3HaBaHM,
YTO HPOTHUBOPEUUT TOMY, UTO Ha BXOH K wuw. npous. KOM-
npIOTEpa OBUIO MOAAHO TONBKO b 06BEKTOB.

B touke Bpemenu Tp BO3MOXKHBI JIBa BapHaHTa pa-
0OTBI KaJHOTO AITOPUTMA.

1. Bce ocranbHble (N—1) KOMIIBIOTEPHI YK€ BBIIOJ-
HIJIK CBOIO PabOTy, TO €CTh INpOCTamBaloT. Torma
BpeMsl pacrlio3HABaHWS pPAaBHO BpPEMEHH 00paboTKH
K| mun. npons. KOMITBIOTEPOM b 00BEKTOB:

T JKaJIH. PaciL. = 2 T 0 npcuoﬁp.(xk) +

k=

b . (an
+ + ZTOJOGaB.(Ck)'

\Y, 1 MHH. IPOM3B. CPEJIH. ONpPE. k=1

2. YacTbh KOMITBIOTEPOB U3 N—1 ermie 0OpadaThBarOT
CBOHM TOCJICHHE 00BEKThI. ONpeeiuM KOMIIBIOTEP C
MHUHHMaJIBHOM TPOU3BOJUTEIHLHOCTRIO cpeau  N—1
KOMIIBIOTEPOB, TO €CTh KOMIBIOTEP K2 . npous.. L1
MPOCTOTHI CIBHHEM BpeMs Hadajga oO0pabOTKH ITOC-
nenHero 00beKTa K wum. npows. KOMITBIOTEpA C TOYKH
T2 v, npous. 10 TOYKH Tb, T0 ectb Tp = T2 v, npons. T AT.
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Torna Bpems pacno3HaBaHUsI paBHO CyMME BPEMEHHU
00paboTKu K . npous. KOMITBIOTEPOM D 0GBEKTOB 1
BpeMeHH 00pabOTKH K3 . npous. CBOETO TOCIECTHETO
o0BeKTa:

m b
T KaJIH. PacIl. = ZT 0 upeuoﬁp.(xk) + +
k=1 1 MHH. TPOU3B. CPeIH. Onpes.

| (12)
t—+ ZT 0n06aB.(Ck)'

V 2 s npouss. cpeas. onpen. k=1

OueBHTHO, YTO BpeMsI pacrio3HaBaHus 1o Gopmyie
(12) Oomplle BpeMEHHU pAacIio3HaBaHUSA MO (Gopmyrie
(11). HosTomMy nanbiie OyneM OpHUEHTHPOBATHCS Ha
BpeMsi, paccuuTanHoe 1o gopmyse (12).

JlokaxxeM Temepb, U4TO BpeMsi PAacHO3HABAaHUS IO
tdopmyne (12) MeHpIIe BpEeMEHH pPacliO3HABAHUS
o popmyie (9). O4eBUIHO, UTO MOKHO OITyCTHTH CiIa-

m m
raeMble 2\ T o ueioon(Xi) B 2T g 1060 (Cy) » TAK KAK OHU
k=1 k=1

BHOCST OJIMHAKOBBIN BKJIag B 00¢ dopmysbl. s mo-
Ka3aTeJIbCTBA PACCMOTPUM TPAHUYHBIM Cilydail, Koraa
KOJINYECTBO 00OBEKTOB B 00eHx (hopMyiax 0THHAKOBO,
TO €CTh JKaJHBIH AITOPUTM CMOT IEPEONpPeCIUTh
TOJIBKO OJIUH 00BEKT ¢ KOMIBIOTEPA K1 yum. npons. TOrIa
tdopmyna (12) OymeT BBITTISACTH CIEAYIOMINM 00Opa-
30M:

m
T JKaJ(H. PacIL. = z T 0 npeqoﬁp.(xk) +
k=1

-1
+ pmax + (13)

\Y | MHH. IPOH3B. CPE/IH. OMpPE.

1 m
+ + Z T 0 quaB.(C k)'

\Y 2 mun. npouss. cpemn. ompen.  K=1

Iposens anamu3 dopmyn (9) u (13), MmoxHO cre-
JIaTh BBIBOA: AJIsI AOKA3aTCJILCTBA TOT'O, UTO T)Kazm. pacn.<
< Tpasn. pacn, CTOUT CpPaBHUTh MEXOy co0Oi

IV wun, npous. cpenn. onpen. Y 1/V2 v, NPOM3. CPEIH. ONpEL.« Kak
OTMCYAJIOCh  BBIIIEC, Vl MMH. TIPOM3. CPEIH.  OMpE.. >

> V2 MuH. npons. cpemi. onpex. X Tb = T2 MHH. npon3.+ AT. Ot0 nos-
BOJISIET CIIENIaTh BBIBOJ, YTO 1/V| vum. mpous. cpemn. ompen. >
> 1/V2 wun. npous. cpem. onpen.- SHAK «CTPOTOY» Oepercs mo-
TOMY, 9TO JAa)Ke TIPH PaBEHCTBE CKOPOCTEH MEXIY CO-
0oif HEoOXOIWMO YYHTHIBATE TOT (akT, 4To Ip =
= T2 v npons. T AT, 10 ectb Ky wun. npons. KOMIIBFOTED
HagyHeT pPaboOTy paHblle, YeM 3aKOHYHT paboTy
K1 . npous. KOMITBIOTED.

B npyrux e ciydasx ¢ yMEHbIICHHEM IapaMeTpa
b 6yner ymeHbmaThCs B/V 1 . npous. epesm. onpen., 4TO TIPHU-
BOJIUT K YMEHBIIICHHIO BPEMEHH PAaCIO3HABAHUSL.

PaccMOTpuM IOCTOMHCTBA M HEJIOCTATKHU peali3a-
i GyHkumuu P(m, N) B BHIE KaJHOTO ajJropuTMa.
Cpenu JOCTOMHCTB MOXKHO BBIICIHTBH MPOCTOTY pea-
mm3ammun GyHEKIEE P(M, N), 0TCyTCTBHE TPYIOEMKHX
BEIYUCIICHIH ¥ BO3MOXKHOCTh YMEHBIICHUS BPEMCHU
MPOCTOSI KOMITBIOTEPOB, YTO OTPA3UTCS HA BPEMEHU
pacro3HaBaHHM.

Henocrarku nanno#t ¢yskmmu P(m, n): He-
W3BECTHO, Kakue OOBEKTHI Ha KaKHEe KOMITBIOTEPHI I10-
MajayT; pacmpeieleHue Mo JKaAHOMY aJTOpUTMY He
Bceryia OyneT ONTHMANbHBIM, €CJIM KPUTEPHEM OIITH-
MaJIbHOCTH BBICTYITUT 00Illee BpeMsl paclio3HaBaHUsL.

XapakTepucTHKH ceTH. BaxxHeliel xapakrepu-
CTHKOM CHCTEMBI SIBIISIETCSI BpeMsI KOMMYTALlUH U Tie-
penavyn JaHHBIX MO KaHallaM CBS3H B CETH, KOTOPOE
MOJKET OKa3aTh 3HAUNTEIHHOE BIUSHHUC HA JITHTEIb-
HOCTB pemieHus 3agadn. @akTHyecku HHTepec Ipe-
CTaBIIIET BpeMs, Yepe3 KOTOpOoe IMOCie Hadaia Ipo-
mecca BBIYMCICHHS TI0JH30BaTeNlb TIONYYUT €0
pe3ynbTar. Bpems nosydeHus pe3ysbTara Ha i-M KOM-
BI0TEPE (Tinonyw. pesyn.) CKIIAIBIBAETCS U3 BPEMEHH IO -
KIt0YeHUS (Ti nomen.) U BPEMEHH HA 00pa0OTKY JaHHBIX
(Ti 00pab. IlaH.): Ti ToJTyH. pesys. Ti ok T Ti 00pab. nam..

Paccunraem Bpemsi, KOTOpOe HY)KHO MOTPATHTh Ha
aTan o0ydeHus (puc. 5).

CyTb 00ydeHHs N KOMIIbIOTEPOB 3aKJIIOYAETCs B
CIIeIYIOIIEeM: TIOJH30BATENb IIepeaacT Ha cepBep (aiin
¢ oOyyaromuMu OOBEKTaMH; CepBep OTIPAaBISIET

Bpems 3arpyskn daiina Fosy, Ha cepBep T (Fosy)
A

Puc. 5. Cxema obyuenusi n komnvlomepos

Fig. 5. Training scheme of n computers

|
|
|
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i
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. |
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| obydaromumu | | ( )_ L »
L e I — i e
| obwextamum | | CoevHeHve  »-—-—rt—-» i-il komnbloTep > O6y4eHne
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e I e d -
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|

~N
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3
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Janeiie 3ToT (ailyl mapauieibHO N KOMIBIOTEpaM;
KaXJblii KOMIbIOTEp oOy4aercs Ha 3ToM (aiiie.
Bpemsi o0ydeHHss N KOMIOBIOTEPOB PaCcCUUTHIBACTCS
CIIEIYIOIIIM 00pa3oM:

T 00yH. = T zarp.( F 06yq.) + T MaKc. nepes. + T Makc. o0yd. > (14)

e Taarp.(Fosys.) — Bpems 3arpy3ku daitna Fosy.. Ha cep-
BeP; Twaxc. mepen. — MAKCHMAIBHOE BpEMs MEpEIayun
taitna Fosyy. Ha OTUH U3 N KOMITBIOTEPOB; T vaxe. o6yu. —
MaKCHMaJIbHOE BpeMsl 00y4eHHs OZHOTO M3 N KOMIIb-
I0TEpPOB Ha OCHOBe (aiina Fosyu,

Paccunraem Bpems, He0OX0IMMOE Ha Pacro3HaBa-
Hue (puc. 6).

PacrniozHaBaHMe MPOMCXOAUT ClleRyIOmHUM o00pa-
3oM: 1) momp3oBaTens mepemaeT Ha cepeep Gaitn ¢
KIaccupuIpyeMbIMd 00BEKTaMHU; 2) cepBep OcCy-
IIECTBIIET NPEeT0OpabOTKy M pacpeaeeHNue KIaccH-
(buIUpyeMBIX 00BEKTOB U3 3TOr0 (haiina mapauiesibHO
N KOMIBIOTEPaM COIVIACHO peaH3allii (YHKLHH
P(m, n); 3) i-it koMObIOTEP, MOTYYUB KIIacCUPHULIIUPYE-
MBIl OOBEKT, HaYMHACT MPOLECC ONPEIEICHUSI €ro
Kiacca; 4) KJ1acc pacro3HaHHOTO 0OBEKTa 3aIkChiBa-
eTcs B BBIXOHO# (hailin i-ro KoMImbroTepa, mocie 4ero
OTIPABIISICTCS HA CEPBEP; 5) cepBep TOcCie MOTyUeHHs

Kjlacca 00BCKTa HAaYMHACT JHOOABICHHE €ro B OOIIMiA
BBIXOJTHOM (paiii; 6) mocie qo0aBICHHs BCEX KIIACCOB
B OOIIMIA BEIXOTHOM (paiil cepBep OTHpPaBIIIET OOUTHIA
BBIXOJHOH (aify1 KIIMEeHTY.

Kak yxe ormeuanocs, odmiee BpeMs pabOTHI CcH-
CTEMBI 3aBUCHT OT BPEMEHHU pabOThI 3BEHA C MaKCH-
MaJIbHBIM BPEMEHEM 00paOOTKU CBOMX OOBEKTOB, TO
ecTh KOMIBIOTEPOM Kionr. spena. JJISI paBHOMEPHOTO
pacnpeneneHust KOMObIOTEP Kionr. ssena OTPEIEISIICS
napameTpoM Vi wun. mpows. cpems. onpens HO TIPH OTOM HE
YUUTBHIBAJIMCh XapaKTePUCTHKH KaHana cBs3u. Ilo-
aToMy Terepb aist Ki-ro koMIproTepa Bpemsl pacdera
OTpeeNIeHUs Kilacca OJHOTO OOBEKTa CKIIAIBIBACTCS
U3 CJIeYIOIIMX MapaMeTPOB: Ticeres. ompen. = Vi nepen.(Xk)
+Ti cpenl. onpes. (Xk) +Ti nepe. (Ck), rae Ti nepe. (Xk) — BpEM4A
nepenauu Xx-ro 00beKTa ¢ cepBepa Ha i-if KOMITBIOTED;
Ti cpen. onpen. (Xk) — BpEMsI OIIpeAEIeHHS Kilacca Xk-To 00b-
eKTa Ha i-M KOMHBIOTEPE; Ti nepen. (Ck) — Bpems mepe-
JIauM Kjacca Xk-ro 00BEKTa ¢ I-ro KOMIBIOTEpPa Ha cep-
BEp.

Jpyrumu cnoBaMu, KOMOBIOTEP Kioar. spena OYHET
OMPEICTATHCSI HE TOIBKO MPOU3BOIUTEIILHOCTHIO KOM-
MbIOTEPA, HO U XapaKTepPUCTUKAMK KaHauna cBsi3u. Te-

Bpewms 3arpyskn daiina F.c. Ha cepep Taurp, (Fiaace)
Al

Tnuﬁan. (ck) Ti nepej. (Ck)

| ®daiin ¢ | | | ®daiin ¢
| Kaccudu emprvm || ! Cepgep / Ynpasisommii KIaccuu €MBIMH
I uimpy —> Cets / HTEpHET H—¥ pBep P . uumpy
| OOBbEeKTaMM Ha CTOpOHE | | I KOMITHIOTEP 00BEKTaMH Ha CTOPOHE
| ___KmeHTa____ | :_ __________ : cepBepa
To upenosp. (Xk) Bpemst nepeaun Ha i-ii KOMIOBIOTEP X -T0 08B eKTa
/_/% Ti IRpeL. (Xk)
oo ! h
I Cerb / UnHTepHET | !
I
I =
——( CoenuHeHnue T 1-i KOMOBIOTEP
[IpenobpaboTka |
Dynxums L
"> X,-Io 00BEKTa ! —
F (%) P(m, n) —=—>< CoennHeHne > I-ii KOMOIBIOTEP ]
mpeno6p.\ Ak
,—P( CoennHenne )—:—> N-i KOMOBIOTEP
I
e I

Bpewms onpeneseHust KJacca Ha i-M KOMIbIOTEpe

Xi-TO Oﬁbem/t Ti onpen. (Xk)

A

A A
(- ____C N B
I I I
| Cers / UnTEpHET | : |
Obumit | | ~——G-—=———--- | = o B et behuobete -
Bmxouzlmoﬁ 4—:—( CoenuHeHHe )4—:— 1-it BeIXOZHOM daitn |«  Onpeacnenme xnacca |4
(aiin Ha — VR e
—— CoeHEHHE )e—— it BeIxO/HOI (haiin || Onpenenenue Xro knacca
CTOpOHE [ ' .
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I I
Bpems oTnpaBky 0011ero BLIXOAHOT0 (aiina KauenTy Topp.
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Puc. 6. Cxema pacnosnasanusi N KOMnbIOMeEPos

Fig. 6. The recognition scheme of n computers
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Heph C Y4eTOM BBINIECKa3aHHBIX 3aMedaHuid u (op-
Myisl (7) paccunTaeM oOliee BpeMsi paclio3HABaHUS:

m
T paciL. = T 3arp.( F Knaccuq,\.) + z T 0 mpenobp. ( Xk) +
k=1

P ronr.smena p
JIOJIT. 3BEHA

+ Z T JIONIT. 3BEHA TIEpesl. ( Xk) t—————+

k=1 JIOJT. 3BEHA CPETH. OTpea.

P rorr.smena m
+ T JIONIT. 3BEHA Tepesl. (Ck) + Z T 0 no6as. (Ck) + T oTnp.>
k=1

k=
(15)
e Tsarp.(Frnacend.) — BpeMs 3arpy3ku aiina Fyuacen. HA

P a0 smena

CEpBEeDp; Tnonr.3ne:la nepen,(xk) — BpeMs Ieperain

Prorr. sena OOBEKTOB Ha KOMOBIOTED Kionr. ssena;

T JIONIT. 3BCHA TIEPE/I. (C k) — BpEMs NICpClaiu KJIaCCOB
k=1

Prionr. 3zena OOBEKTOB Ha CEPBEP; T ommp. — BPEMS OTIIPABKU
00I11eT0 BEIXOIHOTO (paiiina KINCHTY.

Ecnu Bpems perieHust 3a0a4l To pew. sax. = 10 obyu. T
+ To pacn. Ha Ko KOMIIBIOTEpE MEHBIIE BpPEMEHH
Tnaparm, peu. 3aj. = Tnapaﬂn, 00yu. + Tnapaﬂn, pac. (C yquOM Bpe'
MEHHM KOMMYTAIlUU M MEPeAayd JaHHBIX TI0 CETH), TO
pacnapauie/iiBaHue HE TIOBBICUT OOIIYIO MTPOU3BOIHU-
TEIBHOCTB CUCTEMBI. 311ECh T o6yy. PACCUUTHIBACTCS IO

(I)OPMYHC (1): To pacn. — 11O (I)OpMyﬂe (3)3 Tnapanm o6yu. —

no opmyite (14), Tuapana. pacn. — 10 popmyie (15). Ta-
Kasl CUTYaIisl MOXET BOHUKHYTH MPH 3HAYUTCIFHOM
BIIMSIHAN XapaKTEPUCTUK KaHala CBS3U, B TOM YHCIIEC
BPEMEHHU KOMMYTAIINH U IIepelavud JaHHBIX.

MUHUMH3HUPOBATD Tj o6pa6. nan. MOMKHO 32 CUET yCTa-
HOBKH BBICOKOIIPOM3BOAUTENIEHOTO 000PYIOBaHHUS.
MuHUMH3ALUS T pacn. JIOCTHTAETCSl TYTEM YCTAaHOBKH
JIOTIOJTHUTENBHBIX KOMIIBIOTEPOB, TEM CaMbIM CHIKAs
CpeIHee 3HAUCHUE T o6pas. gan., @ TAKKE CTPEMIICHHEM K
MaKCUMAaJIbHO HU3KOMY 3HAYCHHIO T nomen, PA3MeEIIast
cepBep ¥ KOMIIBIOTEPHI B OIHOM J0KaIbHOM ceTu. Cre-
JIyeT IOMHHTb, UTO TIPU Ti o6pas. nan., OTTMZKOM K Tj noern.,
TpeOyeTCs peInTh 3a1a4y BHIOOpPa ONTUMAIEHOTO KO-
JMYECTBAa KOMITBIOTEPOB, a0l H30€KaTh OTPHIIATEIh-
HOro 3¢¢eKTa OT MPUMEHEHHsI CUCTeMbl. ONTHUMH3H-
POBATh MAPaAMETPHI Ti nomer. M Ti o6pas. nan. CTOMT HCXOIS
13 coobpakeHuH 1enecoo0pa3HocTh u obmei 3¢ dex-
THUBHOCTH.

B xome uccrnenoanms Obuio paspaborano web-
OPHEHTHPOBAaHHOE HHCTPYMEHTAJIbHOE CPEACTBO IO
pacro3HaBaHHIO 00pa30B B Hjaee pacmmpsieMoil 6no-
JIMOTEKU METOJIOB Ha OCHOBE IPELEACHTOB, CIIOCOOHOE
He TOJbKO paboTaTh Ha OJHOM CepBepe, HO U pacma-
pautenuBath 00pabOTKY JaHHBIX MEXy KOMIIbIOTE-
pamu.

Peanmzanust Takoil mapaiienbHOCTH Oblia Tpen-
cTaBjieHa B cTathe [12], rae onucaHbl TEOPETUUECKHE
1 DKCTIEpIMEHTANBHBIE pa3pabOTKH IBYX CXEM pacma-
pajuleMBaHUsA Ha OCHOBE grid-TeXHOJOTHIL: ¢ pacta-
pajuleIBaHUEM alTopUTMa OOydeHHUsS M C pacmapa-
JETUBAaHUEM aNrOpUTMa pPACHO3HABaHMUS, a TaKXKe
MIPEICTABICHBl JJIEMEHTHl NMPaKTHYECKNX HapabOTOK
Pa3IMYIHBIX 3TANOB MAPAIUIETHFHOTO pacIio3HaBaHHS Ha

N KOMIBIOTEPaX Ha OCHOBE MeTofa K Ommkaimx co-
cenen.

[TepcrieKTHBHOCTh HCCIICAOBAHUS ONPEAEIACTCS
MPaKTHIeCKOH A(PPEKTHBHOCTRIO  Pa3pabOTaHHOTO
web-npunoxenns. [IpakTuka mokassIBacT, 4TO pacma-
pajUtelBaHUE MO3BOJSAET A(PQPEKTHBHO MPUMEHSATH
BBIYHCIIUTEIBHBIE PECYPCHI IS PEIICHHS 3aJad B MH-
HUMAaJbHBIE CPOKH, 3 IPUMEHEHNE WEb-TEXHOJIOTHH —
MOBBICUTH 00BbEM 00padaThIBaeMbIX ITaHHBIX M CKO-
POCTB I0CTyIa K HUM.

Teopernueckue BBIKIAIKK U pacyeTsl paboTHI sIB-
JstfoTcsl 0a30BBIMU JUISL NIPAKTHYECKHUX Pa3paboTOK
JAaHHOTO Wweb-npunoxenus. B cratbe 0003HauCHEI
OTpaHHYEHUs] Ha NMPUMEHEHHE BBIYHCIUTEIBHBIX pe-
CypcoB, HECOOJIOIEHHE KOTOPBIX MPUBOIAMNT K yXYI-
IICHUIO PE3yIbTATOB BPEMEHH pacno3HaBaHus. Takxe
paccunTaHa MHHUMaJbHAs T'PaHUIA BPEMEHH PacIo-
3HaBaHUs BHE 3aBHCHMOCTH OT KOJIMYECTBA HCIIONB3Y-
€MBIX KOMIIBIOTEPOB.

Peanmsyemast apxXuTeKTypa HHCTPYMEHTapHsl 103-
BOJISIET pellarh 3agady MOBBILEHUS 3((PEKTUBHOCTH
BBIYHMCIIUTEIBHBIX ~ PECYpCOB  4epe3  MpOLEayphI
HACTPOWKHU CTPYKTYPHI MOJKITIOYaEMBIX METOJIOB U ajI-
TOPUTMOB OOPa0OTKH JaHHBIX U PEKOH(HUTYpHUPOBa-
HUS TIO/IKJIFOYAEMBIX TEXHMYECKUX BBIUYMCIHTENBHBIX
cpencts Internet-ceru.
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Abstract. The article considers a software solution aimed at improving image recognition quality and effectiveness of
machine learning tools using grid technologies. The paper formulates strategic directions for pattern recognition tools as a
software system based on the principles of distributed systems, parallelism and adaptive configuration of computing resources.
The article considers the structure of web tools for pattern recognition using the concept of the algorithm library. It also de-
scribes the algorithmic solutions for parallelizing learning and recognition algorithms on the basis of classical data mining
algorithms that are proved themselves in practice. Such algorithms include precedent (case-based reasoning) methods or meth-
ods based on proximity metrics. They have a great potential to parallelize computational processes and develop parallel algo-
rithms for their implementation.

The search for ways to improve the productivity of computers, especially when implementing web tools based on resource-
intensive computer algorithms for machine recognition and prediction, led to the decision to create a grid system. The archi-
tecture and implementation of the grid system considered in the article assumes parallelization and organization of distributed
computations on a multi-machine basis using Internet technologies. It allows obtaining similar computing power as multipro-
cessor computer systems but the cost is much lower.

The article considers the problem of increasing the efficiency of computing resources with the possibility of reconfiguring
the structure of Internet connections, including the procedure of configuring a computer network structure, connectable com-
munication channels and dedicated servers depending on the original algorithms and data. The paper presents dependencies of
operation execution time parameters on the service discipline that adapts the system to user requests. Here the tasks are ranked
according to resource intensity and computing power corresponding to their rank is allocated to them.

Keywords: intelligent information systems, pattern recognition, machine learning, web systems, parallel computing.
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OAHOPOZAHAS PACIIPEAEAHTEABHAS 3AIA9A
HA OCHOBE MOZAEAEH AZAIITHBHOI'O IIOBEAEHHA
MYPABBHHOH KOAOHHH

B.K. Aebeoes, o0.m.u1., npogpeccop, lebedev.b.k@gmail.com;
O.B. Aebeoes, k.m.H., doyenm, lebedev.ob@mail. ru;

E.M. Aebeodesa, acnupanm, lebedeva.el. m@mail.ru
(MHcmumym KomMnbromepHblX MexHON02Ul U UHGPOPMAUUOHHOU bezonacHocmu
FOoxxHoz0 hpedepanvHozo yHusepcumema, ya. OHeenvca, 1, 2. Taeanpoe, 347928, Poccus)

B nannoii pabote mpeuiaraercst pelieHue OJHOPOIHON paclpeleInTeNIbHON 3ana4un. [IpuBoUTCSA MOCTaHOBKA 3TOH 3a-
Ja4d, pPacCMaTPUBAIOTCS OCHOBHBIE TPYIIIBI aITOPUTMOB €€ PEHICHHs] — MPUOIMKEHHBIE M TOYHBIE, a TAKKe UX JJOCTOMHCTBA
u HegoctaTku. Onucana nmpeaiaraeMasi HoBas apaJurMa KOMOHHATOPHOH ONTUMHU3ANNH, 0a3upyIOMIascs Ha MOJEIUPOBAHUI
a/IalITHBHOTO NTOBE/ICHNSI MyPaBbUHON KOJIOHUH.

PemenneM omHOPOIHON pacHpenenuTeNbHON 3amaun ABIAeTCs ee rpaduueckoe MpeAcTaBlIeHHE B BHIE ABYJONBHOTO
rpada. s perieHns JaHHBIX 3a1a4 OBUTH NPEIJIOKEHbI HOBbIE MeXaHM3MbL. OCHOBY METa’BPHUCTUKH aJTOPUTMA Ha OCHOBE
MYpPaBbHHOH KOJIOHHY COCTaBJsIeT KOMOMHAIMS BYX TeXHHK. ba3oBasi TEXHHMKAa COCTOUT B IOMCKE HAWITYUIIErO PEIICHUS C
HCIIOIb30BaHUEM MEXaHH3MOB aJalTHBHOTO IOBEICHHS MypPaBbHMHOW KOJIOHMH. MypaBeil CTpOHT Kakoe-TO KOHKPETHOE pe-
IIEHKE, TP ITOM HCIIOJIB3yeTCsl BCTPOSHHAs MIPOLIEypa, B OCHOBE KOTOPOH JIGKUT KOHCTPYKTHBHBIN anroputM. [locTpoeH-
HBIA Ha rpadye IoHcKa pelIeHni ABYIONbHbIH Tpad) — OCHOBHOE OTJIMYHE MPeIaraeMoro MypaBbHHOTO aJITOPUTMA OT CyIIie-
CTBYIOIEH KAHOHUYECKOH MapajiurMbl.

IIpn HaxoXIEHHN ONTHMANIBHBIX PEIICHUI ONTHMM3AIMOHHBIX 33a4, KOTOPBIE IOIyCKAIOT NPEACTaBICHHE PELICHHI B
BHUJIC IBYIOJBHBIX rpad)oB, JaHHBIA MOAX0 OyIET H0CTATOYHO Y3PPEKTUBHBIM.

IIpoBeneHHbIe UCCIEIOBAHMS OKA3aJIH, YTO MyPAaBBHHBIN aJITOPHTM ITO3BOJISIET MTOTydaTh 00Jiee Ka4eCTBEHHBIE PEIICHNS,
YeM M3BeCTHbIE aropuTMbl. CpaBHUB pPe3yJIbTaThl, MOXXHO CKa3aTh, YTO OHH YIIy4IIHINCH Ha 3—4 %.

Kniouesnle cnosa: 3a0ava o HasHauenusx, 08y00NbHbIl 2pA, ONMUMUZAYUS, POEBOT] UHMENIEKN, MYPABLUHAS KOLOHUSL,

adanmueHoe nogederue, 00HOPOOHAsL PACIPeOeTUMeNbHAs 3a0ayd.

B ob6mactu Teopum pacmucaHMi caMbBIM pacmpo-
CTpaHEHHBIM HAIIPaBJICHHUEM SIBJISIETCS MCCIIEI0OBaHHE
KJIACCHYECKHUX OJHOPOIHBIX PaCHpeAeIUTENbHBIX 3a-
nad [1]. Takue 3a1aun 9acTo MPUMEHSIOTCS B Pa3Iny-
HBIX c(hepax YesOBEYEeCKOW JIeSITeIbHOCTH, HAIIPUMED
Tam, Tae HeoOXoauMo 3(QHEeKTHBHO BBHIITOIHHUTE Opra-
HU3ALHUIO ¥ TUIAaHUPOBAaHHE KaKUX-THOO padoT, pas-
JUYHBIX 3aJaHuid ¥ TpeOoBaHuii. B obmem cimydae
MMEeeM KaKoe-TO KOJIMYECTBO PabOT M KaKOe-TO KOJIH-
YEeCTBO HMCHONHUTENEH. BrimonHeHne mro0bM paboT-
HUKOM KaKOW-JI100 (HO TOJIBKO OJIHOM ) pabOThI TPOUC-
XOOUT C pa3HBIMH (HEOJMHAKOBBIMHU) 3aTpaTaMHu.
Heobxoanmo pacmipenennTs paboTsl TAKUM 00pazoMm,
4TOOBI 000MTHCE MUHUMATBHBIMU 3aTpaTtamu. [Tpume-
POM pacIpeaenuTeIb-HOM 3a1a4ul SBIIETCS 3a/1a4a COo-
CTaBJICHHS IUIAHA BBIOJHEHUS KOMITIEKCA IPOTPaMM
B MHOTONPOLECCOPHBIX BBIUUCIUTEIBHBIX CUCTE-
Max [2]. Ona sBnsieTCSs MUHUMAaKCHOM OJHOPOJHOM
pacrnpenenuTensHON 3a1a4ei TEOpUU pacCaHuil.

ITockonbky pacnpenenanTenbHas 3a1a4a OTHOCUTCS
K kiaccy NP-nonHbIX 3a/1a4, pa3paboTKa HOBBIX, OoJiee
3¢ PEKTUBHBIX METOIOB, UCIIOIB3YEMBbIX JUISl X pellie-
HUSL, SIBJIIETCS aKTyaJIbHOHM MPOOIEMO TEOPHH PACIIH-
caHni. 3apyOeKHBIMU U POCCHUCKUMHU YUEHBIMH Pa3-
paboTaHO MHOXKECTBO AJTOPUTMOB U METO/OB, OTIIH-
YJAOLIUXCS KaK 9KCILTyaTallMOHHBIMU CBOHCTBAMH, TaK
¥ 00JIaCTBIO TIPHMEHEHHSI U PELIAIOMNX OJHOPOJHBIC
pacnpesnenuTenabHbIC 3a7adi. Bece MeTonmpl pemeHus
OJHOPOJHBIX pacHpeAeIUTeNbHbIE 3ajau AENATCS Ha
JIBE TPYIIIBI — IPUOJIMKEHHBIE M TOUHBIE.

CaMbIMHU H3BECTHBIME U Hanbosee 3h(HeKTHBHBIMHU
13 METOJOB TOYHOI'O PEIICHHUS paclpeleNnuTeTbHON
3a/1aui SIBJISIOTCS aITOPUTMBI, B OCHOBE KOTOPBIX Jie-
KaT TPUHIUIIBI MEeTOAa BeTBel U rpanun [2—4]. On-
HaKO CJeIyeT OTMETHTh, YTO 3TH aJTOPUTMBI UMEIOT
CBOHCTBO 3KCIOHEHIMAIBHOTO POCTa CIOXXHOCTH HC-
KOMOT'O pPELIEHHs OTHOCHTEIBFHO DPa3MEpHOCTH pac-
MpeIeNUTENbHON 3a1a4i. DTO 0COOEHHO 3aMETHO, KO-
I71a pacrpeesieMble B 3a1a4e 3aJaHusl XapaKTepHu3y-
I0TCS HeOOBIION Bapuanuell 3HaYeHHH UX pa3MepoB.
OcHOBHBIE /1Ba Je(peKTa, KOTOPBIE YaCTO BOSHUKAIOT B
aNropuTMax Ha OCHOBE METOJIa BETBEH ¥ IpaHMUIL, yKa-
3aHbl B pabote [4]. B Hell mpennaraercs Mmoauduka-
U1, KOTOpas MOXET yMEHBIINTh KOMOWHAIIHOHHYIO
CIIO)KHOCTh aJITOPUTMA, NPEeATIONKEHHOro PomaHOB-
ckuM [2]. T'maBHas ocoOEHHOCTH METO/Ja BETBEH H
TPaHML] COCTOUT B TOM, YTO 0OS3aTEIbHO BO3HUKHET
TaKoW NpHUMep, MPH PEIICHHH KOTOPOro HeoOXOIuM
noiHbli nepedop. [TosTomy juIst 3a7ad MOBBILIEHHON
pa3sMEpHOCTH BO3HHMKHYT OOJbBIIME BpEMEHHbIE 3a-
TpaThl, XOTSd KOMOWHATOpHas CIIOXHOCTb YMEHb-
HIATCA.

ANTOPUTMBI IPUOTMHKEHHOTO TTIOMCKa HE MOTYT Ta-
PaHTUPOBAaHHO HAWTH NPH PEIICHUH PACIIPEACTUTEIh-
HOU 3amaun TI00anbHBI onTUMYM. OHH TIO3BOJISIOT
MOTy4aTh HEKOTOPOE IOIYCTHMOE WM MPUEMIIEMOE
pemenne [4—6]. ToOYHOCTH aITOPUTMOB ITOTO Kilacca
HEBBICOKA, HO OCHOBHOE JIOCTOMHCTBO 3aKIFOYAETCs B
BBICOKOM CKOpOCTU MOIY4YEHHUs pELIeHUs, KOTopas
uMeeT MOJUHOMHAIBHYIO, @ MHOTJA JaXke JTUHEHHYIO
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3aBHCUMOCTh OT 3aJaHHOTO TOpsIKa 3aJauu.
HawnbGoubiee pacpocTpaneHue B Ki1acce IpHOJINKEH-
HBIX aJTOPUTMOB TOJTYYHIIH CITUCOYHBIC U IBPUCTHYEC-
CKHE MeTOoAbl. B OCHOBHOM CIHCOYHBIE METOJBI
UMEIOT JIMHEHHYI0 CJI0XKHOCTh peUIeHHs (OTHOCH-
TEJNBHO Pa3MEpHOCTH 3aa4un). B CBS3U ¢ 3THM, C TOUKH
3peHHsI BpEMEHH ITOCTPOSHHSI pacIMCAaHUH, OHH 00Ja-
nmaroT 6ombmoi 3¢ dextuBHOCTHIO. K coxkanenuto, npu
MOJYYEHUU PEUICHUH MOTrPEeIIHOCTh MOXET JOCTUYb
30 %, uTo HempueMJIeMO K 33JaHHBIM MPAKTHYECKUM
TpeboBaHuAM. MIHTEpec K HCIOIb30BaHUIO IBPUCTHYE-
CKUX TMOAXOJ0B BO3HUK B CBA3M C HU3KOH TOUHOCTBIO
NPUOIMKEHHBIX CITUCOYHBIX aJITOPUTMOB U BHICOKUMH
BBIUUCITUTEIBHBIMI TPEOOBAHUAMH TOUHBIX METOOB.

B mmreparype [5—11] nmpuBeneHs! pa3paboTaHHBIC
paHee alrOpUTMBI (TIOCIeAOBaTEIbHEIC, UTCPAIIHOH-
HBIC U T.1I.). VIX 0030p, CpaBHEHHE 1 aHAIIU3 TIOKA3aIH,
4TO 11 pa3paboTku 6oree 3P PEKTHBHOTO aNTrOpUTMa
TpeOyIOTCSI HOBBIE TEXHOJIOTHH U MOIXOABI. Bo3Moxk-
HOCTH TPUMCHEHHUS TEHETHYECKOTO alirophTMa IJist
pelIeHusT OJHOPOJHON pachpenenuTeabHON 3anauu
paccMatpuBaiotes B [12, 13]. Kak noka3sIBaroT uccie-
JIOBaHUS, aJITOPUTM JIyulle cpabaThIBaeT NMpH 3HAYH-
TEJIbHOM YBEJIMYCHUU IMOMYJIALUN U YHACIIAa UTEpaIUil.
B [14] npuBeneHb! HEKOTOPBIE BO3MOXHBIE MOAU(H-
KaIli¥ MCIIONTb30BAHMS alNropuT™Ma mmoncka Taly. Dxc-
MIEPUMEHTHI TIOKa3bIBAIOT, YTO 3TOT aJTOPUTM HE BCe-
T/1a CIIOCOOCH JIaTh ONTHMAIIbHBIC perreHus. KauecTBo
peIIeHHIA BO3pacTaeT B TOM CIIydae, €CIIU €r0 HCIOJb-
30BaTh COBMECTHO C aJlTOPUTMOM CIy4aifHOTO ITOHCKA.
B [15] aBTOpaMu OBIIIO TPOBEICHO HCCIICAOBAHIE BO3-
MOHOCTH UCITIOJIb30BaHUsI HEUPOHHBIX CEeTEN NSl pe-
IIEHUS OJHOPOJTHOM pachpeneNuTeNbHON 3aJauu U
MIPHUBEJICHBI PE3yIbTAThl MOCTABICHHBIX SKCIIEPUMEH-
ToB. Ilpemmaraercss HCHONB30BATh JAMHAMHYECKYIO
HEWPOHHYIO CETh, OCHOBAaHHYIO Ha HEMpOHax Hempe-
PBIBHOTO U JBOMYHOTO TUIOB. VI3 pe3ybTaToB JKCIIe-
PUMEHTAIBHBIX HCCICIOBAHUN CIIEAYEeT, YTO METO]
MO3BOJISIET MOIYYaTh PEIICHUs, Pe3yIbTaThl KOTOPHIX
MOTYT OBITh yITyYIICHBI.

Kak mokaspIBaloT SKCIIEpUMEHTHI, TPUOINKEHHbIE
(aBpHCTHYECKHE) METOBI MOT'YT AaBaTh OOJIBILYIO I10-
TPEIIHOCTh, HETIPUEMIIEMYIO B OOJIBIIMHCTBE CITyJaeB.
Bo3Hnkaer HE0OXOAUMOCTE B METOJIaX, COUYETAIOIINX
MIPOTHBOPEYHBEIE CBOWCTBA: MOJIMHOMMAIBHAS 3aBH-
CHUMOCTh BPEMEHH PEIICHHS 33aJaddl OT €€ pa3MepHO-
CTH M TOYHOCTH, OJIM3Kasl K ONTHMaJIbHOW. Takum 00-
pa3oM, paboTa OCBAIMIAETCS aKTyaJIbHOH HayYHO-TeX-
HUYECKOH MpobieMe: HCCIIe0BaHNI0 NPHUOIMKEHHbBIX
METOJIOB PEIICHUs 3a/1a4d pacHpeAelIeHus IporpaMm
B MHOTOIIPOLECCOPHBIX CHCTEMAaX C LENBIO MOBBIIIE-
HUSI TOYHOCTH X paboTHI.

B mnactosmee Bpems HamOoiiee MEPCIIEKTUBHBIM
SBJISIETCS MHTEHCUBHO pa3padaThIBa€MOeE B IOCIIEAHUE
TO/Ibl HAY4YHOE HalpaBlIeHHE, 00BbEIUHSIOIIEE pa3iny-
HBIE MaTeMaTHYECKUE METOJbl, B KOTOPBIX IPUHSTHE
pemIeHn OCYIIECTBIETCS Ha OCHOBE IIPHUHITUIIOB, CO-
JIeprKaIuX MPUPOIHbIE MEXaHU3MBI [15-21]. Otn Me-
TOIBI SIBIISIOTCS WUTEPAIIMOHHBIMH, SBPHUCTHUYECCKUMH
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METoJlaMH Cciy4aiiHoro noucka. Hambonee akTHBHO
pa3BUBAIOTCS METOABI POEBOTO MHTEUIEKTa (Swarm-
Intelligence) [17-21]. B HEX COBOKYIHOCTH IPOCTHIX
areHTOB KOHCTPYHPYET CTPATETHIO CBOETO MOBEICHHS
0e3 r100aIpHOTO YIpaBICHUS.

OmHAM U3 HOBEHITNX U HanboIIee IepCIeKTHBHBIX
MYJIBTHATCHTHBIX METOJOB HHTEILICKTYyaJbHOW OI-
TUMU3AIHUN SIBJISETCS METOJ MYPaBbHHOU KOJIOHUH
[16, 17]. B pabote npencrapicH pa3paboTaHHBIH aro-
PUTM JUTS PEIICHUSI OJJHOPOIHOM pachpeaeIuTebHOMI
3aJ]auu, UCIOJIB3YIOIINNA MOJETbh aJalTHBHOTO IOBE-
JICHHS. MyPaBbHUHOM KOJOHHH.

ITocraHoBKa 0OJHOPOAHOI pacHpeneJIuTeNbHOMI
327244 TEOPUM PACIUCAHUI

HYCTL HCIOJIHUTEJIbHAsA CUCTEMa COCTOUT U3 N
HWJACHTHUYHBIX, IapaJUICJIbHO pa60Ta}0me HCIIOJITHHUTC-

neit E={ei|i=1, 2, ..., n}. Ha Bxox cucTEMbI IOCTYMAET
MHOXECTBO M HE3aBUCUMBIX 3aanuii (pabot) W={wj|
j=1, 2, ..., M}, KOTOpble HEOOXOAUMO PACTIPEIETUTE

MEX Iy UCTIONHHUTEISIMAU. VI3BecTHA CTOMMOCTH (pecype
BBITIOJTHEHHSI) KaKIOTO j-TO 3amaHus fj, 1 OHA OJWHA-
KOBa JIst JIFOOOTO i-ro UCmoaHuTeNs €. Takum obpa-
30M, MHOXeCTBY W COMOCTaBIEHO MHOXECTBO CTOH-
mocteii: R={rj| j=1, ..., m}. |-m perienunem oaHOpO-
HOI pacmpeNeuTeIbHOMN 3a1a4H SIBJIICTCS MHOYKECTBO
VI={Wl|i=1, 2, ..., n}, B KOTOPOM MOJMHOKECTBA 3a-
nanuii W' 0TBeuaroT 0653aTeIbHOMY CBOHCTBY:

(71, ) [((IA)&Whe V) &(We V) —

— (WEAW! =Z)&(UW! = W))]. (1)

3amanupoBaHHas BapuaHTOM pemenus V' 3a-
rpy3Ka 3aJaHUsAMH Ka)KI0TO UCIIOIHUTEIS €j OLICHHBA-
€TCsI peCypCcoM:

RiI =2 (2)

rae r [weeW.

B kauectse orenku permenus V' paccmarpuaercs
BENIMYUHA

F'=max(R"). 3)

HauGonee pacnpocTpaHEHHBIM KPUTEPHEM OITH-
MU3ALUH  OJHOPOAHOM paclpeieluTeNbHON 3a1aun
ABJIAETCS MUHUMAKCHBIH KpUTEpUit

F= min F' = minmax (R"). 4)

DTO CBA3aHO C TEM, YTO B OOJBIIMHCTBE PEATHbHBIX
pacnpeIeIuTeNbHBIX 3324 Haubojee 4acTo BO3HH-
KaeT 3a/]auya MMHMMH3AIMHM BPEMEHH BBITIONHEHHS
BCEro KOMILTEKCa 3a1aHuil Ha 3a1aHHOM HCTIONHUTEb-
HOM cucteme. UeM ObIcTpee HCTIOTHUTEIbHAS CUCTEMA
06CITy’KHBAET MOCTyMaeMble Ha BBIMOJHEHHE 3a/IaHHS,
TeM BBIIIE €€ TIPOU3BOIUTEIBHOCTD, 4 3HAYMT, BBIIIE U
sKOHOMHUYECcKas >()PEKTUBHOCTL NPEANPUATUS, HUC-
TIOJIb3YIONIETO JIAHHYKO CHCTEMY.

[IpeicTaBUM  pelleHHE pacTpeieTeNbHOM 3a-
Ja4dn B BHAE ABYyRoIbHOro rpada: H'=(EUW, U"), rne

E={ej| i=1, 2, ..., N} — MHOXeCTBO BepuIHH (mIepBast
JI0JI51), COOTBETCTBYIOLIMX MHOXECTBY HUCIIOJHUTENCH,
aW={wjlj=1, 2, ..., m} — MHOECTBO BepIIHH (BTOpast

JIOJIsT), COOTBETCTBYIOIIMX MHOXECTBY 3amaHuil (pa-
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60t); U' — MHOXeCTBO pebep, CBA3BIBAIONINX BEPLIMHBI
MHOXecTBa E ¢ BepummHamu muoxectBa W. s
HArJSITHOCTH NPEACTABICHHUS KOHKPETHOTO PEILCHUS
V! crpynmupyem MuokecTBO 3amammiit W B Tmoj-
MHOXecTBa (puc. 1).

| e )
U/l/ WlI
0
eIO : -
U 2
€0 <</—/—> 0
— | w,
U | \* 0
i
eiO .
\\ 0
w!
U | \ OI
enO \\ n [~
\
\ \*
\ .
\ Wnl
0

Puc. 1. JlgyoonvHuiii epag-pewierue 00HOpoOHOU
pacnpeoenumenbHol 3a0ayu

Fig. 1. A bipartite graph as a solution for a homogeneous
distribution problem

Iycts U'i — MmHOKECTBO pebep ABY0IbHOTO rpada
H', cBA3bIBAIONIMX BEPIIMHY €; C BEPIIMHAMM MHOXKe-
crea W4, wUY=U'". OrianunTensHOil 0cOGEHHOCTBIO
IpeCTaBIeHHOro AByAonbpHOro rpada H'=(EUW, U")
ABJIAETCA TO, UTO uMcio pebep muOoxkecta U'i paBHO
uycny BepuiuH MEoxectBa W', Kaxknoe pebpo u,eU';,
C OJIHOI CTOPOHBI, MHIIMACHTHO BEPILIUHE €j, a C JIpY-
roif — MHIMIEHTHO TOJBKO OfHON BepuinHe WieW'.
HazoBem nBymosIbHBIH pad), TpeICTaBISIIONINA pete-
nue V', rpadpom-pemenuem H'. OrmeTnm, 4T0 MOKaH-
Has cTelleHb JIto0oii BepmHbl WjeW paBHa enuHHUIE,
a JIOKaJIbHAasl CTEeNeHb BEPIIMHBI € PaBHA MOIIHOCTH
muoxectsa Wi, To ecth p(Wj) = 1, p(ei) = [WH|.

B pa6oTe nowuck permerns V' cBOTUTCS K HOUCKY HA
MOJTHOM ABYI0JLHOM Tpade Hnm Takoro rpada-pere-
nust H', s kotoporo ouenka F' umeer MmunumansHoe
3HaUCHHE.

Pemenue ogHOpoOAHON pacnpenenTebHOM
3a/1a44 HA OCHOBE MojieJiell aJallTHBHOI0
NoBe/leHUs] MyPaBbUHOI KOJIOHUH

Ipeanaraemast 11t MypaBbUHOI'O QJITOPUTMa Me-
Ta’BPHUCTHKA COCTOUT M3 KOMOWHAIIMHU JBYX TEXHHK.
Caavana Ha 6a30BOM METOJIe CTPOMTCS 00IIas cxema.
Jlasiee B MOCTPOCHHYIO CXEMY BCTPAMBAeTCsl Ta HIIH

uHas npouenypa. Ciienyer OTMETHTB, YTO BCTPOCHHAs
npoLeaypa — 3TO MPAaKTHYECKH BCETAa CAMOCTOSTEIb-
HBI alrOpUTM PELICHUs TOM K€ 3aJauu, 4YTO U MeTa-
9BPUCTUYECKUN METOA B LeaoM. ba3oBblil MeTon 3a-
KITFOYaeTCsl B pealn3allii HTCPAlMOHHON MPOLEAYpHI
MOWCKA JIy4IIETO PEIHICHWS Ha OCHOBE MEXaHHU3MOB
aIalITUBHOTO TOBEICHHUS MypaBbHHON KoJMoHHH. Oc-
HOBY BCTPOEHHOM MPOLEAYPHI COCTABISET KOHCTPYK-
TUBHBIH aJrOPUTM MOCTPOSHHS MypaBbeM HEKOTOPOii
KOHKPETHOM MHTEpIpeTaluy perieHus. B ontumusa-
L[UM MypPaBbUHBIMH KONOHUAMHU [8] KOHCTPYKTUBHBIN
050K (IesATETHHOCTh MCKYCCTBEHHBIX MYypaBbeB) Wr-
paeT KII04eByIo poib. B Hamem ciryyae B kKadecTBe HH-
TepHpeTaiy PeeHUs 0JHOPOIHOM pacipeeTTeb-
HOIf 3a/1a4M CITY)KHT JBYIOJbHBIH rpad-pemenue H'.

PaccMoTpuM TNpUHOMIBI PEHICHHS OJHOPOIHOM
pacpenennuTeIbHON 3aJadd METOJaMU MYpaBbUHOM
KonoHuH. TTouck pemeHnii oCyIecTBIsIeTCsI Ha MOJ-
HOM JByJ0ibHOM rpade. Kak ykaspiBanaoch Belmie, Oa-
30BBII METOJI 3aKJIIOYACTCS B pPealTM3alliH UTEPAIIOH-
HOHM IMpoleayphl MOMCKA JIydllero perieHus. Pabora
MOMCKOBOW IPOLIEAYPhl HAYWHAETCS C IIOCTPOCHUS B
COOTBETCTBHM CO CIEHU(UKONW pelaeMoil 3aaaun
rpada noucka pemennii. s nmoucka peuieHuit ¢pop-
MHUpYeTCs TOJHBIA JIBYNOJBHBIA rpad Hum
=(EuW, U). B rpade Hnm kaxast BepinHa €; cBszaHa
CO BCeMH BeplIMHamu MHoxecTBa W, a kaxmas Bep-
IMIMHA Wj CBA3aHa CO BCEMH BEpIIMHAMU MHOXecCTBa E,
to ectb p(Wj) = U], p(&) = |[W]|, |U] = nm. 3amaercs
pasMep TOIMYJSIHMN HCKYCCTBEHHBIX MYPaBbEB. 3a
Ka)XIBIM MYPaBbEM 3aKpEIUIIeTCs CTapToBas Bep-
muHa. B KayecTBe cTapTOBBIX BEPLIMH paccMaTpUBa-
10TCs BepIiuHbl WieW.

MonenupoBaHne TOBEICHHUS MYPaBbEB CBSI3aHO C
pacnpenenenueM pepomMoHa Ha pedpax rpada Ham. Ha
HavaIbHOM JTarne Ha Bcex pedpax U rpada Hnm oTKIa-
JIBIBACTCS OJMHAKOBOE (HE0OJIBIIOE) KOJHUECTBO (e-
pomona Q/v, rae v = |U|. ITapamerp Q 3amaercs anpu-
opu. bynem o6o3nayath rpad Hnm mocie oTinoxeHwus
Ha HeM Ha ureparuu t dpepomona kak Ham(t). TTocne
HavanbHOTOo 0TIoKeHMs — Hnm(0). TIponiecce mowncka pe-
meHui utepaunoHHbii. Kaxknas urepauus t BkiroyaeT
Tpu 3Tana. Ha nepBom atane kaxmoi nrepauuu t BbI-
MOJHAIOTCS TNPOLENYPbl MYpPaBBHHOTO ajrOpHTMAa.
Kaxpeiit |-t arent cdopmupyer Ha pebpax rpada
Hnm(t-1) cBoii cobcTBeHHHI rpad-pemenne H'(t),
onpenensercs pemenne V'(t), cooTBeTCTBYyIONIEE Ipa-
dy-pemenuro H'(t), u onenka pemenus F'(t).

Ha BTopoM 3tane urepanuu t kaxzaplii MypaBei otT-
KIaapiBaeT pepoMoH Ha pebdpax rpada Ham(t—1), coot-
BETCTBYIOIINX peOpaM MOCTPOCHHOTO Tpada-peneHus
H'(t).

KonmuectBo hepomona Ar(t), oTkiagpiBaeMoe My-
paBbeM @) Ha KaXJIOM pedpe MoCTpOeHHOTo rpada-pe-
menus H'(t), onpenensercs criemyrommm o6pazoMm:
An(t) = Q/ F\(t), rae t — Homep nrepammm; Q — obmiee
KOJIMYEeCTBO (hepOMOHA, OTKJIAIbIBAEMOE MYPaBbEM Ha
pebpax rpada-pemenus H'(t); F(t) — uenesas dynk-
LUsL JUISL peLeHus], TTOJIy4eHHOTO MypaBbeM @) Ha t-if
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uteparuu. Uem menpie F'(t), Tem Gonbiue Gpepomona
OTKJIaJIpIBaeTCsl Ha pedpax MoCTpoeHHOro rpada-pe-
urennst H'(t) u, cienosaTensHO, TeM GONbIIE BEPOST-
HOCTB BBIOOpA 3THX pedep IpH IMOCTPOeHUN rpada-pe-
IICHNS Ha CIICAYIOUIeH UTepaIvu.

O6o03naunm fij(t) cymmaproe komuuectBo (epo-
MOHa, CKOIHBIIeecs Ha pedpe Uk ABYAOJIBEHOTO Tpada
Hnm(t), CBSI3BIBAIOIIETO BEPIINHY €j C BEPIIHHOHN Wj 0~
CJIe BBINOJTHEHUS BTOPOTO dTamna uTepamuy t.

Iocne Toro xak KaxIbplii areHT chOpPMHUPOBAI pe-
IICHHUE U OTJIOKUI (PePOMOH, Ha TPETHEM dTare nTepa-
1uH t mporcxoauT oduiee ucrapeHue hepoMoHa Ha pe-
Opax nsymossHOro rpada Hnm(t) B coorBeTcTBHM C
bopmyioii fij(t) = fij(t)(1- p), rae p — ko3 dunuesT 06-
HOBJICHHS.

Ilocne BbIOMIHEHUS BCeX AEUCTBUI Ha uTepauuu t
HaXOAMTCSI areHT C JIYUIINM pEeLIeHHEM, KOTOPOE 3aI1o-
MuHaeTcs. Jlajee ocyIecTBIAeTCs IEPEXo Ha Clley-
IOIIYIO UTEPALHIO.

PaccMoTpuM Teneps KOHCTPYKTHBHBIH alTOPUTM
MOCTPOEHHSI MYpPaBbeM JIBYJIOJILHOTO Ipada-perieHus
H'(t) za monHOM ABYAOIBHOM rpade Hnm(t—1).

[TocnenoBarenbHo (MM  CIIy4ailHBIM  0Opa3oMm)
BbIOMpatoTcss BepmuHBl WjeW nBymomsHOTO Tpada
Hnm(t=1), HaumnHast ¢ mepBoil (ctaproBoit). ns BbI-
OpaHHOW BepIIMHBI W; ompeneinsieTcss Habop pedep
Uj(t), cBsI3pIBAIOIIMX Wj CO BCEMHU BEPIIMHAMU €j MHO-
xkectBa E. [lna xaxxgoro pedpa uxeUj(t), cesssiBato-
IIEr0 BEPIINHY €j C BEPIIMHON Wj, OnpeiesisieTcst mapa-
Mmetp fij — cymmapHbIii ypoBeHb (epoMOHa Ha TOM
peodpe.

BeposTtHocTs Py BKiTroueHus pedpa Uxe Uj(t) B hop-
mupyemblii rpad-pemenue H'(t) onpenensercs coor-
HotrerueM Py = fiy/> ().

ATeHT C BEepOSITHOCTBIO Py BBIOMpaeT 0JlHO M3 pe-
Oep, KoTopoe BKITto9aeTcs B (OpMUpPyEeMBIi Tpad-pe-
urenue H'(t).

BpemMeHHas CII0)KHOCTh 3TOTr0 aJIrOPUTMa 3aBUCHT
OT BPEMEHH XKU3HHU KOJOHNH t (YHMCI0 nTeparuii), Ko-
JUYECTBA UCTIOIHUTENEH N 1 yncia paboT M u onpee-
nsercs kak O(/-c?>m). Jlanee NpuBEAEHEI aITOPUTM I10-
BE/ICHUSI MYPaBbHHOW KOJIOHUHU M aJITOPUTM MYPaBbs.

Anzopumm nogedenus MypagouHoll KOJIOHUU.

1. 3agaroTcsa 4KUCIO UCHOTHUTENEH — N, YUCIIO pa-
60T — M, HavaIbHOE KOJIMUECTBO (hepoMoHa — Q.

2. Ctpoutcst monHbIi AByR0abHBIH Tpad Hum(0) =
= (EUW, U(0)), Ha pebpax KOTOPOTO OTIOKEHO
HavyaJlbHOE KOJIMYECTBO (hepOMOHa.

3. 3a KaXJIBIM MypaBbeM &) 3aKpPEIUISIeTCs] CTapTO-
Bas BepmHa Wi eW.

4. 3agatorcs uncno urepauuii — NT, gyucio mypa-
BbEB, ()OPMUPYIOIINX HE3aBUCHMO JIPYT OT JIpyTa pe-
nIeHus Ha oqHOM urepanuu, — NR.

5. t=1 (t — HOMep uTEpaIyn).

6. 1=1 (I — HoMep arenTa).

7. (Anzopumm mypaevs). MypaBeit @ CTpOUT Ha
NOJHOM JBYA0JBHOM Trpade Ham(t—1)=(ELW, U(t-1))
IBYIONBHEIHA rpad-pemrenne H'(t).
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8. PaccunthiBaetcs onenka F'(t) moctpoeHHOro
ABynonbHOrO rpada-pemenus H'(t).

9. Ecmu I<NR, o | = | +1 u mepexon k myHKTY 7,
MHaye rnepexon K myHkTy 10.
10. I=1.

11. Mypageii aj oTKIagpIBacT Ha pedpax MOITHOTO
nBynoiasHOTO rpada Ham(t—1), cooTBeTcTBYIOMMX peod-
paM  IIOCTPOSHHOTO JBYIOJBHOTO rpada-perieHns
H'(t), bepomon B komuuectse Ati(t) = Q / FI(t).

12. Eciu I<NR, 1o | = | +1 u mepexon k myHKTy 11,
VHayve Mepexo K MyHKTy 13.

13. Ha tpeTtbem 3tane urepanuu t mpoucxomur oo-
Iiee ucrnapeHue GpepoMoHa Ha Bcex pedpax JABYIOIb-
Horo rpada Hmm(t) B coorBercTBHHM ¢ (opMmyoii
fij = fij(1 — p), e p — ko3 PuIHEHT OOHOBICHHUSL.

14. Haxogurcs areHt ¢ jyqmmM perneHuem F(t),
THIOJTy4EHHBIM II0CJIe BBIIOJIHEHHS t nTepanuii, kotopoe
3aTIOMHUHACTCSL.

15. Ecmm t<NT, To t =t +1 u mepexon K MyHKTY O,
MHaye Mepexo K MyHKTy 16.

16. Konern paboTer anropurMa.

PaccMoTpuM Teneph KOHCTPYKTHBHBIA alITOPUTM
MOCTPOEHHSI MYPaBbeM JIBYJIOJIBHOTO rpada-perieHus
H'(t) ma monHOM ABYAOIBHOM rpade Hom(t—1).

Anzopumm mypaews.

1. s=0 (s — unaexc crnucka BepmuH W(S), yka3piBa-
IOIIMI Ha YUCIIO YAAJEeHHBIX BEPIUMH M3 HUCXOIHOTO
criucka W),

2. ®opMHupyeTCS HCXOIHBIH criicok BeprmH W(S)=
= {wj| j=1, 2, ..., M}, BKIIOYAIONUINNA BCE BEPIIMHBI
mHoxectBa W, To ectb W(S)= W={w;| j=1, 2, ..., m}.

3. B cnimcke W(S) BeIOMpaeTcs BepmInHa Wj, KOTO-
pas 3aKpelieHa 3a MypaBbeM i, W yIalseTcs U3
crucka. [lepexos kK myHKTY 5.

4. CiyuaitneiM obOpa3om B crnucke W(S) BbIOMpa-
eTCsl BepIlIMHA Wj, KOTOpast yJasIeTCs U3 CIIUCKA.

5.5 =s+1, wjeW.

6. lns BBIOpaHHON BepUIMHBI Wj OIpeaesseTcs
Habop pebep Uj, CBA3bIBaIONIMI Wj CO BCEMH BEPILH-
Hamu e mHOXecTBa E, |Uj|=n.

7. dnst kaxmoro pedpa Uxe Uj, cBA3bIBaromero Bep-
IIMHY €j C BEPLIMHON Wj, onpeensercs napametp fij —
CYMMapHBIH YpOBEHb (epOMOHA Ha 3TOM pedpe.

8. s xaxkmoro pebpa UkeUj mo dopmyne Py =
=fij / Yi(fij) paccuuTsiBaeTCS BEPOATHOCTH BKITFOUCHHS
pebpa UkeUj B hopmupyemsiii rpad-pemenne H'.

9. AreHT ¢ BeposiTHOCTBIO Py BEIOHpaeT ojHO U3 pe-
6ep, KoTopoe BKiIo4Yaercs B popMupyeMslii rpad-pe-
wenue H'(t).

10. Eciu s<m, To mepexof K MyHKTY 4, HHaue Ie-
pexon K myHKTy 11.

11. JIsynonbHbrii rpad-pemenue H'(t) momHocTsio
chopmupoBan. KoHer| paboThl anropuT™Ma MypaBbs.

Pa3paboTka nporpaMmMsl
ANTOpPUTM pELICHMs 3a/laud paclpeAeieHus pa-

00TBI IpOorpaMM Ha MHOT'ONPOLECCOPHBIX CHCTEMax
ObLT 3amporpaMMHUpOBaH Ha s3bIKe c# Ha mIatdopme
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Windows. [Ipu 3TOM Bce Ucciie0BaHus TIPOBOMINCH
Ha KoMnbrotepe Tuna Intel® Core™ i5 CPU 3.33 GHz
n O3V pasmepom 4 I'6.

S3bIK c# OBUT BRIOpaH N0 HECKOJIBKUM TPHINHAM.
Bo-mepBrIX, OH MO3BOJIAET OBICTPO HANATUTH pa3pa-
0OTKy Ha HadaJbHBIX dTalax, YTO JacT BO3MOYKHOCTB
B KOPOTKHE CPOKH CIIPOCKTHPOBATH MPOTPAMMHBIN
MPOAYKT, KOTOPBIH TIOTOM MOKHO OyJIET OTIIaXHBATH C
nomolusto cpencts Visual Studio.

OrpomHoe konmyectBo 6ubnmmorek ¢ .NET wuzer B
0ase, IIFOC K HUIM MHOXECTBO CBOOOJHO JOCTYITHBIX
OMOIMOTEK, YTO MOKPBIBAET NPAKTHYECKU BCE MEPBO-
CTENeHHbIe 3a1a4un pa3padborku nojy Windows. Hamu-
Yype 00JIBIIOTO KOJINYECTBA CTaHAApTHBIX TUIIOB IMOYTH
n30aBIseT OT OMONMMOTEK, TAe Oa30BBIC THIIHI TIEpe-
ompeneneHsl. B criny Toro, uro 6udiamorexu C# cpas-
HUTETHHO MOJOIbIe, HHTep(eiichl OMOMHOTEK, Kak
MPaBUJIO, JTy4Ille BIUCHIBAIOTCS B T€ WIH WHBIC IIa0-
JIOHBI IPOCKTHPOBAHMUSL.

B Visual Studio ecTh BO3MOXHOCTB ITOIKIFOYEHNS
CHCTEMBI KOHTPOJISI BEPCHiA U paboTHI ¢ Heil. JTta oco-
OEHHOCTh CHJIFHO MOMOTAeT B IpoLecce KOJUIEKTHB-
HOH pa3paboTku.

Taxxe HaHHBIA SI3bIK M3HAYAIbHO HWHKAICYIUPO-
BaH, 4TO MO3BOJISIET CO3/1aBaTh HEPAPXUUECCKUE CXEMBI
HACIICIOBaHUS U JIeJIaeT BO3MOXKHBIM HCITOJIB30BAHHE
KOMIIOHCHTHO-OPHUCHTUPOBAHHOTO TTOAXO0IA.

JUIs IpOeKTHPOBAaHUS TPOTPaMMBI OBUT BEIOpaH
KOMIIOHCHTHO-OPHUECHTUPOBAHHEIA MOJX0A. DTO Tapa-
JIUrMa TPOTPAMMUPOBAHUS, OMHPAIOIIASACS Ha TOHS-
THE KOMIIOHCHTa — HE3aBHCHUMOTO MOJYIISA IPOTrpaM-
MHOT'O KOJa Y MpCAHa3HAaYCHHAas JIs1 TIOBTOPHOI'O UC-
TMOJIb30BAHUA W Pa3BEPThIBAHUA, PCATU3YIOLICTOCSA B
BUJI€ MHOXECTBA A3BIKOBbLIX KOHCprKHI/Iﬁ.

Kpowme Toro, B miardopme .NET peann3oBaH KOM-
MOHEHTHO-OPUEHTHPOBAHHBIN MOAXO0/, 00ecreunBaro-
Kl co3aaHne U MOBTOPHOE HCIIOJIb30BAaHHE KOMIIO-
HEHTOB IS JIFOOOTO sI3bIKa MPOTPAMMHUPOBAHUS, TTO-
JIEPKUBAEMOT0 TIAT(OPMOH.

BaseDisplayer — kiacc, comepkammii B cede BUp-
TyanbHble (DYHKIWM, TperHa3HaYeHHbIE Ui OTpH-
COBKM pa3JIMYHBIX CTaTUCTHYECKUX 3JEMEHTOB Ha
dbopmax (rpadukax um T.1.). OT HEro HACIEAYIOTCS
knaccsl DrawBestSolution, ProblemDisplayer, RAlgo-
rithmDisplayer. DrawBestSolutions npegHa3HaueH
JUTS OTPUCOBKH TpadyKa HAXOXKAESHUS JIyUIINX pere-
HUH o urepamnmsM; ProblemDisplayer — ans otobpa-
JKEHHs TeKyllIeH peraeMoii 3a1a4un Ha Gopme, npejio-
CTaBJIAIONIEH BO3MOXKHOCTD TOATPY3KH PELICHUS U3
¢aiina; RAlgorithmDisplayer — nist oroOpaxkeHus nH-
(hopMaIy 0 TEKYIIMX HACTPOMKAX aIropuTMa.

[Iporpamma cozepkuT HaOOP KJIACCOB, MpEJHA3HA-
YEeHHBIX JUI 00ecredeHus paboThl AITOpPUTMA pacIipe-
JIEJICHUS] PECYPCOB.

Krnacc BaseAlgorithm. Camsbrit BepxHHUii B Hepap-
XUHW HacJeIOBaHUs, OOIMUH IJIs JIIOOOTO ajiropuTMma,
peImaiomero 3agaqy METOIOM MOJESIUPOBAHUS KOJIO-
HUU MypaBbeB. OH aOCTPaKTEH W COJCPIKUT OTpee-
JeHHble BHUpTyanbHble QyHKIME GetProblem wu

ResetAllParametrs, a Takxke ps nepeyrciIuTeNed c
nHdopmanueii o ciocode pabOTHI aropUTMa.

Knace RDistributionAlgorithmParametrs conep-
JKUT OCHOBHBIE IIapaMeTphl paboThI aNrOpUTMa: KOJIH-
YeCTBO MTEPALUH, KOJIMYECTBO MypPaBbeB, lTapaMeTphl
OTIIOXKCEHHUS (PepoMOHa (HadaIbHOE, OTIIOXKECHUE (hepo-
MOHa MypaBbeM, IapaMeTp 3aTyXaHHsd, CIOco0 OTIIOo-
KeHus pepomoHa). DepoMOH MOTYT OTKJIAIBIBATH MY-
paBbH, HalleIINe JIydllee pelieHre, abCOIIOTHO BCE
MYpaBbH, MypaBbH, HallISALIHE JTy4lllee pelIeHNe U pe-
IICHHS, HAXOJSIIMECs B ONPECICHHOM OLIEHOYHOM
JIana3oHe OTHOCHTENBHO JIYYIIEro.

Ha pucyHke 2 npuBesieHa CTpyKTypHas cXxema npo-
rpaMMbI, ONHMCBIBAONIAd KOMIIOHCHTHOE yCTpOﬁCTBO
IPOTrPaMMBEL.

BaseDisplayer.cs

v v v

DrawBest
Solution.cs

Problem
Displayer.cs

Ralgorithm
Displayer.cs

BaseProblem.cs

BaseAlgorithm.cs

BaseSolution.cs

v

v

v

RProblemData.cs

RdistributionAlgori
hmParametrs.cs

Rdistribution
Solution.cs

v

v

Rdistribution

Rdistribution

Algorithm.cs Algorithm.cs
g g BaselLoader.cs
BaseForm +
Reader.cs Rdistribution
+ Loader.cs
Problem

Configurer.cs

Puc. 2. Cmpykmypnas cxema npoepammol

Fig. 2. A program flow chart

Knacc RDistributionAlgorithm ompenenser nepe-
MICaHHbIE (PYHKIMH CAaMOTO MYPaBbHHOTO alrOpUTMa
1 MIPECTABISIET OCHOBHYIO IPOTPaMMHYIO JIOTHKY €TI0
paboTHI.

Kiacc BaseProblem copepxur HekoTopbie 6a3o-
BbI€ JJTaHHBIE O NPO0JIEME, pelIeHHEe KOTOPOH MTPOUCXO-
JIUT Ha MOMEHT paboTel amroputma. OH BepXHHHA B
Hepapxuu HACIEeJOBAHHMS.

Knacc RproblemData conepkxuT Bce He0OX01UMbIe
WCXO/HBIE TaHHBIE JUIS paOOThI AITOPUTMA.

Knace RdistributionAlgorithm #Hacnexyercs ot
RproblemData. 3to caenano mis 6oee yIpoIeHHOTO
JIOCTyNa KO BCEM HCXOJHBIM JaHHbBIM. Kitacc conep-
JKUT peaM3alfI0 BCEX MEXaHW3MOB, HEOOXOANMBIX
Juist paboThl aJropuTMa MOJICIUPOBAHMS IOBEIACHUS
KOJIOHHUH MYPaBBEB.

Knacc BaseFormReader. bazoBsiii kiacc, npeiHa-
3HAUCHHBIN JJIS1 CYUTHIBAHUS MH(POPMAIMK 00 UCXO-
HBIX JaHHBIX C (hopMbl. COIEPIKUT TOIBKO BHPTYallb-
HbIe QYHKINU.
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Knacc ProblemConfugurer. Kondurypartop ucxon-
HBIX JaHHBIX. Hacmemyercss or BaseFormReader.
Taroxe umeet goctyn Kk RdistributionProblem. I[Ipeo6-
pasyeT UCXOJHBIC TAaHHBIC 3a1a4u B HOpMAaT, UCIIONb-
3yromuiics BHyTPH OPOTPaMMBEL.

Kmacc BaseLoader mpemHasHaueH i 3arpy3Kd
(haitmoB. CoepKUT TOIBKO BUPTYaAJIbHBIC (QYHKIIHH.

Kiacc RdistributionLoader. [Ipenna3nauen s 3a-
IPY3KH JaHHBIX C IPUBA3KOM K 3a/1aue PacIpeIeICHUsI
MporpaMM B MHOTOIPOLIECCOPHBIX cHcTeMax. Peanu-
3yeT BO3MOXHOCTb HOATPY3KH (ainoB u3 ¢opmara
.xml WK cepraa30BaHHOTO OMHAPHOTO (aiina.

Knacc BaseSolution. Ilpencrapnsier 6a3oBoe mo-
CTPOEHHOE pEeLIeHHE 3aJa4 BHYTpU Hporpammel. Co-
JEPIKHT TOIBKO BUPTYalbHbIEe (DYHKLIHH.

Knacc RdistributionSolution. Cogepxut napopma-
[IMIO O MOJYYSHHOM DPEIICHUH C NMPUBS3KOH K 3amade
pacmpezeneHus IporpaMM B MHOTOIIPOLIECCOPHBIX CH-
cremax. Hacnmemyercs ot BaseSolution.

Kak BUIHO W3 OmmMcaHHs, NMPOrpamMMa COICPIKHT
HCCKOJIBKO TOJIHOCTBIO BUPTYAJIbHBIX KJIAaCCOB, 4YTO
M03BOJISIET MCIIOJIBb30BATh JIAHHBIN LIA0JIOH JUIS TIOCIIe-
JYIOIIHX pa3paboToK.

HpOFpaMMHaH peaaun3anusa ajaropurma

PaccMoTpuM peanu3anuio anropuTMa MOIEIHpO-
BaHMS TTIOBEJICHNS KOJIOHUU MypaBbeB (pHcC. 3).

Hauano

dopMM1poBaHKE BXOAHBIX
napametpos

PopmMrpoBaHME NepBUYHO
MaTpULibl abTePHATUB

.

BbInonHeHsb! Bce
uTepaumm’?

BbIBOA pesynbTatos
Ha oKpaH

Bce areHTb!
nocTpounim
pelweHua?

M3meHeHve maTpuubl
anbTepHaTue

Beibop cnegytoero
areHTa

MocTpoeHue pelueHnA
OueHKa peleHuna

Puc. 3. Cmpyxmypuas cxema ancopumma

Fig. 3. An algorithm flow chart

Brauasne nponsBoaurcst GOpMHUPOBaHUE HCXOIHBIX
JaHHBIX. Ha aTOM 1mare winm 3arpysxaercst HHpOpMa-
1y 13 Qaiiia, Wi cuenuaibHBIMU FeHepaTopaMu co-
3JIa€TCSl MHOXKECTBO PabOT € 3a/laHHBIM BPEMEHEM BBI-
nonHeHus. Takke 3a7al0TCsl KOJUUYECTBO UTepaunui
paboThl aNropuT™Ma M KOJIMYECTBO areHTOB (Mypa-
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BbEB). 3a7al0TCI MapameTpbl, oOecreunBaronye He-
npsIMOM OOMEH (CTHTMEpIKH), TaKhe KaK HadalbHOe
KOIM4ecTBO (hepoMOHA M KOJIUIECTBO (epoMOHa, KO-
TOpo€ croco0eH OTIIOKUTH KaXKIbI OTICIBHBINA areHT
cucteMsl. CyIIecTBYeT psJI ITapaMeTPOB, OIPEACIISIO-
LIMX HEKOTOPBIE CUCTEMBI TOBEACHUS MypaBbeB. Kax-
JIbI areHT MOXKET JIBUraThCsl, HAUMHAs C IIEPBOM Bep-
LIMHBI, HAYWHAs CO CBOEU BEPIUHHBI, TAK)KE OH MOXKET
BBIOUPATh BEPIIUHBI, 110 KOTOPBIM OCYIICCTBISACTCS
JIBIKEHHE B CITy4YallHOM MOPSIIKE, PYKOBOACTBYSCH I'e-
HEpaToOpOM MCEBAOCTYYAHBIX YUCEIL.

3aTeM OCYIIECTBISETCS TEHepalus MepBUYHON
MaTpHIIbI ATbTEPHATUB. MaTpulla COAECPKUT 3HAUCHHE
BEPOSITHOCTH, C KOTOPOH MypaBeil MOXKeT BbIOpaTh Ka-
KYIO-TO KOHKPETHYIO BEPLIMHY AJISl CBOETO JIBUKEHHUSI.
Ha nepBoil utepauuu KakObplid 3JEMEHT MHOXKECTBA
aJbTEpHATUB NPUPABHUBAETCS K HAYaJbHOMY KOJIUYE-
CTBY (epOMOHa.

Ecnu He Bce urepanuu alropuT™Ma BBIIIOJHEHBI U
HE BCE areHThl OCYIIECTBWIN MPOLENYPY MOCTPOCHHUS
pellieHus, BBIOMPACTCS ONPECICHHBIN areHT, KOTO-
PBIN peanu3yeT ero nocrpoeHue. Jlamee oneHUBaeTcs
pemienue. OneHKa MPOUCXOIUT MO BLIOOPY MaKcCH-
MaJbHO 3arpy>KE€HHOTO TpoIeccopa.

Ecnu Bce areHThl Ha TeKylled UTEpaluu BbINOJI-
HWIM MOCTPOCHHUE PELICHUH, MPOU3BOIUTCS H3MEHE-
HUE MHOJKECTBa anbTepHaTUB. [Ipu 3TOM Kaxknoe pe-
LIEHHE CPABHUBAETCS C HAMJEHHBIM JIy4IIUM pelle-
HUEM Ha JJaHHOM uTepauuu. YeM Xyke pelieHue, TeM
MeHbIIIee KOJIMIECTBO epOMOHA OTKIABIBACT arcHT,
KOTOpBIM JaHHOE pemeHue noiayyui. OTKIIaJbIBaHHue
(bepomMoHa B MaTpUIly albTEPHATUB OCYIIECTBISETCS
Pd, * Sh,

Sc,

1
Pd — xonuvecTBO OTKIIAABIBAEMOrO (PEPOMOHA Mypa-
BbEM Ha i-if urepanuu; Sh — oreHka Jay4iero HaieH-
HOTO pEIICHHS; SC — OIEeHKAa TEKYIIEro HaiJIeHHOTO
pelieHusI.

no ¢opmyne Pdi = ,1=140,1, ..., n}, rae

IIpoBeaenne
JKCIEPUMEHTAJIBHBIX HCCJIECA0BAHMI

IIpu mpoBeaeHUN 3KCIEPUMEHTAIBHBIX HCCIEN0-
BaHMH HEOOX0ANMO OBUIO ONPE/IEIINTD JIBE XapaKTepH-
CcTUKU: 3((PEeKTHBHOCTH IONYYEHHOTO alroputMa Hu
Ka4yecTBO pa3pabOoTaHHBIX Ha OCHOBE MYPaBBHHOW KO-
JIOHUH MEXaHU3MOB, KOTOPbIE OBUIM NMPUMEHEHBI JIs
pelIeHus: OJHOPOJAHON pacipeeIuTeIbHOMN 3a/1a4u.

Jlist aTOTO OBIIA TPUMEHEHA Tporeaypa GOpMHUPO-
BaHUSI KOHTPOJBHBIX TECTOBBIX MPHMEPOB C YK€ H3-
BECTHBIMH Pe3yIbTaTaMH (ONTHMYMOM).

IlepBas uccnenyemas XxapakTepUCTHKa — BIHSHHE
(Ha MOTyYEeHHBIH Pe3yIbTaT) YIPABILIIOINX apaMeT-
POB, TAKHX KaK pa3Mep MOMyJISIIUN MypaBbeB, KOJINYe-
CTBO MTEpaluil, TapaMeTpOB, YNPABIAIOLIUX OTI0XKE-
HHEM H UcllapeHneM (hepoMoHa.

J1J1st ostyueHust TOCTOBEPHBIX BHIBOJOB ObLIa Mpo-
BeJICHA CepHsl TECTOB-IKCIEPUMEHTOB. BpeMmenHast 3a-
BHUCHMOCTb Pa3pab0TaHHOTO aJlTOPUTMa ONPEAEIAETCS
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BpPEMEHEM KU3HH KOJOHHU t (KOJIMYECTBO reHepaiuii),
YHCJIOM MCIIOJIHUTEINEH N M YKCIIOM paboT M u onpeie-
msercs kak O(z'n?-m). TecTUpOBaHHE IOKA3aII0, 9TO B
97 % ciryqaeB chOpMHPOBAHHOE IIPOCTPAHCTBO peIlie-
HHUH CONIEPKUT TII00ANFHOE ONTUMAIHHOE PEIICHHE.

TectupoBaHme, ONPEEIAIONIEe CXOAUMOCTE aJIr0-
pHUTMa, BEITIOJTHSIIOCH CIISAYIOINM 00pa3oM. [l Kax-
JIOTO TECTa 3aIlOMHHAJICS HOMEp UTEpalinH, IMocie Ko-
TOPOH yNy4IIeHUs! OLIEHKU He npoucxoauio. [Tposo-
nunack cepus u3 50 TeCTOB, B KOTOPOM HaXOAUIUCH
MHUHUMAaJIGHBIH M MaKCUMAaJbHBIH HOMEpa HUTEepalum.
Taxoke BBIMOJHAJICS PacueT CPEAHEro 3HAUCHHS KOJIH-
4eCcTBa UTepalnil, YIy4IIeHHs OLIEHKH T0CIIe KOTOPBIX
He npoucxoauno. PakTUYEeCKu B KaXIOH cepuu Te-
CTOB ONPEACIIIOCH JIydIlIiee PelIeHne, KOTOPOe SBIIS-
JIOCH ONTHMAJIbHBIM. TEeCTOBBIEC IKCIIEPUMEHTHI TTOKA-
3allM, YTO CXOXKICHHE alrOpuTMa IPOUCXOTUT Ha
120-# rerepanuu npu oobeme momyrsinua M = 90.

CpaBHeHHE 3HAUCHHUH KPUTEPHSI, TOTYICHHBIX MY-
PaBBUHBIM AJITOPUTMOM Ha OEHUMAapKax, Y KOTOPBIX
ONTUMYM YK€ U3BECTEH, NoKa3ano, 4ro y 80 % tecToB
MOJy4EeHHBIH pe3ynpTaT ObUT ONTHMaNbHBIM, Y 15 %
TECTOB pe3yJbTaThl ObUIM Ha 3 % XyiKe ONTUMAJIBHOTO,
ay 5 % TecToB pe3ynbTaThl OBLUTH XyXkKe He OoJiee, YeM
Ha 2 %. Ha ocHOBaHMHM NIPOBEICHHBIX SKCIEPUMEH-
TANBHBIX WCCIEIOBAaHUHA MOYKHO C/IENATh BEIBOJ, UTO
pa3pabOTaHHBIA aNTOPUTM MO3BOJSET MONYYHTH pe-
3ynbTaThl Ha 2—3 % Jiydllie TeX, 4TO MOJIy4eHbl UMEI0-
muMucs anropurmamu [2—10].

B npouecce pazpaboTku B mporpammy ObLIa 106aB-
JICHa BO3MOJXKHOCTh TOCTPOCHHS THUCTOTPAMM JUIS
HAWJTy4Iero OIpeNesIeHHs] HTepalud, Ha KOTOpOH
MPOUCXOJAIT CXOAUMOCTh QJITOPUTMa M HAXOXKACHHE
Jydurero peuteHus. [Ipumep rucTorpammsl Jjisi HEKO-
TOPBIX BAPHAHTOB PEIICHUII TPHUBE/ICH Ha PUCYHKeE 4.

Jnst cpaBHeHust 3pdeKkTHBHOCTH OBbUIM BBIOpPAHBI
TCHEeTHUECKUI aNTOPHUTM, CeleKmUusHO-nepecmaHo-
sounviti ancopumm (CIIA) [4, 6-10], areopumm pas-
Jauunblx Habopoe pabom u mawun (DIMS) [22], areo-
PUMM MOOETUPOBAHUsL NOBEOEHUS KOJIOHUU MYyPaBbes
(ACO).

OTH anropuUTMBI OBUIM BBHIOPAHBI B CHILY IEPCHEK-
THUBHOCTH M XOPOUINX Pe3yJIbTaTOB, MOKa3aHHBIX MU
MIPY TIPOBEICHUHN SKCTIEpUMEHTOB [4, 6—10].

CpaBHUBAJICS aNrOPUTM aJANTHBHOIO MOBEICHHS
MYpPaBbUHOH KOJIOHHMH C Pa3IMYHBIMH alrOpUTMaMHU
peuIeHus OJHOPOJHOM pachpeneuTeNbHON 3aauu.
B kauecTBe ONTHUMAJBHBIX HACTPOCK Ul aJrOpUTMa
MOJICTIMPOBAHUS TOBEACHHS KOJIOHWH MYpPaBbEB HC-
MOJIL30BAJIUCH Cllelytomue napamerpol: Nc = 50 — pa3-
MepHOCTh KonoHuH, Ni = 100 — KoIr4ecTBO UTeparmii
JUISL KaXK/10T0 dKcriepuMenTa. Pabora anropurma Obuta
cMozenupoBaHa 0e3 ydera 31MUTHBIX ocobei. [1ono6-
HBIE TapaMeTphl TAaKXKe HCIIOJIB30BAINCH YIS alro-
pHUTMa CETIeKTHBHBIX IIEPECTaHOBOK.

Kaxnapiii mpoBeAeHHBI SKCIEPUMEHT COAEpPIKAI
TpH mapaMeTpa: M — KOIUIecTBO pabOTHHUKOB, N — KO-
mudectBo pabor, U — mHTEpBan paboT, MUCTOIB3YIO-
IIWIACS JJIs1 TEHEepaIliy CITMCKa padoT Ha Ka)XIoi ute-

20 I Seriest
- Movingfwverage

-1 9 15 29 39

Puc. 4. Ipumep cucmozpammul (konuuecmso pabom — 50,
Konuuecmeo y3106 — 3)

Fig. 4. An example of a histogram (a number
of operations — 50, a number of nodes — 3)

panun. J{ns kaxaoro Habopa paboT HCIOIH30BAINCH
100 3amau. CymmapHo ans cpaBHeHus: metogos ACO
u DIMS 65110 poananuzuposado 1 900 pemenuii.

Jlnd oLleHKH pelIeHuil HCIOob30Bajlach HUKHAA
rpanuna (Lower bound):

1
L = max |:_* Z pj:|5 p15 pm+pm+1
m j=l,...,n

CpaBHEM 5(h(heKTHUBHOCTH METOAa MOICITHPOBAHUS
MOBEJICHUS aJaITUBHOW KOJOHHUH C 3PPEKTUBHOCTHIO
MeTtonoB DIJMS u LPT (tabn. 1). Pesympratsr skcme-
pumenToB MeTona DIMS B3sThl u3 [22]. [Ins kaxxaoro
METOJ1a B KXKIOW CTPOYKe TaOIUIIBI MTOKA3aHO KOJH-
9YEeCTBO ONTHMAIBHBIX PEeUIeHUH U3 nMpoBeaeHHBIX 100
JKCIIEPUMEHTOB.

Tabauya 1
CpaBHeHue 3()eKTUBHOCTH METO10B
Table 1
Method effectiveness comparison
n|m U LPT | DIMS ACO
6 | 3 [1,20] 62 63 99
9 3 [1,20] 35 79 98
15 3 [1,20] 56 99 99
6| 3 [20, 50] 45 45 99
9 3 [20, 50] 11 21 100
15 3 [20, 50] 26 48 99
8 | 4 [1,20] 66 68 100
12| 4 [1,20] 34 76 98
20| 4 [1,20] 56 97 99
8 | 4 [20, 50] 40 40 97
12| 4 [20, 50] 10 14 98
20| 4 [20, 50] 24 45 100
0] 5 [1,20] 53 53 99
12| 5 [1,20] 48 79 100
25| 5 [1,20] 23 100 98
10| 5 [20, 50] 47 22 97
12 5 [20, 50] 27 11 98
25| 5 [20, 50] 9 31 100

U3 Tabnuiet 1 BunHO, uto anroputM DIMS omnepe-
s)kaeT crapaapTHelii LPT. CTouT oTMETHTH, YTO 3TOT
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AITOPUTM UCHONB3yeT cBsi3Ky KoHuenuit LPT u MF.
OueBHTHO, YTO TaKas CBsA3Ka JaeT Oosee XOPOIIHii pe-
3ynbTaT. B cBOtO 0ouepens, anroputm ACO omepexkaet
DIMS, uto 00ycIOBIEHO HCHOJIH30BAHHUEM BEPOST-
HOCTHOTO ITOJXOJa M BBIIBETAHHEM OTACIBHBIX allb-
TEpHATUBHBIX BEIOOPOB PEIICHUH.

Cpasanm anroputmsl ACO u CITA.

s uccnenoBaHus 3pPEKTUBHOCTH ITHX AITOPHT-
MOB IPOBE/ICHBI BEIYNCIUTEIbHbIE SKCTIEPUMEHTHI IPU
pa3HBIX 3HAUCHUAX TapaMeTpoB 3a1auu. B 3anaue npu-
BOJATCS TaKUE e MapaMeTpsl, Kak U B MPeIbIayIIeM
OIIBITE, 32 UCKIIOUEHHEM JMamna3oHa pabor. B kaue-
CTBE MapamMeTpa, XapaKTepHU3YIOILIEr0 PecypCHO-TOY-
HOCTHBIE CBOMCTBa, BbIOpaH Pont — monst ontumans-
HBIX pELIECHUM.

Tabnuma 2 mo3BoiseT cpaBHUTH anropuTMel CITA
n ACO. B naHHOM cilydyae IPpUMEHSIICS aJITOPUTM Ce-
JIEKTUBHBIX MEPECTAaHOBOK, HCIIOIB3YIOIIMI OAMHAp-
Hble epectaHoBKU. Jlannblie 11t CITA B3aThl u3 [23].

Tabnuya 2
Cpasnenue CIIA u ACO
Table 2
Comparison of selective-permutation algorithm
and ACO
n m U CIIA ACO
5 33 [35,65] 95 99
5 33 [15,85] 80 98
5 63 [35,65] 100 99
5 63 [15,85] 100 100
6 48 [25,75] 72 98
7 33 [35,65] 79 99
7 33 [15,85] 57 97
7 63 [35,65] 42 98
7 63 [15,85] 46 98

ANTOpUTM MypaBbHHOMN KOJIOHHH ToKa3aj 3ddex-
TUBHOCTH 98,6 %, B TO BpeMs Kak 3((EeKTUBHOCTH ali-
roputMa ListScheduling cocraBuna 21,9 %, Thre-
sholdHeuristic — 79,1 % u Scattersearch — 97,7 % (pe-
3y/IbTaTHl OBLTH B3ATHI U3 [24]).

CTOHUT OTMETHTH, YTO AJNTOPUTM MOJCIUPOBAHUSI
MOBEJICHUS KOJIOHUU MYPaBbEB MTOKA3BIBACT XOPOIIIHE
pe3ynabTaThl Ha aOCONIOTHO PAa3IMYHBIX JHAANa30HaX
MOIITHOCTEH paboT, 4TO CBA3aHO C UMHUTALUCH OTKIIa-
JIBaHUS (pepoMOHa BO BpeMst pabOTHI arOPUTMA.

ITo cpaBnenuto ¢ anropurmoM DIMS metoj noka-
3BIBAET ropaszio 0oJiee XOpOoIui pe3ybTaT Oaaroaaps
HCIIOJIb30BAHUIO 00JIce MOIIHON 3BPUCTUKH.

Meronet CITA u ACO moka3pIBalOT MPUOIU3H-
TEJILHO PAaBHBIC PE3yJIbTAThI C MPEHMYIIECTBOM Me-
toma ACO oxoio 2,5 %. Takke CTOUT OTMETHTh, YTO
meton ACO moka3piBaeT Oosiee XOpOIIHiA pe3yabTaT
Ha OOJIBIIIOM Juara3oHe paboT. B nemoM maHHEBIN Me-
TOJl IMEET MPEUMYIIECTBO.

3akiouenue

B pabore npeuioxkena HoBas mapaaurmMa KOMOMHA-
TOPHOM ONTHMH3ALMH, KOTOpasi Oa3upyercst Ha Mojie-
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JUPOBAHUU AaJaNTUBHOTO IOBEACHHUA MYpPaBbUHOM
KOJIOHHH ¥ NPEACTABIIET rpa)uueckoe peuieHue oj-
HOpPOJHOHN paclpenenuTeNIbHON 3aadyl B BHUIE IBY-
nonbHOTO rpada. Takxke M pemeHus OZHOPOIHBIX
pacipeaennTeIbHBIX 3a/1a4 IPEJI0KECHBI HOBBIE MeXa-
HU3MBL. MypaBbeM Ha rpade MoNCcKa pemeHN CTpo-
UTCS IBYIONBHBIN Tpad B OTIHYNE OT KAHOHHIECKOH
MapagurMbl MypaBbUHOTO alITOpUTMa. B ontuMmzany-
OHHBIX 3aJla4ax, JOIyCKaIOIUX NPeACTaBIeHUE pelle-
HUSL B BUJIE IBYJIOJIBHBIX IpadoB, 3TOT COCOO MOUCKA
palMOHaJBHBIX PEUICHUH sABIsieTcsl Hanbosee s dex-
TUBHBIM.

B wactHOCTH, yTeM He3HaYMTENHLHON MoAHU(pUKa-
IIMM KOHCTPYKTUBHOT'O JIITOPUTMa MYpaBbs pa3pado-
TaHHBIH AITOPUTM, PEIIAIONINHA OXHOPOIHBIE pacIipe-
JISTTUTENbHBIE 3a/1a4i, MOKET TaKKe peIaTh 3aJady o
Ha3HAYCHHSIX.

ITonbop Hambonee aneKBaTHBIX YHPABISIOMINX
[apaMeTpOB MOXKET CTaTh WCTOYHHKOM YCOBEPILICH-
CTBOBAaHHUS JAHHOTO alropuTMma. PemenueMm npyroi
po6JIeMbI, KOTOpast MOXKET YIYUIIUTh KpUTepHUil Ka-
4ecTBa, SIBISETCA YCTAaHOBIICHHE OYEPEIHOCTH pac-
CMaTpUBaeMbIX paboT. YiydlleHne KadecTBa MOYKHO
TMOJYYHUTH C MIOMOIIBIO UHTEIpaAllU PA3JIMYHBIX MCTO-
JIOB POEBOTO HHTEIUIEKTA.

Paboma evinonnena npu gunancosoii noodepiicke
PO®U, cpanm Ne 17-07-00997.
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Abstract. The paper proposes a solution of a homogeneous distribution problem. It gives the problem statement, describes
the main groups of algorithms to solve it (approximate and exact) and their advantages and disadvantages. The paper proposes
a new paradigm of combinatorial optimization, which is based on modeling the adaptive behavior of an ant colony.

The solution of a homogeneous distribution problem is its graphical representation as a bipartite graph. New decision
mechanisms were proposed to solve these problems. The basis of metaheuristics of an ant colony algorithm is a combination
of two techniques. The first basic technique is to perform the search for the best solution using an ant colony adaptive behavior.
An ant builds a specific solution using a built-in procedure, which is based on a constructive algorithm. A bipartite graph that
is built on the solution search graph is the main difference of the proposed ant algorithm from the existing canonical paradigm.

When finding optimal solutions for optimization problems, which allow presenting solutions in the form of bipartite graphs,
this approach will be fairly effective.

The conducted researches showed that the ant algorithm gives more qualitative solutions in comparison with the known
algorithms. Comparing known and developed algorithms, we can say that the results improved by 3—4 %.

Keywords: assignment problem, bipartite graph, optimization, swarm intelligence, ant colony, adaptive behavior, homo-
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ABTOMATH3HPOBAHHAS CHCTEMA OBPABOTKH JAHHBIX
B UNIX-IIOAOBHBIX CHCTEMAX
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JlaHHast CTaThs MOCBALICHA PAaCHpPEIeIeHHO-MOIYIbHON 00paboTke HHG)OPMALIMK B aBTOMAaTHU3UPOBAaHHOM peXuMe. ITa
pa3paboTKa IT03BOJISIET IPUHUMATE BXOISIIIE M HCXOISIINE TaHHbIe HA (GU3MUYecKuil cepBep B o0beMe 1o 2,2 GB/s, mpu aTom
pacrpenensst HOTOKOBYIO HH(OpMaIHio (Bech BXOISIIHI ceTeBOi TpahHK Ha cepBep) M0 (PU3NIECKUM U JIOTHYECKUM SIIPaM.

Tlokazana Harpy3ouHast 3aBUCHMOCTh (PM3HIECKHX PECYPCOB OT BXo el nHpopmarn. O60CHOBaHa 11es1eco00pa3HOCTh
MpUMEHEHHS pa3pabOTaHHOTO ammapaTHO-mporpaMmHuoro komiiekca SDP (Speed data processing), a Takke MpeaCTaBICHBI
CTPYKTypa M TNpHHOUINHAIbHAs cxema paborsl. Ha mepBom 3Tame co3maHusl KOMILIEKCA OCYIIECTBISIETCS pa3paboTka
AJITOPUTMA, Ha BTOPOM — €r0 TeXHHU4ecKas peanusaius. [IpuseneH ¢pparMeHT HCXOJHOTO KO/, OTBEUAOIIETO 3a YBEJOMICHUS
Ha e-mail kak 0 Harpy3ke Ha IEHTPAJIBHBIA MPOIECcCOp, TaK U 00 OCHOBHBIX 3aIlyCKaeMbIX mpoueccax. OmucaH OCHOBHOM
(YHKIMOHAT CO CEAYIOIMMH JAaHHBIMH: Ha3BaHHE (QYHKIUH, IeNb (YHKIUH, TEOPETHUECKass Harpy3Ka, JIUMHUT Hepenadn
naHHbIX (B MB/s) u pe3ynprar BeinonHeHus. Ha TpetbeM dTame mpoBoanTCs TeCTHpoBaHKe KoMminiekca SDP, npexcraBieHb
CpeIHEeCYTOYHbIEC Pe3yIbTaThl 3a AECATh JHEH.

Co3l1aHHBIHA anmapaTHO-NPOrPaMMHBIN KOMIUIEKC TO3BOJISIET 3()(GEKTUBHO 00pabaThIBaTh BXOMINYI0 M HCXOJSIIYIO
HH(OPMAIMIO B aBTOMAaTHYECKOM PEXHMME AJIs YBEIUUSHUS MIPOITYCKHOHM CIIOCOOHOCTH NP NpHEMe M OTIPaBKe JAHHBIX B
CYBJA MySQL, B Tom gucine npu DoS- u DDoS-arakax. OnHoli U3 yacTeil KoMIUIeKca SBISIeTCS wWeb-MOmy b AT yIIpaBIeHUS
KakK C HEepPCOHAILHOIO KOMIIBIOTEPA, TaK M C MOOMIBHOTO TenedoHa. B MOHHUTOPHHTOBOM wacTu web-Momyms peann3oBaHa
BO3MOXKHOCTB YBeIOMJIEHUsI SMS-COOOMIEHUIME O COCTOSTHIH 3arPy’KEHHOCTH (PU3MYECKOTO cepBepa.

PaspaboraHHbIid anmapaTHO-IPOrpaMMHBIN KOMIUIEKC ITOKa3asl BBICOKYIO CTa0HIBHOCTH HpU 00paboTKe OONBIIHX
00BEMOB JaHHEIX C MUHUMABHOH Harpy3koil Ha OBM.

Knroueswvie cnosa: obpabomxa ungpopmayuu, Hazpyska Ha 6bI4UCTUMETbHbIE PECYDChL, OP2AHUIAYUS OAHHBIX, CHUICEHUE
HAZPY3KU UHDOPMAYUOHHBIX NOMOKOS8, homoKu ungopmayuu, SMS-yeedomnenue, pacnpedenennas cucmema, yenmp oopa-

OOMKU OAHHBIX.

OnHUM 13 aKTHBHO Pa3BUBAIONINXCS HAMPaBICHUI
siBIsieTCs ucnonb3oBanue ACY mpu nepemade u oopa-
6oT1ke naHHBIX. [10100HBIMU BOTIpOCAMHU 3a4aCTYIO 3a-
HUMAOTCS JaTa-IICHTPbI (yeHmpovl 06pabomKu OanHbIX
(IOM)) [1]. Taxkme neHTprl paboOTaOT B KPYIHBIX
ropojiax BO MHOTUX CTpaHaX, H MX YUCIIO MOCTOSHHO
pacrtet. LIO/] sBISIFOTCS MECTOM Uil XpaHEHUS U 00-
pabotku nH(popMaIH. B HUX pacmonararoTcst pasimd-
HBIC PECYpCHI, TaKue Kak web-calThl, IIOYTOBEIE cep-
BUCHI, OOJayHBIE TEXHOJOTMH W Jp. B HacTosmiee
Bpems [1O/] Hepeako moaBepraroTcs aTakaM BO BHEIII-
Hell To0aIbHOHM CeTH, KOTOPhIE MOTYT UCXOAWTH U3
mo0oii Touku miaHeTsl. Pacnonoxxennoe B 1{O/] 060-
PYAOBAaHHE HCIOJIb3YCT BHCIIHHE CCTECBBIC KaHAJbI,
YTO CO3JIaeT MOTEHIHANBHYIO Yyrpo3y HH(pOpMaIroH-
HOW Oe3omacHocTH. [Ipy 3TOM BHEUTHUE UHTEPHET-pe-
CYpCBl CTaHOBSTCSI HENOCTYIHBIMH JIIS KIIHECHTOB,
HanpuMep, MoJIb30BaTelb HE MOXET MONACTh Ha CBOM
MOYTOBBIA CEPBHUC WM HE UMEET JOCTYIa K HYKHOW
BeO-CTpaHUIIe U T.II.

Ha oGopymoBanuu, pasmemensom B 11O]], kak
MPaBUJIO, YCTAHOBJICHBI ONICPAIIHOHHEBIC CHCTEMBI Pas3-
muaHbIX cemeiictB: Windows, Linux, UNIX, Amiga,
DOS, Solaris, Illumos, Plan, Inferno [2]. [IpakTruecku
KaXX/1asl CHCTeMa MMEET ONpeIeIICHHBIE YA3BIUMOCTH, H
HEJb3s OBITh 3aCTpaxoBaHHBIM 0T DoS- u DDoS-arax,
MPUBOIAMIMX K HapYIICHUIO JOCTYITHOCTH HH(pOpMa-
UMY U noTepe nakeroB. IIpaBuiibHOE pacmpeneieHue
WH(POPMALMOHHBIX MOTOKOB MO sApaM (PU3MYECKOrO

cepBepa CIocoOCTBYET YBEIIMYECHHUIO TPOIYCKHOM CII0-
coOHOCTH MpH 00pabOTKE MaHHBIX B aBTOMAaTH3UPO-
BaHHOM pEeXHUMe M UX COXpaHeHHMH. PacmpezeneHHO-
Mo/IyJibHast 00paboTka HHPOPMAIMU B aBTOMATH3UPO-
BaHHOM DPEXHME IMO3BOJISIET NMPUHUMATh BXOJAIINE U
UCXOSIINE NaHHbIC Ha (QU3MUYECKUI cepBep o 2,2
GB/s, mpu 3TOM pactpezensisi IOTOKOBYI0 HH(pOpMa-
MO TI0 (PM3MYECKUM U JIOTHYECKUM SIAPaM.

I'maBHBIM TpeOOBAaHMEM K COBPEMEHHBIM TEXHOJIO-
THSM SIBJISIETCSI PABHOMEPHOE pacIipeieieHie BBIXOI-
HBIX JAHHBIX. DTO 03HAYAET, YTO YIOPAJOUCHHAS BXO-
Jsmas nHpopManus (HarpuMep IMOTOKOBBIH CETEBOM
Tpaduk) mOWKHA TPeoOpa3OBHIBATECS aBTOMAaTHUE-
cku. [TomoOHas cucTemMa aBTOMAaTH3aLUHU JIOJDKHA HIC-
KIIFOYaTh SHTPOIHIO ITpeoOpa3yeMbIX JaHHBIX [3].

Bomnpocamu n3mMeHeHNsT aBTOMAaTH3UPOBAHHBIX WH-
(hOPMALTOHHBIX CUCTEM 3aHUMAIOTCS YKe MTPOIOIDKH-
TENBbHOE BPEMs, M CErOfHs JaHHBIM HCCIEJOBaHUSIM
MOCBAIICHO OIPOMHOE KOJIHYECTBO IyOnukammid [3].
Onna w3 mepBeIXx pabor matupyercs 1980 romom.
Ee aBTOpamMu SBIAIOTCS COTPYJHHMKH KOpPIOpalUH
IBM [4]. C tex nop aBTomMaru3auuu oopadbaTsiBaeMon
nHGOPMALINHU IPUAAETCS OTPOMHOE 3HaUeHHE. B Takux
CHCTEMax 3a4acTyI0 MPEAJaraloTcs yCTapeBIINe MOA-
XOZBI K PEIICHUIO MTOCTABICHHON 3a7a4y, Harpyaro-
IIMe BBIYUCIUTENbHBIE pecypehl [5]. Cpemneromoas
Harpy3ka Ha ¢usndeckue aanHbie DBM mmeer TeH-
JICHLIMIO K €5KeroAHOMY pocTy [6]. IIpu orpoMHbIX mo-
TOKax MH(OPMALMK YBEINYHUBACTCS PUCK MTOTEPHU J10-
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CTYIHOCTH JIaHHBIX, HaXOJSIIMXCS HA BBIYUCINTEIb-
HBIX pecypcax, KOTOpbIe UMEIOT IOCTYI BO BHEIIHIOIO
riobanbHyr0 cetb. [1omoOHBIH pdexT o0BAcCHAeTCS
3aTPYOHEHUSMH B BEIABICHUH M KIACCU(PHKAINA Ta-
KHAX YTpO3, a TAaKXKe CIOKHOCTBHIO IPUBSI3KH UX K KOH-
KpPETHBIM IIPOLIECCaM B3aUMOAECUCTBUS NIPUIIOKEHUN B
JoTHpyeMBIX (aiinax [7].

B cratpe ommcana paspaboTka annapamHo-npo-
epammuoeo komnnexca (AIIK) mis oOpaboTku Mac-
CHBHOW M MHOTOIIOTOYHON MH(]opManuu (aTaka cete-
BBIM Tpa(UKOM, HAPCHUHT, PA3JIHYHbIC MOAKIIOUCHHS
OT TOJIB30BATENIeH M T.N.) C TOCIEIYIOIINM 3aHece-
HueMm nanHblx B CYBJ] MySQL, nouytoBeiM u SMS-
YBEIOMJICHHEM, & TAKXKE C BRIBOJIOM B web-uHTepdeiic
U pacIpefelicHHeM CETeBOH Harpy3Kku 1o (usmdec-
KM ¥ JIOTHYECKUM sIIpaM cepBepa.

IIpeumyniecTBa U HAYYHAsi HOBH3HA

OCHOBHBIE MPEHMYIIECTBA TPEIATaeMOTO pelle-
HUS:

— BO3MOXHOCTb pacCIpe/e]CHUs BXOIAINX HH-
(hOpMaIOHHBIX MTOTOKOB (CETEBOW HArpy3KH) IO sij-
pam (u3udIecKoro cepeepa;

— yBenuueHue npomyckHoi criocobHoctn CYBJ]
MySQL;

— yBenomsieHHe mo SMS Ha MOOWIBHBEIA Tee-
(oH, a TakKe Ha HIEKTPOHHYIO MOYUTY;

— BO3MOXHOCTh YyJajneHHoro ympasienus AIIK
yepes web-uHTEpdeEiic;

— YBEJIMYCHHE CETEBOH IPOIYCKHOH CIIOCOOHO-
CTH (BXOJAILIUX U UCXOSIINX CETEBBIX NMAKETOB);

— HCHoJib30BaHue 1ieneil MapkoBa, BriepBbI€ J0-
paboTaHHBIX I pacHpenesieHUs CeTeBOI Harpy3KH.

Hay4nas HOBM3HA 3aKIII0YAaeTCs B pacHpeAeIeHuN
CEeTeBOW Harpy3Kku 1o (GpU3MYECKUM sIpaM cepBepa 3a
cueT 1opaboTKH 1ierneit MapkoBa, YTo OKa3aHO Ha pu-
cyHkax 1 u 2.

Takum o06pazom, AIIK He TOTBKO TO3BOJISIET CHU-
3UTh CETEBYIO HArpy3Ky Ha BBIUHCIHTENbHBIE pe-
CYpPCBI, HO U CIIOCOOCTBYET CBOEBPEMEHHOMY YBE/IOM-
nenuto (o cocrostan O9BM) no SMS Ha MOOMITBHBIH
TeedoH.

AHaJIOTHYHbIE pemieHus

ArnmapaTHO-TIporpaMMHbBIE  (aBTOMaTH3HPOBAH-
HBIC) cucmemwvl obpabomku dannvix (COJl) mpemHa-
3HAYEHBI JIJIS CO3JaHMS MH(POPMAIMOHHBIX PECYPCOB
(BeIumCHHTENBHBIE KiacTepbl). OOpaboTKa JaHHBIX
MPOUCXOIUT Ha (PU3UYECKOM (armapaTHOM) YpOBHE.
AnmnapatHo-niporpammasie COJl MoryT OBITh cieylo-
IIAMU.

1. Ogaomammuanbsle COJI. /lanHOE pelmieHue pea-
JU30BaHO 3a cUeT enuHCTBeHHOW DBM (¢pusnueckoro
cepBepa) ¢ OAHOIPOIIECCOPHOM cTpyKTypH3arueit. Cy-
IIECTBEHHBIMH HEAOCTaTKaMU pa3paboTaHHOW CH-
CTEMBI SIBIISIOTCSI OTPAaHUYCHHUE MPOM3BOIUTEIHHOCTH
(mo 10 MuH omeparnuii B CEKyHIY), a TAK)KE OTCYTCTBHE
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nporpamMmHbIM
AApOM

I
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Y
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Jlornyeckoe sgpo

Pusnyeckoe
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Puc. 1. Bzaumooeticmsue ancopumma yenu Maprosa
€ UHPOPMAYUOHHBIMU NOMOKAMU

Fig. 1. Interaction of Markov chain algorithm
with information flows
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ceTeBOI KapTomn

1
O6paboTka Tpaduka
Y

O6paborka Tpacuka
nporpaMMHbIM A4pOM

1
O6paboTtka Ofpabotka ObpaboTka,
1

Harpy3ka Ha Harpyska Ha Harpy3ska Ha
usnyeckoe riornyeckoe usnyeckoe
A0po SApo AApo

Cetesan  CeteBas CeTesas’

Ha rpyakt Ha rpiaka :Ha rpy3ka

AnropuTt™m uenu
MapxkoBa

Pacnpenenenve PacnpeaeneHve Pacnpenenerue
Harpysku Harpyaku Harpyakin

PacnpepnenenHas
Harpyska Ha

huanyeckoe aapo

PacnpenenenHas
Harpyska Ha
noruyeckoe sapo

PacnpegenenHas
Harpyaka Ha
uanyeckoe sapo

Puc. 2. Pacnpedenennas cemegas naspyska 3a cuem
aneopumma yenu Maprosa

Fig. 2. Distributed network load due to
Markov chain algorithm

MHOTOIIOTOYHOCTH MpHeMa BXOJSILET0 CETEBOTO Tpa-
¢duka [8]. B cBs3u ¢ 3TUMH HETOCTAaTKAMH BO3MOXCH
MPOCTOMN CHCTEMBI 10 2—3 MUHYT B CYTKH (110 IPUUUHE
oTKaza B oOciykuBaHuu obdopyznosanus). CTpykTypa
onHoMamuHHON COJI npeacTaBieHa Ha pUCYHKE 3.

2. Muoromamuaaeie  COJl  (BBIYUMCIUTENBHBIE
KOMIUIEKCHI). DTO pelIeHne MpearoaraeT CBsI3Ky He-
CKOJIBKHUX (DM3MUYECKHX CEPBEPOB B CIUHOE IIEJIOE.
JlaHHBIE BBIYMCINTEIBHBIE KOMIUIEKCHI IOApa3els-
IOTCS Ha J[Ba BUJA: C MPsAMOU (puc. 4) U ¢ KOCBEHHOM
(puc. 5) cBazsmu Mexay OBM. B COJl ¢ kocBeHHOM
CBSI3bI0 B3aMMOJEHCTBUE MPOMCXOIUT uepe3 oduiee
3allOMHHAloIIee YCTPOHCTBO (focTyn ¢ obmmM Habo-
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3BM
HDD(SSD) HDD(SSD) HDD(SSD)

Puc. 3. Oonomawunnas CO/J

Fig. 3. A single-machine data processing system

Puc. 4. Muocomawunnas COJ] ¢ koceenHoll c8513610

Fig. 4. A multiple-machine data processing system
with indirect coupling

OBM Apantep 3OBM
HDD HDD HDD HDD
(SSD) (SSD) (SSD) (SSD)

Puc. 5. Muocomawunnas CO/] ¢ npamoui ces3vio

Fig. 5. A multiple-machine data processing system
with direct coupling

OnepauuoHHas
cuctema

-

Mpoueccopbl

A\ 4
A\ 4

Mpoueccopbl

' ' '

OnepatuBHas OnepatvBHas OnepatvBHas
namsTb namsTb namsTb

e

KaHarbl nepefayv gaHHbIX

!

BHelwHee 3anomuHatoLLee yCTpOl;ICTBO

Mpoueccopbl

Puc. 6. Cxema pabomwvr BC

Fig. 6. A computing system operation scheme

poM narHbIX). B CO/ ¢ mpsiMoii CBSI3BIO MPOLIECCHI, OT-
BEYAOIIHE 3a paboTy ¢ HHpOpMAIHEH, IMEIOT JOCTYII
Ko BceMy oOwmemy nauHbIX [9]. Hanusie COJl sBms-
10TCSl 0a30BBIMH CpejcTBaMu 00paboTKH uH(pOpMa-
UK. B CBSA3M ¢ 9TUM B HUX BKIIIOYEHO YHHUBEPCAJIBHOE
U cTaHJapTu3upoBanHoe (obuecucremuoe) I10.

CyImecTBeHHBIM HEIOCTaTKOM MHOTOMAIIWHHOMN
CO/l ¢ KOCBEHHOM CBSI3bIO0 SBISIETCS HU3KAs MPOITYCK-
Has CHOCOOHOCTh HPUHATHA ¥ 0OpabOTKH TaHHBIX
[10]. Munyc muoromamunnaod COJl ¢ mpsimoil cBf-
3b0: TIPU BBIXOJIC M3 CTPOSI OJTHOW M3 COCTABIISFOIINX
(pu3mueckuii cepBep) 3aMeISIETCS CKOPOCTh MPUHS-
THS 1 00pabOTKY TaHHBIX.

3. CO/l, HacTpoeHHbIE Ha 3aJaHHYI0 00JacTh MpH-
MEHEHHS (BBIYUCIUTEIbHBIE CHCTEMBI). Cxema paboTsI
BBIYUCITUTENHHBIX CUCTEM ITOKa3aHa Ha PUCYHKE 6.

Bce stu COJl ocHOBaHBI Ha B3aMMOJICHCTBUU
MeXay (u3MUecKMMH cepBepaMH M BBIYHCINTEIb-
HBIMHU Ki1acTepamu. Kak npaswito, takue CO/l Bximio-
yarot B ce0s [10 n TexHMUYeckne cpencTBa, OpHEHTH-
POBaHHBIE HA PELICHUE OIIPEAETIEHHbIX TOCTaBICHHBIX
3agad [11]. CO/l (BBIYHCIHTENEHBIC KOMIDIEKCHI) IO~
paszenstoTesl Ha 1Ba BUJA:

— BBIYHMCIUTENIbHbIE CUCTEMBI HAa ocHOBe DBM u
BBIYUCITUTEIHHBIX KOMILICKCOB O0IIEro MPUMCHEHHUS,

— BBIYHCIHUTEIBHBIE CHCTEMBI Ha OCHOBE CIIEI[Ha-
T3UPOBaHHEIX OBM ¥ BBIYHCIMTENBEHBIX KOMIDICK-
COB.

Henocrarkom BeimenpuseneHabx BugoB COJ sB-
JSIeTCS BO3MOXKHOCTH 3arpy3KH PEeCcypCOB IICHTPAJIb-
HOTO MPOLIECCOPA, YTO MOXKET IPUBECTH K OTKA3y U 3a-
JiepxkKe 00paboTKu JaHHBIX [12].

4. Cucmemvr meneoopabomku (TC). lanHOoe pe-
[ICHHE TPEeIHA3HAYEHO JUIS Mepelayd JaHHBIX M0
KaHajlaM CBSI3U: NPOHMCXOJUT B3aHMMOJEHCTBHE IOJIb-
30BaTeNel C CUCTEMOM 3a CYET TEPMHUHAIIOB CBA3U
(aOOHEHTCKHX MYyHKTOB). AGOHEHTCKHE ITYHKTHI MOJ-
KJIFOYAIOTCs uepe3 KaHallbl CBSI3M K CpeJicTBaM o0pa-
6o1ku qaHHBIX Ha DOBM [13-15]. Cxema paboter CO/L
TC nmpencrasieHa Ha pUCYHKE 7.

TepmuHan cBasun

— 5 =

TNokanbHble
BblHMCINTENbHbIE
cetn

TepmuHan cBsiau TepmuHan cBa3un

dusnyeckne
cepeepsl

l

Cepsep B[]

Puc. 7. Cmanoapmuas cxema pabomoi cucmem
meneoopabomKy OAHHbIX

Fig. 7. A standard operation scheme
of data teleprocessing system

CylIecTBEHHBIM HEJIOCTaTKOM I0JJOOHOTO poja
CO/Jl aBnsieTcs HEBO3MOXKHOCTh MPOrPaMMHOIO pac-
MIMPEHHS MPOITYCKHOM CIIOCOOHOCTH KaHaja JUlsl yBe-
JIU4YeHus: o0beMa NpUHMMaeMol M oOpabaTbiBaeMoit
nHpopmManum.

Pa3pa6orka u peasusanus
aBTOMAaTH3MPOBaHHO 06padoTKu uHopManun

Cuctema SDP (Speed data processing) — pa3paba-
teiBaeMbiid AIIK, mpennazHadeHHbI 1151 MACCUBHOU U
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Fig. 9. Process functional diagram of the SDP complex

MHOTOIIOTOYHOH 00paboTku mHpOpManuy B aBTOMa-
THU3UPOBAHHOM pexxuMe. OTINYUTENEHONH 0COOEHHO-
ctrio peanuzyemoro AIIK sBisercs nannaue web-uH-
Tepdeiica U OTIpaBKU MOMy4eHHBIX NaHHBIX B CYBJL
MySQL. CrpykTypa ¥ HpHHIMIHAIbHAS CXeMa pa-
601e1 SDP mpezacraBneHs HAa pucyHKax 8 u 9.

Bce 00BexThI, IpUBEZCHHBIE HA PUCYHKE 9, B3am-
MOJIEHCTBYIOT IPYT C IPYTOM.

Kanan nepenaun nannsix 8 CYBJ] MySQL pacmu-
per 1o 2,2 GB/s. IlogoOHbli 3¢ ekt oObsicHIeTCS
HEOoOX0IMMOCTBIO JIOTHPOBAaHUS BCEX JEHCTBHM, B TOM
YHCIIE U IIPU CETEBBIX aTaKaX, B X0J€ KOTOPBIX POUC-
XOJUT 3aMUCh BCEX BXOJAIIUX U UCXOASIIUX CETEBBIX
MaKkeToB. B kadecTBe nepenaBaeMbIX JaHHBIX UCIIOIb-
3yIOTCS TIOJTydaeMble CBEACHHS O COCTOSHHN OBM,
BXOJSIIINE U UCXOISIINE CETEBBIE MAKETHI (MX KOJIHUe-
cTBO, IP-anpeca u T.11.), a TaKXKe BCE MPOUCXOAIINE HA
(buzmueckoM cepBepe ACUCTBHUS.

230

PaspabarsiBaeMblii QyHKIIMOHAT W TEOpPETUIECKAS
Harpy3ka OTpakeHbl B Tadimie 1.

[IpencraBuM (hparMeHT UCXOTHOTO KOJIa, PEaTU30-
BaHHBIN Ha s13bIKe MporpamMmMupoBanns BASH u npen-
Ha3HAYEHHBIN I MPSIMOTO YBEIOMIICHHA (HA IOYTO-
BBIH SIIIUK) O HArpy3Ke Ha [EHTPAIBHBIA IPOIECCOp
(CPU) 1 0CHOBHBIX 3aITyCKaeMBIX MPOIIeccax:
#!/bin/bash
LOAD="uptime | grep -o 'load average.*' | cut -c 15-18"
MAX_LOAD=$CPU
if [ LOAD \> MAXLOAD ]; then
ApacheThread="ps -A|grep apache2|wc -I'
NginxThread="ps -A|grep nginx|wc -I’

MysqldThread="ps -A|grep mysgl|wc -I"

SSHThread="ps -A|grep ssh|wc -I’

echo $LOAD | mail -s 'High load [SERVERNAME]'teelxp\@inbox.ru;
fi

®parMeHT HCXOJHOTO Koja, pa3paboTaHHBIA Ha
s13bIKe porpamMmupoBanus BASH, npencrasnser co-
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Tabnuya 1

@ynknnonajx SDP u ero Harpy3ka Ha BbIYHC/IUTEIbHbIE pecypcsl IBM

Table 1

SDP functionality and its load on computing resources

Ha3zBanue Teoperuueckast | Jlumut nepenayu .
Heap pynxkuun N Pesyabrar QyHKUMIH
(pynkuun Harpyska, % JaHHbIX, MB/s
AHanu3 nocrymnaromeit [Ipuem o6pabaTeIBacMbIX
AHanmu3 TaHHBIX C pa3IMYHBIX JaTYHKOB 0,03 450 JTAaHHBIX B PEXUME
uHpopmarmu aBTOMATH3aLUH
N CBepka Harpysku ¢ nocie-
CBepka HarpysKH ¢ 3aJlaHHOM . o
. IyIOIeH ONTUMHU3anuen
IIpoBepka Harpy3ku |HOPMOW M OIITUMU3ALIIS 0,10 690
BBIYHCITUTENBHBIX PECYPCOB BRITHCIHTCILHbIX
pecypcoB O9BM
IIpoBepka BHeMI- . IIpoBepka Ha aHOMaJIUK
[IpoBepka ceTeBoit aKTHBHO-
HETO CETEeBOTO 0,05 1110 CeTeBOro Tpapuka u ux
o CTH Ha aHOMAJINU
uHTepdetica yCTpaHEHHE
. [IpoBepka paboTocmocoo-
OO0umit ananmm3 [IpoBepka padoTocmocobHO- POBCPKa b
0,02 1650 HOCTH U YBEIOMJICHUE
cocrosiHust OBM cTH (PU3UIECKOTO cepBepa
HOJIb30BATENS
O6paboTka nHpOpMAIIH
Cuntbisanie B aII:TOMaTI/BI/I (?)BI;HHEM
JIOTUPYEMBIX CuynThIBaHNE HHPOPMALUH 0,01 2200 p
(baitos peXHUMe U OTIpaBKa
B MySQL

001t OYHCTKY JIOTHPYEMBIX (haiffIoB Mmocie KaKoW-1u0o
DoS- u DDoS-ataku:

#1/bin/bash

filename=ddos.log

cat /dev/null > $filename; echo "Ouucmka cozdannozo ¢haiina"
tail /var/log/messages > $filename

echo "B $filename 6vina npouszeedena 3anuco 06 omuemno-
cmu npoweoweit amaxu”

Janee npuBeieHa 4aCTh UCXOHOTO KO/, CO3/1aH-
Has Ha si3bIke IporpammupoBanus PHP u orBevaromias
3a BBI30B (DYHKIUH B web-uHTepdeiice:
<?php
function microTimer_start()

{
global $starttime;
$mtime = microtime();
$mtime = explode( ' ', $mtime );
$mtime = $mtime[1] + $mtime[0];
$starttime = $mtime;

}

function microTimer_stop()

global $starttime;
$mtime = microtime();
$mtime = explode( "', $mtime );
$mtime = $mtime[1] + $mtime[0];
$endtime = $mtime;
S$totaltime = round( ($endtime - $starttime), 5 );
return $totaltime;
}
function filters_input($check = ‘all’)
{
$safehtml = new safehtml();
$safehtml->protocolFiltering = "black";
$safeinput = new safeinput;
$safeinput->safeinput_check($check);
unset($safehtml);
unset($safeinput);

function filters_input_one($data, $type = "black", $nl2br =
= false, $LB_specchar = false)

$safehtml = new safehtml();
$safehtml->protocolFiltering = $type; // white unu black
$data = $safehtml->parse($data, $nl2br, SLB_specchar);
unset ($safehtml);
return $data;
}
®parMeHT UCXOIHOT0 KOJla, HAIMCAHHBIN Ha SI3bIKE
MIPOrpaMMHUPOBaHUs BbICOKOro ypoBHS C U OTBedaro-
LM 3a pacrpesieneHre CeTeBOM Harpy3ku Mo IMOTO-
KaM:
bool execute_strict_cpu_affinity = false;
bool use_multiple_fanout_processes = true;
int main() {
int fanout_group_id = getpid() & Oxffff;
boost::thread speed_printer_thread( speed_printer );
if (use_multiple_fanout_processes) {
boost::thread_group packet_receiver_thread_group;
unsigned int num_cpus = $CPU;
for (int cpu = 0; cpu < num_cpus; cpu++) {
boost::thread::attributes thread_attrs;
if (execute_strict_cpu_affinity) {
cpu_set_t current_cpu_set;
int cpu_to_bind = cpu % num_cpus;
CPU_ZERO(&current_cpu_set);
CPU_SET(cpu_to_bind, &current_cpu_set);
Int set_affinity_result = pthread_attr_setaffinity_np(thread_
attrs.native_handle(), sizeof(cpu_set_t), &current_cpu_set);
if (set_affinity_result !=0) {
printf("It is impossible to parallelize loading on
physical kernels\n");

packet_receiver_thread_group.add_thread(
new boost::thread(thread_attrs, boost::bind(start_
af_packet_capture, "eth6", fanout_group_id))

}
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IIpumepsr SMS-yBeoMiIeHUI.

¢ B cirydae ctabmiibHOM paOOTHI (PH3UUECKOTO Cep-
Bepa (MPUXOAUT €KeyacHOE OIOBEUIEHHUE Ha MOOHIIb-
HOE yCTPOMCTBO):

Jata: 10.08.2016;

Bpewms: 12:00;

Pasmep notpebisiemoro Tpadrka Ha aHHBEI MOMeHT: 9 TB;
Tekymas Harpyska: 5 %, B Ipefieax HOPMBI;

CocrosiHHE KJIacTepa cTabuIbHOE.

o [Ipu xakom-m60 cboe DBM, a Taxxe npu Hajau-
YUH CETEBOH aTaKu:

Jata: 19.08.2016;

Bpewms: 05:35;

Pa3smep motpeGmsiemoro Tpaduka Ha DaHHBIH MOMEHT: 34
TB;

Texymas Harpy3ka: 75 %, Bble HOpMBI!
Heo6xommumo cpodHO MpUHATH MephI!

TectupoBanue AIIK

Ilocne moATOTOBKM alropuTMa M HaNKCaHUA KoJa
AIIK SDP HeoO0XoauMo MPOW3BECTH €r0 TECTHPOBa-
HUE JUTSA MTOJTyYeHHs 3HAYCHUN HArpy3KH Ha BBIYHMCITH-
TEeJNBHBIC PECYPCH (PH3UUECKOTO CepBEpa B IBYX PEIKU-
MaX — OOBIYHOM U 60eBOM. OOBIYHBINA PEKUM PaOOTHI
MPOSIBISICTCST TIPH  YTIOPSAOYCHHONW (HOPMAIN30BaH-
HOW) pabore DBM 6e3 BO3CHCTBUS BHEIIHUX (hak-
topoB. IToj 60eBoii paboToii mompasymeBaercs: pado-
TocrocobHocTs DBM ¢ mpuMeHeHHeM BPEJOHOCHOTO
CeTeBOT0 Tpaduka, HANPABICHHOTO Ha HapylIeHHE
yIaJeHHON pabOTHI CEpBEPHOTO MPOCTPAHCTBA.

Harpyska Ha dusunyeckue pecypcsl DBM mpu ot-
CYTCTBHH KaKUX-JINOO BHEIIHUX (PaKTOPOB (0OBIYHBIN
PEeXUM) TIpeacTaBiIcHa B Tabnumax 2 u 3.

B naHHBIX TaOIHIax MPUHSATEI CISAYIOIINE COKpa-
HIeHUs: A — KOoJIm4ecTBo oOpabaThiBaeMoi HHpOpMa-
uun, MB/s; B — KoIMYeCcTBO IIOTOKOB, IIT./C;
C — Harpy3ka npu crapre, %; D — Harpy3ka npu pe-
craprte, %; E — Harpy3ka npu obGpaboTtke uHpOpMa-
unu, %; F — Bxoasiue ceTeBble MaKeThl, MJIH IIT./C.

Cpenmnsist Harpy3Ka U3 TaHHBIX TaOIUIL 2 U 3 MOKa-
3BIBACT JIOCTATOYHO HU3KHE PEe3yJbTATHL: IHEHTPab-
HeIi mporeccop — 0,77 %, SSD-nakonutens — 0,53 %,
onepatuBHas mamsats — 0,15 %.

Tabnuya 2
IoTped/ieHHEe BHIYUCINTETHHOH MOLIHOCTH
LEHTPAJIbHOI0 MPOIeCCOPa B TeYeHHe AeCATH AHel
Table 2
Consumption of processing capacity
by CPU during 10 days

Tabauya 3
Harpy3ka Ha TBepaoTeJbHbI HakonuTe b (SSD)
B TeueHHe JecATH /IHei
Table 3
Load on a solid-state drive (SSD)
during 10 days

ITo- JleHb

1 2|13 (4|56 |7 |8]9]10

A |50 |100 (150 |200 |250 (350 (450 {580 |760 (900

5 10 (15 |20 |25 |30 (35 (40 (45 |50

0,08 10,13 |0,18 |0,24 10,35 |0,46 (0,52 0,69 |0,78 0,85

0,11 10,22 10,33 {0,44 (0,55 0,66 (0,77 |0,88 0,99 |1,10

B
C
D 0,09 |0,14 0,19 {0,25 (0,36 |0,47 |0,53 0,70 {0,79 |0,86
E
F

0,12 10,24 0,36 10,48 10,60 (0,72 {0,84 {0,96 |1,08 1,20

[Monmy4yennsie manHble (Tabm. 2, 3) MO3BOITIOT KOH-
CTaTHPOBaTh, YTO HArpy3Ka Ha BBIYHACIHUTEIHEHBIC pe-
cypcsl OBM 10CTaToyHO HHU3Kas M MPEAOCTaBISAET
BO3MOXKHOCTh LITMPOKOMAcCIITa0HOW 00pabOTKH NaH-
HBIX C MOCJICIYIOIIEH cTaOuIM3aiueil CepBepHOil pa-
Ooueit cpeapl.

Harpyska Ha pecypchl pu3H4eckoro cepsepa mnpu
WHTCHCUBHOH aTaKe BPEIOHOCHBIM CETEBBIM Tpadu-
koM (DoS 1 DDoS) nmoka3ana B Tabimunax 4 u 5.

Tabnuya 4
Harpy3ka Ha neHTpaJbLHBIHA Ipoueccop
B TeyeHHe AecsiTH THeill

Table 4
CPU usage during 10 days
IToka- JleHb
3atean| 1 [ 2 | 3 | 4 5 6 7 8 9 10
A 10,1{0,310,5 (0,8 |1,0 [1,2 [1.4 |[1,6 |1,9 (2,2
B |20 |40 |60 |80 [100 {120 (140 (160 [180 |200
C (2,0]4,01(6,0 |8,0 |10,0 {12,0 |14,0 (16,0 {18,0 |19,0
D [1,0|2,0 (3,0 |4,0 |50 [6,0 (7,0 (8,0 (9,0 |10,0
E |1,0{2,0 (3,0 [4,0 |5,0 |6,0 |7,0 |8,0 |9,0 (10,0
F |2,0(3,0 [4,0 [5,0 |6,0 |7,0 |8,0 (9,0 |10,0 11,0
G |3,0/14,0 (5,0 |6,0 |7,0 (8,0 (9,0 [10,0 [11,0 |12,0
H 14,0/5,016,0 (7,0 (8,0 {9,0 (10,0 [11,0 {12,0 (13,0
Tabauya 5
Harpy3ska Ha SSD-HakonuTe/b B Te4eHHe AeCSITH AHel
Table 5
Load on SSD-accumulator during 10 days
ITo- Jenn
Ka-

3a- | 1 | 2 | 3 | 4 5 6 7 8 9 10
TeJb

A [0,1 (0,3 (0,5 0,8 |1,0 (1,2 (1.4 (1,6 |1,9 |22

5 >

Tlo- Jens B |20 |40 |60 [80 [100 [120 [140 [160 [180 |200
';:j::) 112|3|4|5]|6]7]8]09]10 C 2.0 140 6.0 [8,0 [10,0 [120 [14.0 16,0 [18,0 [19,0
A |50 [100 [150 [200 [250 [350 [450 [580 {760 [900 D |1,0 ]2,0 3,0 |40 [50 |60 |70 |80 9,0 10,0
B |5 (10 |15 |20 |25 |30 [35 |40 |45 |50 E (05506 |07 |09 |1,18 [145 [1,67 [1,88 2,03 [2,06
C 10,10 [0,19 [0,24 |0.35 [0.46 [0,59 0,64 |0,78 [0,99 [1,15 F 1036107 los 110 Tito 1126 Ties 1189 boa 1207
D 0,11 [0,20 0,25 [0,36 |0,47 [0,60 |0,65 [0,79 |1,00 |1,16

E [0.14 [0.28 [0.42 [0.56 [0.70 [0.84 [0.98 | 1.12 |1.26 |1.40 G |08 |16 24 32 |40 |48 |56 |64 |72 |30
F 0,22 [0,44 |0,66 [0,88 [1,10[1,32 [1,54 [1,76 1,98 [2,20 H |10 |20 30 ]40 |50 |60 ]7.0 |80 [90 [10,0
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B nmaHHBIX TabiMIax MPHUHSATHL CIEAYIOIIHE 000-
3Ha4YeHMs: A — KOJIMuecTBO oOpabarbiBaeMoil uHpOp-
mamun, GB/s; B — koinmdecTBo moTokos, mT./c; C —
ckopocts araku, GB/s; D — Bxonsmue cereBsle ma-
KeTbl, MIH mT./c; E — Harpyska mpu crapte, %; F —
Harpyska npu pecrapte, %; G — Harpy3ka mpu odpa-
6oTke nabOpManun, %; H — Harpyska mpu oTmpaBke
nmaraeix B CYBJ] MySQL, %.

Cpennsist Harpy3ka (Tabn. 4, 5) ocraercst jocra-
TOYHO HM3KOH NPH MHOTONOTOYHOW 00paboTKe WH-
(opmariu 60spIIOro 0OBEMa: IEHTPATBHBIN MPOoLeC-
cop — 7,00 %, SSD-nakonurens — 3,14 %, onepaTus-
Has namath — 0,75 %.

PesynbTatel, npuBeseHHble B Tabaumax 4 u 5, cBU-
JIETENIbCTBYIOT O BBICOKOM Mpou3BoauTenbHOCTH ATIK
SDP. Takum 00pa3zom, pazpaboTaHHBIH KOMITJIEKC T03-
BOJISIET 00pabaThIBaTh 3HAYUTEIBHEIH 00beM HHQOP-
MAaIlid A B PEKAME PEaJbHOTO BPEMEHH OTIIPABIATH
ero B CYBJl MySQL. Taxxe mnosiBasieTcsi BO3MOX-
HOCTB 3aITyCKa CJIOKHBIX BEIYUCIUTENBHBIX IIPOLIECCOB
0e3 HapymieHus pabdoueii cpeasl 9BM u mpu mgocta-
TOYHO BBICOKOW IIPOU3BOJMTENILHOCTH pa3paboTaH-
Horo AITK.

TectupoBanue AIIK SDP npoBoaunock Ha criemy-
rorieM obopyaoBanuu: mpoieccop 2xIntel Xeon 5670
(24 moroka); oneparuBHas nmamAth — 32 GB; BuHUE-
ctepsl — RAID 10 (Intel S3710 SSDSC2BA012T401
800 GB kaxnpIil); CyMMapHBI CETEeBOW KaHal — 5
GB/s; onepanmonnas cucrema UBUNTU 14.04.

Iocne anpobaruu B Tederne oqaoro Mecsia AITK
SDP Obu1 OKOHYATEITFHO MHCTAILTMPOBAH Ha (hu3mde-
ckuii cepsep B LIO/] (B r. MockBa) Ha 000py0BaHHE
CO CJIEAYIOIMMY XapaKTEPUCTUKAMHK: KOJINYECTBO (HH-
3udeckux cepBepoB — 30; nmponeccop Intel Xeon 5660
(CPU — 60, ¢pusuueckux siaep — 360, KOJTHUECTBO IM0-
TOoKOB — 720); oneparuBHas naMats — 960 GB; BuHue-
crepsl — RAID 10 (Intel S3710 SSDSC2BA012T401
800 GB xaxp1it); BHeIIHAM ceTeBoi kaHaim — 20 GB/s.

3akiouenue

B xoze mpoBeieHHBIX HCCIIEOBAHUI U pa3paboToOK
MOJTy4eHBI CIIEAYIONUE PE3yIbTaThI.

Pazpaboran AIIK mo o0paboTke MOTOKOBOW WH-
dbopmamuu B Gonpmmx oObeMax. DTO CIOCOOCTBYET

COBEpIICHCTBOBAHUIO  TPOMYCKHOH  CrOCOOHOCTH
MEXIy (U3NIECKUM CEepBEpOM M PeNIIHoHHON BJ]
MySQL.

OOocHOBaHa  11e7IeCO00PAa3HOCTh  NPUMEHEHHS

AIIK SDP Ha BBIYHCIUTENBHBIX PeCcypcax pa3IudHON
MmomHocTH. [IpennokeHa MeToanKa JiIst yIops0ueH-
HOH U 1ociesioBaTeIbHON 00paboTKH MH(OpMAILIK Ha
CEepBEPHBIX BHIUNUCIUTEIBHBIX pecypcax.

[IpoBeneHO MHOXKECTBO TECTUPOBAHUIA, TO3BOJISIO-
mwx onpenenutsb dddexTuBHOCT padotel AITK SDP.
Cpennss Harpy3Ka Ha pecypchbl HIEHTPAIbHOTO MPOLEC-
copa Bapeupyercs ot 0,77 % no 7,00 %. [lannas ten-

JICHLHSI TIPEJIOCTABIISIET BO3MOKHOCTD 3aITyCKa BBIYHC-
JIMTENBHBIX MPOLIECCOB PA3IMYHOTO YPOBHS, a TaKXKe
CO37aeT INPOHM3BOJUTENBbHYI0 pabouylo cpemy, He-
CcMOTpsI Ha OOIBIION MOTOK 0OpabaThiBacMoil HHPOP-
Maru (mo 2,2 GB/s). 3arpyXeHHOCTb TBEPIOTEIb-
Horo Hakonutens (SSD) kosebnercs B quama3oHe OT
0,53 mo 3,14 %. HeOompmras Harpy3ka Ha SsMCHKH
Solid-State Drive mpemocTaBisieT BO3MOXHOCTh yBE-
JMYEHUS] MPOIYCKHOW CIOCOOHOCTH WH(OpPMAIHOH-
HOTO KaHaja rnepenadn aaHHbIX. CpesnHee motpedie-
HHUE onepaTUBHOU mamsATH cocrtasiser oT 0,15 % no
0,75 %. Huskas Harpy3ka Ha BBIUHCIUTEIBbHBIC pe-
CYpPCHI IO3BOJISIET BBITIOJIHATH CKOPOCTHYIO 00paboTKy
nH(opManuy B aBTOMaTH3MPOBAHHOM PEXHME C TO-
CIIEIYIOIINM YBEJOMJICHHEM (Ha BBIOOP) CHCTEMHOTO
aIMHHHCTPATOPA.

Takum 00pa3oM, BEISBICHA, NPOAHAIU3UPOBAHA
U UcclleioBaHa pabodast cpena pU3NYEcKoro cepBepa
C MOCJIENYIOIIUM IIepeXoJ0M B Kiactep. Y I00CTBO B
yIpaBJieHUH B 00paboTKa HHPOPMALNK Ha CEPBEPHBIX
BBIYUCIUTEIIBHBIX peCypcCax MO3BOJINIIN OPraHn30BaTh
cTabmibHy0 padboty D9BM.

Jumepamypa

1. Palchevsky E.V., Khalikov A.R. TCP/IP network STACK
optimization under high load on UNIX-like systems. Proc.
DSPTech’2015. USATU Publ., 2015, vol. 1, pp. 130-135.

2. IanbueBckuii E.B., Xanukos A.P. Texnuka HHCTpyMEHTH-
POBaHMS KOJa M ONTHMH3ALHSI KOJOBBIX CTPOK IPH MOAEIHPOBAHHI
(ha3oBbIX TepexonoB Ha s3bike C++ // Tpymel MH-Ta cHcTeMHOrO
nporpammupoBanust PAH. 2015. T. 27. Ne 6. C. 87-96.

3. IanbueBckuii E.B., Xanukos A.P. PaBHoMepHOe pacnipene-
JIeHHe Harpy3KH ammnapaTHo-TporpaMmHoro siapa B UNIX-cucremax
// Tpynet MH-Ta cucremHoro nporpamvuposanust PAH. 2016. T. 28.
Ne 1. C. 93-102.

4. IBM a management system for the information business.
White Plains, NY, IBM Publ., 1980.

5. Olifer V.G., Olifer N.A. Computer networks. Principles,
technologies, protocols. St. Petersburg, 2007, 960 p.

6. Komucuuyenko /. Linux. Ot HOBHYKa K mpodeccuoHay.
2-e m31. CI16: BXB-IlerepOypr, 2010. 764 c.

7. Crist E.F., Keijser J.J. Mastering OpenVPN. Birmingham —
Mumbai, Puckt Publ., 2015, 364 p.

8. Baramantok A.K. Cozganue, oOCiyXMBaHHE M aJMUHH-
crpuposanme cereii Ha 100 %. CII6: ITurep, 2010. 350 c.

9. Dubrova E. Fault-Tolerant Design. Springer, 2013, 185 p.

10. Paro C., Ctuenc Y. UNIX. [IpodeccronanpHOe mporpam-
mupoBanue, 3-e uza. CI16, 2013, 1104 c.

11. Krylov V., Kravtsov K. DDoS attack and interception
resistance IP fast hopping based protocol: 23rd Intern. Conf. on
Software Engineering and Data Engineering, 2014, pp. 43-48.

12. Borodin A., Chernyshov A. The study of the network stack
under the influence of static load. In the world of scientific discovery.
2014, vol. 60, no. 12.2, pp. 601-612.

13. baym P., Bpecnaxau K. Komananas crpoka Linux u cieHa-
puu obonouku. M.: Bunesime, 2013. 784 c.

14. CoxonbHukoB A.M. CpaBHUTENBHBIN aHAIN3 MOJXOJ0B K
pa3paboTKe apXUTEKTYpHl U CHCTEM YIPaBICHUs 0a3aMH JaHHBIX
U BBICOKOHArpy»XeHHbIX web-cepBucoB // KubOepHerrka M mpo-
rpammupoBanue. 2014. Ne 4. C. 1-13.

15. Leu F.-Y., Lin I-L. A DoS/DDoS attack detection system
using chi-square statistic approach. Jour. of Systemics, Cybernetics
and Informatics. 2010, vol. 8, no. 2, pp. 41-51.

233



Tpozpammuvie npodykmel u cucmemsl / Software & Systems 2 (30) 2017

Software & Systems Received 19.12.16
DOI: 10.15827/0236-235X.118.227-234 2017, vol. 30, no. 2, pp. 227-234

AUTOMATED DATA PROCESSING SYSTEM IN UNIX-LIKE SYSTEMS

E.V. Palchevsky !, Postgraduate Student, teelxp@inbox.ru
A.R. Khalikov !, Ph.D. (Phisics and Mathematics), Associate Professor, khalikov.albert.r@gmail.com

1 Ufa State Aviation Technical University, K. Marks St. 12, Ufa, 450000, Russian Federation

Abstract. The article considers development of distributed and modular information processing in the automated mode.
Implementation of this project allows accepting input and output data on a physical server up to 2,2 GB/s in volume while
distributing stream information (all incoming network traffic on the server) on physical and logical kernels.

The paper shows a load dependence of physical resources on the input information. It also justifies feasibility of the devel-
oped hardware and software SDP (Speed data processing) use. There is also a structure and basic operation diagrams. The first
stage of creating a complex is the development of an algorithm. The second stage includes its technical implementation. The
article gives a fragment of a source code, which is responsible for notification messages on an email address as CPU load, and
the main launched processes. There is a description of the main functionality with the following data: a function name, a
function purpose, theoretical loading, data transfer limit (in MB/s) and a result of execution. The third stage includes testing
SDP complex. Its average daily results are provided within ten days.

The created hardware and software complex allows processing input and output information effectively in an automatic
mode in order to increase capacity of reception and sending data in MySQL DBMS, including cases with DoS- and the DDoS-
attacks. One of the parts of the complex is WEB-module, which is responsible for control, both as from a personal computer,
as well as from a mobile phone. The possibility of notifying about a physical server usage by sms is realized in a monitoring
part of the WEB module.

The developed hardware and software complex showed high stability when handling data in large volumes with a minimum
load on a computer.

Keywords: information processing, load on computing resources, data structure, lowering of information flow loading,
information flows, SMS notification, distributed systems, DPC, data processing center.
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Hacrosmuii 0630p NOCBSIIEH HCTOPUH M3YYSHHUS CUTYallUH OOIIEro MOJIOKEHHS IBIDKSHUI TUHAMIYECKUX U HEaBTOHOM-
HBIX TIEPHOJUYECKUX CHCTEM, HOCKOJIbKY, KaK 0Ka3aJI0Ch, IOJIHOE U MOAPOOHOE ONMCAHUE CUTYAIINH OOIIEro MOJIOKCHUS 1103~
BOJISIET PEIIUTH MPOOIEMy MOCTPOCHUS 000OIIEHHO-IIEPHOJMIECKHUX JBIDKCHUH TMHAMUYECKUX ¥ HEaBTOHOMHBIX IEPUOIH-
Yyeckux cucteM. Heo0XoauMOCTh YHCIEHHOTO M3YUeHNUs YKa3aHHBIX CUCTEM OOBSICHSIETCS TEM, YTO ITOJABIIIONIee OONBIINH-
CTBO MoJeNeil pealbHbIX TEXHHYECKHX, OMOJOTHYECKNX, SKOHOMHYECKUX U Jp. MPOLECCOB ONHCHIBAIOTCS MUMEHHO TaKUMH
CHCTEMaMH.

B aBTOHOMHOM cily4ae 00OOLICHHO-TIEPHOUYECKOE JBIKCHHE SKBHBAJICHTHO KIACCHYECKOMY PEKypPPEHTHOMY JIBHIKE-
HHIO, BBEICHHOMY U M3y4eHHOMYy eie J[k. bupkrogom. C moHATHEM PEKyppPEHTHOTO ABMIKECHHUS HPSMO CBS3aHO IOHATHE
MHHHMAJIBHOTO MHOECTBA. IMEHHO 3TH [1Ba MOHSTHS U ONPEIEISIOT CUTYALHIO OOLIEro MOJ0KEHHs KIACCHYECKUX JUHAMHU-
YECKUX CHUCTEM.

Oco0oe 3HaYeHNe NOCTPOCHHE U HCCIIeJOBAaHNE PEKYPPEHTHBIX ABH)KEHUI 1 MUHUMAIIBHBIX MHOKECTB MPHUOOPENH B CBSI3H
C MOTPEOHOCTAMH Xa0THYECKOI IMHAMHKHU U TUnepOonnyeckoi Teopur. OHaKo elie 10 HeaBHEero BPEeMEHH OTCYTCTBOBAJIH
001I1ie METO/IbI TOCTPOSHHUS PEKYPPEHTHBIX ABM)KSHUI M MHHUMAJIBHBIX MHOJKECTB: BCE CBOAMIIOCH K TIOCTPOCHHIO aTTPAaKTO-
POB OTHENBHBIX cucTeM Au(depeHIHaNbHBIX YPpaBHEHUH ¢ MOMMIMHEHHON mpaBoil yacTeio. OTKpBITHE XK€ MOHATHA 0000-
IIEHHO-TIEPUOIMYECKOTO JABIKEHHUS MIPUBEIIO K CO3aHMIO OOIIEro MeTo1a MOCTPOCHHUS U UCCIIEOBAHNS BCEX MHHHMAJBHBIX
MHOYKECTB, COJICPIKAILMXCS B MPECTbHBIX MHOXKECTBAX AMHAMHYECKHX CHCTEM. boiee Toro, moHsITHE 0000IIEHHO-IEPHO 1~
YECKOTO JIBHKCHHUSI MO3BOJIMJIO MEPEHECTH BCE OCHOBHBIC MOHSATHS KJIACCHYECKON TEOPHH IMHAMUYECKHX CHCTEM Ha HeaB-
TOHOMHBIE MEPHOIMYECKUE CHCTEMbI M OIIMCATh CHTYAINIO OOILIEro MOJOKEHUsS] B TAKUX CHCTEMax C equHbIX no3unuid. Co-
OTBETCTBEHHO, MOSBUJIACH BO3MOXHOCTH TIPSIMOTO MEPEHOCa METO/Ia IOCTPOCHHS PEKYPPEHTHBIX ABMKEHHI Ha MOCTPOSHHE
00001IeHHO-TIEPHOMYECKIX JBHKEHUH HEAaBTOHOMHBIX MEPHOINYECKUX CHCTEM, YTO MO3BOJIMIIO BBINOJIHATH YHCICHHOE 10~
CTPOCHUE TAKUX JIBIXKSHUH C SIMHBIX TO3ULIUH.

Knrouesvie cnosa. ounamuyeckue u HeagmMoHOMHbIE NEPUOOUYECKUE CUCeMbl, CUMyayus obwe2o noroxceHus, 0b6oo-
WeHHO-NepUOOUYecKUe OBUNCEHUS, NOCMPOeHUe 000OUEHHO-NEPUOOULECKUX OBUIHCEHUIL.

Jlo HenaBHEro BpEeMEHM OTCYTCTBOBAJIM KaKHe-
mr00 o0mIre METOIBI M ANTOPUTMBI OCTPOCHUS pe-
KYPPEHTHBIX PEIIeHUH 1 MUHUMAaJIbHBIX MHOKECTB aB-
TOHOMHBIX CHCTEM OOBIKHOBEHHBIX MU(EpeHIINATb-
HbIX ypaBHeHuH. Kak oka3anoch, mpuunHa B TOM, 4TO
CUTYyalusl OOIIEeTO TMOJIOKEHHUS pelIeHu He Oblia J0-
CTaTOYHO HU3YYCHA.

Uro ke MBI TOHMUMAaEM TI0]T CUTYaI[uel 001Iero mo-
noxxeHus? JIns oTBeTa Ha 3TOT BONPOC PACCMOTPUM
HOPMAIIBHYIO CHUCTEMY IU(QPepeHIHaIbHbIX ypaBHE-
HUH, BEKTOpHAs 3alIUCh KOTOPOI UMEET BUJL

X' =f(t, x), (1)
rae X = (X!, ..., X") — BekTopHas QyHKIHs IEHCTBUTEb-
noro nepemennoro t, a f = (f', ..., f") — BexropHas

(I)yHKIII/ISI, OIpCaAC/ICHHAad W HEIPCPbIBHAA BMECTEC CO

CBOMMMU YaCTHBIMU [IPOU3BOIHBIMUA F’ i,j=1,...,n,
X

Ha TpsMoM mpousBeaeHun R x R" melicTBurenbHOM
ocr R ¥ eBKIMOOBa BEKTOPHOro mpocrpancTBa R".

Kpowme Toro, npesmnonoxum, uro f — T-neprognueckas
o t yHKImsL.

Ecnu n = 2, To cnipaBeyiMBa cieayomas TeopemMa
X.JI. Maccepa [1]: mycts kaxxpoe perrenue &(t) cu-
cremsl (1) ompeneneno juist Beex t > to (t < to); Torna,
ecimu (1) uMeeT pereHHe, OrpaHUYEHHOE IMPH ITHX
3Ha4YeHMsX 1, JaHHas cucTema uMeer T-mepuoaudec-
koe pemenrne ¢(t). CormacHo [1], 3T0 yTBEpKICHHE
CIPaBEIUBO U JUIS IMHEHHBIX CHUCTEM HPOU3BOJIBHOTO
nopsaka. OJHAKO B HENMHEWHOM cllydae Teopema
Maccepa HeBepHa yxe mpu N =3 [2].

3ajonro g0 TOsBIIEHHsT TeopeMbl Maccepa st
TJIJIKNX aBTOHOMHBIX CHCTEM

X =1(x) 2
JIx. Bupkrogom ObIIO BBEJEHO OINpeseIeHUe peKyp-
PEHTHOro pelieHus. JlaHHOE pelIeHHe COIEPKHUT B
cebe Kak YacTHBIN clydail IEpHOAMYECKOE PEeIleHHE.
IIpu >TOM U3 CyIIECTBOBAHUS OTPAHWYECHHOTO perie-
HUS BCETJa CIEAYeT CYIIECTBOBAaHHE PEKYPPEHTHOTO
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penieHust ¥ Hao0opoT. VIMEHHO 3Ty CHUTyalUIO MBI U
Ha3bIBa€M CHUTYyalMeil OOIIero MmojioKeHHs pelIeHHH
ABTOHOMHBIX CHCTEM.

CgoiictBa pemennii cuctemsl (1), BooOIIe roBops,
HECKOJBKO OTIMYAIOTCS OT CBOMCTB PEINIEHHN CH-
ctemsl (2). Tak, HampuMep, B HEABTOHOMHOM CIydae
TPaeKTOPUH PEIICHUI MOTYT IepeceKkaThes. JTO MpH-
BOJHT K TOMY, YTO OTIPEZECICHUE PEKyPPECHTHOCTH Ha
HEaBTOHOMHBIN ciydail mpsiMo He mepeHocutcs. Ot-
CIOZIa CIEAYeT, UTO Il HEaBTOHOMHOM CHCTEMBI BUa
(1) mpu n > 2 cutyanus OOIIEro MOJIOKEHHS ICPUOTU-
4ECKUM DELICHUEM HE OIpeJieNieHa, a PEKYPPEHTHBIM
pelIeHreM He omnpeaensercs (BBUALY OTCYTCTBUS OIpe-
JIETICHUS TTOCIIETHETO).

HUccrnenoBanms, BHIIONHEHHBIE B paborax [3-5],
NPUBETH K OMNpeNeNeHuI0 0000IIEeHHO-IEPHOANIEeC-
koro peuenus [2]. Oka3anock, 4TO U3 CyLHIECTBOBAHUS
OTPAaHUIEHHOTO PELICHUS BCETJa CIEAYET CYIIECTBO-
BaHMEe 0000IIEHHO-TIEpHOANYECKOTO pemeHus. bouee
TOTO, B aBTOHOMHOM CITy4ae 3TO OIpeeIeHIE SKBHUBA-
JICHTHO OTIPEJICJICHUIO PEKYPPEHTHOTO pemeHus. py-
TMMH CIIOBaMH, 0000IICHHO-TICPHOINYECKOE PEIICHHE
JIaeT CUTYaLUIO OOLIETO ITOJIOXKEHUS U B aBTOHOMHOM,
U B HEABTOHOMHOM CIIy4dasix.

BBIsICHUM HCTOPHUYECKYIO POJIb M MECTO CUTYallUU
00IIeT0 MONOKEHUS B TECOPUU JUHAMHIECKUX CHCTEM.

XOpOIII0 N3BECTHO, YTO TEOMETPUIECKOE HCCIIEN0-
BaHue A. [Iyankape «O KpHBBIX, OnpeaensieMbIX qud-
(hepeHIanTbHBIMI YpaBHEHHSAMI» [6], a Takke ero
3HaMEHUTHI Memyap «HoBble MeTonbl HEOEeCHOH Me-
xaHuKu» [7, 8] B couetanuu ¢ aucceprauneid A.M. Jls-
MyHOBa [9] 3a70KWIM B KOHIIE JEBSTHAIIIATOTO BEKa
OCHOBBI KaueCTBEHHOW Teopun nuddepeHmanbHbIx
YpaBHEHUH.

Ha B3risin aBTOpoOB, 0COOOT0 yIIOMUHAHUS 3aCiTy-
kuBaeT Memyap A. ITyankape «O0 omHOM reomerpu-
YECKOM TeopeMe» — MPOILAIbHBII NOKJIOH U 3aBelia-
HHe BenuKoro yaeHoro [8]. ChopmynupoBaHHas 31eCh
B BUJIE THIIOTE3Bl TEOPEMa O HETIOJBIDKHOM TOUKE He-
KOTOPOTO TJIaJJKOT0 0TOOPaKEHHST KPYTOBOT'O KOJIbLIA B
ce0st Obuta nokasana /Ix. bupkrogom yxe mocne
cmeptu A. Ilyankape. TpynHo yTBep:kaaTh HaBep-
HSIKa, HO, BOBMOYKHO, IMEHHO paboTa HaJ 3TOi Teope-
MOW OKOHYaTEeIbHO YKpemWwia CHIBl H  JAyX
Jx. bupkroda u npuBena ero K JaabHEHITNM HcCIe-
JIOBaHUSAM MO TEOPUH AWHAMHYECKHX CHCTEM H TO-
mojiorui. Bo BCSKOM ciydae COBpPEMEHHUKH yTBEp-
XKTalli, 9TO «HACTOSIIMM yuuTenem bupkroda Obi1
[Tyankape» n 4yro «bupkro¢ ycepaHo n3ydain Bce pa-
60ts1 [Tyankape no auHamuke» (Harnpumep [8]).

KakoBo xe orHomenue Jx. bupkroda k obmieit
TEeOopHH JUHaMU4ecKkux cucteM? OTBET Ha 3TOT BOIIPOC
IPOCT — OH €€ co3/all.

B ocHoBe o0mieit Teopun AMHAMHUYECKHX CHCTEM
JIEKUT MTOHATHE JBWKEHUS. B cilyguae aBTOHOMHOM CH-
cTeMbl (2) IBMKEHHE KBUBAJICHTHO PEIICHUIO, OTIpe-
JIeIICHHOMY Ha Bcelt ocu R. B cimydae aGcTpakTHOH u-
HaMHMYECKOW CHCTEMBI, XapaKTepu3yeMou OJHoIapa-
METPHUYECKON TPYIIION mpeoOpa3oBaHmid, ABUKCHHE
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€CTECTBEHHBIM 00pa3oM 0000IIaeT MOHATHE PELICHUS.

KoneuHoli menpto oOmiedl Teopuu JMHAMHYECKUX
CHCTEM SIBJISETCS OINPEACICHHE BCEX BO3MOXHBIX TH-
OB JABMKCHUH M YCTAHOBJICHHE CBSI3H MEXIY HHUMH.
B [10] BBenens! u moapoOHO W3ydeHB! Takue (yHIa-
MEHTaJbHbIE MOHATHUS, KaK O~ U M-TPeAeTIbHbIE TOUKU
¥ MHOJKECTBA, BO3BPAIIaeMOCTh 00/1acTell ¥ IEHTPalb-
HBIC JBIDKCHHS, MHHUMAIbHBIC MHOKECTBA M PEKYp-
perTHbIe nBIKeHUSA. CBoM pe3ynbTaTsl bupkrod mo-
MIOJIHWJI 3HAMEHUTOU 3ProANYECKOl TEOpEMOH, 3allo-
JKHUB, TAKUM 00pa3oM, OCHOBBI 3ProJIMIECKON TEOPHH.

Henb3s ckazath, uro kHura /Ix. bupkroda nanu-
CaHa MPOCTHIM M TOHATHBIM SI3BIKOM, OCOOCHHO VIS
CBOETO BpPEMEHH: 00 3TOM B CBOMX BOCIIOMHHAHHUSX
ropopui gaxe JI.C. Ilontpsirun. OnHako yxe B cepe-
JMHE TPOLUIOro BeKa OHA HAlla MOCJIeI0BaTENCH
W ToNydnia pa3BuUTHe B paborax A.A. Mapkona,
I'®. Xunemu, B.B. Hemspikoro, B.B. Cremanosa,
A.H. KonMoropoBa u MHOruX JIpyrux MaTeMaTHKOB
(marmpumep B [11]).

Hapsiny c¢ paboramm mo oOmeil Teopuwm IuHa-
MHYECKHUX CHCTEM KauyeCTBCHHass Teopus audde-
PEHLIMANBHBIX YpaBHEHHH OJHOBPEMEHHO IMOJIy4HiIa
Oonee yeM MPOJBHHYTOE pa3BUTHE B 00JacTH CHUC-
TE€M C MHTErpaJibHbIM HHBapHaHTOM. llomyueHHbIE B
9ToM HampasieHun pesynsTathl K. Kapareomopu u
A.Sl. XvHYMHA CyIIECTBEHHBIM 00pa30M AOTIOJHHUIH 1
0006um Teopemy [lyankape o BO3BpaIieHHH.

Hapsiny ¢ ynmoMsHyThIMH pabOTaMu B KaueCTBEH-
HOHM TeopnH nuddepeHnnanbHbIX ypaBHEHUH MOSBU-
JIOCh W COBEPILIEHHO HOBOE Ba)KHOE HAIPABICHHE —
CTPYKTYpHAsi yCTOHYMBOCTb, W3HAYAJIbHO Ha3BaHHAS
rpyOOCTBIO IMHAMUYECKHX cucTeM. OCHOBOIOJIOKHU-
KaMHU B 3TOH o6nacTu BeICTYIWIN A.A. AHIPOHOB U
JI.C. TIloHTpsITHH, CO3AABIINE TEOPUIO TPYOBIX CHCTEM
Ha ttockocTH [12—15]. imu, B 9acTHOCTH, OBIJIO TOKa-
3aHO, YTO I'pyObIe CHCTEMBI BCIOLY IUIOTHBI HA MHOKe-
CTBE JByMEPHBIX CHCTEM.

ITepenecenune NoHATHS TPYyOOCTH yKe Ha TPEXMEp-
HBII CITy4all 0Ka3aJoCh CYIIECTBEHHO OCJIOKHEHHBIM.
OOBsICHSIETCSl 3TO TOPa3’A0 MEHEee TPUBHAIBHBIM Xa-
pakTepoM (a30BBIX HOPTPETOB I'PYOBIX TPEXMEPHBIX
cucteM. [IpuHIMNUANBEHO BaXKHBIM 0Ka3aJO0Ch TO, UTO
371ech BIIEpBbIe OBLT OCTPOEH MpUMep rpydoro mud-
heomopduzmMa CO CUETHBIM MHOYKECTBOM CEJIJIOBBIX
MpeIeNbHBIX IUKIIOB, UMEIOINX HEOTPAHUIEHHO BO3-
pacTarommii nepuon [16].

CyImecTBeHHBIM IIaroM BIIEpeq B 3TOM (M He
TOJIGKO B TOM) HampaBlieHWW ctana kHura [17] (cm.
taxxke [18]). B Heil Hanbonee mpuBIEKalOT HE ycTa-
HOBJICHHAasl CTPYKTYpHasi YCTOMYHMBOCTb TIe€OJAe3HYe-
CKHUX ITOTOKOB HAa 3aMKHYTBIX PUMaHOBBIX MHOT000pa-
3UAX OTPULATENbHOM KPUBU3HBI, & YETKOE ONUCAHUE
BUJAa M YCTAaHOBJIEHHE CBOWCTB JMHAMHUYECKUX
U JUCKPETHBIX CHUCTEM, HA3BaHHBIX BIOCIEICTBUU
V-cucremamu [[.B. Anocosa.

AHOCOB TOKa3aj, 4To Kaxzaas Y-cUcTeMa CTPYyK-
TypHO ycToiumnBa. bonee Toro, okasanoch, 4TO CTPyK-
TypHasl yCTOHYNBOCTD TAKUX CUCTEM HEN30EXKHO Coue-



Tpozpammuvie npodykmel u cucmemsl / Software & Systems

2 (30) 2017

TaeTCsl C SKCIOHEHLMAJIBHBIM pa3beranneM (a3oBbIX
KPHBBIX U MIEPEMELINBAHUEM.

OcoOBIif HHTEpEC K 3TOMY OTKPBHITHIO IOAOTpena
MosSBHBIIAsCA B Hadane 60-X TOMOB IPOIUIOTO BeKa
CIIEYIOIIas TIONBITKA TOCTPOSHHS TEOPUH TypOyIIeHT-
HOTr'0 ABW)KEHUS KUIKOCTH, HEIOCPEACTBEHHO NIPUBO-
IIasi K MOHSATHIO THIEPOOINIECKOTO TPHUTATHBAO-
miero MHOXxecTBa (Hanpumep [18]).

Crnenys [18], paccMoTpuM 3aMKHYTBIH cOCyn, 3a-
MOJIHEHHBIM HEC)KMMAEeMOM BA3KOHM KUAKOCTBIO, MPHU-
BOJMMON B JABW)KEHME BHEIIHEH CUJIOM — MEIIaJKOM.
JluHaMuKy JBHXKEHUS KUIKOCTH OMHCHIBAIOT ypaBHE-
HussMu HaBbe—Crokca. Toukamu hazoBoro mpocrpas-
CTBa TaKOW CHCTEMBI SBISIOTCS O€31UBEpreHTHBIC
BEKTOPHBIE TOJSI CKOPOCTEW KHUAKOCTH, B KOTOPBIX
TIOJIOXKCHHUST PABHOBECHS TIPEICTABIIIOT COOOM CTaIlH-
OHapHble TOJs cKopocTed. LIMKibl ke 37ech OTOX-
JIECTBIISIIOT C NMEPUOJUUECKUMH IBUKEHUSIMU JKHJIKO-
CTH, B KOTOPBIX CKOPOCTb JBMKEHHS B KaXKJI0M TOUKE
MPOCTPAHCTBA MEHSETCS O NEPUOAUYECKOMY 3aKOHY.

Ecnu BS3KOCTB JKUAKOCTH JOCTAaTOYHO BEJHKA, TO
cuctema ypaBHeHudd HaBpe—CTokca uMeeT eauH-
CTBEHHOE TI0JIO)KEHHE PaBHOBECHs, K KOTOPOMY NpH-
TATUBAIOTCSl BCe (ha30BbIe KpHBBIC. Takoe JBHIKEHUE
JKUJIKOCTH Ha3bIBAIOT JJAMMHAPHBIM, U BCAKOE JIPYroe
TEYEHHE MO IEHCTBUEM BA3KOCTU CO BPEMEHEM CTpe-
MUTCS K HEMY.

C yMEeHBLIEHUEM BSA3KOCTH JIAMUHAPHOE JIBUYKEHUE
MOJXKET MOTEPATh YCTOMUMBOCTD, YTO MOKET IPUBECTH
K 00pa3oBaHUIO CTPYKTYPHO YCTOWYHBOTO MpEHeiTh-
HOro uukia. JlanpHeilee yMeHbIIEHUE BS3KOCTH,
BOOOIIIE TOBOPSI, MOXKET BBI3BATh IOTEPIO YCTOWIHBO-
CTH JaHHOTO LuKia. [Ipy 3TOM BO3MOXHO MOSIBICHHE
13 IIUKJIa HEKOTOPOT'0 APYroro, 0ojee CI0KHOTO Helle-
PHOAMYECKOTO ABIDKEHHS, MPHUTATHBAOLIETO COCEN-
HHE.

I'mmore3a MaTeMaTHYECKOTO ONHCaHHUS TypOy-
JICHTHOCTH COCTOUT B TOM, YTO B OECKOHEUHOMEPHOM
(a30BOM TPOCTPAaHCTBE WMEETCSI KOHEYHOMEPHOE
MHOT'000pa3ue I MHOXKECTBO, K KOTOPOMY IIPHUTSTH-
BatoTcst Bce (pazoBble kpuBble. CaMo e NPUTSATHBAO-
I1ee MHOYKECTBO JOJDKHO MPEACTAaBIATH co00i dazo-
BOE IIPOCTPAHCTBO WIH Y -CHCTEMBI, MIIM CHCTEMBI, Ka-
YeCTBEHHO ONM3KOH K HeH: B JOOOM cirydae 37ech
JIOJDKHBI COXPAHATHCSA SKCIIOHEHIINAIBHOE pa30eraHue
TPAaeKTOPHil U CIIeAyIOIIee U3 HErO IepeMenINBaHuE.

C ¢usmueckol TOUKH 3pEeHUS JaHHAS THIIOTE3a BBI-
TJIOUT BEChMa IIPAaBIONOAOOHO M MOJTBEPKIACTCS
MHOT'OYHCIEHHBIMU JKCHEPUMEHTAIbHBIMU HCCIE0-
BaHUsIMH. OnHAKO, HECMOTps. Ha BCE IpUIIaraeMble
YCHIIHSI IPEBPATUTDH €€ B TEOPEMY, HACKOJIBKO aBTOpaM
U3BECTHO, B HACTOSILEE BpPeMs TaK U HE yJallOCh.

OcTaBHB B CTOPOHE BOINPOCHI CTPYKTYPHOH YCTOM-
YUBOCTH, 3aMETHUM, YTO C 3TOTO BPEMEHU B3IV Ha
TEOPUI0 AMHAMUYECKUX CHCTEM IIOCTEIIEHHO Hauai
rpeTeprneBaTh U3MEeHEeHUs. B HacTynuBIIe# smoxe ru-
NEPMOJEPHU3MA MOHATUSI PEKYPPEHTHOIO ABM>KEHUS
1 MUHUMAaJIbHOI'O MHO>KECTBA IIOCTENIEHHO CTAJIN UCYe-
3aTh U3 YIIOTPEOJICHUS, & O CUTyaIHH OOIIETro TOJI0Ke-

HHSI BOOOIIE TTepecTaIn roBopuTh. Tak, Harpumep, 1mo-
MBITKA OTBICKATh aHAJOr PEKYPPEHTHOI'O IBMXKECHUS
JUTT HEABTOHOMHBIX CHUCTEM (DaKTH9YEeCKH CBOIMIACH K
W3YUCHHUIO TPACKTOPUH JHCKPETHBIX JWHAMHYECKIX
cuctem [19].

B paborax [20, 21] ans u3ydeHus cuTyanuu o0-
IIETO TIOJIOKEHHS B a0CTPAKTHBIX aBTOHOMHBIX THHA-
MHYECKAX W HEABTOHOMHBIX MEPUOTUICCKUX CHCTE-
Max OBLJT ITPEAJIOKEH METO/I, CYIIECTBEHHBIM 00pa3oM
UCTIONB3YIOMMH TOJBKO IPYMIIOBBIE CBOMCTBA oInepa-
TOpa CIOBUra BJAOJb JBHXEHHH O3THUX CHCTEM.
B ocHOBe maHHOTO MeTOAa, COOCTBEHHO, W JICKUT
onpesielieHue JBUXKEHUS, KOTopoe OyIeM Ha3blBaTh
0000I1IeHHO-IEPUOTUUECKUM.

CymecTBoBaHHE B JIFOOOH M3 YKa3aHHBIX CHCTEM
JBHXKEHUS 1pu t > to, pacroyIoKEHHOI0 B HEKOTOPOM
KOMITAKTHOM MHOJKECTBE, BJICUET 3a COOOH CYIIEeCTBO-
BaHHE 0000IIEHHO-TIEpHOIIYecKoro ABmKeHns. Oka-
3aJI0Ch, 9YTO B aBTOHOMHOM CITy9dae ONpeAeICHAE PaB-
HOMEPHO OO0OOIICHHO-TIEPHOANICCKOTO  JIBIKCHHUS
SKBHUBAJICHTHO OTIPENIEICHUIO PEKYPPCHTHOTO IBIDKE-
Hus. [Ipu 3TOM ompezeseHUe paBHOMEPHO YCTOWYM-
BOTO JBMKEHUsI HauOoJiee TOYHO INepesiaeT XapakTep
MOCTIETHETO U, KpOMeE TOTI'0, yCTaHABIMBAET 00s3aTeNb-
HBIH (IpUYEM JOCTaTOYHO JKECTKHN) CIICHapUi aCUMII-
TOTUYECKOTO INepexoja MPOU3BOJIEHOIO ABIKEHHS K
pekyppenTHomy. [locneanee mo3Boamio B padoTax
[22, 23] ocymecTBUTE pa3pabOTKy 0OIIEro MeToa mo-
CTPOCHHUS PEKYPPEHTHBIX ABIKCHUHA U MUHUMaJIbHBIX
MHOYECTB KJIACCHUCCKUX TUHAMHYCCKHX CUCTeM. bo-
Jiee TOoro, Kak Moka3aHo B pabote [24], JTaHHBIA METOJ
0e3 Kakux-Tr0O0 CYIIECTBEHHBIX M3MEHEHHU IMEPeHO-
CUTCS Ha TMPOOJIEeMY MOCTPOSHHS 000OIICHHO-TIEPHO-
JINYECKUX JIBYKEHUH HEaBTOHOMHBIX TIEPUOIMYECKUX
CHCTEM.

3aMeTHM, 4TO M3y4eHHE CUTYaIlH OOIIero moio-
JKEHUsI ¥ BBEJIEHUE TOHATUSI 0000IIEHHO-TIEpUOINYEe-
CKOTO JABIKCHHS MAIOT HOBBIC XapaKTEPUCTUUIECKHE
CBOWCTBa PEKYPPEHTHBIX IBIKCHUM, IOTIOIHSIONINE
Kjaccuueckue [22, 24]. DT HOBbIE CBOKMCTBA JAIOT Psij
JIOTIOJTHUTEIBHBIX BO3MOXKHOCTEH JII UCCIEIOBAHUS
JIMHAMHUYECKUX cucTeM. lIpowiumocTpupyeM HX Ha
CJeNyIOIINX IpuMepax.

Ilpumep 1. BaxxneHMu U3 BCeX KaU€CTBEHHBIX
TUTIOB JABWKEHHUH, KaK M3BECTHO, SIBIIAIOTCS YCTONYH-
BbIe 110 [Iyaccony u pexyppeHTHbIe ABmxkeHHA. OTiH-
YUTEIHLHOW OCOOCHHOCTBIO ITHX JBMIKCHHH SIBIISIETCS
TO, YTO K&KA0E PEKYyPPEHTHOE JIBIDKEHHE YCTOMIUBO
o Ilyaccony, Ho He HaobopoT. [Ipu 3TOM U3 CymIe-
CTBOBAaHUS [IBI)KCHHUS, ITOJIOKUTEIHHO WM OTpHUIa-
TEJIbHO YCTOWYMBOro mo Jlarpanxy, cieayeT cyliie-
CTBOBaHUE, M0 KpaifHel Mepe, 0JTHOr0 PEKypPEHTHOrO
JBkeHus. OHAKO U3 CYIIECTBOBAaHUS PEKYpPPEHT-
HOTO JBWXKEHHS HE CleJyeT CyIECTBOBaHHE yCTONYH-
Boro no IlyaccoHy, HO HEPEKypPEHTHOTO JBUKEHUS.
B Hacrosmee BpeMst CBA3b MEXKAY PEKYPPEHTHBIMH U
ycroituuBeiMU 110 [lyaccoHy HEpeKyppEeHTHBIMU JIBH-
KEHMSIMH W3YyYeHa Ha YpPOBHE ompeaeneHuit [25], a
paszpabortanHas B [3—5, 20-24] TexHWKa MO3BOJIAET
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OCYLIECTBUTh OoOJiee MOJHOE YCTAHOBJIIEHHE TaKOW
CBSI3U.

Hamomunm, uto MHOkecTBO M Ha3pIBaeTCsS MUHH-
MaJbHBIM, €CIM OHO HEMyCTO, 3aMKHYTO, HHBa-
PHAHTHO M HE COJCP)KUT HH OJHOTO COOCTBEHHOTO
MOAMHOXECTBA, OONANAIOIIEro ATUMH TPEMsl CBOM-
CTBaMH. 3aMETHM TaK)X€, 4YTO B KOMIAKTHOM METpHUE-
CKOM IPOCTPAHCTBE IBH)KEHUH 3aMBIKAHUE TPAEKTO-
pUM PEKYPPEHTHOTO ABIDKCHHS SIBJISETCS KOMIIAKT-
HBIM MUHUMAJBbHBIM MHOXKeCTBOM M 1 HaoOoporT. [Ipu
STOM 3aMbIKaHue [ TPaeKTOpUU YCTOWYHBOIO IO
IlyaccoHy nBMXKEHUS Ha3bIBAaeTCAd KBAa3MMUHHUMAJIb-
HBIM MHO>KECTBOM.

Kaxnoe kBa3sMMHHHUMAaJIbHOE MHOXXECTBO H KOM-
MaKTHO U COAEPKUT KOMIIAKTHOE MHHUMAIIbHOE MHO-
sxectBo M. Oxaako M He 00513aHO0 OBITE COOCTBEHHBIM
MOJIMHOKECTBOM MHOXecTBa H. VIMeHHO ciyuaii, B
KoTopoM M sBisieTCs] COOCTBEHHBIM ITOIMHOKECTBOM
MHOX€ECTBA /1, U OTIpeNeNseT CUTYaLUIO CYIIeCTBOBA-
HUs ycToiumBoro mo IlyaccoHy HepekyppeHTHOro
JIBIDKEHUSL.

Kak moxazano B pabote [22], B KBa3UMHUHHMAJIb-
HOM MHOXXeCTBe /{, He SBIJIAIOUIEMCS MHHHUMaJIbHBIM
MHO>KECTBOM, 00bEJMHEHHE BCEX MUHUMAJIbHBIX MHO-
JKECTB KOMIIAKTHO U HUTIZE He ILUIOTHO B H. IIpu atom
TOUKH, JIEKAIIUE HA TPACKTOPHAX HEPEKYPPEHTHBIX
ycroitauBsIx 1o [lyaccoHy nBrKeHUIT, 00pa3yroT MHO-
JKECTBO BTOpOi kateropuu tuna Gs, TO €CTh €ro Jo-
MOJIHEHWE MOXKET OBITh MPEACTABICHO KaK 00beaAnHe-
HHUE CYETHOT'O YUCIIA 3aMKHYTBIX MHOXECTB, HUT ¢ HE
INIOTHBIX B [. bonee MNOIHO, COTrIacHO TeopeMe
XunsMu, B KBa3UMUHUMAaJIbHOM MHOXKECTBE [, HE SB-
JSIOIEMCSl MUHUMAIbHBIM MHOKECTBOM, TOUKH, JIe-
JKallie Ha TPAeKTOPUAX HEPEKYyPPEHTHBIX YCTOHUH-
BbIX 110 IlyaccoHy IBMKEHUH U BCIOAY IUIOTHBIX B
00pa3yloT MHOXECTBO BTOpOW kareropuu Trma Gs.
HecnoxHo Taroke MoKa3aTk, 4TO KaX/10€ TaKoe KBa3H-
MUHHMAaJIbHOE MHOXECTBO H COIEpXKHUT HECUYETHOE
MHO>KECTBO HEPEKYPPEHTHbIX yCTOWuYuBBIX 10 Ily-
acCOHY JBI)KEHHH, Bclogy mioTHeIX B H. Kak oxa-
3aJI0Ch, BCE 3TO MMEET OOJIbIIOE 3HAUYCHHE IPH YHUC-
JIEHHOM HCCII€IOBaHUM YypPaBHEHUH XaOTHYECKOU
JUHAMUKH, B YACTHOCTHU, MPHU MOCTPOECHUU CTPAHHBIX
aTTPaKkToOpoB (CM. puMep 3).

Ilpumep 2. Cucremsbl ¢ ”HBApUAHTHON MEPOii, Kak
M3BECTHO, 00IaJaf0T PAJOM CBOICTB, BHITOHO BBIJE-
JSIFOIIMX WX W3 BCETO MHOXKECTBA JUHAMHYECKUX CH-
creM. BakHeiiee 3 3TUX CBOWCTB COCTOHT B TOM,
YTO, COTJIACHO TEOpeMe O BO3BpamleHnH Touek llyan-
kape—Kapareonopu, A7 cHCTEM, HMEIOIINX B cerapa-
OeTbHOM TPOCTPAHCTBE MOJIOKHUTEINBHYI0 KOHEUHYIO
UHBapUaHTHYIO MEpPY, IOYTH BCE TOUKH IIPOCTPAHCTBA
ycroituussl 1o Ilyaccony. Kak noxasano B MoHorpa-
¢um [2], mpuMeHEeHHE METO/a, WCIIOJIb30BABIIETOCS
NPY ONHMCAaHUU CUTYAIIMH OOILETO MOJI0KEHHS, TI03BO-
JSIeT CYIIECTBEHHO YTOYHMTH 3TOT KIAaCCUYECKUil pe-
3ynbTaT. UMeHHo B ycnoBusix TeopeMsl Ilyankape—Ka-
pareonopu Kaxnaas ycrohuuBas mno Ilyaccony Touka
ABJISIETCS TOYKOI KaKoro-nmmbo MUHMMAalbHOTO MHO-
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JKECTBa, TO €CTh ITOYTH BCE TOUKU IIPOCTPAHCTBA ABJISA-
IOTCSl TOUKaMU MMUHUMAaJIbHBIX MHOKECTB.

Ilpumep 3. B nocienHee Bpems IIpH UCCIIEIOBAHUN
YPaBHEHHHM XAaOTUYECKOM IUHAMHUKU CTaJld HIMPOKO
MPUMEHATHCS YUCIEHHBIE METOABl. B "acTHOCTH, mO-
YTH BCE M3BECTHBIC HA CETONHSIIHUN ICHb CTPaHHbIC
aTTPaKTOPBI TOCTPOEHBI IMEHHO YHCIICHHO.

st onpeneneHHOCTH paccMOTpuM artpaktop Jlo-
penna [14, 23]. CoriacHoO MHOTOUYUCIIEHHBIM BbIUKC-
JUTEIbHBIM 3KCTIEPUMEHTaM MHOTUX HCCIIel0BaTeNel,
JITaHHBIM aTTPAKTOpP COCTOMUT U3 TPeX MOJIOKEHUN paB-
HOBecHst (OJIMH ceasIoy3el U iBa ceaooKyca) 1 MHO-
JKeCTBa HE3aMKHYTBIX ycToH4MBHIX Mo [lyaccony Tpa-
€KTOpHii, BCIOAY IJIOTHO 3aIONHSIOLINX 3TOT aTTpaK-
Top (3a MCKIMOYeHHeM cemtodokycoB). bomee Toro,
caM aTTpakTop NpenCTaBIseT coOol oOBeITUHEHHE
TpeX IMOJIOKEHUH PAaBHOBECHS W 3aMBIKaHHS yCTONYH-
Bo# no Ilyaccony Tpaekropuu. Ilpu 3TOM cumuraercs
TaK)Ke, YTO aTTPAKTOpP COJEPXKUT CUYETHOE BCIOAY
IUIOTHOE MHOKECTBO CEAJIOBBIX NPEICIbHBIX IUKIOB
[14]. IIpoBeneHHble aBTOpaMH YHUCICHHBIE JKCIIEPHU-
MEHTBHI [TOKa3aJld, YTO JaHHAasg THIIOoTe3a HyXKJIaeTcs B
CYILIECTBEHHOU JOpaboTKe.

JleifcTBUTENBHO, KAk OTMEYAJIOCh B Ipumepe 1, B
KBa3UMHUHUMAJIFHOM MHOXECTBe [, HE SBIAIOLIEMCS
MHHHUMAaJIbHBIM MHOXECTBOM, OOBEANHEHUE BCEX MU-
HUMAQJIBHBIX MHOXECTB KOMIIAaKTHO M HHIJE HE
wiotHo. Iloatomy, ecnu arrpakrop JlopeHna mmeer
YKa3aHHYIO BBIIIE CTPYKTYPY OTHOCHTEIILHO MOJIOXKe-
HUH paBHOBECHUS M yCTOMYMBHIX 1o IlyaccoHy Tpaek-
TOpHH, OH HE MOXET COJepKaThb CUETHOTO BCIOLY
IUIOTHOTO MHOXECTBA CEIOBBIX MPEICITbHBIX I[HKIIOB.
Bonee toro, kak mokazano B [23], ¢ TOYHOCTBIO JIO
OIIMOKY BBIYUCICHUH MOYKHO yTBEP)KIAaTh, YTO B CH-
cteMe JIopeHI1a UMEIOTCA JIUIIb TPU YKA3aHHBIX BBIIIIE
MOJIOXKEHHS PABHOBECHSI 1 MUHHUMAaJIbHOE MHOXECTBO,
00pa30BaHHOE HE3aMKHYTBHIM PEKYPPEHTHBIM JIBHXKE-
HHeM. Bce 3Ti naHHbIe, TOTyYeHHbIE CIICIIHAIBHO pa3-
pabOTaHHBIM YHCIEHHBIM METOIOM, XOPOIIO COTJIACy-
I0TCA C TEOPETHYECKUMH pPe3yJbTaTaMH, MpPUBEICH-
HbIMU B [22, 24].
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Abstract. This review represents the history of study analysis of the situation of typical behavior of dynamical and non-
autonomous periodic system motions. The necessity of this investigation is due to the fact that the complete and detailed de-
scription of a typical behavior situation makes it possible to solve the problem of construction of generalized periodic motions
of dynamical and non-autonomous periodic systems. The necessity of numerical investigation of indicated systems is due to
the fact that the vast majority of real technological, biological, economical and others process models are described by these
specific systems.

In the autonomous case a generalized periodic motion is equivalent to a classical recurrent motion, which was introduced
and investigated by G. Birkhoff. The concept of the recurrent motion is related to the concept of a minimal set. These two
concepts define the situation of typical behavior of classical dynamical systems.

The construction and investigation of recurrent motions and minimal sets took on special significance due to the require-
ments of chaotic dynamics and the hyperbolic theory. However, until quite recently there were no general methods of con-
structing recurrent motions and minimal sets. It came down to constructing attractors of separate systems of differential equa-
tions with a polylinear right part. The discovery of the generalized periodic motion concept resulted in creation of the general
method of construction and investigation of all minimal sets contained in limit sets of dynamical systems. Furthermore, the
concept of a generalized periodic motion allowed adapting all the basic definitions of the classical dynamical system theory to
non-autonomous periodic systems and describing the situation of typical behavior in such systems on common ground. There-
fore, it allows adapting directly the method of recurrent motion construction to the construction of generalized periodic motions
of non-autonomous periodic systems that made the numerical construction of such motions on common ground possible.

Keywords: dynamical and non-autonomous periodic systems, situation of typical behavior, generalized-periodic motions,
construction of generalized-periodic motions.
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OLIEHKA 3PPEKTHBHOCTH METOZOB PEILIEHHSA 3AOAY
OBECIIEYEHHA YCTOHYHBOCTH ¢YHKIITHOHHPOBAHHA
PACIIPEAEAEHHBIX HHPOPMAIIHOHHBIX CHCTEM

1.0. Ecukog acnuparm, mcgeend@gmail.com
(Tynwckuii 2ocydapcmeeHHbLlll yHusepcumem, npocn. AeHura, 92, 2. Tyna, 300012, Poccust)

Jns mpuHATHSL 000CHOBAHHBIX PELICHUIT B 4aCTH OPraHU3alluK MPOLECCOB XpaHEHHs U 00pabOTKH TaHHBIX U1 obecrede-
HMS YCTONYMBOCTH ()yHKIIMOHUPOBAHUS PacIpeIeIeHHBIX MH(POPMAIMOHHBIX CHCTEM IIPEIOKEHO IPUMEHATH KOMIUIEKC pa3-
pabOTaHHEIX MaTeMaTHYECKUX MOJENCH ONTHMHU3alUH pacrpeseneHus deMeHToB [10 QyHKIMOHANBHBIX 3a1ad MO y31aM
CeTH, paclpeneNeHus] HHPOPMAIMOHHBIX PECYpCOB II0 LIEHTPAaM XpaHeHUS M O0O0pabOTKHM HAaHHBIX, COCTaBa TEXHHYECKHX
CPEIICTB CUCTEMBI XpaHEeH!s U 00pabOTKH JaHHBIX, pacIipe/ieNIeHUs] pe3epBa HHPOPMAIIMOHHBIX PECYPCOB 0 IEHTpaM XpaHe-
HUS ¥ 00paboTKH naHHBIX. [Ioka3zaHo, 4TO JaHHBIE 3a1adl OTHOCSTCS K KJIACCy 3a/1a4 AUCKPETHOH ONTHMH3AIMH ¢ OyJIeBBIMH
HEePEMCHHBIMH.

Jns peurernst GOpMaNU30BaHHBIX 33124 IPEIOKEHO U IKCIEPUMEHTAIFHO NPOBEPEHO MPHMEHEHHE METO/a BETBEH U
TpaHUI] ¥ TEHETHYECKUX aaropuT™MoB. Jiis noBbleHUs 3G GEKTUBHOCTH 3TOr0 METOAA PEKOMEHIOBAH aITOPUTM HpeIBapH-
TEJIBHOTO ONPEIENCHHs MOPsIKa BETBICHHS IEPEMEHHBIX IIyTEM OJHOKPATHOTO PEeLICHHUs MPUOIMKESHHBIM METOIOM 3a/1a4H,
JIBOMICTBEHHOH IO OTHOIIECHUIO K McxoxHOH. [IpoBeneHa skcneprMeHTanbHas NpoBepka d((GEKTHBHOCTH METOa BETBEH U
TPaHUIL JUTS pelIeHus 3a]1a4 00eCIIeueHNs yCTOHYNBOCTH (pyHKIIMOHNPOBAHHS pacIpeelIeHHbIX HH)OPMAIIMOHHEIX CHCTEM, B
TOM YHCJIE C MCIOIB30BaHUEM AITOPUTMA IIPEABAPUTEIFHOTO ONPEAEICHHs OpsAKa BETBICHHS IepeMeHHbIX. /laHa oleHKa
BIIMSTHUSI ICXO/THBIX TAaHHBIX Ha OOIIYI0 IPON3BOANTEIBHOCTE METOA BeTBeH 1 rpanun. OnpeneneHs Hanbouee 3 QekTHBHbIE
JULSL pELICHUs Pa3pabOTaHHBIX 3a/lay CTPATETHH BETBJICHUS NEPEMEHHBIX. [Ipe/u10keHbl BapHaHThl OCHOBHBIX OIIEPAaTOPOB, &
TaKXKe CXeMbl Ha4aIbHOW HHULMAIU3ALMI HCXOTHON HOMYJISIIUK FTEeHETHYECKOT0 alTOPUTMA JULS PELICHUS 33/1a4 00eCIeYCHUS
YCTOHYMBOCTH (yHKIMOHUPOBAHUS PACIPEACICHHBIX HHPOPMAIIMOHHBIX CHCTEM.

JU71s TIOBBIICHHS KAYECTBA T10Jy4aeMOr0 IeHETHYECKUM aJITOPHUTMOM PEIICHHs 000CHOBAHO HCIIOJIb30BaHUE alaNTHBHOM
CXEeMBI PENpPOIYKIIMU 0COOSH W OCTPOBHOI CXEMbI OpraHM3aIlMM BBHIYMCICHUH. DKCIIEpHMEHTAIBHO NpoBepeHa 3P QEKTHB-
HOCTB NPEAJI0KEHHBIX TeHETHYECKOTO U OCTPOBHOT'O I€HETHYECKOrO ajJrOPUTMOB M OIpe/esIeHbl apaMeTpbl TeHETHIECKHX
IrOPUTMOB, 00ECIIEUHBAOIINE MAKCUMAIFHOE KaueCTBO MOJTydaeMoro pemeHus. [loaTBepikieHa BO3MOKHOCTD YIIPaBICHUS
TOYHOCTBIO TIOJIy9aeMOT0 PELICHHs 32 CUST M3MEHEHHUS TapaMeTPOB aIrOPUTMa IIPH BBEJCHUN OIPaHHYCHHUI Ha BpeMsl pelie-
Hus. JlaHa cpaBHUTEbHAS OLIEHKA METO/Ia BETBEH 1 IPaHHIl H OCTPOBHOTO M'€HETHYECKOT0 AJITOPUTMA TIPH penteHnH popma-
JIM30BaHHBIX 3a/1a4, OIpeIeIeHbI 00JacTH uX 3PPEKTUBHOTO IPHUMEHEHUS.

Knroueswie cnosa: pacnpedenennas uHpopmayuorHas cucmema, yCmousugocmys QyHKYUOHUPOSAHUA, MAMEMAMUYECKUe
MOOenu, Memoo gemeell u 2paHuly, 08OUCMBEHHAS 3A0AYd, 2EHEMUYECKUN AN2OPUMM, OCMPOBHOU 2eHeMUYECKULl Al20PUmM,
aoanmueHas cxema penpooyKyuiL.

YcroiiunBoe (QyHKIMOHUPOBAHHUE pachnpedenet-
Holx ungopmayuonnwix cucmem (PUC) sBusercs 3a-
soroM 3 QEKTHBHON pabOTHl OpraHU3AIMA H IIpe.-
NpUsATHH B pasnU4HBIX cdepax sKoHOMUKH. [lox
YCTOWYMBOCTHIO (DYHKIIMOHUPOBAHUS CUCTEMBI ITOHH-
MaeTcsi ee CIOCOOHOCThH BBINOJHSATH BO3JIOKCHHBIC
(GyHKUMM C 33aJaHHBIMHM TIOKA3aTeJIsIMH KadecTBa B
YCJIOBUSIX BO3/ICHCTBUSI BHYTPEHHHUX M BHELIHUX Jie-
CTAOMIU3UPYIOMUX (PAKTOPOB.

B orminume oT HaIEXHOCTH MOJ YCTOWYHMBOCTHIO
oJpazymMeBaeTcs obecredyeHue TpedyeMbIX 3HAYCHUI
nmokazaresnei d(P(HEKTUBHOCTH CUCTEMBI B YCIOBHSIX
BO3MOXKHOH ee peKkoH(purypanuu (M3MEHEHHS ee
CTPYKTYPHI).

B o6mem ciiyuae necrabunusupytroniue GakTopsl B
PUC penstcst 1Mo MecTOIOJIOKEHHIO HWCTOYHHMKA Ha
BHEIITHNE 1 BHYTPEHHHME, & [T0 XapaKTepy BOSHUKHOBE-
HUS — Ha Clly4aiiHble U IpeAHamepeHHsle [1].

HawnbGonee onmacHBIMU C TOYKH 3peHHUsT oOecriede-
HUS LeJIeBBIX Mokasarenei ¢pyHkiuonuposanus PYC
SBJISIIOTCS lecTabmm3upyonye GakTopsl, B pe3yiib-
TaTe BO3IAECHUCTBHS KOTOPBIX YXY/IIAIOTCS ITapaMeTphbl
npoueccoB o0ecrieueHNs: HHPOPMAIIMOHHBIX 3aIIPOCOB
MOJIL30BAaTENICH, XpaHSHHsI U 00paOOTKH HHPOPMAITUH.

K Taknm pakTopam MOKHO OTHECTH CIEeIyIOIINe:

— CTPyKTypHas jerpajanusi cetu (BBIXOX W3
CTpOsI CpeACTB 00pabOTKU WHPOPMAIIUHU B y3TIaX pac-
TIpe/IeIEHHOM CHCTeMbI, KaHAJIOB Tepeaadn nHdopma-
1HH);

— paspymenue anemenTtos [10 (paspymenne naH-
HBIX M KOJIOB UCTIOJHSEMbIX POrPaMM, BHECEHUE TOH-
KHX, TPYOHOOOHAPYKUBAEMBIX M3MEHEHHHA B MH(OP-
MAIFIOHHBIE MaCCHBEHI);

— BHEJPCHHUE NPOrPaMMHbBIX 3aKJIaJO0K B JIPyrUe
MPOTpaMMBbI U TOANPOrpaMMbI (BUPYCHBIH MEXaHHU3M
BO3ICUCTBUH);

— MWCKa)XEHHWE WIM YHHYTOXXCHHE COOCTBEHHOM
nHdopManuu cepBepa U TEM CaMbIM HapylIeHHE pa-
OOTEHI CeTH;

— HapylleHHWe LEJIOCTHOCTH (IpesHaMepeHHoe
WM ClTy4aiiHOe NCKa)KeHHUe, pa3pylIeHUe) HIEMEHTOB
nHpOpPMaMOHHOTO obecrieueHus (6a3 u OaHKOB JaH-
HBIX), MOAM(HKAIINS TAKETOB COOOIEHUH 1 Jp.

Bo3saeiictBrue 3THX (PaKTOPOB MOXKET UMETh KaTa-
cTpouuecKre TOCIEACTBUS BIJIOTH IO BBIXOJA U3
CTPOsi TEXHHYECKOTO, MMPOTPAMMHOTO M MH(OPMAIH-
OHHOTO OOeCIeueHHs] CUCTEM U, KaK CJIEJCTBUE, NPH-
BECTH K HapYIICHHSIM B TIpolieccax 00padoTku HHPOp-
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Maluy WK K 0TKa3aM (YHKIMOHUPOBAaHHS CHCTEM B
uenom [1]. JIas HedTpanuzauuu nociaeacTBUNA BO3/EH-
CTBHSI IeCTaOMIM3UPYIOMHX (PAKTOPOB MOXKET MOTpe-
60BaThCsI PECTPYKTYPHU3ALM CHCTEMBI C IIEpepacipe-
JeneHneM HH()OPMALMOHHBIX PECYPCOB.

B kadecTBe mokazarens yCTOMYHUBOCTH (YHKIIHNO-
HHUPOBAHUS CHCTEMBI B YCIIOBHUSIX BO3ICHCTBH I-T0 JIe-
cTabmmmsupyromero (akropa OOBIYHO ITOHUMAETCs
K03(UINEHT YCTOHYMBOCTH Kyui, ONIpEAEIsIeMblil u3

_ |K7p - Kmbi
BbIpakeHUs Kyyi=1-——

, rae K, — Tpedyemoe
By
3Ha4YeHHEe MOKazaTelsl KayecTBa (YHKIMOHUPOBAHHS
cucteMsl; Kypi — 3HA4YeHHME IIOKa3aTens KayecTBa
(YHKIIMOHMPOBAHUSI CHCTEMBI B YCJOBHSIX BO3JeCii-
cTBUs I-ro necrabunmsupyoiero dakropa [2, 3].
Torma oOmuii moOKa3zaTels YCTOWIMBOCTH CH-

CTEMBI, BBIPaXKaeMbIi KaK KOd(QQUIHMEHT yCTOHIHBO-

|
ctu Ky, onpenensercs BelpaxkenneM Ky = [[ K
i=1

| — KONMMYECTBO YYNTHIBAEMBIX J€CTAOMIIU3UPYIOLINX
(hakTOpOB B CHCTEME.

Kpome Toro, 3a nokazarein kauectBa (yHKIMOHH-
POBaHUS CHCTEMBI, XapaKTepU3YIOIIUE €€ YCTOHuu-
BOCTb, MOTYT OBITh B3ATHI BpeMs BBHITONHCHUS pac-
CMaTpPUBAEMOTO Tpoliecca B cHcTeMe, Kod(duimert
TOTOBHOCTH CHCTEMEI, K03 (HUIHEHT 3P HEeKTHBHOCTH
cucTeMbl U apyrue [3].

B macrosimee Bpems Hamboiee 3(QeKTHBHBIMU
UL 00ecTieueHus] yCTOMIMBOCTH (PYHKIIMOHUPOBAHHS
PUC sBASIIOTCS ClIEAYIONINE TTOIXO0IBI:

— COBEpPUICHCTBOBAHHE HNPOYECCO8 XPAHEHUs U
oopabomxu ungopmayuu (IIXOU), B TOM yHucie B Ya-
CTH 00€CIeYeHUs X YCTOHUUBOCTH;

— CO3JaHHME BBICOKOHAJEKHBIX TOACHCTEM Xpa-
HEHHA B 00pabOTKH TaHHBIX C YIETOM HX PE3epBUPO-
BaHwUs [4].

Jnst noeiuenus: ycrouuBoctu [IXOU Ha sTanax
npoekTupoBaHus u dkciuryatarmu PUC menecoo6-
Pa3HO BBITOIHATH PAMOHANBHOE pacIpeelicHIe die-
meHToB [10 1 MH(pOPMAIIMOHHBIX MACCHBOB 110 y3JaM
BBIYHMCITUTENILHON CETH, a IPH BO3JICUCTBUU JeCTaOu-
TMBUPYIONUX (aKTOPOB, B CIIydae CTPYKTYpPHOH Je-
TpaJlallii CeTH — UX TiepepacnpeeneHue [4].

OcnoBy PUC cocrtaBnsieT cucmema xpanenust u 00-
pabomxu dannvix (CXO/1), mpeqHazHAUYCHHAS TS Op-
TaHW3aLUU HA/IEKHOTO, a TaKKe OTKa30yCTOHYMBOTO
XpaHEHHs JaHHBIX, BBICOKOIPOU3BOJUTEIHHOTO J0-
CTymna cepBepoB K YCTPOHCTBaM XpaHEHHs M 00pa-
ootk wmHpOpMaruu. OOecre4eHHe COXPAHHOCTH
nadopmanun B CXO/] npou3BOguUTCS MyTEM MpHUMe-
HEHUs CIIENUAIBHBIX MEp OpraHu3aluHM XpaHEHHS,
BOCCTAaHOBJIEHUsI (pereHepaun) HHPOPMaIUH, CIIeIH-
aJbHBIX YCTPOMCTB pe3epBupoBaHus. KauecTBo obec-
MIEYEHUS] COXPAaHHOCTH WH(OPMAIUN 3aBUCUT OT €€
[ETOCTHOCTH (TOYHOCTH, TOJTHOTBI) U TOTOBHOCTH K
MMOCTOSTHHOMY HCTIOJIB30BaHUIO [5—7].

HawnbGonee mnpocteie n 3(h(dEKTHBHBIE CIOCOOBI
obecrieuennst coxpanHoctu nHpopmammu B CXO/l —

i » TIE
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CO3/laHHE PE3ePBHBIX XPAHWIHUIL JaHHBIX U peanau3a-
LUsT MEPONPHUATUI MO ONEPaTUBHOMY M BOCCTAaHOBH-
TENBHOMY pe3epBHPOBaHUI0 HHGopMarwu [7].

[lo Tunmy ycTpOWCTB pe3epBUPOBAHUS PE3EPBHBIE
xpanwnnma uHpopMmarmu B CXOJ [5] memsarcs Ha
xpaxunuima Ha 6aze HDD/SSD-auckoB (RAID-maccu-
BbI), HA MATHUTHBIX JICHTaX, Ha 0a3¢ ONTUIECKUX JTUC-
KOB.

Ilo xonuyecTBy ypoBHEH pe3epBUPOBAHUS PE3EPB-
HBbIE€ XPAHWINIIA JENATCS HAa OJHOYPOBHEBBIE M MHO-
TOYPOBHEBEIE.

IIpu GonbIIOM KOIMYECTBE PA3HOBUIHOCTEH CHU-
CTEM U CPECTB BHICOKOHAIC)KHOTO XPAHEHUSI JaHHBIX,
a TaKkXke MX KOHQUIrypaluid CTOMT 3ajaya BHIOOpa UX
cocraBa ¢ yuyetoM pemaeMbix CXO/I 3anay.

Pewenne 3amau opranmzauuu [1XOW no3sosisier
MOBBICUTH A((EKTUBHOCTh (YHKIMOHUPOBAHUS CH-
CTEMEI 3a CUET CHIDKCHUS H3JIEPIKEK, CBI3aHHBIX C pa3-
pylIeHneM WHPOPMAaNUH, BKII0OYas IOTEPH OT HEBO3-
MOJKHOCTH pEIICHU 3a/1a4 ¥ TOTyYeHHUS HEAOCTOBEP-
HBIX BBIXOJHBIX PE3yJIbTaTOB, 3a CYET YMEHBIICHUS
BPEMEHH M 3aTpaT Ha BOCCTAHOBJIECHUE pa3pyIlIeHHON
WIN WCKaKEHHOW MH(OpPMALUH, PallMOHAIBHOTO HC-
MOJIb30BAHUS BHEIIHEH MaMATH BBIYUCIUTEIBHBIX
cpencts s pazmenienus ganHeix PUC u T.1.

st paumonansHOM opranuzauuu [IXOU B PUC B
ctpykrype CXO/] co3matot yenmpul xpanerus u oopa-
oomku ungpopmayuu (UXOW), ocHOBHOI 3amadeit Ko-
TOPBIX SIBICTCS peanu3anisi d3PQPEKTHBHBIX C TOYKH
3peHus pemaembix B cucreMe 3agad [IXOU.

Il obecrieueHust COXPaHHOCTH MH(OpMAIUH Tie-
necoobpasno B LIXOU cozmaBaTh MOJCHCTEMBI XpaHe-
HUS ¥ 00pabOTKU JaHHBIX, OCHOBY KOTOPBIX COCTaB-
JSIFOT TEXHUYECKHE CPE/ICTBA XpaHEHHs U 00paboTKH
nHpopmanuy, uaTerpupyemsie B LIXOM. B kauectse
anemeHToB [10 paccmarpuBaIuch MPOrpaMMHBIE KOM-
IUIEKCHI, MPOTPaMMHBIE MOJYJH, OCYIIECTBISIOIINE
pemeHre GyHKIIMOHATBHBIX 3a/1a4 C UCTIONb30BaHHEM
nHpOpMaMOHHBIX MaccuBoB B PUC.

BcnenctBue  OrpaHMYEHHOCTH — MAaTEPHUABHBIX
CpencTB, BhIACIIeMbIX Ha co3nanue PUC, xpaHenwme
1 00paboTKa WHPOPMALIUU B HUX OCYIICCTBISIOTCS B
orpannueHHoM konuuectBe LIXOUW, coznaBaembix
B COOTBETCTBYIOIUX y371ax CETH. B 3Tux meHTpax ak-
KyMYJIHPYIOTCSI MOIIHBIE BBIUUCIUTEIBHBIE CPEACTBA
U CPEeACTBa XpaHEHHUs JaHHBIX, 00ecTIeunBaoLIie pe-
nieHue (QyHKIIMOHATBHBIX 33134 KaK OTJAENFHOTO Cer-
MEHTa CEeTH, TaK U CHCTEMBI B IIEJIOM.

Takum oOpazom, 11 00ecredeHus] yCTOHYNBOCTH
¢dyaxunornpoBanus PUC pa3paboTan KoMIIIeKC Ma-
TEMaTHIECKUX MOJEICH ONTHMHU3AINN

— pacnpeznenenus anementoB [10 GpyHKIHOHANB-
HBIX 3a7[a4d 0 y3JIaM CEeTH M0 KPUTEPHI0O MHUHHMYyMa
obbeMa wuH(pOpMaWH, TEepeaaBacMOW IO KaHaiaM
CBSI3M TP pEIICHUN BceX (QYHKIIMOHAIBHBIX 3a7ad;

— pacmpezneneHuss WHPOPMALMOHHBIX PECYPCOB
o [IXO/I o kpuTeprto MUHIMYMa O0IIero 3HAYCHHS
CpEIHETr0 BPEMEHHM BOCCTAHOBJIICHUS MH(POpPMAalK B
CXOn;
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— cocraBa TexHuueckux cpeacrs CXO/] mo xpu-
TEpUI0 MakCUMyMa 3HauyeHHs Kod(p(HIUEHTa TOTOB-
HOCTH CHCTEMBI XPaHEHNUS JAHHBIX B IIEJIOM;

— pacrpeznerneHus pesepBa HHOOPMALMOHHBIX pe-
cypcoB o IXO/] mo KpuTepuo MEHUMYyMa CPEIHETO
BpeMeHH pemeHus Beex 3anad B PYC [8].

JlaHHBIE 3a1a4M OTHOCATCS K KJIaccy 3a1a4 KoMOu-
HATOPHOW onTHMHU3anuM [9], a UIMEHHO IEIOYNCIICH-
HOTO JMCKPETHOTO IPOTrpaMMHpPOBaHUs ¢ OyJIeBBIMU
nepeMeHHbImMu [9, 10].

B oOmem cinydae matemMaTHdeckue Mozenu obec-
neyeHus yctonunBocTH pynkunonuposanus PYC mo-
ryT OBITH crepyroummu [11].

Onpenenuts Takue 3Hauenus X (j=1, 2, ..., N), ato
N

F(X):min_z;cjxj (1)
=

TIPY OTPaHIMICHISIX

X=1{0,1},j=1,2,...,N; )

N

Yax;<h,i=1,2..,M, €)

j=1
riae N — gucno nepeMeHHsIX; M — uncno orpanudeHuil.

st obecnieuennst 3pPEeKTUBHOCTH MPAKTHIECKOTO
MIPUMEHEHHUS pa3pabOTaHHBIX MaTEMAaTHYECKUX MOJe-
Jel K MEeToJlaM MX PELICHUs JOJDKHBI MPEIbsBIATHCS
oTpezieTIeHHbIE TPeOOBAHUS:

— BO3MOXHOCTb NOJTy4YEHHs ONTHUMAJIBHOTO (KBa-
3HONTUMANBHOT0) PEIICHUS B MUHHUMAJIbHO BO3MOXK-
HOE BpeMs;

— BO3MOXHOCTb YINPABICHUS TOYHOCTBIO ITOJY-
YEHHOT'O PELICHUs B YCIOBUSX OTPaHUYEHHS HA BPEMs
penIeHus 3aaad;

— HEBBICOKas BBIYUCIUTEIbHAS CI0KHOCTB;

— BO3MOXHOCTh paclapajUIeJIMBaHUs IIpolecca
MOJy4EHUSI ONTUMAJIFHOTO (KBa3HONTHMAIBHOTO) pe-
HICHHUS;

— TIPOCTOTAa NPOTPAMMHOHN peaNn3aliy BHIYHCIIHU-
TEJIBHBIX TPOLELYpP AITOPUTMA;

— BO3MOXHOCTb IPAKTHYECKOTO NMPUMEHEHHS Ha
BBIYHCIINTEIBHBIX KOMIUIEKCAX C OTPaHMYECHHBIMH Xa-
paKTepUCTHKaMH (HEBBICOKOW TIPON3BOJUTEIILHOCTH).

st nomyuennst Tounoro penrenus 3axadu (1)—(3)
CYIIECTBYET JJOCTATOYHO OOJIBIOE KOJINYECTBO METO-
JIOB TUCKpeTHOU ontumm3anmu [9, 10], Hanbonee pac-
MIPOCTPAHEHHBIM U HanOoJee MINPOKO UCIOIb3yEeMBIM
13 KOTOPBIX SABJSETCS] METO BeTBel 1 rpanui [10].

OCHOBHBIMH TPOIIEYPaMH, COCTaBISIONIMHA Me-
TOJl BETBEH W TPaAHMII, SBIAIOTCSA TOCTPOCHUE JEepeBa
BO3MOXXHBIX BAapHaHTOB pELICHUs, OIpe/AeIeHHe
OLICHKH I'PaHMUIIbI PEIICHHUS TSl KaXKI0H BEpIIUHBI Jie-
peBa u oTcedeHue OECrepCIeKTUBHBIX BEpIINH, KOTO-
pBI€ HE MOTYT NPUBECTU K YIy4IIeHHIO pekopaa [10].

Oo6mast 3 (heKTHBHOCTh METOJIa BETBEH U TPAHUI]
NpU peIIeHHH 3a1ad oOecHeyeHusi YCTOHYMBOCTH
¢yaxunornpoBanus PYC HemocpeacTBEHHO 3aBUCHUT
OT BBIOOpA CTPATETuy BETBICHHS NIEPEMEHHBIX U CIIO-
co0a OIEHKM TpaHMIl PEUIeHMs, a TaKkKe OT Crocobda
opraHu3aIii KOMITBIOTEPHBIX BhIYUcIeHui [10, 12].
PesynbraTel 3TOr0 BEIOOpA 3aBUCST OT KOHKPETHBIX
YCIOBUH pEIIeHNs AaHHBIX 3aa4 ONTUMH3ALIH.

st popMupoBaHus JepeBa BapUaHTOB B XOJIE pe-
IIEHHs 3371241 HanboJjee IMHUPOKO UCIIONb3YIOT TaKUe
CTpaTeruy BETBIICHUS IIepeMeHHbIX [ 12], Kak ¢uaHro-
Bas (1eBouiaHTOBasi, TpaBodiIaHroBas), (HPOHTAIH-
Hasl, JIOKaJIbHO-N30MpaTeNbHas U TI100aIbHO-TIONCKO-
Basl.

Br10op cTparernu BETBIECHUS OKa3bIBACT BIMSIHUC
Ha TpeOyeMblil Ul XpaHEeHUsI IepeBa BAPHAHTOB IIPU
peLIeHuH 33/1a41 00BEM ONepaTUBHOM MaMsTH BBIYHC-
JIMTENIFHOTO KOMIUIEKCa, a TaKke (3a cueT 0CoOeHHO-
CTel peann3aluy MOUCKOBBIX MPOLEAYpP Ha JepeBe pe-
IIEHUH) Ha BPEeMsl peILCHHSI.

D¢ PEeKTUBHOCTh BBIYUCIUTENBHBIX aJITOPUTMOB
3aBHCUT OT TOYHOCTHU M NMPOCTOTHI crioco0a ompeene-
HUSI BEPXHEH WM HIDKHEH T'PaHUIIBI BOBMOXHBIX pe-
menuit [10, 12]. TouyHoCTh oOmpeneneHusi BepXHEU
(HnmKHEH) TpaHWNBl LENEBBIX PEHICHHH HANpsIMyIO
BIIMSICT HA YMCIIO OECIIepPCHEKTUBHBIX BaAPHAHTOB, KO-
TOpBIE OTCEMBAIOTCS B MPOIIECCE PEIICHUS. YBEINUe-
HHE TOYHOCTH pacueTa rpaHHI] PEIIeHUH CBA3aHO C Po-
CTOM BBIUHCIIUTENIFHON CI0KHOCTH aNTOPUTMOB U, KaK
CIIEJICTBUE, — 00beMa BBIUUCIICHUM.

B xauecTBe METOIOB OLICHKHU TPAHUI] PEIICHUS UC-
MOJIB3YIOT TOYHBIE METOABI (CHUMIUIEKC-METOA U €ro
MoJu(UKALKMU) U NPUOIMKEHHBIE METOIbI PEIICHHUS
IBOMCTBEHHOH 3aa9U.

[TpumeHeHne TeopuH ABOMCTBEHHOCTH IIPH pelle-
HHHM 337129 METOJIOM BETBEH M I'paHUI] MO3BOJISIET HC-
MOJTb30BATh JJISI OLIEHKH TPAaHUIBI PEHICHHs TPHOIH-
)KeHHble anroputMbel [10]. OmHako STOT cmocob
OLICHKH TPaHMIBI penreHust 3(Q(GEKTHBEH TOJBKO MpH
MIPOCTOM M JOCTaTOYHO TOYHOM aJTOPUTME PELICHUS
JIBOMCTBEHHOM 3aJ1a4u.

ITpu pemennnu 3amaun (1)—(3) mMeromom BeTBei U
TPaHMIl YCJIOBHE LEJIOUYNUCIEHHOCTH NMEPEMEHHBIX (2)
MOJKHO 3aMEHHTH YCIOBHEM

0<x<1. 4)

JIBoiicTBeHHOM 3amaveit o oTHomeHuro k (1), (2),
(4) sBnseTCs 3a1a49a

Z= min(ibi Y, +'MiN yi) &)
npH orpaaneI;mx o

iaijyﬁymjch,j=1,2,...,N, (6)

y;2 0,i=1,2,..., M+N. @)

B pabore [6] mpennoxeH MpHONMKEHHBIH anro-
PHUTM OIICHKH TPaHUI] PEIISHUS B METOIC BETBEH U Ipa-
HUI, OCHOBaHHBIH Ha I'paJHMEeHTHOHN Nmpoueaype perie-
HHS 3aJ1a4M, JBOMCTBEHHOM 110 OTHOIICHHUIO K UCXOM-
HOM. B naHHOM anroputMe MCHOJB30BAHUE CBOMCTB
JIBOVCTBEHHOM 3a/la4ll U OCOOCHHOCTEH peanu3anuu
rpaJlMeHTHON MpOLEayphl MO3BOJISIET B MpoOIecce pe-
LIEHHsI OCYLIECTBISATh OLEHKY BKJIaJa Ka)JoH mepe-
MEHHOM B PE3YJIbTAT M 3a CYET ATOTO ONPEASIATh IM0-
PSAIOK BETBIICHUS TepeMeHHBIX. JIJIs TIOBBIICHUS Y-
(heKTHBHOCTH METOJIa BETBEH M TPaHUI] MPEIIIOKEHO
OJHOKPATHOE PEIICHHE 3aJ1auH, TBOMCTBEHHOU 1O OT-
HOIIIEHWIO K MCXOIHOW, C MPUMEHEHUEM JTaHHOTO ajl-
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TOPUTMA JUISl OTIPEZIeICHUs TIOPSIZIKa BETBICHUS TIepe-
MenHbIx [10, 13].

OKcriepruMeHTaIbHAs OoneHKa 3 dekTHBHOCTH Me-
TOJOB pEIICHHs 3a7ad OOECIe4eHHs YCTOWYHBOCTH
¢yaxunornpoBanus PYC npoBoauiack Ha BEIYHCITH-
TENBHOH CHCTEME CO CIEAYIOINMH XapaKTePUCTHKA-
mu: OC Windows 7 Professional x64 Service Pack 1;
nporeccop Intel Core 15-3450 ¢ TakTOBO# WacToTOM
3.10 Ghz; o6vem onepatuBHO# mamsartu 8§ Gb.

[Ipu sKciepuMeHTalIBHOI TPOBEPKE METO/IOB U ajl-
TOPUTMOB peUICHUs 3a7a4d oOecreueHus: yCTONYUBO-
ctu pynkiuonuposanust PYIC meronom BeTBeii U rpa-
HHII CTaBUJIMCh CJIETYIOLINE 3a/1auul:

— oreHKa 3(GQEKTUBHOCTH CTPATETHH BETBICHUS
MIepEMEHHBIX B METO/IE BETBEH M I'PAHULI;

— oreHKa 3((GEKTUBHOCTH NPUMEHEHUS PeIIo-
JKEHHOT'O CII0co0a COKpaICHUs] BpeMEHH PEeLIeHHs 3a-
Jlad METOJIOM BETBEH M TPaHHIl Ha OCHOBE IIPHUMEHEHUS
TEOPUH IBOMCTBEHHOCTH;

— OIpEeIeNCHHEe MapaMeTPOB ceHeMmuUYecKo2o -
eopumma (I'A), obecreunBaONIMNX HAWITyYIlIee Kaye-
CTBO ITOJy9aE€MOTO PELICHHS;

— OIpeleNieHHue BIMSHUS MUCXOIHBIX NaHHBIX Ha
3((HheKTHBHOCTh METOJIOB;

— omnpeneneHue obnactu 3PPEKTUBHOTO TPHMe-
HEHUSI METOJIOB PeIIeHHs (OPMATM30BaHHBIX MaTeMa-
TUYECKUX MOZCIEH.

Hcxonnble TaHHBIE IS 9KCIIEPUMEHTAILHOU IIPO-
BepKU 3(P(PEKTUBHOCTH METOJOB pelleHus: pa3pabo-
TaHHBIX MaTeMaTHYeCKHX Mojeiel (GpopMHUpOBaIUCH
CJIeTyIOLIM 00pa3oM.

Koaddunmentsr mpu mnepeMeHHBIX B IIEJIEBOH
(yHKIINH ¥ OTpaHUYCHUSIX TEeHEPHPOBAINCH KaK He3a-
BHUCHMBIC YT OT Jpyra Iejible ciydaiiHble Jucia,
pPaBHOMEPHO pachpeeneHnbie Ha uarepsaie [0, 100].
[IpaBble 4acTH OrpaHIMYEHNIT BBIYHCIISUINCH 10 3aBHCH-

b, = ol i a,
MocTH b, T00 =%

Koapduuunent Q onpezessit )ecTKOCTb OrpaHrye-
HUW W BBIOMpascs u3 uHTepBana [30, 90] ¢ marom
20 %. Jnst xaxmaoi pa3MepHOCTH pemanock mo 10 3a-
Jiad.

B kauecTBe XapaKTepUCTUK METO/a BETBEH M rpa-
Hul [14, 15] ucnonb30BaIuCh ClEAYIOIINE BETUUUHBI:
BpeMs pemieHus 3a1aud (fmin — MUHUMAIBHOE, tmax —
MaKCHMaJIbHOE, tc, — CpeiHee); YUCII0 IPOCMOTPEHHBIX
BepIHH (Vimin — MUHUMAIBHOE, Vinax — MAKCHMAJBHOE,
V., — cpenHee); oOriee BpeMs ONpeAeIeHNs TPaHuIl pe-
IIeHUS! BEIOPaHHBIM METOAOM (Tmin — MUHHMAJIBHOE,
Tmax — MaKCHMaIIbHOE, Tcp — CpPEIHEE).

Jlst oeHkw 3P PEKTUBHOCTH METOIa BETBEH U Ipa-
HUII [IPY PEUICHUH pa3pabOTaHHBIX 3a/la4 HCIIOJIB30-
BaJICS pa3paboTaHHBIN POrpaMMHBIA KoMIutekc [16].

PesynbraThl 3KCIIEpUMEHTAIBHONW OLEHKH 3 ek-
TUBHOCTH NPUMEHEHHS METOJa BETBEH M IpaHMIl JUIs
pelieHust 3a/1a4 pa3IMyHbIX Pa3MEpHOCTEH IPUBEICHBI
Ha pucyHkax 1-4.

W3 npeacTaBneHHBIX JaHHBIX BUHO, YTO HANMEHbB-
1ee BpeMs perieHus 3a71a9 00eCTIeYnBaloT rI100aIbHO-
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Puc. 1. 3asucumocms epemenu peutenus
Om paZMEPHOCMU 3a0ay NPu KOAUYeCmee 02PaHuyeHutl
M = 20 u sxcecmrocmu Q =50 %

Fig. 1. Dependence of solution time on a problem
dimension with the number of restrictions M = 20,
and the rigidity Q =50 %
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Puc. 2. 3asucumocms epemenu pewenus 3aoau (50x20)
om dicecmrxocmu oepanuderui Q

Fig. 2. Dependence of time for solving problems (50x20)
on stiffness of constraints Q

MIOMCKOBasi M JIOKAIbHO-M30MpaTenbHasl CTpaTerdy
BeTBieHus. Hanmenee adpdextuBHON sBIstieTcst uian-
roBasi ctparerusi BetBieHus. Cieayer OTMETHTh He-
CTaOMJIBHOCTh TOBEICHUSI (DPOHTANBHON CTpaTeruu
BETBIICHUSI.

ITpu HEKOTOPBIX YCIOBHUSIX HCIOJIb30BaHue (GpoH-
TaJIbHOIM CTpaTerud MPUBOJMT K TOMY, YTO IIPOLIECC
pelIeHust 3a]]a4i CBOJUTCS K MOJHOMY Iepedopy Ba-
puanToB pemrenus. [loBenenne GppoHTanbHON cTpare-
THH BETBJICHHSI HE 3aBUCHUT OT MCXOJHBIX JaHHBIX pe-
IIaeMbIX 3371a4 U BbIOOpa METO/1a OLIEHKH TPaHUIL pe-
IICHUS.

Pe3ynbraThl OLIEHKN BIMSHUS KECTKOCTU OrpaHu-
qeHu# Ha 9((HEKTUBHOCTH CTPATETUH BETBICHUS MTPE]I-
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Ouenka BJIMSHHSA NPeIBAPUTEILHOIO ONpe/IeIeHus
MOPSIIKA BeTBJIEHHUS NepeMeHHBIX Ha ¢ deKTHBHOCTH MeToa BeTBell U rpanun (Q = 0,5)

Tabauya 1

Table 1

Impact assessment of the preliminary determination of the branching order of variables on the efficiency
of the branch and bound method (Q = 0,5)

CpenHee Bpems pemieHust t (cek.)
Paswepnocts, Be3 onpejeienus nopsiika BeTBJIEHHUs C onpesieieHueM NOPSI/IKA BETBJIECHHS
3aga9n
Cummiiexc-meron | Ipudiamxennptii meron | Cummiexkc-meron |IIpudiamkeHHbIH MeTO]X

30x10 0,13 0,24 0,04 0,06

50x10 0,54 60,16 0,39 5,34

60x10 3,95 76,69 1,73 7,04

70x10 16,87 284 2,73 8,06

100x10 367,14 - 26,31 4002,68

CTaBJICHBI Ha pucyHkax 2 u 3. Ha Hux BUAHO, 4TO CO
CHIDKEHHEM XKECTKOCTH OTPaHUYECHUH YHCIIO0 IPOCMOT-
PEHHBIX BEPIIUH U, COOTBETCTBCHHO, BPEMs PEIICHHS
3a/la4 YMEHBIIAIOTCA. DTO BIMSHUE 0COOCHHO CHIIBHO
MPOSIBJIAETCS. C YBEIMYCHHEM Pa3MEpHOCTH 3ajadu
(ancna mepeMeHHbIX). Tak, Ha pasmepHOcTH 100 mepe-
MeHHBIX U 30 OrpaHMYEeHHUH CHI)KEHHE >KECTKOCTH
orpaandeHuit ¢ Q = 50 % mo Q = 90 % cokpamaer
BpeMs pelIeHus 3a1a9 B 29 pa3. OTo 00BsICHICTCS CHU-
JKEHHEM KOJIMYECTBA MEPCIEKTHUBHBIX BEPIINH CPEIH
He OTBETBJICHHBIX Ha JiepeBe pemeHnil. Takum oOpa-
30M, MOBBIIIIEHHE JKECTKOCTH OTPaHUYEHUH IPUBOIUT
K 3HAaYUTEIbHOMY YBEIMUYCHHIO YHCIIa IPOCMaTpHBae-
MBIX METOJOM BapHaHTOB PELICHHS, YTO CTaBHUT IOJ
COMHEHHE L1eJIeCO00Pa3HOCTh HCIIONB30BAHUSA B ITHX
ClIydasix TaKUX CTpPATEeTHil BETBICHUS NEPEMEHHBIX,
Kak (haHroBas, PPOHTANBHAS M X MOTU(DHKAIIHH.
AHanu3 pe3ynbTaToB PacdyeToB, MPEICTABICHHBIX
Ha PUCYHKe 3, TIOKa3bIBaET, YTO B 3aBUCHMOCTH OT BBI-
OpanHol cTpaternn BeTBieHHS 27-89 % oT BpeMeHH
pelIeHus 3a/1a4M COCTaBIISIET COBOKYITHOE BPeMsI OIIpe-
JIeTICHUS] TPAHHMI] PEILICHUS] CUMITIIEKC-METOIOM.

100%

90% 13% 8% 73% 1%
3
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70%

60%

50%
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30%
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0%

I106an44,, Jlok

[} ey
aNbHo-, POHT, Boghy,
MOUCKogay 0 "’35”ParenbaangaH Pranroga,

A

= Bpems OLEHKM rpaHuL, peleHus Bpems BETBNEHUA NEPEMEHHDBIX

Puc. 3 ﬂOﬂ}l 6pemMenU 6emeleHusl nepemMeHnblx
OmHoOCUmMeIbHO 061/{4620 eépemenu peulerus 3a0atm
(70x10)

Fig. 3. The variable branch-time share compared
with total problem solving time (70x10)

IIpu omeHke BIUSHHS NPUMEHEHHUS alropUTMa
OIIpe/IeIeHUsI TIOPSAKA BETBIICHHS IEPEMEHHBIX Ha d(-
(heKTHBHOCTH METO/]a BETBEH U I'PaHHUI] B KAUECTBE Me-
TOJIOB OLIEHKH I'PAHHII PEIICHHUS UCIIOIb30BAINCh CUM-
IUIEKC-METO/I ¥ TPUOJIMKCHHBIA METOJI PEIICHHS TBO-
CTBEHHOM 3a7a4H.

PesynbraThl SKCIIEpUMEHTANBHON NPOBEPKH 3¢-
(heKTHBHOCTH BIHSIHUS IPEIBAPUTEIHHOTO OIpeesie-
HUS TIOPAJKa BETBJICHUS TEPEMEHHBIX NPHUBEICHHI B
tabmure 1 u Ha pucynke 4 [13—15]. B xagecTBe MeTO-
JIOB OIIEHKHM TPAHUIl PEIICHUS HCIIOIb30BAINCH CHM-
IUIEKC-METOI MU PACCMOTPEHHBIM BBIIIE NPHOIMKEH-
HBIM METOJ| PEILIEHUS IBOMCTBEHHOM 3a/1aul HA OCHOBE
MIPUMEHEHUS TPAJUEHTHOM MpOLEAyphl, B KadecTBE
CTpaTeTrHH BETBJICHUS NEPEMEHHBIX — III00aIbHO-II0-
HCKOBas CTpaTeTHsl.

W3 tabmumel 1 1 pucyHka 4 BUIHO, YTO TIpEABAPH-
TEJILHOE ONpEJIeNICHHE TOpsAKa BETBICHHS NEepeMEH-
HBIX TIPH PEIICHHWHU 3a7ad PasiIMYHbIX PasMEpHOCTEH
MO3BOJIIET CHU3UTh BpeMsl pelieHus 3a1a4d B 3—14 pas.
PesynbraTh! perneHus crabIbHBI HE3aBUCUMO OT CIIO-
co0a OIIeHKH BEpXHEH IpaHHIBI. DTO TOBOPHUT 00 3¢-

T(c)400
) 4
350
300 /
250 /

200 //
150 /
100

50 /
0 —I—-—I—v—.“4
30 50 60 70 100

Konunyectso nepemeHHbix (N)

e \\ETO/], BETBEN U rPaHUL,

e=fll== \MeTO/, BETBEN W rPaHUL, C ONpeaeneHuem nopaaxa
BETBNEHUA

Puc. 4. 3asucumocme epemenu pewenus 3aoau (m=10)
OM KOIUYECMBa NePEeMEHHbIX 8 Yeneeoll QyHKyuu

Fig. 4. The problem solving time (m = 10) depending
on the number of variables in the objective function
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(heKTHBHOCTH TNPEIVIOKEHHOTO AITOPUTMA U IEJIECO-
00pa3HOCTH €ro MCIOJIb30BaHUS MPU PEIICHUH MPaK-
THYECKHX 3371ad METOIOM BETBEH U TpaHMII.

Takum 00pa3oM, 3KCHEepHMEHTaNbHas IPOBEPKa
3((eKTUBHOCTH METO/a BETBEH W TpaHUI] TOKa3aja,
yTo Hamboinee 3(pPEeKTUBHBIMH TIPH pEIICHUH 3a1au
obecrieuennst ycroitumBoctd PUC sBistroTes rI10-
0abHO-TIONCKOBAsI M JIOKaJIbHO-M30HUpaTeNbHas cTpa-
TETUH BETBJICHHS IIEPEMEHHBIX. YBEJIHMYCHUE )KECTKO-
CTH OTPaHUYCHUH MPUBOJUT K 3HAUYUTEILHOMY POCTY
BPEMEHH pELICHUs 3aJad METOJOM BeTBeil U IpaHMI
HE3aBHUCHMO OT HCHOJIB3YEMBIX CTPATEruii BETBICHHS
M METOJIOB OLICHKW IpaHMI] peuieHus. [IpumeHeHue
MPEVIOKEHHOTO Ccllocoba paH)XKUPOBaHHUS IEepeMeH-
HBIX TI0 YPOBHIO BIIMSIHUSI Ha PE3YNIbTAT PEIICHUS 3a-
Jla4¥ JUT OPraHU3aLUH ITPOIIECCa BETBICHHUS IEPEMEH-
HBIX COBMECTHO C TOYHBIM METOJOM OIIEHKH T'PaHHIl
pemeHns obecneunBaeT cymiectBeHHoe (oT 3 mo 14
pa3) HOBBIIMIEHWE NPOU3BOIUTEIBHOCTH METOJa BET-
BEW U rpaHMIl.

JIoCTOMHCTBOM MeTO/1a BeTBEH U IpaHMIl ABISAECTCA
TOYHOCTh II0JIy4aeMOT'0 pEIICHUs 3a OrpaHUYCHHOE
BpeMs, HEIOCTaTKOM — 3KCIIOHEHLMAJlbHas 3aBUCH-
MOCTb BPEMEHH PEIIeHHs OT Pa3MEPHOCTH pellaeMbIX
3aaay [15].

Jln1s mpakTHYecKOoro MPUMEHEHHsT (OPMaTH30BaH-
HBIX 337124 oOecrevyeHHs yCTOWINBOCTH (DYHKIIMOHH-
poBanust PUC penienust 3a1a4u B yCIOBUSX JKECTKUX
OTPaHWYEHUH Ha BPEeMsl PEIICHUS MPEITI0KEHO U dKC-
MEepUMEHTAIBHO MPOBEPEHO HCIoyb3oBaHne ['A Kak
BapHaHTa CTOXAaCTHYECKOTO ABOJIIOI[OHHOTO TMOHWCKA
pemenns. OcuoBy I'A cocraBisieT Xxpomocoma (0co0Bb)
[17,18].

IIpuMeHUTENBHO K JaHHOHM 3ajadye Xpomocoma
(0co6p) cocrout u3 Habopa N TeHOB, KK/ U3 KOTO-
PBIX TpEACTaBIsIeT COOOM 3HAYEHHE COOTBETCTBYIO-
el mepeMeHHOM pemraeMoi 3aJaud U NPUHUMAET
3Hauenue 0 wiu 1.

B I'A nan xpomocoMaMu BBINIOJHSIFOTCSL CIEAYIO-
Imye ASHCTBUS: ONpe/ieNieH e 3HaYeH s (QyHKINH TIpH-
CIOCOOJIEHHOCTH, CKpEIIMBaHNE (KPOCCHHTOBED), MY-
TaIwst, 0T0Op 0COOCH IS CKpEIIUBaHUS.

3HaueHue QyHKIUHA TPUCTTOCOOIEHHOCTH UCTIONb-
3yeTcs AJIs OIICHKH KadyecTBa BapHaHTa PELIeHHs, CO-
OTBETCTBYIOIIETO 3HAYEHUSIM T€HOB XPOMOCOMEI.

OYHKIUSA TPUCTIOCOOICHHOCTH PACCUUTHIBACTCS
KaK 3HaUYCHUE 1eJIEBON (PyHKITHH.

Ecnu reHOM XpOMOCOMBI COOTBETCTBYET HEIOIY-
CTHMOMY 3HA4YCHHUIO MEPEMEHHBIX (HE BBITIOIHSIOTCS
OrpaHHYeHUst), QYHKIHS IPUCTIOCOOIEHHOCTH BO3Bpa-
maet 3Hayenue < 0 (Hanpumep —100 000), B npoTus-
HOM cJiIydae — MOJ0KUTEIbHOE Yncio, 3HaueHne W.

Jln1s reHepanuy HOBBIX BapHaHTOB pelIeHus (0co-
Oeit) B 'A mncnonb3yror MexaHU3MBI 0TOOpa ocoleid,
CKpPEIIMBAHUSA U MyTaLUH XPOMOCOM.

Jst pa6otel I'A [17—19] 00BIYHO UCTIONB3YIOT CITe-
JYIOIINE MOMYJISIINN:

— WCXOIHAs TOMYJISLMSA; CIYXHT IJISI XpaHCHHS
oco0ell, yJacTBYWOIIMX B TekymeMm mare ['A; Ha

246

HavyanbHOM miare I'A ucxojHas MOIyJsHs OOBIYHO
TeHEPUPYETCsI CITy4aiiHbIM 00pa3oMm;

— poauTenbCcKas —IOMyNMsAnus  (POXUTENbCKHUH
IMyJ); B POAUTENBCKYIO TOMYJIAIHNIO OTOUPAIOTCS BCe
0coOM WCXOIHOHM TMOMyISAIUY, 3HA4YeHUs (YHKIUN
MPUCTIOCOOIEHHOCTH KOTOPBIX HE MEHBIIE CPEIHETO
3Ha4YeHHsT (DYHKIMH MPHUCTIOCOOICHHOCTH IS MCXO-
HOH MOTYJISIIAY B LIETIOM;

— DIIUTHAs HOMYJISALMSA; CIYXKUT JUIl COXpaHEHUs
JY4IIMX 0co0el pOaUTENhCKON (MCXOIHOM) MOIyJsi-
LHH;

— JoYepHss momyisnus; QopMmHpyeTcs IyTem
MHOT'OKpPaTHOT'O BBIMIOJIHEHUS omepaunuil orbopa oco-
Oeil, KpOCCHHIOBEpa, MyTallMi; Ha OCHOBE JO0YepHen
HNOMYIAIUHA (GOPMHUPYETCS MCXOMHAS TOMYJISAIMS JUIs
cienytomero mara ['A.

Jnst ynpouenust npouenyp ['A npemaraercs uc-
MOJTb30BATh HCXOIHYIO TOIYJISIHIO IIOCTOSHHOTO pa3-
Mepa. B ciydae, ecim Ha KakoH-T100 UTEpalii BHOBb
c(opMHUpOBaHHAsl IOIMYJISIIMS, KOTOpas Ha CIEAYyIo-
el urepayy OyAeT UCIOb30BaThCsl KaK UCXOIHAs,
uMeeT pa3Mep, MEHee 3aJaHHOIo, Mpeiaraercs 1o-
MOJIHATH €€ 10 TPeOyeMOoro pa3Mepa CIIy4aiHO creHe-
PHPOBAaHHBIMHU OCOOSIMH.

Oco0u JuIsi CKpelrBaHusl BBIOUPAIOTCS U3 POJIH-
TenbcKoM momymsanud. IlepBast Xxpomocoma BbIOMpa-
eTcsl CIy9aiHbIM 00pa3oM.

Bri0op BTOpO# 0cOOM [UISt CKpEUIMBaHHUS BO3MO-
JKEH TI0 CIIEAYIOINM BapHaHTaM:

— CcIydaiiHbIH BBIOOp; BTOpasi 0co0b BhIOMpaeTCs
CIy4ailHO U3 POAUTENHCKOM MOMyJISIUMU; JaHHBIN Ba-
puaHT HambOonee MNPOCT IS pPealHu3aldH, OTHAKO
BCJIC/ICTBHE CBOEH NMPUPOABLI HE MOXET rapaHTHPOBATh
Ka4eCTBO MOJy4aeMOT0 PeIICHHUS;

— POJICTBEHHOE CKpEUIMBAaHHE HA OCHOBE aHAJIN3a
PaccTOSIHUS MEXy 0COOSMH; B KaUeCTBE PAaCCTOSHUSA
MEXIy XPOMOCOMaMH JUIs periaeMoi 3a7adn 1elieco-
00pa3HO UCTIONIB30BaTh PACCTOSTHUE XIMMHUHTA, OIpe-

N
JieIsieMoe IS IBYX 0co0el Kak S = Z|gl1 - giz| ,rae gl
i=l

1 g% — 3HaueHus i-X TeHoB 1-# u 2-i ocobeii.

B cooTBeTcTBUM € 3THM pa3iIM4alOT OJIM3KOPOJI-
CTBCHHOC (MHOPHUIMHT) U JAIBHEPOJICTBCHHOE (ayT-
OpUAMHT) CKpEIMBaHUE.

AyTOpuANHT — BBIOMpAETCS XpOMOCOMa C MaKCH-
MaJlbHbIM 3HaY€HHEM PacCTOSHUS XIMMUHIA JI0 T1ep-
BOH BBIOpaHHOI: S—max. [laHHBINA BHJ 0TOOpa 0bec-
MEeYMBACT CHHXKEHHE CKOPOCTH CXOJMMOCTH allro-
pHUTMa K JIOKQILHOMY DKCTPEMYyMY M yBEJIHYHBAaET Be-
POSITHOCTB JJOCTHKEHHSI TTI00aJIbHOIO IKCTPEMYMA.

WubpunuHr — BBIOMpaeTcs XpoMOcoMa C MHUHH-
MaJIbHBIM PACCTOSIHUEM OT BBIOPaHHOH II€PBOMA:
S—min. JlauHplii BuI oTOOpa obOecrevynBaeT MakCH-
MaJIbHO OBICTPYIO CXOIMUMOCTBH QJITOPUTMA K JIOKaJIb-
HOMY 3KCTPEMyMY.

Just obecniedeHus] COXpaHEHUs! JIy4IINX HalIeH-
HBIX 0CO0EH COIEepKUMOE IUTHOH HOIMYJISLUHA aBTO-
MaTHYECKH BKJIIOYAETCS B JTOYEPHIOIO TOIYJISLHIO Ha
TEKYIIEM Iare ajJropuTMa.
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Pasmep snutHO# monysuu L onpesensercs kax
L' =Ke' LS, re k¥ — koo puiment snutnsma; LS — pas-
MEp HCXOTHOI MOITYIISIIUH.

Omnepanus cKpemuBaHus (KPOCCHHTOBEP) BHITIOIN-
HSIETCSI HaJ| ITapOil XpPOMOCOM, SBIISIOIINXCS POAUTEIb-
CKUMH. Pe3ynmbTaT omepanuu — JBE XPOMOCOMBI-TIO-
TOMKa.

HccnenoBanus noka3any, 9T0 OAHIM U3 Hanboiee
3¢ PEKTUBHBIX C TOYKH 3PSHUS] KOHEYHOT'O Pe3yJibTaTa
SBJISIETCS YHUBEPCAJIbHBIH KPOCCHHI'OBEP, KOTOPBII
BBITIOJTHSETCS CIIETYIOMINM 00pa3oM.

I'enepupyercs m1a0JIOH JBOMYHBIX YHCEN JUTMHOM
N. I11abnoH yka3bIBaeT, KaK1e reHbl TOJDKHBI Hacle10-
BaTbCsl OT TEPBOTO POAMTENS (OCTallbHBIE I'€HBI Oe-
PYTCs OT BTOPOTO POJHTEIS).

st IepBoro MOTOMKa: €CJIM B j-i IMO3MIMHU 1Iad-
noHa 1, TO j-i TeH sl JaHHOTO MOTOMKA Gepercs OT
nepBoro poautens, eciau 0 — ot Broporo. J{ns BToporo
MOTOMKA: €CIM B j-i mo3unuu mabnona 1, o j-it ren
JUISL JAaHHOTO ITOTOMKA OepeTcsi OT BTOPOTO POIMTEIS,
a eciu 0 — oT mepaoro.

Kpome TOro, moreHnnaibHO XOpOLIMH pe3yibTaT
MOXET I0Ka3aTh TPUAIHBII KPOCCUHTOBEp ¢ (HOpMU-
pPOBaHMEM MacKH KpPOCCHHTOBEpa M3 Jydlleld ocoOH
amuTHOW monyisinuu. OH aHalOTrMyYeH YHUBEpCallb-
HOMY, 33 UCKJIIOU€HHEM TOTO, YTO MacKa KPOCCHHIO-
Bepa (GopMHupyeTcs HE CIydaiiHO, a COOTBETCTBYET
Jydqiieii ocoOu B 3IUTHOM MOIMYJIAIINH.

B kadecTBe IpeTeHAEHTa Ha HMCIIOJIB30BAHUE BO3-
MOYHO IIPUMEHEHHE TPUAJIHOTO KPOCCHHIOBEpa Ha OC-
HOBE aHanu3a cxeMsbl [20] B cienyromeM BUe.

[Mycts @', g®> U @° — POIUTENBCKUE XPOMOCOMBI,
fg, s fgz s fg; — 3HaYeHUS (PYHKIHH IIPUCTIOCOOICHHO-

CTH POJUTENLCKUX 0cobei. ' 1 §? BRIOUparoTCA B CO-
OTBETCTBHH C TEKyLIEH cxeMoil oT6opa ocobei, §° —
CIly4aiiHbIM 00pa3oM U3 0cobel poANTEIbCKOM IMoIy-
JSTHH.

Tak Kak reHbl NMPUHUMAIOT TOJIBKO 3HAUEHHS W3
Habopa {0, 1}, o603naunm uepe3 Po(j) u Pi(j) qactoTsr
nosiejieHus 3HaueHuii 0 U 1 1 j-ro reHa B poJuTeNh-
CKO#l momynsiiuy cooTBeTcTBeHHO. Torma st Beex j,
j=1, 2, ..., N, onpeaenymM 3HaYEHUS T€HOB JOYEPHUX

o =l =2
ocobeii §; u §; 10 CIIeayromuM NpaBuiIam.
1 2 =1 1
Ecmm g; = 97,10 §; = 0.
2
Ecan g'j # 0;, 10

npu g; = 0, ecrm £, Pod) 2 f.Pii), 3 = g; m

=1 2
g; = 9; B IPOTMBHOM CIly4ae;

npu g; = 1, ecrm £, Pid) > . Poi), 3 = g; u

=1 2
gj = gj B [IPOTUBHOM CJiy4ae.

4 — 4l — 4— 42
Ecmm fg,>fgz,Tog g', fg4 fg, ug= g,

fg4 = fgz B ITPOTUBHOM cITy4ae.

Ecim g = g}, 70 §; = 0.

Ecmn g}t #* g?,To

npu g‘j‘ =0, ecau fg4 Po(j) = f93 Pi(j), G = g}‘ u
§; = 9} BIpOTHBHOM Ciyuae;
npu x = 1, ecmn fo P10) = f . Po()), §, =9, mu

=2 3
§; = 0) B IPOTUBHOM CIly4ae.

Herpyano 3amerutsh, uro mpu Pi(j) = 1 wm
Po(j) = 1 Bce 0cobu B MOMYNALMH UMEIOT OMHHAKOBOE
3HAYCHHE J-TO T'€HA U ITO 3HAYCHHE rapaHTHPOBAHHO
HepeiieT 10 HAaCleACTBY MOTOMKaM.

Omnepartiyist MyTaIiy BEIIIOHSASTCS HaJl BRIOpaHHOH
XpoMOCcOMOH. JlaHHBIH oniepaTop HEOOXOIUM ISl «BbI-
OMBaHMS» TOMYISALHUN U3 JOKAJIBHOTO 3KCTpPEMyMa U
MPEIATCTBYET MPEXAEBPEMEHHON CXOIUMOCTH. DTO
JIOCTHTAETCA 33 CUYET TOTO, YTO M3MEHACTCS CIIydaiHO
BeIOpanHsii rer i (1 =1, 2, ..., N) B xpomocome. 3Ha-
YeHHe BBIOPAaHHOTO I'eHa (IepeMEeHHON MCXOMHOH 3a-
Jlauu B JAaHHOM BapHaHTE PEIeHUs ) HHBEPTHPYETCSL.

Beenem oOo3nauenus: N%" — yuciao mOKOJEHHH,
(hopMHpYEMBIX OCTPOBOM B 0J1HO# ntepauuu ['A; P —
BEPOSITHOCTH BBITIOJHEHHS CKPEIIMBAHUS XPOMOCOM;
Pm — BepOATHOCTH MyTaIlH XPOMOCOMBI.

[Ipocroii I'A cocToUT U3 CAENYIOIIMX 1IaroB.

1. HayanmpHas MHMIMANW3alUs HUCXOJHOW IOMMy-
JSIOUY CITyYaifHO C(OPMHUPOBAHHBEIMU XPOMOCOMAMH.

2. k=0.

3. OmnpeneneHue CpemHETO 3HAYeHHSA (YHKIUH
MIPHUHAATIEKHOCTH XPOMOCOM HUCXOJHOHN MOMYJISIINN.

4. ®opMHUPOBAHHUE POAUTEILCKON MOMYNSILMU U3
ocoleil MCXOIHOHM MOMyJsUMM, 3HaueHue GYHKIUN
MPUHAJIEKHOCTH KOTOPBIX HE MEHBIIIE CPETHETO 3Ha-
4eHUs (QYHKIMM NPUHAUICKHOCTH B UCXOTHOH IOITY-
msiumy. OnpesenieHne JUIMHBL POJIUTENILCKON TTOIyJIsi-
uu LP".

5. dopMupoBaHHE SIMTHON momyisuuu u3 L°
JYYIIUX 0co0ei NCXOAHOI MOMyIIALUH.

6. BxioueHue B JOYEPHIOIO MOMYJISIIIUIO0 XPOMO-
COM, BXOJAIINX B 3JTUTHYIO MOMYJIAIHIO.

7. i=0.

8. Cmy4aifHBIl BBIOOP XPOMOCOMBI (i M3 POIH-
TEIbCKOM MOMYJIALUY.

9. B cooTBeTcTBHM C 3aJaHHBIM CIIOCOOOM BBI-
6opa BTOpOH XpOMOCOMBI JIJIsl CKpEIIIMBAHMSI BEIOOD U3
POAUTENBCKON MOMYISIIIMUA XPOMOCOMBI (2.

10. ®opMupoBanre ciaydaiiHoro uymcna rnd e
€ [0, 1]. Ecin rnd < P, BBITIONTHEHHE MPOLIEAYPHI CKpe-
IIMBAaHUS XPOMOCOM (| U §2 C TOJIyICHUEM HOBBIX XPO-
MOCOM {, U {,, JUI1 KOTOPBIX BBIIOJIHACTCS pacyer

3Ha4YeHus GyHKUUH npuHaIexkHocTH. Ecmu rnd > Pe,
NPUCBOEHUE (J, 3HAYEHMA J1 ¥ J, 3HAUYECHHS (.

11. ®opmupoBaHue CilydyallHBIX 4HCEN U3 HHTEp-
Bana [0, 1] rnd; u rnd,. Eciu rnd; < Py, BeIMOIHEHHE
orepaluyu MyTanuu ¢ xpomocomoii g,. Eciu rnd, <P,
BBIITOJTHEHHUE ONIEPALliU MyTAallH| ¢ XPOMOCOMOH (), .

12. BkiIroueHHe ¢ y4eToM pPe3ylbTaTOB IPOBEPKU
Ha COBIIAJICHUE XPOMOCOM U JAOIYCTUMOCTb 3HAUEHHS
(GyHKLIMM NPUHAJUIEKHOCTH XpOMOCOM §, U J, B JI0-
YEPHIOIO MOIYJISLHIO.
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13.i=i+l.

14. Ecnu i < LP/2, mepexon K miary 8, B pOTHBHOM
ciaydae — K mary 15.

15. JlonosniHEHUE OUEpPHEN MOMYJISLIUH XPOMOCO-
MaMH U3 POANUTEIBCKOM MOMYIIALNH, HE BXOIAINMHA B
cocraB gouepHeid. OmpenencHue pa3smepa AoUepHEH
TIOITY JISTITIH Leh,

16. Eciu L < LS, nononuenue JOYEepHEH MOoIyIIs-
UM CIIy4alHO C(OPMHUPOBAHHBIMH XPOMOCOMaMH B
KosmgecTse LS — L,

17. OuncTka UCXOJHOM, POAUTENBECKON U AIUTHOM
nonyysanuil. IlepeHoc xpomocom u3 nodepHeu momy-
JSIMU B McXoaHY0. OunCcTKa JoYepHeN HOMyJISIHH.

18.k=k+1.

19. Ecin k < N%" mepexon k miary 3, uHade — K
mary 20.

20. ®opMUPOBAHUE HITUTHON MOMYJISILIUH.

21. Konen. Pe3ynbprar — ny4mas 0coOb B 3IUTHON
MOMYJISALUH.

[Ipu pemernu 3agay oOeceYeHNs] yCTONINBOCTH
¢ynkuronupoBanusi PUC  paccmarpuBanuch jaBe
CXEMbI TCHEPAIIUH 0CO0CH 1151 (POPMHUPOBAHUS HCXOJ-
HBIX IOIYJISALAN:

— ciyyaiiHasg TeHepaluMs BapHaHTa pEUICHUS
(ocobu) ¢ mocienyromeil MPOBEPKOW Ha BBIMTOJIHH-
MOCTH OTPaHHICHUH;

— TIocieloBaTeNbHas TeHepalys BapHaHTa pelle-
HUS (0COOM) € IMO3TAIHOM MPOBEPKOH BHIIOTHIMOCTH
OTpaHUYEHUH.

O0e cxemMbl OCHOBaHBI Ha CITy4aifHOH TeHepanuu
3HAYCHMH NEPEMEHHBIX IIPU PEIIeHUH 3a1a4 obecrie-
YeHHs yCTOWUMBOCTH QyHKIMoHupoBanust PUC.

IlepBas cxema NOTEHIIMAIBHO UMEET OOJbIIIE MIaH-
coB c(opMHpOBaTh ONTUMAJBHOE PEIICHUE YKE B
HayvalbHOM MOMYJIALNH, OHAKO TpeOyeT CYIIeCTBEH-
HOTO OTCEBa BapHaHTOB, HE yJOBJIETBOPSIONINX OTpa-
HUYCHHSIM.

B cooTBeTcTBUM CO BTOpPOW CXEMOM, €CiIM Ha MO-
CJIETYIOIIEM 3Tare IMOJTyYeHHbIe 3HAYEeHUs IepeMeH-
HBIX B BapHaHTE PEIICHHS 3a7a4 00eCeYeHUs YCTOM-
ynBoctH (yHkunonuposanus PUC He ynosnerBo-
PSIIOT OTpaHMYEHMsIM, 3a BapHaHT pEIIeHHs Oepercs
0co0b, ToNTydeHHAss Ha HpeapLaymeM dtare. [lannHas
cxeMa (opMHUPYeT UCXOIHYIO MOIMYIALHNIO 33 KOJIHYe-
CTBO INIaroB, HE3HAYMTENIFHO MPEBBIIIAIOIIEE pa3Mep
MO JISIITHH.

OKcreprMeHTaIbHAs IPOBEPKa MOKa3aa, 4To pea-
nu3anus nepBoi cxeMbl 3aHuMaet 10 30 % ot obmiero
BpeMEHHU peleHus 3afgaun. [Ipugem ¢ poctoM pazmep-
HOCTH 3aJlaud, KOJHMUYECTBAa OTPAHUYEHUH, KECTKOCTU
OTrPaHUYEHUI 3Ta M0JI1 BPEMEHHU CYIIECTBEHHO BO3-
pacraer.

IIpuMeHeHMEe BTOPOI CXEMBI TO3BOJISIET COKPATUTh
JIOJIO BpeMEHH Ha (hOpMHPOBAHUE MCXOIHOH MOITyJIsi-
in 10 1-2 % ot obmero Bpemenu pemeHust. [Ipraem
IpU YXKECTOUEHHH WINM POCTE YHCJIA OTPaHWICHUH
JaHHAsI BEJIMYMHA PACTET HE3HAYUTENBHO.

Taxum 00pa3oMm, pH PEeIICHUH TPAKTHIECKUX 3a-
Jad IEenecooOpa3sHo NPHMEHSTh CXEMy IOCIeOoBa-
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TENILHOTO (POPMUPOBAHUSI BapUaHTOB penieHus (oco-
Oeil) mpu CO31aHUU UCXOTHOM MOMYJISLIUH.

OmnpeneneHo, YTO HAWIy4IINE MTOKA3aTEIH TPH pe-
IICHUH 3a1a4 00ecreyeHns yCTOMIMBOCTH (PyHKITHO-
auposanus PUIC mpocroit I'A mmeer mpu Pc = 0,8,
Pm= 0,1, kel = 0,1.

Bei0op cxembl pEenpOmYKIMH OKa3bIBAE€T CYIIE-
CTBEHHOE BIMSHHE Ha KAUECTBO MOTY4aEMOTO Pe3yib-
tara. OgHako 3()(EKTHBHOCTH CXEMBI PENpPOIYKLUH
CYLIECTBEHHO 3aBUCUT OT pe3yJbTaTOB HadaJbHOU
WHULMAJIA3a0UMU UCXOAHOW mnonynsuuu. HeBepHbli
BBIOOP CXEMBI PENPOAYKIIMN OOBIYHO MPHBOJUT K CY-
IIECTBEHHOMY YXYJIIIEHUIO KadyecTBa I0JIy4aeMoro
pemieHus. B ¢BA3M ¢ TeM, YTO MHUIIMATN3AIMS UCXO-
HOHM TIOIYJISIIAM OCYINECTBISIETCS CITydaiHbIM 00pa-
30M, 3apaHee OCYIISCTBHTH 3(PQPEKTHBHEIH BEIOOP
CXEMBI PENPOAYKIMN HE TPEACTABIAECTCS BO3MOKHBIM.
ITosToMy mpemaraeTcsi HCIOIb30BaTh aJANTHBHYIO
CXeMy pemnpomyKiuu. /Iyt 3TOro B KaXIyK XpOMO-
COMY HEOOXOJVMO BKIIOYHTH YHCIOBBIE METKH HC-
MOJIb3yEMBIX JJIS €€ MOJIYYEeHUs CXeMBI 0TOOpa U BapH-
aHTa KPOCCHUHIOBEpa.

Ha kaxnom mare anroput™a (ripu GpopMuUpoBaHUA
HOBOTO MOKOJICHUS] 0c00el) He0OXOJUMO ONPENEeTUTh
KOJINYECTBO 0cOoOel B POAUTENBCKONW MOIYJISAINH,
c(OPMHUPOBAHHBIX C MCIIOIH30BAHUEM KaKTOH CXEMBI
0TOOpa M KaXKJO0T0 BUJIa KPOCCHHIOBEPA, U PACCUNTATh
4acTOTy (BEpOSITHOCTH ) HCTIOJIL30BAHMS CXEM 0TOOpa U
BapHUaHTOB KPOCCHHIOBEPA.

[Ipn HavanbHOW MHULMANHU3ALMM HCXOJHOM MO-
MYJSALIUH JUIT BCEX XPOMOCOM JIaHHBIM METKaM IpH-
CBaWBaeTCs 3HaueHHe —l, a 9acTOoThl NPUMEHEHHS
cxeM oTOOpa M BapHaHTOB KPOCCHUHIOBEpa IPHUHH-
MaloT paBHOBEPOATHBIMHU. [Ipm 3TOM cxembl oTOOpa
ocoleil U BapuaHThl KPOCCHHIOBEPa HCIOIb3YIOTCS
CITydaitHBIM 00pa30M B COOTBETCTBHH C MOTYICHHBIMU
gacTOTaMH (BEPOSTHOCTSIMHU) UX IPUMEHEHHS.

Jns peanmzanny aJanTUBHON CXEMBI PENpOIyK-
M PacCMaTPUBAIIICH CXEMBI 0TOOpa ocobeit: ayTopu-
JIMHT, THOPUMHT, CIIy4aiHbIH 0TOOp, a TaKkKe BapH-
AHTBl KpPOCCHUHTOBEpa: OJHOTOYEYHBIH, JBYXTOUYEU-
HBIH, YHUBEpCAJIbHBIN, TpUaIHbIH (C (OpMHUPOBaHUEM
MacKH KPOCCHHTOBEpa U3 JIydIIel 0coOu 3JIMTHOM 1o-
MyJISIIAN), TPHATHBIN C yIETOM CXEMBI.

B cBs3u ¢ HE3HAYMTEIHHBIM BIUSHUEM MYTaIlUd
ocobell Ha Ka4ecTBO MOTyJaeMOI0 PEIICHUs] HCIIOIb-
30BaJICA TOJBKO OJIFH BapHaHT MYTaIllH — OJHOTOYeY-
Hasi MyTanus.

OKcnepuMeHTaNbHas IpoBepKa 3(PQGEKTHBHOCTH
I'A ocymiecTBisIach ¢ IpUMEHEHHUEM pa3paboTaHHON
nporpaMmMsl [21]. PesyapTaTel 3KCIepHUMEHTaIbHOU
MPOBEPKH TIpeJICTaBiIeHbl B Tabummax 2, 3 ¥ Ha pu-
CyHKe 5.

U3 tabmun 2 1 3 BUAHO, YTO Ka4eCTBO MOJydYae-
MOTO pELICHUs] MPH HCIOIb30BaHUU Ipoctoro ['A
BCJICICTBHE CXOJMMOCTH K CIy4aifHOMY JIOKaJbHOMY
9KCTPEMYMY MOXKET CYIIECTBEHHO BAapbHPOBATHCS B
3aBUCHMOCTH OT pe3yjIbTaTa HaualbHON MHUIMAIN3a-
MW UCXOTHOM momysiiuu [22].
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Tabauya 2
Bpems popmupoBanus 1-ro noxosenus I'A (cek.)
Table 2
Time of formation of the 1st generation of GA (sec.)
Pazmep- Cxema oTéopa ocodeii
HOCTE | Ayr6pu- | Mubpu- | Cayuaii- | AnanTus-
3ajau JHHT JTUHT HBIH HBIH
70x4 0,00207 | 0,00205 | 0,00207 | 0,00208
100x4 | 0,00376 | 0,00376 | 0,00371 0,00375
150x4 | 0,008745 | 0,008761 | 0,008381 | 0,008636

OKcrepUMeHTaJbHasd IpOBepKa I[oKa3aja, dTo
npoctoif 'A ¢ BbICOKOH monell BepOATHOCTH II03BO-
JISIeT MOJyYUTh ONTHMANIBHOE pellIeHHe I 3a7a4d Ma-
noii (mo 70 mepeMeHHBIX) pa3MepHOCTH. B ciydae mo-
Jy4eHHS B KaueCTBE PELICHUs JIOKAJIBHOI'O JKCTpe-
MyMa OTKJIOHEHHE OT ONTHUMYyMa IIPU TOM K€ BPEMEHHU
peuienus cocrasisieT 10 1,5 %.

Ha pucynke 5 mpencraBieHa 3aBHCUMOCTb Bpe-
MeHH (OPMHPOBAHUS OTHOTO IMOKOJCHUS ocodei B A
OT pa3MepHOCTH (YHCIIa IEPEMEHHBIX) penraeMoi 3a-
Jla4n.

W3 Tabnwmer 2 1 pUCyHKA 5 BHIHO, YTO C POCTOM
YHCIla TIEPEMEHHBIX peraeMon 3a1aun BpeMsi popMu-
poBaHUs 01HOTO TOKoJIeHHUs ['A pacTeT 3KCIOHEeHIHU-
anpHO. JlaHHOE 0OCTOSATENECTBO MO3BOJISAET CYAUTH O
TOM, 4TO BpeMs pemeHus 3a1ad ['A OyaeT HeTHHEHHO
pacTu ¢ pocToM pa3MepHocTH 3anad. CTeneHb HeH-
HEWHOCTH 3aBHCUT OT BBIOPAHHBIX IIAPAMETPOB aJro-
purma. Kpome Toro, ¢ poctom pazMepa HOMYISILHH
BpeMs PELICHHUS 3aJjau pacTeT B KBaJAPaTHYHON 3aBH-
cumocTd. KauecTBo momydaemMoro pemieHusl mpHu Huc-
MOJb30BaHUU MPocTOro I'A BcleACTBUE CXOAUMOCTH K
CIIly4allHOMY JIOKaJIbHOMY JKCTPEMYMY MOXET CyIIe-
CTBEHHO BapbUPOBAThCA B 3aBUCHUMOCTH OT pe3ybTaTa
HayalbHOM HWHHULHAIN3AIUN HCXOJHOW MOMYJISAINH
[17,22].

Kpowme Toro, n3 tabmuisl 3 BHIHO, YTO C POCTOM
pasMepHocTH 3a1a4uu Beie 100 mepeMeHHbIX 007IacTh
MOVCKA PEIIeHUs] CTOIh CYIIECTBEHHO PaCIIUPSETCS,

T(c)
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Puc. 5. 3asucumocmo epemenu ¢hopmuposanus 1-20
NOKOIeHUsL OM PA3MEPHOCIU 3A0adu (CIy4aliHblll omoop)

Fig. 5. Dependence of the 1st generation formation time
on a problem dimension (random selection)

YTO BEPOSITHOCTH MOITYYEHHS ONITHMAIIBHOTO PELICHHS
npocThiM ["A 3HAYUTENFHO CHIKACTCS] HE3aBHCUMO OT
BBIOOpA MMapaMeTPOB AJITOPUTMA.

Hauny4mue cxembl penpoayKUHMU — CIIydailHbIA
oT00p M ajanTHBHas (oOecrevnBarOT HaMCKopeiiniee
JIOCTIDKEHUE ONITUMAJIBHOTO PEeIeHHsI IPU MUHUMAJIb-
HOM Konu4decTBe urtepaimid). [lpu stom sddextus-
HOCTh aJaliTUBHON CXEMBI pPacTeT MO CPAaBHEHHIO CO
CIIy4alHOW C pOCTOM pa3MepHOCTH 3aJauu. DTO 00b-
SICHSIETCSI HECKOJIKO OOJIBIINM pa3HOOOpasheM 0co-
Oell B MCXOJHOM IMOIYJISIINY, MOJyYaeMbIM TIPH HC-
MOJTb30BAaHNM  AJaNTHBHOW cxeMbl. JlaHHas cxema
MOKa3bIBaeT Oosiee CTaOMIIBbHBIN MO KAU4eCTBY ITOJTyda-
eMoro perreHus pesynbrar. [Ipu 3Tom Bpems perieHus
HE3HAUUTEIHHO BHIIIE, YeM IIPH HCIIONb30BAaHUH CITY-
YallHO! CXEMBI.

B cBs3u ¢ TeM, 9TO ¢ pOCTOM pa3MEpHOCTH pelrae-
MBIX 3a7a4 npocToi I'A B OOJBIIMHCTBE CITy4aeB IO-
Jy4aeT B Ka4eCTBE PEIICHHUs JIOKAJIBHBIN 3KCTPEMYyM,
3Ha4YeHHE U OJIM30CTh KOTOPOTO K ONTHMAJIHHOMY CY-
HIECTBEHHO 3aBHUCAT OT PE3yJIbTaTOB HavalbHOM MHU-

Tabnuya 3

Pe3yabTaThl 3KCNePHMEHTATBLHON NpoBepKHu 3¢ dekTHBHOCTH NMpocToro I'A s pemieHus 3aga4n odecnevyeHust
ycroiiunBocTi pynkunonuposanust PUC

Table 3

Results of experimental verification of the simple GA effectiveness to solve the task of ensuring the sustainability of
distributed information systems

AyTOpUAHHT Nuépuauur CayuaiiHblid AanTHBHBII

2
= A ) ) )
3 EE _ EE EE EE
g E g E o\o 8 ® E ~ g E °\° 8 R § ~ g E °\° 8 R : ~ g E °\° 8 =) ; ~
85| E£E5% |Ez25¢| E=x% |Ez25¢| E=x% |Ez5¢| Ex% |EZE%

= ; . g3 5 § . T3 93 o gz T3 23 o gz T3 23
Z 8 g 2 25 o g = 25 o g = 25 o g = 2 5 o
Q = S > S Q g > Y = a > a5 = = a > a5 =
- gz = © = g5 = © = g5 = © = g5 = © 2

m = m = m = m =

70x4 0,2 1,982 0,4 1,971 1,0 1,983 0,8 2,001
100x4 0 12,032 0 12,02 0,2 11,861 0,2 11,983
150x4 0 69,96 0,1 70,088 67,048 0 69,09
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[UATU3AIMA UCXOJAHON MOMYJISIIUU, A TOJTYYaHUS
Oonee cTaOWJIBHOTO pe3yibTaTa MpeiJiaracTcs Wc-
mob30Bate ocmposnou I'A (OT'A), apnstommutiicss Mo-
mudukanueit mpoctoro I'A [23].

Cymnocts OI'A 3axmogaercs B crneayromeM. Ox-
HOBPEMEHHO ¥ HE3aBHCHMO APYr OT JApyra (mapai-
JIETFHO) paboTal0T HECKOIBKO MPOCTHIX ['A co cBomMH
nomyssiusiMu. Kakplil U3 HUX BCIENCTBUE Cilydail-
HOW HAYaJbHOW WHUIIMATH3AIUN HCXOJIHOHN MOMyIIs-
UM CXOTUTCS K CBOEMY JIOKAIbHOMY 3KCTPEMYMY
(octpoBy). C ompesieieHHO!H NePHOANYHOCTRIO (Yepe3
OMPENICIICHHOE YHCIIO MOKOJICHUMN) 10 ONpeIeIeHHON
cxeMe ['A 0OMEHUBAIOTCS 3aJaHHBIM YUCIIOM JTYYIITIX
ocobeli (OCyIIeCTBIIETCS MHTrpaIus ocobeit), mocie
4ero IMpolecc pemeHus mnpopomkaercsa. CoBOKyN-
HOCTH IIaroB aJTOPHTMA, 3aBEPIIAIOIIAscs OOMEHOM
JYYIIAMHA OCOOSIMA MEXIY OCTpOBaMH (MHUTpaILlUei
ocobett), coctapmsaer ogay uteparmto OI'A. [Togobnas
cxeMa MO3BOJIsIET 00eCTIeYnTh BBIXOJ MPOCTHIX ['A B
Ka)XIIOM M3 OCTPOBOB U3 00JIACTH JIOKAJIBHOTO 3KCTPE-
MyMa, obecrieunTh OOoJIblee pasHooOpasue ocodell B
MOMYJISIUSIX M C OOJIBIICH BEPOSATHOCTBIO MOJYYHThH
Jydliee perieHue (B TOM YHCIIe JOCTHYb III00abHOTO
JKCTpeMyMa). B kauecTBe cxeMbl MHrpanuu ocobeit
Yale BCero MCIOJb3YIOTCS MUIPALUs C TOMOJIOTHUEH
TIOJTHOM CETH, MUTPALHs C TOTOJOTHEH KONbIa ¥ UX
Moudukamn [22, 23].

Beenem o6o3uauenus: N — gpcno OCTPOBOB;
NS _ yycno urepauuii OTA.

OI'A ¢ murpamnuei ocodoei ¢ TOmoJoruel KoibIa
COCTOWT W3 CIICITYIOIIUX IIIaroB.

1. Jna xaxgoro k-ro octposa (k = 1, 2, ..., N-"%)
BBIMOJIHUTh HMHHUIHATU3AIMIO HCXOAHON MOMYJISIIIUN
MyTEM 3aIlOJHEHHUS e¢ 0COOSMH, CTeHEPHPOBAHHBIMU
CIy4aliHbIM 00pa3oM (B HMCXOJHYIO MOMYJSIHUIO HE
BKJTIOYAIOTCS HEXHM3HECIIOCOOHBIE 0COOHM, MOBTOPHOE
BKIIIOUEHHUE YK€ UMEIOIIeHCs 0cOOu HE TOMyCKaeTCsl)
1 QOPMHUpPOBAHHUE AIUTHOM HOMyIALUH 06bemom L
ocobeit.

2. i=0.

3. Jna kaxmoro octposa (K = 1, 2, ..., N-"%) ocy-
MIECTBIIICTCS TOCIE0BaTEIbHAS 3BOIONHUS MOKOJIE-
Huil B KonmuectBe N9 (BpimosiHeHue npoctoro I'A ¢
3/TaHHOM CXEMOW PETPOTYKIINN).

4. Ecnim NY > 1, ngms kaxgoro K-ro ocrposa
(k =1, 2, .., N" _ 1) ocymecTBusieTcs mepeHoc M
(M = L¥/2) nyummux ocobeit U3 2TUTHON MOMYNAINM B
HCXOHYI0 nomyssinuio j-ro (j = K + 1) octpoBa mytem
3aMeleHus Xy amux ocobeit. s ciayuas k= N9 ocy-
HIECTBIIETCS MEPEHOC JIYYIINX 0co0ei B 1-i 0cTpoB.

5. i=i+l.

6. Ecim i < NS®P niepeiitn k n. 3. B mpoTtusHOM
cilydae K 1. 7.

7. CdopmupoBaTth pe3yabTUPYIOUIYIO —IIOIYJIsi-
IO U3 0CO0EH, COCTABIIAIONINX AITUTHBIC TTOMYIISIIIAN
Ka)XJIOTO U3 OCTPOBOB.

8. U3 pesynpTHpyIOUmICH MOMYJSIUN BBHIOPATH
JYYIIyI0 0CO0b — pe3ybTaT peeHus.

9. Komrer.
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[TomMumMO aganTUBHON CXEMbI PEMpPOAYKIIMH, BO3-
MO>HO HCIOJb30BaHUE €€ YIPOIICHHOTO BapHaHTa —
CMEIIaHHOH MM THOPUIHON CXEMBI, IPH KOTOPOii Ba-
PHAHT CEJEeKIMH M KPOCCHHTOBEpa U KakJOT0 OCT-
poBa BEIOMpAaeTCs MPH MHHULIHAIH3AINHA CIYIaiHO H
OJTHOKPATHO.

PesynbraTel SKCIIepUMEHTaIbHON TpPOBEpKH 3¢-
tdextuBHOCTH OI'A [T pemreHus 3aqad TUCKPETHOTO
JIUHEHMHOTO LEJIOYUCIEHHOTO MPOTPaMMHUPOBAHUSI C
OyJIeBBIMH TICPEMCHHBIMH TIPEACTABICHBI B Ta0JIHIAX
4, 5 u Ha pUCyHKax 6—8.

B Tabnuie 4 mokasaHbl SKCHEPUMEHTAIBLHO IMO-
nmyuyeHHble mapameTpbl OI'A npu pemiennu 3aaay odec-
neyeHusi ycToHuuBocTH (yHkumonuposanus PUC
pa3IMIHON pa3MEepHOCTH, O0ECIIEYNBAONINEC MAaKCH-
MaJIbHO BO3MOJKHBIC INAHCHI TONYYCHUS ONTHMAb-
Horo pemreHus [22]. U3 Tabmuipl BUIHO, YTO VIS T10-
Jly4yeHUs pelIeHUss MakcuManbHOro kauectsa B OI'A
KOJIMYECTBO OCTPOBOB JOJDKHO OBITh HE MEHBIIE
0,025N, xonmuecTBO ocobeit B momysiiwn — 0,6N, Ko-
JIMYECTBO TIOKOJICHUH B UTEPAIMH JOJDKHO OBITh B UH-
tepBaie ot 0,9N mo 1,2N, uucio wurepamumii — He
mensbiie 0,05N.

B tabnue 5 npencraBieHsl pe3yabTaThl peIICHUs
3a/1a4 pa3nuyHoil pasmepHoct OI'A ¢ mpuMeHeHHEM
mapaMeTpOB aTOPUTMA, MPHUBEICHHBIX B TaOmmie 2.
U3 tabaunel 5 BuaHo, yto OI'A ¢ JOCTATOYHO BBICO-
KOH CTENeHBI0 BEPOSTHOCTH (TI0 CPABHEHHIO C TIPO-
cteiM ['A) moirydaeT onTUManbHOE pelieHue 3a/1ad, B
TOM 4YHCIIe OONBIION pa3MEpPHOCTH (YHCIO TIepEeMEH-
HBIX Oomee 150). B ciiyuae momydeHUs JTOKATBbHOTO
IKCTpEMYyMa OTKIOHEHHE OT ONTHMAJILHOTO PEIICHUS
He npesbimano 0,2 %.

Ha pucynke 6 mokazaHa 3aBHCHUMOCTH 3HAYEHHS
HeneBoil pyHKUMHU pemraeMoi 3anauu (pa3MepHOCTh
150x4) ot umncna urepanmii. O'A oCyIIecTBISET IMo-
CJIeZIOBATENILHOE TPUOJIKEHHE K [I0O0ATBHOMY 3KC-
TpemyMmy. [Ipu 3TOM ¢ 4-if HTEepanuy CKOPOCTh IPUPO-
CTa KayecTBa MOJIYYaeMOTO PEIICHHS CYMIECTBEHHO
CHIDKAETCS. DTO CBUICTEIILCTBYET O TOM, UTO B CITy4ae
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Puc. 6. 3asucumocmo 3navenus yenesou Gynxyuu
om umepayuu (3a0aua 150x4)

Fig. 6. Dependence of the objective function
on the iteration (task 150 x4)
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Tabruya 4
IMapamerpsl u xapakTepuctukn OT'A 111 peleHusi 3a1a4 AUCKPETHOTO 1eJI0YHCIEHHOT 0
NPOrpaMMHPOBaHHUs ¢ 0yJIeBbIMH IepeMEeHHbIMH
Table 4
Parameters and characteristics of an island genetic
algorithm for solving the problems of discrete integer programming with boolean variables
IMapameTpsl KosmmyecTBo nepemeHHbIx N 3nayenne
W XaPaKTEePHCTHKH 70 100 150 200 napamerpa
KonngectBo ocTpoBoB 4 4 5 8 0,025N
KonugectBo ureparmii 6 4 8 10 0,05N
KonruecTBo ocobeii B MOMyISIIAA 50 60 80 120 0,6N
JIinHa neproia MUTpaIy 0co0ei (TTOKOJICHHI) - 120 160 180 0,9N + 1,2N
IloxoseHuii B uTepanuu 40 200 200 200 -
CpenHee Bpemsi penieHus (Cex.) 2,0 12,1 68,8 396,9 -
CpenHee BpeMsl pellieHHUs 3a/1a4 METOJJOM BETBEH U TpaHuUil 0,2 13,99 | 74,05 | 1279,58 -
Tabauya 5
Pe3yabTaThl 3KCIEpUMEHTAIbHOI npoBepkH dppextuBHocTH OI'A 1151 pelienns 3aaa4uun
obecneyeHust ycroifunpoctu pyHkuuonuposanus PUC
Table 5
Results of experimental verification of the effectiveness of the island GA for solving the problem
of ensuring the sustainability of distributed information systems
AyTOpUAMHT Nu6puaunr CayuaiiHblii AnanTuBHbII
.-
5 2= . 2= ) 2 = ) 2 = )
x| 5EE L& E~| 5= 4o E~| EE 4o E~| EE Lo g~
HEE IR H R SR EA R R I
=3 E§§:‘= 3wz §§§§‘= g =7 E§§§= 3 w7 Eii?a S w7
I SSES=| &5 E SSCESE| &S E| e &2 = = S SRS E =
£ | §FES=|V2E | 25858 =% | ©Q2E | 82558 =%|C2E | 2558 = | Q2L
>3- 2 >3- ) M = 2 Qs = )
70x4 0,70 2,007 0,50 2,00 0,90 2,00 0,90 2,031
100x4 0,00 12,19 0,30 12,18 0,90 11,91 0,75 11,98
150x4 0,10 68,82 0,10 68,79 0,70 66,38 0,70 70,13

’KECTKOTO JINMUTA BPEMEHHU, OTBOJUMOT0 Ha pEIICHHE
3a/1a4d, KOTrJa MOXHO YAOBJIETBOPUTHCS palMOHAIIb-
HBIM (KBa3HONTHMAJIBHBIM) PELIEHHEM, J0CTaTOYHO
MCIOJIb30BaHus 4-5 utepanuil anropurma Juist JaHHOM
pa3sMEPHOCTH 3a/1a4, YTO MO3BOJIUT COKPATHTh BpeMs
TIOMCKa perieHus He MeHee 4yeM Ha 40—-60 %.

Bpems pemenns 3agaun OI'A nuHENHO pacTter ¢
YBEIIMYEHUEM YHCIIa OCTPOBOB.

Ha pucynkax 7 u 8 mpecTaBiIeHBI pe3yabTaThl pa-
00TsI anantuBHOU cxeMbl B OI'A mipu pemieHnn 3a1a4n
pasmepHocTu 100x4.

K 5-6-i1 urepanusm mpouenypa aganTaldyd CXo-
JITCSI K BEIOOPY OJTHOM M3 cXeM 0TO0pa ocobeit it ux
yCTOHYMBOW KOMOWHANMK. AHAJIOTHYHAS CHUTYaIlHs
HaOJFOTaeTCsl B aIalTallii BEIOOpA KPOCCHHTOBEPOB K
6—8-i1 urepausaM anropuTMa. IT0 MOKET CBUAETEIb-
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Puc. 7. Pesynvmamui sKcnepumenmanbHoll nposepKiu a0anmayuu 100pa 6apuanma KpoccutHeoeepa.:
a) ocmpog 1; 6) ocmpog 2

Fig. 7. The results of experimental verification of selection crossingover adaptation options: a) island 1; 6) island 2
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a) ocmpog 1; 6) ocmpog 2

Fig. 8. The results of the experimental testing of adaptation options select species sampling scheme: a) island 1; 6) island 2

CTBOBaTh 0 ToM, 4To OI'A K 7-if uTepanuu oCymecTB-
JgeT JOCTaTOYHOE M YCTOHYMBOE COIMKEHUE K JIO-
KaJbHOMY JKCTpPEMyMy B KaXJOM M3 OCTpoBOB. IIpu
9TOM MHTpalysa 0coOei MexIy OCTpOBaMHU JIO0 CXOX-
JICHUA K JIOKaIbHOMY IKCTPEMyMY HE OKa3bIBaeT Kap-
JVHAIBHOTO BIMSHUS HA pabOTy CXEeMBI aJjanTalud 1
JWIIb yIy4YlIaeT COCTaB IOMYJIIINH, oOecreunBast
CHIDKEHHE CKOPOCTH CXOXIICHHMS K OmmKaiimemy Jio-
KaJbHOMY 3KcTpemyMy. [locie 5—7-it urepanmii (kxo-
I7la OCTPOBA B 3HAYMTENILHOM CTENEHN NMPHOIN3MINCD
K JIOKQJIBHBIM 3KCTpEMyMaM) OOMEH Jy4IIMMH OCO-
0sIMM IPUBOJIUT K KPATKOBPEMEHHOMY BBIXOJY CXEMBI
ajlaniTalliy U3 PaBHOBECHOTO COCTOSIHUS.
[IpumeHeHNe TPHATHBIX KPOCCHHIOBEPOB C yde-
TOM CXEMBI U C HCITIOJIb30BaHMEM B KauyeCTBE MAacKH
KPOCCHHIOBepa Jydnieil ocodu He JaioT TpedyeMoro
KauecTBa PEIeHHs; U NPU HCHOIb30BAHUU aJANTUB-
HOW CXEMBI PENPOIYKINH, U B OOJBIIMHCTBE CIIydacB
K 3-4-it urepanuu OI'A orcekaroTcs OT IPUMEHEHUS.
[Ipn 3TOM KOIMYECTBO JIYYIINX 0COOEH, OIydeHHBIX

C IPUMEHEHHEM YHUBEpPCAJIbHOTO KPOCCHHIOBEpa, B
MOMyJAIMIX BO Beex ocTpoBax OI'A cocraBisier mo-
psanka 46 %.

Ha pucynkax 9—11 npencrasieHa cpaBHUTEIbHAS
OLICHKA BIIMSTHHSI MCXOJHBIX JIaHHBIX Ha BpeMsl pelie-
Hus 3anaun O A u Mmetomom Betseit u rpanu. U3 pu-
CyHKa 9 BHIHO, YTO AJIs OONBIIHX pa3MepHocTeit (00-
nee 150 mepemenHbIX) Bpems pemenus 3agaun OI'A
pacTeT He Tak OBICTPO, KaK IIPU METOJIe BETBEW U Ipa-
HHII, B TOM YHCIIE C OIPEAEICHHEM IIOpsAKA BETBIIC-
HUS TIEPEMEHHBIX, YTO TOBOPHUT 00 3(EeKTUBHOCTH 1
nepcrneKTUBHOCTH npumeHeHuss OI'A g monmydeHus
TOYHOTO PEelICHHs 3a/1a4 OOJIbIION pa3MEPHOCTH.

N3 pucynka 10 BUIHO, YTO ¢ POCTOM YHCIIA OTpa-
HUYECHHUH B pemiaemMoi 3amade Bpems pemeHus O A
BO3pACTaeT IO JINHEHHOMY 3aKOHY M HOCHUT MEHEe BbI-
paKeHHBIN XapakTep 10 CPaBHEHUIO C METOIOM BET-
Beil ¥ rpaHul. J{71s pa3sMepHOCTH 3a/1a4 ¢ KOJTMYECTBOM
OTpaHWYEHUI MEHbIIE 4 BpeMsl pEIICHNUS 33/1a41 METO-
JIOM BETBEH M TPaHHUI] C OTPECIICHUEM MOPSIIKa BETB-
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Fig. 9. The time for solving a number
of variables when the number
of restrictions M = 4

Puc. 10. Bauanue yucna
02paHUYeHUtl Ha Bpems.
pelenus 3a0aiu

Fig. 10. The effect of the number
of restrictions on the time
for solving the problem

Puc. 11. 3asucumocmsv spemeru
pewenus 3aoauu 150x4 om
JHCECMKOCMU 02PAHUYEHUT

Fig. 11. Dependence of 150x4
problem solving time
on constraint rigidity
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Tabauya 6
Pe3yabTaThl OLleHKH BJIMSIHUS TOYHOCTH pellieHHs 32124 Ha BpeMsl peleHust
Table 6
Results of assessing the impact of the accuracy of solving problems at the solution time
Pa3mep- | Bpems noayuenusi | Ontumaib- Cpennee OTtHocHTEILHAS
HOCTh ONTHMAJIBLHOI0 HOe CKO |3HayeHHe LeJieBoOM Cpemncee pest MOrpelHoOCTh
pelueHus (cex.)
321241 pemenus (cex.) peuieHue byHKIMH pemenus (%)
1,87 2291,57 10,132 0,0454
3,08 2290,96 7,08 0,072
33 2288,96 4,864 0,1593
1004 12 2292,61 4,45 2277,34 2,218 0,6661
11,39 2267,02 1,118 1,116
11,79 2270,52 1,654 0,9637
1,31 3367,54 37,428 0,0195
3,85 3365,56 54,524 0,0783
150x4 69,5 3368,20 3,03 3357,33 11,806 0,3226
5,67 2933,31 3,256 12,9117
9,43 2917,90 1,642 13,369

JICHUs TIEPEMEHHBIX MeHbIe, 4eM ['A, 370 oOBscHS-
eTcs. MEHbIIEH BBIYNCIUTENBHON CIOKHOCTBIO JaH-
HOTO METOJla IS 33/1a4 MAJIOH pa3MEPHOCTH (C MaJIbIM
YHCIIOM OTPAaHWICHUH).

Ha pucynke 11 mpeacraBieHa OLEHKa BIUSHUS
JKECTKOCTH OTPaHWYCHHH B peIIaeMoH 3amade Ha
BpeMs pemieHus 3a1ad. M3 pucyHka BHIHO, YTO H3Me-
HEHHE JKECTKOCTH OTPaHWYEHUI HE OKa3bIBaeT CyIIe-
CTBEHHOTO BIMSAHUS Ha BpeMs pemeHus 3axaun OI'A.
ITpu sTom Bpems pemrenus 3anaun OI'A oka3pIBaeTcs
Hiwke (10 20 %) BpeMeHH peleHus Toil e 3a1a4u Me-
TOJIOM BETBEH M TPaHMIl C OIPEAETICHHEM IOpsAaKa
BETBJICHNS! NEPEMEHHBIX NPH 3HAUYCHHWH HKECTKOCTH
orpanuueHuil B uatepnane 40-50 %.

B tabnme 6 u Ha pucyHke 12 mpencTaBieHH pe-
3yIbTaThl OLEHKH 3aBHCHMOCTU BIIMSIHUS TOYHOCTH
MOJTy4aeMOT0 PEIICHHs Ha o011ee BpeMsl pelIeHUs 3a-
naun OI'A. U3MeHeHre TOYHOCTH MOJIy4aeMOro pelie-
HUSL OCYILIECTBIISUIOCH ITyTEM BapbUPOBAHMS 3HAUCHUH
napameTpoB OI'A, mpencraBieHHBIX B Tabmwme 2. Jis
Kaxxioro BapuanTa napamerpos OI'A 3amada kaxaon
pasMepHocTH pemanack mo 10 pas.

W3 tabnunpl 6 v pucyHka 12 BUIHO, YTO yXYAILIe-
HHUe KauecTBa mosrydueHHOro OI'A perieHus Bcero Ha
0,5 % OT ONTUMAJIFHOTO HPUBOIUT K COKPAIICHHUIO
BPEMEHH IOJTyYeHHs PAllMOHAIBHOTO penieHus B 3—6
pa3 10 CPaBHEHHMIO CO BPEMEHEM IIOJTYYEHHs OITH-
MaJlbHOTO pemeHus. [Ipu 3ToM ¢ pocToM pasMepHOCTH
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Fig. 12. Assessment of the impact on the accuracy of the solution and the solution time: a) the task 1004;
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penraeMoi 3aauul JaHHBIN 3G (GEeKT CTaHOBUTCS Ooliee
SIBHBIM. JTO 00CTOSTENHCTBO MO3BOJISIET CHIENATh BBbI-
BOJI O IEPCIIEKTHBHOCTH 1 IIETIECO00Pa3HOCTH MIpUMeE-
Heanss OI'A 1 OmepaTHBHOTO IIONyYSHHS PAILlHo-
HaJIbHOTO (KBAa3HOITHMAJIFHOTO) PEIICHNUS B YCIOBHUSIX
JKECTKUX BPEMEHHBIX OTPaHUICHHH.

Takum 006pa3oM, pe3yIbTaThl IKCIIEPUMEHTATHHON
MIPOBEPKH IMoKa3any, 9to npumerenne OI'A ams permie-
HUS 337124 00ecIedyeHust YCTOHUYMBOCTH (PyHKIMOHH-
poBauusi PYIC addextuBHo st 3amau O0oabmon pas-
MEpHOCTH (C YMCIIOM NepeMeHHbIX Ooiee 150), 3amau
C XKECTKOCTBIO orpaHudeHuii B uutepaie 40-50 %, a
TaK)Ke B YCIIOBHSIX )KECTKUX BPEMEHHBIX OTPaHHYCHUI.
B kadecTBe cxeMbl 0TOOpa 0cobeil 1enecoodpasHo Uc-
MOJB30BaTh CIyYalHbIM OTOOp WM aJaNTHBHYIO
cxemy. Mcmonp3oBanue mpoctoro ['A memecoobpa3Ho
JUTSL peLIeHUs 33/1a4 Mo pa3MepHOCTH (JUCIIO Tiepe-
MeHHBIX 10 70). Ucnonp3oBanne OI'A s monydeHus
PanMOHAIBHOTO PEIICHUS MOCTABJICHHBIX 3a/ad I103-
BOJIUT COKPATHTh BPEMsI PELICHUS 3aJadll pa3MEpHO-
cti 100x4 o cpaBHEHUIO ¢ IPUMEHEHUEM TOUHBIX ME-
TOJIOB B 5 pa3 ¢ obecreueHneM pa3Mepa OTHOCUTEIb-
Ho# ommOku B 0,7 % u B 6—10 pa3 ¢ obecnedyeHuem
BEJTMYUHBI OTHOCUTENbHOM oubku B 1,5 %. C poctom
Pa3sMEpHOCTH pellaeMbIX 3a/1a4 BBIUTPHIII II0 BpEMEHH
MOJIy4EHHUS pallMOHAJIBHOTO PEIICHHs CTAHOBUTCS €I11e
Oonee CyIIeCTBEHHBIM.

Merton BeTBeH M TpaHHIl 11€I1eco00pa3HO MpHUMe-
HSTB IS pelIeHus 3a1a4 oOecredeHns yCTOHUYMBOCTH
¢dyakunornpoBanusd PYC Ha 3Tamax ux mpoeKTHpoBa-
HUS, KOTJla He0OXOUMO MOJIYYUTh ONTHMAIBHOE pe-
IMIEHWEe W OTCYTCTBYIOT CTPOTHE OTpaHWYCHHS Ha
BpeMs ero noiydeHus. Ha sramne skciuryaramu, mnpu
PEKOH(UTYpUPOBaHMM CHUCTEMBI Mepenayn U obpa-
OOTKM JaHHBIX, B YCIIOBHSIX JXKECTKOTO JIUMHTA Bpe-
MEHHU Ha BpPEeMsl peaKlMi CHCTEMbI Ha OTKa3bl U cOOU
1es1ecoo0pa3Ho MPUMEHSTh METO]] MOJYICHUS Palno-
HAJIHOTO (KBa3sHONTHMAJIBHOTO) PEIICHUS, OCHOBAH-
HbI Ha ucnonb3oBanud OI'A, KOTOPBINA B OTJIIMYUE OT
CYIIECTBYIOIIMX HPUOIIMKEHHBIX METOAOB obecte-
YHMBaeT 3a c4eT 0OOCHOBAaHHOTO BHIOOpA MapameTpoB
ITOPUTMA T'apaHTHPOBAHHOE MOJIYYCHHE Pal[OHAIb-
HOTO (KBa3MONTHMAILHOTO) pemeHus (Cepuy paruo-
HaJIbHBIX PELICHUH) 3a BpeMsi, He MPEBBIIIAlONIee 3a-
JTaHHOE.
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EVALUATING THE EFFECTIVENESS OF SUSTAINABILITY PROBLEM SOLVING METHODS
OF DISTRIBUTED INFORMATION SYSTEM FUNCTIONING
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Abstract. To make informed decisions regarding the organization of data storage and processing to ensure the sustainability
of distributed information systems the paper proposes to use a complex of mathematical models for optimizing the distribution
of functional task software elements over network nodes; for optimizing the distribution of information resources by data
storage and processing centers; for optimizing technical means of data storage and processing system; for optimizing the allo-
cation of resources by information storage and processing centers. It is shown that these problems are related to the class of
optimization problems with discrete Boolean variables.

The paper proposes and experimentally verifies the branch-and-bound method and the method of genetic algorithms to
solve formalized problems. In order to improve the efficiency of the branch-and-bound method the paper proposes preliminary
determination of the variable branching order using an approximation method for solving the dual problem once. The article
shows an experimental verification of the effectiveness of the branch-and-bound method for solving problems of ensuring
distributed information system sustainability including the use of the algorithm of predetermined order of branching variables.
The author estimates the initial data influence on overall performance of the branch-and-bound method. The paper shows the
most effective strategies of variables branching to solve the designed tasks. There are variations of major operators, as well as
initialization circuits of a genetic algorithm initial population to solve the problems of ensuring distributed information system
sustainability.

To improve the quality of the solution, which is obtained using a genetic algorithm, the author justifies the use of an
adaptive scheme of individuals’ reproduction and an computational island circuit. He also experimentally checks the effective-
ness of the proposed genetic and island genetic algorithms. The paper determines the parameters of genetic algorithms for
ensuring maximum quality of the solutions and proves ability to manage the accuracy of the obtained solution by changing the
algorithm parameters when introducing time restrictions for solving. There is a comparative assessment of the branch-and-
bound method and the island genetic algorithm for solving formal problems. The paper also shows areas of their effective
application.

Keywords: distributed information system, operation stability, mathematical models, branch-and-bound method, dual
problem, genetic algorithm, island genetic algorithm, adaptive reproduction scheme.
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PEKYPCHBHbBIH AAT'OPHTM TOYHOI'O PACYETA
PAHT'OBbBIX KPHTEPHEB ITPOBEPKH CTATHCTHYECKHX I'HIIOTE3
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Bonokxonamckoe wocce, 4, 2. Mockea, 125993, Poccusi);

B.A. Aeamupos, k.m.n., anarumur, avl095@mail.ru

B cratee paccmarpuBaeTcs METOAMKA THEpAlUH TOYHBIX PACTIPEIEIEHHII PaHTOBBIX HEMAPaMETPUUECKUX KPUTEpHEB
CpeICcTBaMU KOMITBIOTEPHOI KOMOMHATOPHKH.

AKXTyanbHOCTB PaboTHl 00YCIIOBIICHA 3aTPyJHEHUSIMH B ONPECICHUN TOYHBIX PaclpeleleHnii KpUTHISCKNX 3HaYeHUH
PaHTOBBIX KPHTEPHEB IIPOBEPKU CTATUCTHYECKUX T'MIIOTE3 W3-3a TOTO, YTO TOUHBIE TAOIHIBI, PEKypPEHTHEIE (GOpMyIIBI IS
MHOT'HX KpPUTEPHEB HE CYILECTBYIOT, a alllIPOKCUMALIUH YacTO JAIOT HEYJIOBIECTBOPUTEIBHBIN Pe3ynbTaT IPU OrpaHUYEHHBIX
o0bemMax HaOIIOJCHHH.

3amada pacdeTa pacpe/ie/IeHUsI PaHTOBBIX KPUTEPHEB 3aKIII0YAETCs B Iepebope BCEX BOSMOXKHBIX BAPHAHTOB IIEPECTAHO-
BOK BBIOOPOK H B pacieTe PaHIOBBIX CTATHCTHK, a TAK)KE HAKOIUICHHBIX YaCTOT UX MOSIBICHHS.

Jlnst ee penreHns pa3paboTaHa IporpaMma reHepaliy epecTaHOBOK JIEMEHTOB BEIOOPOK PAHTOBBIX HETIapaMeTPHIECKUX
KPUTEPHEB, OCHOBAaHHAs HA PEKyPCHBHOM aJTOPUTME MPSMOTO Nepebopa BapuaHTOB MEPECTAHOBOK BEKTOPA MOPAIKOBBIX CTa-
TUCTHUK CO CIEYIOIIUM OrpaHUYECHUEM YKCiIa BAPUAHTOB: BO BCEX BapUaHTaX NEPECTaHOBOK 3JIEMEHTHI OJJHOM U TOMH e BbI-
OOpKH HE MOT'YT MEHSATHCS MECTaMH, YTO SIBIISIETCSI YHUBEPCAIBGHBIM YCIOBHEM ISl BCEX TOYHBIX pacHpelelieHUH paHrOBBIX
KpPHUTEPHUEB.

B pabote npuBoanTCS CChUIKa Ha HHTEPHET-PECypC, COJEprKaIHi IIPOrpaMMHBIH KOMIUIEKC pean3aliy aJropuT™a pac-
YyeTa PaHTOBBIX KPUTEpPHEB. B TaHHOM KOMIUIEKCE PacCMOTpPEHBI YeThIpe HellapaMeTPHYECKUX KPUTEPHS: IBYXBBIOOPOUHBII
KpHUTepuil YUIKOKCOHa, kputepuil Jlemana—Po3enOnarra, kpurepuii cepuii u kpurepuii Kpackenma—Y oniica, TOYHBIE pactipe-
JeTIeHHUs] CTaTUCTUK KOTOPBIX MPEJICTaBIIIOT HaMOOIBIINIT MHTepec AT TEXHUYECKHX 3a1ad. PaccMaTpuBaeMslil anroputm
MOKET OBITh HCTIONB30BAH M JUIS APYTHX PAHTOBBIX KPUTEPHEB MPOBEPKU CTATHCTHIECKUX THIIOTES.

B pabore mpencrasieHa pazpaboTaHHast aBTOpaMy peasTi3alis METO1a TeHepaIliy TOYHBIX paclpe/IeNIeHUi paHTOBBIX He-
MapaMeTpUIECKUX KPUTEPUEB CPEICTBAMHI KOMIIBIOTEPHOW KOMOMHATOPHKH, OCHOBaHHAs Ha PEKYPCHBHOM NPSIMOM Hepebope
BapHaHTOB MEPECTAHOBOK BEKTOPA IMOPSIIKOBBIX CTATUCTHUK C TIocieayroniel GuibTparueit pesyasratoB. Takum oOpaszoM, pe-
LIeHa 3a/1a4a ONpeIeSICHNs] KpUTUUECKUX 3HAUCHUH PaHTOBBIX HEMapaMeTPUUECKUX KPUTEPHUEB VIS IPOBEPKU CTATHCTUUECKUX
TUIIOTE3.

Kniouesvle cnoga: nenapamempuueckue panzosvie Kpumepuu, npogepka sunomes, mounoe pacnpeoenetue, KOMOUHamo-

puKa, aneopumm, npocpamma, Javascript.

3amada TPOBEPKH CTATUCTHYCCKHX THIIOTE3 BO
BCEX CITy4asX CONpsDKEeHAa ¢ HeOOXOIMMOCTBIO OTpeie-
JeHWsT KPUTHYECKUX 3HAYCHWH KpUTepueB. B To ke
BpeMsl JIJIsl OOJBIIMHCTBA PAHTOBBIX KPUTEPUEB OIIpe-
JIeTICHHe TOYHBIX pacTpeiesieHu SBIIETCS BeCchMa
HETIPOCTOM 3ajlayeil Kak ¢ MaTeMaTUYECKOW, TaK U C
BBIYHUCIUTENLHON TOYKHM 3peHHs. Pa3nmudHoro popaa
anmpoKCUMaIlMK  3a4acTyl0 JIAl0T HEYJIOBJIETBOPH-
TENBHBIA PE3yJlbTaT TPU OTPAHHYCHHBIX O0BEeMax
HaOJFOICHUI, CBONCTBEHHBIX aHAU3Y JAaHHBIX B TEX-
HUYECKHX 3aJ]auax, CBA3aHHBIX CO 3HAUUTEIBbHBIM pac-
CEsSIHUEM CBOWCTB, BCIIEJICTBUE CTPYKTYPHOU HEOJHO-
POTHOCTH KOHCTPYKIIMOHHBIX MAaTEPUAIIOB U OOJIBIION
BapHAaTUBHOCTH BHEITHUX ()aKTOPOB MPH IPOBEICHUU
ucnbiTaHui. TodHble TaOMHUIBI, PEKyppeHTHBIE (op-
MYJIbI, IPOU3BOJISIIIINE (DYHKIIUKA YaCTOT U MOMEHTOB
JUII MHOTHX KpUTepreB He cymecTByIoT [ 1—4]. Kpome
TOTO, TIPH COBPEMEHHOM Pa3BUTHH BBIYHCIHTEIBHON
TEXHUKH 0oJiee MPeIIOYTUTEIHBIM SABIISETCS TOYHBIH
KOMITBIOTEPHBIN pacueT. [TogpoOHee 3TH BOMIPOCH 00-
cyxmarTcs B [5], B TaHHOI paboTe mpearaeTcs Me-
TOAMKA FeHEePaLUU TOYHBIX PACIPEIEICHUN PAaHTOBBIX

HEeTapaMeTPUICCKIX KPUTEPUEB CPEACTBAMH KOMIIb-
IOTEpHO KOMOMHATOPHKH.

C BBIYHCIIUTENFHON TOYKH 3pEHUS pacrpeieieHne
PaHTOBBIX KPUTEPHEB NPEACTaBIAET cOOOH mepedop
BCEX BO3MOXKHBIX BAPHAHTOB MEPECTAHOBOK 3JIEMCH-
TOB BBIOOPOYHBIX COBOKYITHOCTEH NPH HEKOTOPHIX
TPAHUYHBIX YCIOBUAX C IIOCIEAYIOLIUM pacyYe€TOM paH-
TOBBIX CTATUCTUK U HAKOIIJICHHBIX HaCTOT UX ITOABJIC-
Hus. [Ipemmaraemplil 1anee aqropuT™ MPUMEHUM JUIS
OOJBITMHCTBA KPUTEPUEB, JIJISI KOTOPBIX BBIYHCIISTFOTCS
BBEIOOPOYHBIC PAHTOBBIC CTATUCTHKH. J{JI1 HEKOTOPHIX
KPUTEPHEB CYIIECTBYIOT Oouiee 3P peKTUBHBIC METOTBI
[5, 6], omHaKO ¢ 1eTBI0 000OIIEHHS 3/1ECh paCCMATPHU-
BAaIOTCSI PAa3JIMYHbIC KPUTECPHU HE3aBHCUMO OT HAJH-
sl UHBIX MCTOOO0B pacnleTa TOYHBIX pacnpeﬂeneHHﬁ.
ABTOPBI CO3HAIOT, YTO IMPENIaraéMbIi aITOPHTM
MMeEEeT HeJOCTATOK — mepeOop OONBIIOro Yuciia JIUII-
HUX BapHaHTOB, YTO 3a4aCTyi0, OCOOCHHO MpHu Oosee
YeM JIBYX BBIOOpKaX, BEJIET K CYIICCTBEHHOMY yBEIH-
YEHHIO MAIIMHHOTO BpeMeHU. Tak 4To, JaHHBIM ajiro-
PUTM MOXKET PacCMaTPUBATHCS KaK HEKOTOPHIN IIar B
HANpABJICHUN TMPUMCHCHUS METOJOB PEKYPCHUBHOU
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KOMITBIOTEPHOH KOMOMHATOPUKH B 3aJlauyax CTaTUCTH-
gyeckoro aHanuza. K ToMmy ke npu MocTOSIHHOM yBeTH-
YEHHH NPOU3BOIUTEIBHOCTH MIPOLECCOPOB COBPEMEH-
HBIX KOMITBIOTEPOB MpoOJIeMa MAaIIMHHOTO BPEMEHH
MOCTENEHHO OTCTYMAET Ha BTOPOH IIIaH.

B paccmarpuBaemoil HuXe Iporpamme, HalmuCaH-
HOU Ha s13BIKe Javascript, HCTIONb3yeTcsS METOI TeHepa-
IIMA TIEPECTAaHOBOK 3JIEMEHTOB BBIOOPOK PAHTOBBIX
HemnapaMeTpUYecKuX KpuTepueB. MeToa OCHOBaH Ha
PEKYPCHBHOM IPSIMOM Iiepebope BapHUaHTOB IepecTa-
HOBOK BEKTOpa MOPSIIKOBBIX CTATUCTUK 0OBEMa N ¢ 1o-
crenymooned QguibTpanueil pe3ysibTaToB C y4eTOM
YHHUBEPCAJIBHOTO AJII BCEX TOYHBIX pacIpeneseHHH
PAHTOBBIX KPUTEPUEB YCJIOBUS: BHYTPHU JAHHOW BbI-
OOpKH IMOPSIIKOBBIE HOMEPA 3JIEMEHTOB JOJDKHBI CO-
XpaHATbCS HE3aBHCUMO OT MECTA UX PACHONIOKEHUS.
EcrecTtBeHHO, 4TO 3a mpenenamMu BEIOOPKH MOPSIIKO-
BbIE HOMEpPA DJIEMEHTOB JOJIKHBI IPUHUMATh BCE BO3-
MOJKHBIE BAPHUAHTHI IEPECTAHOBOK.

Jlis mprMepa pacCMOTPHUM BO3MOKHBIE BAPHAHTBI
TaKUX TEPECTAHOBOK st TpeX BhIOOpoK (k=3) oObe-
MaMu N; = 1, n,= 1, n;= 2.

k
ITpu cymmapaoMm oO6beMe BbiOOpok N = ;ni =4
0e3yCIIOBHOE YHCIIO BApHAHTOB MEPECTAHOBOK 3Je-
MeHTOB paBHO NI, To ecth 24. C yueToM yka3aHHOTO
BBIIIIE YCIOBHUS YHCJIO TAKUX BAPUAHTOB COKPAIACTCS
o 12: kk = kN! = 4! =12
1-112!
[1n
i=1
B Tabmume nepednciieHsl 3TH BapUAHTHI, BEIOOPKH
0003HaueHbl cuMBoiaMu X, Y, Z.
Bapl/IaHTI)I NMEepPpeCTAHOBOK PAaHIoOB TPEX BLlGOpOK
oobemamu N1=1, n2=1, n3=2

Permutations of ranks of 3 samples with a volume
of n1=1, n2=1, n3=2

Howmep IepecranoBka | Bektop a | Bexrop aindex

BapHaHTA
1 Xi1Y1Z122 1234 1233
2 Xi1Z1Y12> 1324 1323
3 X1Z172 Y 1342 1332
4 Y1 X1Z17Z 2134 2133
5 Y171 X12Z> 2314 2313
6 Y1 Z1 7> X 2341 2331
7 Z1 X1 Y2 7o 3124 3123
8 Z1 X1Z2 Y1 3142 3132
9 Z1Y1X17Z 3214 3213
10 Z1Y1Z2 X1 3241 3231
11 Z1Z> X1 Y1 3412 3312
12 717> Y1 Xi 3421 3321

OtmeTHM erre pa3, uto Homepa 3 u 4, 0603Havar0-
IIHE JIEMEHTHI TPETher BBIOOPKH 00BEMOM 2, BO BCEX
BapHaHTaX COXPAHSIOT MOPSI0K, YTO U SBISICTCS YCIIO-
BHEM T'CHEPAIIUH TOYHOTO PACIPEICIICHHS s JTF000T0
PAHTOBOT0 KPUTEPHsI, B TO BPEMsI KaK MOPSIKOBBIC HO-
Mepa MepBOi U BTOPOH BBIOOPOK, HMEIONIUX CAMHUY-
HBIC 00BEMBI, MOT'YT MEHATHCS MECTAMHU.
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Jlanee mpuBejieHa IporpaMma reHepaluy nepecTa-

HOBOK IIpYU HAJIUYWU I'PaHUYIHBIX yCHOBHﬁ.

1. <html>

2. <script>

3. var kk;

4. kk=0;

5. stat_crit();
N***********************************************

6. function stat_crit() {

7. var kx; // konu4ecTBO BIOOPOK

8. var a=[]; // BEeKTOp MOPSAKOBBIX HOMEPOB JIEMEHTOB BBIOOPOK
9. var aindex=[]; //BcriomorarenbHbIil BEKTOP HHIEKCOB BEIOOPOK
10. var m=[]; //BekTop 00BHEMOB BBIOOPOK

11. var km;

12. var n; //cymmapHBIif 00beM BEIOOPOK

13. kx=3;n=0;m[1]=1;m[2]=2;m[3]=2;

14. for (i=1;i<=kx;i++) n=n+m[i];

15. for (i=1;i<=n;i++) a[i]=i;

16. km=0;

17. for (i=1;i<=kx;i++) {

18. for (j=1;j<=m[i];j++) aindex[j+km]=i;

19. km=km+m[i];

20. }

21. omega(a,aindex,n,n);

22.}

N***********************************************

23. function omega(a,aindex,n,mx) {

//pexypcuBHasl (GYHKINS TeHEPaIiX IIEPECTaHOBOK OT | 10 n
24. var 1,j,ss;

25. if (mx==1) {

// pyHKUMS GUIBTPALUK U BBIBOJA HA M1€YaTh TEKYILEH repecTa-
HOBKH 3JIEMEHTOB BekTopa a[ l..n]

26. filter(true,n,a,aindex); }

27. else {

28. for (i=1;i<=mx;i++) {

29. ss=a[1];

30. for (j=1;j<=mx-1;j++) a[j]=a[j+1];

31. a[mx]=ss;

32. omega(a,aindex,n,mx-1);

33.%

34.}

35.}

N***********************************************

/I pyHKIWs PUNBTpalMU U MeYaTH TEKYIeH MepeCTAaHOBKH U3
kk=n!/(m[1]!*m[2]!*...*m[kx]!) BapuaHTOB

36. function filter(fltr,n,a,aindex) {

37. test=0;

38. if(fltr) {

39. if (test==0) {

40. for (i=1;i<=n;i++) {

41. for (j=i;j<=n;j++) {

//oTMeHa BBIBOJIA IIEPECTAHOBKH 3JIEMEHTOB IIPH HAPYIICHUH HX
MOPSAKOBBIX HOMEPOB BHYTPH BBIOOPKH

42. if (aindex[a[i]]==aindex[a[j]] && a[i]>a[j]) {test=1;break;}
43.}

44. if (test==1) break;

45.}

46.}

47 }

48. if (test==0) {

49. kk++;

50. document.write(kk+". ");

// BBIBOZ Ha meyath BekTopa a[1..n]

51. for (i=1;i<=n;i++) document.write(a[i]+" ");

52. document.write("<br>");

53}

54}
/

sfe sfe 3fe 3k sie sie sfe sk 3k 3k 3 she sfe sk sk sk sk st sk skokoskeoskeosiokok

55. </script>
56. </html>
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[Iporpamma conepKUT TPH OCHOBHBIE (DYHKLIUH.
[epBas ¢ynkums — stat crit (ctpoku 6-20) dopmu-
PYET HCXOIHBIC NaHHBIE PACCMOTPEHHOTO BBIIIC MPH-
Mepa W JIBa BCIIOMOTATENIBHBIX BekTOpa @ M aindex
pa3mepHOCTH N, TEpBBIH U3 KOTOPBIX NMPEICTaBIACT
co00W BEKTOp MOPSAKOBBIX HOMEPOB OOBEIMHEHHOW
BBEIOOPKH, BTOPO — BEKTOP, COEPIKAIINi HOMepa BbI-
0OOpOK, KaK 3TO MMOKA3aHO B TaOIHIIE.

Bropas ¢pynknus — omega(a, aindex, n, n) (cTpoku
23-35) sBisieTcst peKypCUBHOM (yHKIMEH reHepannu
MEepeCcTaHOBOK 3JIEMEHTOB OT 1 710 N, B cTpoke 32 KoTo-
pOH mpescTaBIeHa MPOLEAYpa PEKYPCHH C YMEHbIIIe-
HHEM Ha eIMHHIly 00beMa 00beTMHEHHOH BEIOOPKH OT
n go 1. B atom ciy4ae (ctpoka 26) peanusyercs Guib-
Tpanys NepecTaHOBOK B COOTBETCTBUH C MPHHATHIMH
TPaHWYHBIMH YCIIOBUSIMHM, JJISI YETO BBEAEHA TPETHS
¢dynaxuwms — filter(fltr, n, a, aindex) (ctpoku 36—-54). Ot-
METHUM, 9TO (QHIBTPANS POU3BOAUTCS IIPH 3HAYCHUN
napamerpa fltr=true (crpoxa 38), B mpoTHBHOM ciydae
BBIBOJIITCSL BCE BapHaHTHI IIepecTaHoBOK. Ha BeIxoxme
3TOH (PYHKIMHU BBIBOJSTCS DJIEMEHTHI BEKTOpa a C yue-
TOM TPaHMYHBIX YCIIOBHH, KaK MIOKa3aHO B TaOJIHIIE.

Bce ocranbHbie ASHCTBUS, HEOOXOAUMBIC IJIs pac-
YeTa CTATUCTUK PaHTOBBIX KPUTEPHUEB, SBISIOTCS H0-
CTaTOYHO TPUBUAJIBLHOMN BBIYMCIUTENILHON 3a1aueii U B
TAaHHOH paboTe He 00CyXKAAt0TC.

[TonHas Bepcusi MPOTPaMMBI ¢ OTKPHITBIM KOZOM
pa3merneHa Ha Javascript mo cceuike http://inteh.mpei.
ru/programs/stat/Menu/stat _tree.html. B qanHOM KOM-
TUIEKCE PAcCMOTPEHBI YETHIPE HemnapaMeTpUIecKuX
KPHUTEPHs: JIByXBHIOOPOUHBIH KPUTEPUH YHMIIKOKCOHA
[1-4], xputepwuii cepuii [ 7], kputepuii Jlemana—Po3en-
6natta [8] u kpurepwuii Kpackena—Yomnuca [3, 4], Tou-
HbIE pacIpeieeH s CTATUCTUK KOTOPBIX, 10 MHEHHUIO
aBTOPOB, MPEJCTABISIOT HAaUOOJBIIMKH HMHTEpEC, IO
KpaifHelt mMepe, /U1 TeXHHUECKuX 3amad. OueBUIHO,
YTO MPEACTABICHHBIN aJTOPUTM MOXKET OBITh UCIIOJb-
30BaH M JUISl IPYTUX PAaHTOBBIX KPUTEPHEB IPOBEPKU
CTaTHCTHYECKHX THIIOTES.

Jlyist TOJTHOTBI KapTUHBI PAacCCMOTPHUM yKa3aHHbIC
KPHUTEPHH, 32 UCKIIOUCHNEM KPUTEPHS CEPHH, pactpe-
JIeJICHNE CTaTUCTUKH KOTOPOTrO HE TpeOyeT BBIYMCIIe-
HUS PAHTOB, & MOXKET OBITH mojacuuTaHo [7, 9] Oonee
MPOCTBIM CIIOCOOOM, YTO M PEaJM30BaHO B IOJHOU
BEPCHH IIPOrPAaMMHOT0 KOMILIEKCa.

JIByXBBIOOPOYHBINH KpHTepHil YHIKOKCOHA
npeiHa3Ha4YeH Uil NPOBEPKH THUIOTE3bl 00 OTCYT-
CTBHH CJIBUTa JIBYX HE3aBUCUMBIX BBIOOPOK, TO €CTh 00
OTCYTCTBUH Pa3jInyuusi MKy MEAHaHAMH JIByX COBO-
KyIHOCTE! MpH OJMHAKOBOM, HO TPOW3BOJIBHOM pac-
npenenennu [1, 2]. Ilycts Xi, X2, ..., Xm — CyJaiHas
BEIOOpKa U3 F(X—0x), Vi, V2, ..., Yn — CllydaiiHas BbI-
6opka n3 F(y—0y) (m < n). dynknuio pacnpeaenenus F
HE MPENoararoT CHMMETPHYHOM, HO hopMa pacmpe-
JETICHUs] JOJKHA OBITh OAMHAKOBOM IJISI ABYX COBO-
KynHocTel. [ MpoBepKH HyJIEBOW THIOTE3BI O TOM,
410 00€ BHIOOPKH M3BJICUCHBI U3 OJTHOM M TOH e co-
BOKyIHOCTH Ho: A= By — Oy = 0 IpOTHB aTbTEPHATUBHI
Ha: A # 0 cTposT BapuanMOHHBIM psax U3 K = m + n

HaOJIOZIGHUH 1 NPUCBAMBAIOT UM PaHTH, PaBHBIC I10-
PAIKOBOMY HOMEpY HAOJIOEHHS B OOLIEM BapHalu-
OHHOM pspmy. [lamee pacCUMTBIBAIOT CyMMY DPaHTOB
MeHbIIEH BEIOOPKH B 00IIEM BapHAIMOHHOM PSIY:
m
W= Z R .
i=1

[ mpoBepku HyseBoit runote3sl Ho: A = 0 mpu
anpTepHaTHBHOM THHoTe3e Ha: A < 0 MOMKHO BBHITION-
HTbCSl HepaBeHCTBO W > Wy, [Ipu anbrepHaTHBHOM
runore3e Ha: A > 0 IODKHO BBINOJNHATHCS HEpaBEH-
ctBo W < Wqy. [Ipu aBycTopoHHel anbTepHaTHBHON
runore3e Ha: A # 0 IOJDKHO BBIOJNHATHCS HEpaBeH-
cTtBO Way < W <Woy ¢ ypoBHEM 3HAUMMOCTH 20L.

Kpurepnii Jlemana—Po3en0saarra nposepsier ru-
noTe3y 00 OJHOPOJHOCTH IBYX BeIOOpOK. IIpoBeps-
eTcsl HyJIeBasi THIIOTe3a O TOM, YTO JABE BBIOOPKH H3-
BIICUECHBI U3 OJHOM U TOM K€ TeHEPATbHON COBOKYITHO-
ctH, T0 ecTh Ho: F(X) = G(X) mpu nro6om X. CraTrcTika
KPHUTEPHsI paCCUUTHIBAETCS 110 popmyrie

1 1 iZ:a(Ri_i)z

rae Ri, Sj — panru nepBoi BEIOOPKH 00beMOM N U BTO-
poii 00beMOM M B 001IIeM BapHalluOHHOM psiny. Hyie-

BYIO TMIIOTE3y NPHHUMAIOT, €CIH © < . C yPOBHEM

3HAYUMOCTH 0. B NpOTUBHOM Cilydae IPUHUMAIOT aJlb-
TepHATHBHYIO THIIOTE3Y.

Kpurepnii Kpackema—Yoanuca o6oOmaer 3a-
Jady o JBYX BBIOOpKax Ha ciydail K BBIOOpOK: Xij,
i=1,...,kj=1, ..., nj, c pyHKUMAMH pacTpeecHUs
F(x — 6;), e nj — gncno HabIrOACHUI B j-if BRIOOPKE.
HyneBas rumotesa yTBepkKIaeT, 4yTo k BBIOOPOK U3
MPOU3BOJILHBIX COBOKYIMHOCTEH MOXKHO paccCMaTpH-
BaTh Kak OnHY (0OBEIMHEHHYIO) BEIOOPKY U3 oOmIei
COBOKYITHOCTH, TO €CTb MOATBEP)KIAETCS PAaBEHCTBO
napameTpoB ciBura 0j, Koraa He 3aJaHo 3HaYeHHe 00-
niero mapamerpa mMacimrada Ho: 61 = 0> = ... = O¢ ipo-
TUB anpTepHaTUBBI Ha: 01, ..., Ok He Bce paBHbI. Jlms
MPOBEPKH HYJIEBOH TUIIOTE3HI CTPOST OOIINIT BapHaI-

Kk
OHHBIN psii U3 N =)’ N, HAOIIONCHUIT U PACCUUTHIBAIOT
i=1
CTamchy:
k R}
2——3-(n+D),
iz n

1

(n+1)

rae Ri — cymma paHros i-if BBIOOpKH B 001IeM Bapua-
IIUOHHOM DALY.

Hynesyro runoresy npuanmarot, ecnn H < Haq ¢
YPOBHEM 3HAUUMOCTH O.. B IPOTUBHOM Cily4ae NpUHHU-
MAaloT aJbTePHATUBHYIO THIIOTE3Y.

Jpyrum croco6oM MPOBEPKH BHEIOOPOYHON THIIO-
Te3bl K sIBISIETCS TMOMApHOE CPaBHEHHE BBIOOPOK I10
KpUTEPUIO YUIKOKCOHA C BBIYMCIEHUEM TOYHBIX KPH-
TUYECKUX 3HAUCHUH.

Takum 00pa3om, pa3pabOTAHHBINA AITOPHUTM, SIBJISI-
IOLUICS peanu3alnei MeToja peKypCUBHON KOMITbIO-
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TEPHOW KOMOWHATOPHUKH, MOXXET OBITh HCIIOJIH30BaH
JUISL pellieHus 3a/la4il MPOBEPKU CTAaTUCTUUYECKHUX TH-
MoTe3, CBS3aHHOH C OmpeneseHrneM KPUTHIeCKAX 3Ha-
YeHUH KPUTEPUEB. YUHUTHIBASA, UTO IS OOJBIIMHCTBA
PaHTOBBIX KPUTEPHEB ONpEeICHIE TOYHBIX pacIpee-
JIEHUH SIBJISETCS CI0KHOM 3ajauell ¢ MaTEMaTHYECKOM
1 BEIYMCIUTEIFHON TOUEK 3pEHUs, TIpEeACTaBICHHAs B
paboTe MeToMKa TeHEepay TOYHBIX PacIIpeIeIICHIH
KPUTEPHUEB CPEICTBAMH KOMIBIOTEPHON KOMOHHATO-
PHKH SBISICTCS dPPCKTHBHBIM PEIICHUEM.
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FOR TESTING STATISTICAL HYPOTHESES
L.V. Agamirov !, Dr.Sc. (Engineering), Professor, mmk@mati.ru
V.A. Vestyak 2, Ph.D. (Physics and Mathematics), Associate Professor, v.a.vestyak@mail.ru

V.L. Agamirov, Ph.D. (Engineering), analist, avl095@mail.ru

!'National Research University “MPEI”, Krasnokazarmennaya St. 14, Moscow, 111250, Russian Federation
2 Moscow Aviation Institute (National Research University), Volokolamskoe Highway 4, Moscow, 125993, Russian Federation

Abstract. The paper considers the method of generating exact distributions of nonparametric rank tests by means of the computer

combinatorial theory.

Relevance of the work consists in the fact that determination of exact distribution of critical values of rank tests for statistical
hypotheses testing is complicated by the fact that the exact tables and recurrence formulas for many of the tests do not exist. In addition,
approximations often give unsatisfactory results at limited volumes of observations.

The task of calculating the distribution for rank tests is a search of all possible sample permutations and calculations of rank

statistics, as well as cumulative frequency of their occurrence.

The program of generating permutations of elements of samples for nonparametric rank criteria based on the recursive brute-force
algorithm of direct enumeration of order statistics vector permutation is developed with the following limited number of options: in
all permutation options the elements from the same sample cannot be swapped. It is a universal condition for all the rank criteria exact

distributions.

The paper refers to the Internet resource that contains the software package implementation of the considered calculation algorithm
for a rank test. This complex contains four nonparametric criteria: two-sample Wilcoxon test, Lehmann-Rosenblatt test, series test and
Kruskal-Wallis test, whose accurate distribution statistics are of greatest interest for technical problems. The algorithm can be used for

other rank tests of statistical hypotheses testing.

The paper presents an implementation of the generation method of nonparametric rank test exact distributions by computer com-
binatorial means. It is based on the developed by the authors recursive direct enumeration of options of order statistics vector permu-
tation with following filtration of the results. Thus, the authors solve the problem of determining the critical values of nonparametric

rank tests for testing statistical hypotheses.

Keywords: nonparametric rank tests, hypothesis testing, exact distribution, combinatorics, algorithm, program, JavaScript.
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ITPOrPAMMHBIH KOMIIAEKC PEILIEHHS 3AIAYH KAACTEPH3ALIHH

A.C. I'puzopauu, acnuparm, grigoraschandrey@gmail.com;
B.M. Kypetiuuk, d.m.x., 3as. kagedpoil, kur@tgn.sfedu.ru;

B.B. Kypeiiuux, 0.m.n., sas. kagedpoii, vkur@sfedu.ru
(FOxkHblil pedepanvHblil ynusepcumem, nep. Hexpacosckuil, 44, 2. Tazanpoe, 347922, Poccusi)

B mocnennee BpeMst HHPOPMaIMOHHBIC TEXHOIOTHH HEYKJIOHHO Pa3BHBAIOTCS. B CBS3M ¢ 3THM CTpEMHTENHHO YBEINYH-
BAarOTCsl 00BEMBI OAHKOB JaHHBIX, 00pabaTeBaTh KOTOPHIE ¢ KXKABIM JHEM CTAaHOBHUTCS BCE CIIOXKHEE. AKTyalbHBIM HalpaB-
JIeHHeM 00paboTKu OOJBIINX MACCHBOB JAaHHBIX SBISETCS MX MHTEIUIEKTYaIbHBIN aHaM3, METOABI KOTOPOTO MO3BOJIIIOT 00-
HapyKUBaTh B HA0OpaxX JaHHBEIX HESBHBIC 3aKOHOMepHOCTH. O/iHA U3 OCHOBHBIX 3a]a4d HHTEIUIEKTYaJIbHOTO aHAIIN3a JaHHBIX
—3aJaya KacTepu3aii. ABTOpaMH CTaTbU c(OPMYIHpPOBaHa ee mocTaHoBKa. Kiacrepuzamus snsercss NP-monHoit, TpynHOH
3a7adel, M0ITOMy HEOOXOAUMO pa3padaThIBaTh HECTAHAAPTHBIE ANTOPUTMBI M METOABI JUIS HAXOXKACHUS 3P (HEKTUBHOTO pe-
MICHHUS 33 TIOJIMHOMHAIBHOE BPEMsL.

Lens nanHOM paboTHl — MOCTPOEHHE MPOTPAMMHOTO KOMINIEKCA [UIS pelIeHHs 3a4adil Kiacrepu3anun. OcoOEHHOCTHIO
HpeUIaraeMoro peleHus! sIBISEeTCS UCI0JIb30BaHuEe MOIU(DUIIMPOBAHHBIX METOI0B 3BOJIOLHOHHOIO MOACIUPOBAHUS U poe-
BOT'O MHTEJUIEKTA, KOTOPBIE QAN THPYIOTCS K M3MEHEHHSIM BHEITHEH Cpe/ibl.

bruta BeIIENIeHa MOAM(UKAINS IS HAXOXKACHHST KBa3HONTHMAJBHBIX PENIeHHUH, O3BOJIMBIIAs 3HAYUTEIHLHO COKPATUTh
BpeMst OpPMHUPOBaHUS KIacTepoB. Pa3zpaboTaHbl MOAN(DHUIIMPOBAHHBIE TEHETHIECKUH, MyPaBbHHBIH U ITYEITUHBIN alrOPUTMBI,
a Taroke MOZIENb (PyHKIMOHUPOBAHHS alT'OPUTMOB Kak €lMHas cucteMa. PaccMoTpeHa CTpyKTypa IpOrpaMMHOTO KOMILIEKCa.
Pa3paboTan HHTYHTUBHBIH MOJIH30BATEIBCKUN HHTEPQEIC.

Bbin mpoBeieH BRIUMCIUTENBHBIN SKCIIEPUMEHT Ha 0aHKaX JaHHBIX Pa3IMYHOro 00beMa. B Xone cepru BEIYUCIUTEBHBIX
SKCTIEpUMEHTOB BPEM:I BHITIOJIHEHH KIIACTEPHU3aIINH 3JIEMEHTOB IPUOIN3UTEBHO paBHO 9.4 cek. B cpeaneM momydeHHoe 3Ha-
YeHHe OTJIMYAeTCs OT ONTHMaiIbHOro Ha 3—5 %. B pamkax maHHOH pabOTH ONTUMAaNbHOE 3HAUCHUE BPEMEHH paBHO 8—9 cek.
BoruuciuTenbHbIA 9KCIEPUMEHT BBISIBHI BPEMEHHYIO CIOXKHOCTH pa3pabOTaHHOTO KOMILIEKCa, KOTOpas NMPHUOIM3UTENHEHO
pasna O(n?).

Kniouesvle cnosa: unmeniekmyansubiii AHanu3 OAHHbIX, 9601I0YUOHHOE MOOETUPOBAHUE, 2eHeMUUECKULl ANeOpUMM, poe-
601l UHMENIeKM, NYeNUHbLI A20PUMM, MYPAGbUHBLL AN2OPUINM.

3amada KiIacTepu3alliy — OJHA U3 TIAaBHBIX 3a7a4
MHTEJJIEKTYallbHOTO aHanu3a AaHHbIX [1—4]. OHa oco-
OEHHO 3HauMMa, KOT/Ia BBICTYHAeT OJHUM U3 3TarloB
aHaM3a JaHHBIX, TOCTPOCHHUS 3aKOHYEHHOTO aHaJIH-
THYECKOTO peIIeHNUs. AHATUTHUKY OOBIYHO JIerye BhIJie-
JIMTH B IPYIIY CXOXKHE OOBEKTHI, U3YYUTh UX OCOOCH-
HOCTH M TIOCTPOUTD IJIsi KaXKIOW TPYIIIBI OTIACIBHYIO
MOJIeJNb TaHHBIX. TaKuM IPHUEMOM ITOCTOSHHO ITOJB3Y-
10TCs U1 00paboTKM OAHKOB NaHHBIX [5—8].

HoBusHa pa3paboTaHHBIX METOJOB W MOIXOMOB K
PEIICHAIO 33a[aui KJIACTEPU3AINH 3aKIF0YaeTCs B UC-
MOJI30BAHUM METOJIOB, MHCIHPHUPOBAHHBIX MPHPO/I-
HBIMH CHCTEMaMH: TEHETHYECKUM, MYypPaBbUHBIM U
MYETUHBIM aaroputMaMu. OHU TO3BOJIAIOT YCKOPHTH
mporecc 00paboTku OaHKOB JaHHBIX. [IpumeHeHHe
TaKAX IMOJIXOJ0B JaeT IMPEHMYIIECTBO B PEIICHUH
NP-nonHeIX, TpyaHBIX 3axa4 [9-12]. PaccmotpuM mo-
CTaHOBKY 331a4M KJIaCTEpHU3aLHH.

ITocTanoBka 3agaun KJIacTepu3anuu

Ilycte X — MHOXKECTBO 00OBEKTOB, Y — MHOKECTBO
METOK KJIACTEPOB M 3aJaHa (YHKIHS PaCCTOSIHUS
MEXTy 00BEKTaMu:

(1)

rae Xi, Xi — XapaKTepUCTUKK 00BeKTOB. Toraa cyie-
CTBYET KOHEUHAs 00y4aromiasi BEIOOpKa 00BEKTOB:
X"={X1, ..., Xm}CX. 2)

Oty BHIOOPKY HEOOXOIUMO Pa30HUTh Ha Helepece-
KalolIecs MoIMHOXKECTBA, Ha3bIBaeMbIe KIIacTepaMi,
TaK, 4TOOBI Ka)XIblH W3 HHUX COCTOST M3 OOBEKTOB,
OIM3KHX 10 METPHKE P, @ OOBEKTHI pa3HBIX KJIACTEPOB
CYIIECTBEHHO OTIMYAINCh. [Ipu 3TOM Kakaomy 00b-
ekTy Xj € X™ IpHUNUCHIBAETCS METKA KiacTepa Yi.

AnropuT™M KJIacTepMsanuM — 93TO (QyHKOus a:
X —Y, koTopas moboMy 00beKTy X € X CTaBUT B CO-
OTBETCTBHE HOMEp Kiactepay € Y.

MHoecTBO Y B HEKOTOPBIX CIIydasix M3BECTHO 3a-
paHee, OJJHAKO Yalle CTaBUTCA 3ajada OINpeaesICHUs
ONTHMAJILHOTO YHCIIa KJIACTEPOB C TOUKHU 3PEHHUS TOTO
WJIM MHOTO KPUTEpHUsl KauyecTBa Kiactepusauuu. [Ipu
pelLIeHUH 3aJa4yyl KJlacTepU3allid METKH HCXOIHBIX
00BEKTOB Yj N3HAYAIHHO HE 3aaHB, U JIa)Ke CaMO MHO-
KecTBO Y MOKET OBITh Hen3BecTHO [1—4].

B pamkax nanHOM paboThl 6aHK JaHHBIX UMEET Be-
muuuHy B 500 371€MEHTOB, MOJIyYEHHBIX CITydailHbIM
obpazom (cM. Tabnuiy).

Bank 31emeHTOB

A bank of elements

XapakTepucTuka

JjieMeHT X Y Z V;
1 36 15 4 61

2 69 23 11 32

3 93 69 43 33

4 23 33 28 80

5 70 24 33 47

6 79 98 87 80
500 18 5 62 10
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Tpedyetcs pa3ours ero Ha N kmacrepos: Gy, Go,
Gs, ..., HO IIpH 3TOM YK€ CYLIECTBYET HEKOTOPOE pa3-
OmeHne, KOTOpoe HeOOXOANMO ONTHMHU3UPOBATH, MU-
HHMH3HPOBaB CpelHee BHYTPEHHEE KIIAaCTepHOE pac-
CTOsTHUE W Yyenegyio ¢pyuxyuro (LD):

F qu[yi _ ij p(xp Xi) — min

= ; A3)
z i<j |: yi = y j:|
rIe Xi, Yi— XapaKTepUCTHKH LIeHTpa Kiactepa; Xj, Yj —
YCpEAHECHHBIE XapaKTePUCTHKU 00BEKTOB.

B mannoi1 paboTte A ONTUMAIBHOTO PEIICHHS 3a-
Ja4d KIIaCTepU3alUH IPOM3BOIUTCS ClydaiHoe pas-
OmeHne Ha KJIAacTephl, KOTOPOE IMPEACTaBISIET COOOU
Bektop (puc. 1). [lnnHa BekTOpa paBHAa KOJIUYECTBY
JJIEMEHTOB OaHKa JaHHBIX, a TakkKe N AJIEMEHTOB CO
3HadyeHreM 0, O3HAuYaAIOIIMX KOHEL OJHOro KiacTepa
WM HavaJo npyroro [9-12].

[1]5]4f10]6[2]3[0]8]9]7[0]. [351]320[500]

Puc. 1. Cnyuaiinoe pazduenue 21emMeHmo8 Ha Kiacmepsl

Fig. 1. Random splitting of elements on clusters

Jlns mopcuera 11d He0OXOAMMO HANTH IIEHTP KaX-
Joro kmacrepa. s 3TOro MmoAcYMTHIBAIOTCS YCpPEn-
HEHHbIC 3HAYCHUS KaKI0W XapaKTepUCTUKHU AJs Kia-
cTepa B LIEJIOM:

>A

Acp =" "> )

rne A — 3HaYeHHE XapaKTePUCTHKH; N — KOJIMYECTBO
BCEX 3HAUECHUU XapaKTEPUCTUKH A.

Ha pucyHnke 2 npuBeaeHsl yCpeTHEHHbIC 3HAYCHHS
XapaKTEePUCTHK JUIS KKIOTO KiacTepa B 1enoMm. Ilo-
Clle HaXOXKJCHHS LIEHTPOB KJIACTEPOB MOACUUTHIBAEM
H® mo dopmyne (3) m momyuaem LD, = 50,
LD, =43, 1D, = 63.

Gi 33 39 33 33
G 33 11 69 50
Gn 16 27 3 5

Puc. 2. [lenmpul knacmepos

Fig. 2. Cluster centers

Kunaccuueckue nocneoBaTesibHbIE ajJrOPUTMBI T1e-
PECTaBIIAIOT OJUH CIIy4aiHbIH 3JIEMEHT U3 OJHOTO KJla-
cTepa B APyroi U CHOBA MPOU3BOSAT MOACYET, YTO SB-
JIieTCsl TPYIOEMKUM TpoueccoM. JlecTBUs MOBTOPS-
FOTCSI IO TeX MOP, MOKa KJIacTePhl He OyIyT OTHOCTHIO
3amojHeHsl, a [[d He cTaHeT KBa3MMHWHHUMAaIbHOU
[13—-15]. PaccmoTpum anroput™el, pa3paboTaHHBIE
JUTSI ONTUMU3AITIY TIpoTiecca pa30MeHHs Ha KIIaCTEPhI.

Onucanue AJIrOpUuTMOB
U NMPOrpaMMHOIo KOMILJIEKCa

OCOOEHHOCTBIO TPEATI0KEHHOTO IOAX0/Aa SBIIS-
€TCsl UCHOJb30BAHUE AITOPUTMOB, MOIEIHPYIOLIUX
npouecc >KMBOM Tmpupoabl. PaspaboranHble anro-
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PUTMBI MOAETHPYIOT Pa3IMYHbIE ACHEKTHI HIBOIIOLUU
[9-13, 16-20].

T'enemuueckuii arcopumm (I'A) monmenupyet mpo-
mecc 00pa3oBaHHMA XPOMOCOM ITyTE€M CKpEIIWBAHUS,
MyTarmu u otoopa [10, 12, 13, 16]. DTo ocHOBHas co-
CTaBJISOIIAsl B pUpoae. MypaBbUHBIA M IMTYEIIUHBIN
ANTOPUTMBI  SBIISIOTCS METOJAMH POECBOTO HHTEI-
JIEKTa, TJIaBHAS COCTABJIIOIIAsI KOTOPOTO — MOJIEIIHPO-
BaHHUE IOBEACHUS >KUBBIX OPraHU3MOB IPU KOJUIEK-
TuBHOM B3aumopeiictBuu [10, 17-20]. Cmyuaiinoe
pa3bueHne Ha KJIacTephbl B alrOpUTMax, MHCIUPUPO-
BaHHBIX IPUPOAHBIMHU CUCTEMaMH, POPMHUPYET XPOMO-
coMy (HaOop aJbTEpPHATUBHBIX PEILCHHUH).

OcHoBHas nenb ['A — MHMHUMH3HPOBATH YHUCIIO
BHYTPHUKJIACTEPHBIX CBS3CH MEXKIY JIEMECHTaAMH WA
MaKCUMH3HPOBAThH YUCIIO BHEITHIX CBA3CH KIIaCTEPOB.
[Ipn peweHnn onTUMHU3ALMOHHBIX 3anad ['A umeer
psix npeumymiectB. OIHO WX HUX — aJalTalus K u3Me-
HSIOLLENCS BHEIIHEN cpelie. B nponecce pemenus no-
CTaBIICHHAsA 3a/lada MOXCET IIOABEPraThCs H3MEHE-
HusM. VMcnone3oBaHue TPaaAUIIMOHHBIX METOAOB NpH-
BOJUT K OOJIBIINM 3aTpaTaM MaIIMHHOTO BPEMEHHU.

AJNTOPUTMBI POEBOTO MHTENJIEKTa (MyPaBbUHBIN U
ITYETMHBIN) OMUCHIBAIOT MMOBEICHHE B MHOT0ar €HTHBIX
cuctemax [10, 17-20]. Lenp muenuHOro anroputMa —
pa3OuTh MPeIOCTaBICHHYIO HH(POPMAIIHIO Ha YIACTKH.
[Tyrem nccirlenoBaHMi C TOMOIIBIO aATEHTOB MPOM3BO-
JUTCS TIOUCK 3()()EKTUBHOTO PEIIeHUs B IEHTPAX II0-
JMYYeHHBIX y4acTKOB. Ecim pemenre OBIIIO HaiIeHO B
OKPECTHOCTSAX JaHHOW TOYKH, areHTHI OTIIPABIISIOTCS
JUTS TIOJTHOTO W TOYHOTO TOUCKa 3(P(PEKTUBHBIX perle-
HUH.

MypaBbUHBII aITOPUTM MOJEJIUPYET IOBEACHUE
MypaBbeB B KOJIOHHH. [ToMCK y4acTKOB MUIIM TPOU3-
BOJIMTCS cOO0IIa rpymnioit arenToB. [Ipoxos HekoTo-
PHIi IyTh, areHT IIOMEYaeT ero GepoOMOHOM — OTIINYHU-
TEJBbHOE CBOMCTBO areHTOB HE BO3BPAIATHCS B TOUKY,
B KOTOpo# yxe Obutu. [lyrem HakorieHus pepoMoHa
MocJe MPOXOKACHUS BCEH TPYIIIBI IPOUCXOAUT (POp-
MHUpOBaHHE KIACTepa, W PEIICHUs, TOMaBIIUE B 3a-
MKHYTBII y4acTOK, SBISIOTCS 3()(H)EeKTHBHBIMHU.

Jnis peanuzanuy 3ajauyl KJlacTepU3aluy ObLI CcO-
3/1aH MMPOTPAMMHBIN KOMIUIEKC, K OCHOBHBIM ITapaMeT-
paM KOTOPOTO OTHOCATCSI KOJMYECTBO 3JIEMEHTOB H
HACTPONKN pa3pabOTaHHBIX aNTOPUTMOB. Pa3sMepsl
KJIaCTepOB IreHepUpYyroTCs ciryyaiHo. [locne Toro, kak
KJIaCTePhl CO3/IaHbI (MIIN 3arpyKeHbl U3 ¢aiina), HeoO-
XOJMMO MIPOM3BECTH HACTPOIKY pa3pabOTaHHBIX aro-
PUTMOB.

I'eHeTu4eckuii aaropurm

Jns apdexTuBHOTO UCTONBb30BaHus ['A HE0OXO0-
JAUMO OHNpeaACInTb METOJ TCHEpAUU Ha4vaJIbHOM
momysuu. CyIiecTByeT MHOXECTBO METOJIOB ITO-
cTpoeHus HayanbHOU momyssinuu [10, 12, 13]. B nan-
HOU paboTe UCTONB3yeTcs periero Jpartochena. ITo
ANTOPUTM HAaXOKACHHUS BCEX IMPOCTHIX YHCET 10 HEKO-
Toporo Ienoro ymcia N. Pemero mnompa3zymeBaeT
(DUIBTPALUIO BCEX YMCEl, 32 HCKIFOYCHUECM IPOCTHIX.
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ITo Mepe mpoXo’kAEHUS CIIUCKA HY>KHBIE YHCNA OCTa-
I0TCS, a HEHYXHble (OHM Ha3bIBAIOTCSA COCTaBHBIMU)
HCKITIoYaroTes. PaccMoTpuM MOIU(HUIIMPOBAaHHBIE Te-
HETHUYECKHE OTIEPaTOPBI, HCIOIb3yEMBIE JUIS PEIICHHS
3aJa4uy KJIaCTCPHU3ALIUH.

Onepamop kpoccunzosepa. Ilponecc, nmpu KoTo-
pPOM TIPOMCXOIAT COMMKEHHE ABYX TOMOJOTHYHBIX
XPOMOCOM IIPH CO3PEBAHUH MOJIOBBIX KIETOK M OOMEH
yacTssMu. CylIecTBYIOT pa3iu4yHble MoJu]UKaun
oreparopa KpoccuHropepa. I13-3a 6opioi nHpopma-
IIMIOHHOW Harpy3Kd B JIJaHHOW paboTe HCMOJb3yeTcs
YIOPSIOYECHHBIH 0NepaTop KPOCCUHTOBEpa, IPU KOTO-
POM y poauTenel BEIOMpaeTCcsl TOUKA pa3pe3aHusi, OT-
HOCHTEJIHO KOTOPOH OyJeT MPOUCXOIUTh KOMPOBa-
HHE 3JIEMEHTOB. BBIOMpaioTCS 31€MEHTHl U3 JEBOTO
CETMEHTa IIEPBOTO POJUTEIIS U KOIIMPYIOTCS B IEPBOTO
pebeHKa, a OCTaJIbHbIC TTO3UIIMN KOTIHPYIOTCS U3 BTO-
poro poaurens B YHOPAZOYEHHOM BHAE CIICBa
HAaIpaBo, HO UCKIIFOYAIOTCS 3JIEMEHTHI, yKE MOMaBIIHe
B mepBoro pebenka [10].

Onepamopul 6cmagxku u yoanenus. Jlanaele ore-
paTopsl SBISIOTCS MOAW(HUKALUEH olepaTopa MyTa-
UH.

OmnepaTop ynaneHUs MO3BOJIAET YAAIATH CTPOHU-
TeNbHbIE OJOKU U3 POAUTEIBCKUX XPOMOCOM, TE€M ca-
MBIM C03/1aBasi XpOMOCOMY ITOTOMKA.

OmepaTop BCTaBKH ITO3BOJISIET BCTABIATH CTPOH-
TeNIbHbBIE OJIOKH B POAUTENBCKYIO XPOMOCOMY IS CO-
3JJaHUS TIOTOMKA.

[Jannble onepatops! 3QQEeKTUBHBI I HCHOIB30-
BaHus B ['A. Tlpumensist oneparop yaajieHus, ciaydaii-
HBI TeH co 3HaueHueM 0 ynansercs u3 pa3oueHus, TeM
CaMBIM pacIIupseT HEeKOTOPhIH Kiactep. Jlanbire mpo-
HCXOJIUT BBHIMIOJIHEHHE OlepaTopa BCTaBKH, KOTOPBIN
CIIydaitHBIM 00pa3oM BEIOMpaeT TOUKy pa3pesa. Ha me-
CTe€ TOYKU paspesa omneparop (GuKcHpyeT pazOueHHe
XpOMOCOMBI TeHOM co 3HadeHueM (0, oOpasysi HOBbIE
KiacTepbl. DPPEeKTUBHOCTh AAHHBIX ONEPATOPOB I10-
Ka3plBaeT MX YMEHHE OBICTPO aHAIM3UPOBATH TEKY-
LIYI0 MOMYJISIIUIO AJIbTEpHATUBHBIX perienui [10].

Onepamop cenexkyuu. IT0 MpoLECC, TOCPEACTBOM
KOTOPOTO XPOMOCOMBI (QJIbTEPHATHBHBIC PEILCHHUS),
numerorue 6osiee Beicokoe 3HadeHne L@ (¢ mydmmmu
MIPHU3HAKaMH), TIOTY9aloT OOJBITYI0 BO3MOXKHOCTD ISt
BOCTIPOM3BO/ICTBA (PENPOAYKIIMHA) MOTOMKOB, YeM
XYIIINEe XPOMOCOMBI. DJIEMEHTHI, BRIOpaHHBIE /IS pe-
MPOAYKIINH, OOMEHHBAIOTCA T€HETHYECKUM MaTepHa-
JIOM, CO3/1aBasi AaHAJIOTUYHBIX FIIU PAa3JINYHBIX ITOTOM-
KOB. Paznnuarot 31uTHY0, OJUH KO MHOTMM, MHOTHE K
OJIHUM, Jy4IlIle ¢ XyALIMMH, HA OCHOBE METO/I0B BET-
Bel W rpaHun ¥ T.1. cenekuuu [10]. B manHoit padote
paccMaTpuBaeTcs CeNeKIus ayqiue ¢ Xyamumu. [pu
KJIaCTepPHU3aLK €CTh OCTaTO4HBIN 3ddekT oT Hemnpa-
BWJIBHOTO TIOTIaJIaHusl B KiacTephl. JJaHHBIN onepaTop
MO3BOJISIET CTAOMIIN3UPOBATH COCTOSTHAE KJIACTEPOB.

OcHogHble 3Tamnbl ['A (puc. 3).

1. CnyyaitHeIM 00pa3oM TeHepUpYyeTCs Hadallb-
Has momyssinusa. Ha mocTpoeHne Momymsiuuy OKasbl-
BaeT BIMAHME BHeIHss cpena B Buae JIIIP. ®opmupy-

eTcsi TaOJWIla XapaKTePHCTUK JJIsl KaXKIOr0 IeHa B
XpOMOCOME.

2. g KaxxOOW XpOMOCOMBI M3 NMOMYJISIIMM BbI-
gucisieTcs 3Hadenune 1D.

3. BbINoHAETCS 3IUTHAS CEAEKLUS — AJIs1 IpUMe-
HEHHS OIlepaTopa KPOCCHHTOBEpA BBIOMPAIOTCS JIy4-
e perIeHus.

4. Tlpumensrorcs reHetnaeckue onepaTopsl (I'O).
[epBEbIM BBITIONHSIETCS oniepaTop kpoccuHrosepa (OK)
— MOoJy4aeM MOTOMCTBO JJIsl IOCEIYIOIIETr0 MPUMEHe-
Hus onepaTtopa mytaruu (OM).

5. K BBIOpaHHBIM XpOMOCOMaM MPUMEHSICTCS OTIe-
patop mytanuu. [Ipu 3TOM MyTarms XpoOMOCOMBI BbI-
MIOJIHSIETCS. ¢ HEKOTOPOH BEPOSITHOCTHIO MYyTAIlWH, a
TOYKH MYTAIlMH BEIOMPAIOTCS CIIyIaliHBIM 00pa3oM.

6. Bpruncnsercs 3nauenue L{® a1 nomydeHHBIX
mocje TPUMEHEHHs OmNepaTopa MYTalldd XPOMOCOM.
Takxum 00pazom, Imociie pearn3annuy orepaTopa MyTa-
IIUH TIOJTy9aeTCsi HOBOE TIOAMHOXKECTBO pemeHwid. OHO

Hauano
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I'eHepanys HauanbHOU
Buem usist cpesja —
MOMYJISALHA
r 2 —I—
Pacuer LI®
I
—P Cenexuus
I
ITpumenenne 'O
(OM, OK)
: —
Oneparop Pacuer 11d
pekoMOuHauNH
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~ 6
Penyxuns
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JIOC TUTHYT?

Puc. 3. Cmpyxmypa I'A

Fig. 3. A genetic algorithm structure

263



Tpozpammuvie npodykmel u cucmemsl / Software & Systems

2 (30) 2017

00bEANHIETCSl C MEPBOHAYAIBHBIM ITOJJMHOKECTBOM
PELICHUN.

7. BBINONHAETCS 3IUTHAS PEAYKLHUA, TO €CTh JIyd-
IIME PEIICHUS OTOMPAIOTCA B CIEAYIOIIYIO IOIYJIs-
W10, a IUIOXHe yaamstoTca. Takum oOpas3om, pasmep
HOITYJISIUH OCTAETCA MOCTOSHHBIM.

8. IlpoBepsieTcs, NOCTUTHYT JIM KpUTEpUH OCTa-
HOBa. B maHHOW paboTe paccMmaTpuBaeTcss KpHTEpHUI
OCTaHOBA 110 BPEMEHU PabOThl aIrOPUTMA.

9. Ecnau naHHBIM KpUTEpUH HE NOCTUTHYT, MpO-
1iecc MOBTOpsAETCs UTepaiuoHHO. OH BBINONHSAETCS Ha
OCHOBE 0JI0Ka peKOMOMHAINH, KOTOPHIH aHaJIU3UPYET
TEKYI[yI0 MOMYJSLMI0 aJbTePHATUBHBIX PEIIEHUH U
yIpaBiIgeT IpoueccoM noucka. lHade BEIBOAATCS MO-
Jy4eHHBIE KBa3HONTUMAIIbHBIE PELICHUSI.

10. Koner paboThI anroputma.

IMyequHBIH AATOPUTM

OnTUMU3AIMOHHBIN  aJTOPUTM, MOJCTUPYIOUIUI
MOBE/ICHUE MUel B )KMUBOW MPUPOJIE, HA3BIBAETCS MUe-
TuHBIM anroputMowm [12, 13, 19, 20].

Ha wnavaneHOM 3Tame ciyyailHbIM 00pa3oM OT-
MpaBJIAIOTCSL  areHTbl,  MbITAIOIIMECS  OTBICKATH
Y4acTKH, T/I€ €CTh KBa3HoNTUManbHOE pewmenue. [lo-
Clie BO3BpAIlEHHUsT areHTHl OCOOBIM 00pa3oM c000-
LIal0T OCTaJbHBIM, TAE€ U CKOJBKO pELIEHUH OHHU
Hanuiy. /lanee B OKpeCTHOCTH HaMJIEHHBIX pELICHUM
OTIIPABISIOTCS IPYTHE arCHTBI, IIPH 3TOM, YeM OOJTbIIe
HaWJICHHBIX PEIICHNUH, TeM OOJIbIIIEe areHTOB HAIIPABJISI-
I0TCSL B IaHHYIO OKPECTHOCTh. DTO O3HAUYAET, YTO KO-
JIUYECTBO areHTOB B KAXKIOM HaNpaBIeHUH MIPOMOPITU-
OHAJBHO 3HaueHuIo [{®. AreHTHI MPOI0IIKAIOT HCKATh
JIpyrue KBa3WONTUMAJbHBIC PEIIEHUs, U TMPOIECC TO-
BTOpSIETCS. ATEHTHI )KUBYT HE B IByXMEPHOH TIOCKO-
CTH, TJ€, 3Has ABE KOOPIAMHATHI, MOKHO OIpPENEIUTD
KOJIMYECTBO PEIEHUH, 2 B MHOTOMEPHOM MPOCTPaH-
CTBE, TJC ONWH MapaMeTp (YHKIUHU MPEICTaBIACTCS
KaXIOW KOOPAWHATOH, KOTOPYI HEOOXOINMO OITH-
Mu3upoBath. HalileHHOe KBa3MONTHUMAaJbHOE peLie-
HUE IpeacTaBisaeT codolt 3HaueHue L{D B 3TOM TOUKE.

OcHOBHBIE 3Tallbl PabOTHl MUETMHOTO AJITOPUTMA
(puc. 4).

1. TenepupyeTcss HadaJlbHOE pa3OueHWe HA Kila-
CTEpHI JUTI TIOWCKa. BHEIHsSA cpefa OKa3bIBaeT BIIHS-
HUE Ha MMOCTPOCHHE KJIACTEPOB JJIs TOUCKA.

2. Onmnpenensiercsa 3nauenue LD s kaxxaoro kia-
cTepa.

3. BwIOMparoTcs HavaJlbHBIC KJIACTEPHI, HA KOTO-
PBIX OYIeT OCYIIECTBIATHCS MOUCK.

4. Ha3zHaudaeTcs KOJWYECTBO areHTOB IS IIOMCKA
B OKPECTHOCTSX Kkiactepa. [Ipy 3TOM KOIMYECTBO
areHTOB OOpaTHO MPOMOPIMOHANRHO 3HaueHuio L[D.
To ecThb, UeM JIydIille y9acTOK, TeM OOJIbIIE MUYe JJIs
MTOUCKA, YEM XYK€ — TEM MEHBIIE MY,

5. Ilpou3BoguTCs TOMCK Ha KaXJOM KJacTepe.
Ecnm na kmactepe HaiiieHO jydilee pelnieHue, OHO
CTAHOBUTCS KJIACTEPOM JIJIs TIOUCKA.

6. BoinonHsieTcs ciiydalHbli MOUCK IyTEM TeHe-
palyy HOBBIX PELEHUH.

264

7. IlpoBepsieTcs KpuUTepUil OCTaHOBA: €CIH J0-
CTUTHYTO 3a/laHHOE€ BpeMsl pabOThl aJlTOPUTMA, BBIBO-
JUTCA KBa3sHONTHMAalbHOE pEIICHHE, WHAYe MpPOJOJI-
JKaeTCs TIOUCK B OKPECTHOCTSAX II. 5.

8. Komnen paboTsr anropurMa.

B nuennHOM anropuTMe, Kak M B T€HETHYECKOM,
pellleHHe MPEACTABIEHO B BHUAE 3aKOJUPOBAHHOTO
BeKTOpa. PacnonosxeHre HCTOYHNKA HEKTapa OIpese-
JISIeTCS 3TUM DPELICHHEM, TO €CTh PEIICHUE SIBIIAETCS
KOOpAMHAaTaMu HcTo4HuKa. KomuuecTBo Hekrapa
onpenensercs 3HadyeHueM L. Tak kak ns 3amaun
KJIacT€pU3aLlUU Hal0 MUHIMU3UPOBaTh 3HaueHue 1D,
KOJIMYECTBO HEKTapa 00paTHO npornopruoHansHo LD.
Kiactep umeer HavaibHBIA pasmep, (DUKCHPYEMBbIH
HapaMeTPOM 0.

K 0CHOBHBIM HaCTpPOHKaM OTHOCATCS KOJIMYECTBO
areHTOB, KOJHMYECTBO HCTOYHHKOB HEKTapa (ciy-
YaifHO KOJINYECTBO KJIACTEPOB), pa3Mep KIacTEpOB
JUIA TIONCKAa W BpeMs paboThl KaK KPUTEPHH OcTa-
HOBA.
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Puc. 4. Cmpyxkmypa nuenunoeo anzopumma

Fig. 4. A bee colony algorithm structure
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MypaBbHHBIH AJITOPUTM

MeTtona poeBOro MHTEIIEKTa ONUCHIBAET COBMECT-
HOE TIOBEJICHUE TepepacipenencHns camo(opmMupye-
MOH CHCTEMBI, KOTOpasi COCTOUT U3 MHOXXECTBA arcH-
TOB, ECTECTBCHHO B3aUMOJICHCTBYIOINX MEKIY OO0
U C BHEIIHEW cpeioil. Are€HThI IPOCThI, HO, HEMOCPE-
CTBEHHO B3aMMOJICHCTBYSI, BMECTE CO3/IAI0T TaK Ha3bl-
BaeMblIil poeBoi uHTeIIeKT [12, 13, 17-20].

Wnest MypaBbHHOTO aNropUTMa 3aKJII0YaeTCs B MO-
JIeIUPOBaHUH TTOBE/ICHUS ar€HTOB U CBSI3aHA C UX CIIO-
COOHOCTBIO OBICTPO HAXOOUTH KpaTYaWIIMH IyTh U
aJalTUPOBATECS K M3MEHSIOUIMMCS YCJIOBHUSAM BHEII-
HEel Cpelbl, HaXO[s HOBBIA KpaTdaimuili myTs. Ilpu
CBOEM [IBIDKCHUH are¢HThHI IOMEYAIOT MyTh, U 3Ta WH-
(opmarss MCTIONB3yeTcd APYTMMH areHTaMu  JUId
BeIOOpa myTH. Takoe 31eMeHTapHOE MPABUIIO TTOBEE-
HUS W ONpeNeNseT CIOCOOHOCTh areHTOB HaXOJHUTh
HOBBI IyTbh, €CJIN CTAPbIH OKa3bIBACTCS HEJOCTYITHBIM
[3,12,19].

[Ipu pemieHny ONTUMM3ALMOHHBIX 33aa4 HE00XO-
MO pa3padaThIBaTh WM MOAU(DHUIUPOBATH HECTAH-
JapTHBIE METOJIbl PelIeHNs. ATEHTHI JBUXKYTCS B IIPO-
CTPAHCTBE M0 CllydyallHOMY MapupyTy. Mapumpyt pas-
OuBaeTcs Ha paBHO3HAuHBIE y4acTKu. IlepenBuxenue
areHToB (PUKCHpyeTCs: BECOBBIM KOIP(PHUITIEHTOM, KO-
TOPBIM yBENMYMBACTCS OT MPOXOXKACHHUS areHTa IIo
yuacTKy Mapupyta. [laipnie HeoOXOIMMO BEIOpATh
9BPUCTUKY CTPOMTENILCTBA pEIICHUS W, eciau dpex-
THUBHOE pEIICHNE HE HalIeHO, PeaIn30BaTh ONTHMAIIb-
HBII JIOKaJIbHBIHN MOUCK.

s ompeneneHusT HAa4YaJbHOTO PACHOJIOXKESHUS
areHTOB HCMONb3YyeTcs cTpaTerus «/IpoboBuk» — ciy-
JaifHOe paclpe/ielIeHNe areHTOB B IIEHTPaX KJIacTepoB,
IpUYeM HeoOs3aTeIbHO, YTOOBI YUCICHHOCTH areHTOB
U IIEHTPOB COBIIAIANIH.

JIro60if areHT monydaeT UHGOPMAIMIO O BECOBOM
K03(HUINEeHTE, TIOBBIIAIONIEM BEPOSITHOCTD ITPOXOXK-
JICHUsI areHTa 1o JaHHOMY y4acTKy Mapupyrta. Beco-
BO# K03 purmeHT B MOMEHT BpemeHH t Ha yuactke Djj
Oyner coorBercrBoBath Tif(t). HauanpHoe 3HaueHme
ko3¢ dunnenTa 3a1aeTcsi Kak HEKOTOPOe HEHYJIEBOE
HarypainpHOe umcio (0 < 7j(t) < 1). Ecim yuactok
MapIipyTa He IPOXOAAT HEKOTopoe BpeMs t, To Beco-
BOH K03 PUIMEHT n3MeHseTcs mo Gpopmyne

T (t+1) = (1= )5, (0 + D ATy, (), (s)
k=1

r7ie M — KOJIMYEeCTBO areHToB; P — koaddurmeHt mme-
Hernust (0 <p <1).

3aja4a KiIacTepu3aluy — MUHUMHU3UPOBATh CPe-
HIOIO CyMMY BHYTPEHHETO KJIACTEPHOTO PACCTOSHHSL:

min(} F), (6)
rae Fi— nuHa BeKTOpa, MONaBIIero B 3aMKHYThIH yda-

CTOK.
PaCCMOTpI/IM HpeI{J’IO)KCHHLIﬁ aBTOpaMHU aJIrOpUTM

(puc. 5).
1. BBOa MCXOOHBIX JAHHBIX — FeHEpaIus JIeMeH-

TOB OaHKa JAaHHBIX, BBOJ KOJIHMYCCTBA DJICMCHTOB.
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Puc. 5. Cmpyxkmypa mypasvunozo ancopumma

Fig. 5. An ant colony algorithm structure

2. BBox mapameTpoB — BBOJ BpEMEHH pabOTHI aJl-
TOpPUTMA U KOJIMYECTBA arcHTOR.

3. HavanpHoe pa3MellieHHe areHToB — CiIydaifHoe
pachpeeneHe areHToB B LIEHTPax KIacTepoB (Ipou3-
BOJIUTCSI C UCTIOJIb30BAHUEM CTpATEerHu «/IpOOOBUKY).

4. OcymiecTBiIeHUE UTEPAIHA, KOJIUYECTBO KOTO-
PBIX OTIpEeENSIeTCs TOIb30BaTENeM B 1. 2.

5. IlepemenieHne areHToOB — KaXKJblii areHT rnoce-
IIaeT KaXKBIH 3JIEMEHT 110 OJHOMY pa3y.

6. [IpucBoeHue BECOBOTO KOA(PPHUIIMECHTA yIaCTKY
MapIpyTa: HadyalbHOE 3HAYCHUE BECOBOTO KO3 HU-
IMEHTa 3aJaeTCsl KaK HEKOTOpOe HEHYJIEBOE Hary-
paneHO yncio (0 < z;(t) < 1).

7. N3menenue BecoBoro kodddummenta mo ¢op-
myie (5).

8. TTonck nydIiero TeKyuiero peleHns Ha OCHOBa-
HUH hopmyrsr (6).

Cepuist BBIYHCIIHATEIHHBIX JKCIICPUMEHTOB MOKa-
3ana, 4To 3(PQPEKTUBHOCTF MYpPaBBUHOTO aJITrOPUTMAa
BO3PACTacT C YBEIUYCHUEM pa3Mepa ONTUMH3AIHOH-
HBIX 33/1a4. Ba)xHOH 0COOEHHOCTHIO MYPaBEHHOTO aJI-
TOPUTMA SIBJISIETCS KOHBEPTCHIMS albTCPHATUBHBIX
pemenwmii. [Tocne OOJBIIOTO YKCa UTEPAIUi IPH OJ1-
HOBPEMEHHOM HCIIOJIH30BaHUH OOJBIIOTO KOIHYECTBA
pemeHnii HeT OONBIINX 3aIePKEK B JOKAIBHBIX IKC-
Tpemymax. K HacTpoiikam MypaBbHHOTO ajIropuTMa
OTHOCST KOJIMYECTBO areHTOB, BECOBBIE KOd(uIu-
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eHTHl 0, B, popMupylomue npeacTaBIeHUe O IPUO-
purere BeIOpaHHOro ydactka Mapmpyta. Koaddu-
[MEHT M3MEHEHHS IOKA3bIBACT CTENCHb CHIKCHHS
HNPUOPHUTETHOCTH BEIOPAHHOTO YJacTKa MaplIpyTa.

Pa3pabdorka nporpaMMHOro KOMILJIeKkca

Jus 3¢ dexTuBHOTO pemeHus 3a1ad UHTEIUIEKTY-
aJIbHOTO aHaJIM3a JAHHBIX, B YaCTHOCTH 3aJa4yM Kja-
CTepHU3alu{, NPEeAJNaraloTcsi 3BPUCTHYECKHE alro-
PHUTMBI, IpeoOpa3yIoIne 0JHO KOHEYHOE MHOKECTBO
aNbTEePHATUBHBIX PELICHUN B APYroe, UCHOIb3ys IJIs
3TOr0 MEXaHU3MBI U IPUHIUIIBI TEHETUKHU U IBOJIIOLNH
JKUBOHU mpupoasl [5, 9-13, 16].

Ha pucynke 6 mpezacraBieHa yKpyIHEHHasl apXu-
TEKTypa MOJIeJI OMOMHCIIMPUPOBAHHOTO TIOMCKA, pa3-
paboTaHHast B TpoliecCce HAMMCAHUS NPOTPAMMHOTO
KOMIUTEKca. JlaHHast MOenb aHAIM3UPYET NOBEACHNE
@ npwm ucnosnp30BaHUM TPEX Pa3INYHBIX IBPUCTHYE-
CKHUX JTOPUTMOB. VIcHIONb30BaHNE MOAENHN JAeT BO3-
MOXHOCTb pPellaTh 3aa4l KJIACTEPU3aLHHU C JTIOOBIMU
HabOpaMU UCXOHBIX TaHHBIX.

1. Ha Bxoje reHepupyeTcs HauanabHas MOMYJISLUSL
aJbTEPHATUBHBIX PEILICHUN N10J, BO3JEHCTBUEM BHEUI-
Heit cpenst (JITIP).

2. BelOupaercst anropuTM KJIACTEpU3AIMU BIie-
MEHTOB (TeHeTHYEeCKUI anroput™ — ['A, MypaBbHHBIHA
anroput™ — MA; maenusbri anroput™ — [1A). Ha oc-
HOBE BBITIOJIHEHUS aJITOPUTMOB CTPOUTCS TIOIYJISIIIMS
IBTEPHATHBHBIX PEIICHUH.

3. Tlpumenus ot6op, JITIP noxydaer Habop KBa3u-
ONTHUMAJIBHBIX PEIICHUH KITacTepU3aIliy.

4. Ecnu KBa3MONTHUMAJBHOE PELICHNE He yIOBJe-
TBOPSIET, IOBTOPSIEM Iar 2.

#i Bxon

ﬁ Tomynsams

IIkana BeiGOpa [ -
cpena

A OT160p

v

OBOJIONMOHHAS
cMeHa popm

l Brixon

Puc. 6. Ykpynnennasa apxumexmypa
OUOUHCNUPUPOBAHNO20 NOUCKA OISl PeuleHUs 3a0aii
Kaacmepuzayuu

Fig. 6. An enlarged architecture of bioinspired search
to solve a clustering problem
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5. Vnave Ha BBHIXOZE NOJYYAIOTCS HAOOp KBa3H-
ONTHMANBHBIX PELICHUH U (YHKIHSI BpeMEHH, KOTopast
MmoKa3pBaeT 3()()EKTUBHOCTh NPEACTABICHHOW MO-
JIETTH.

OcHOBHas uzest JaHHOH MOJEIH — MOJICITUPOBAHHUE
pacmapajurenuBaHus mporecca 00padOTKU OONBIINX
00BEMOB JTaHHBIX C TTOMOIIBIO IBPUCTHUECKHUX alT0-
PHUTMOB.

BoruncianTeabHbIH IKCIICPUMEHT

Pa3paboTaHHbIe aNrOpUTMBI OTHOCSTCS K KJIaccy
IBPUCTUUECKHUX ANTOPUTMOB. JIJist olleHKH MX 3¢ dek-
TUBHOCTH, 2 UMEHHO BPEMEHHOI CI0XHOCTH, MPOU3-
BOJAUTCS aHAIIU3 CTATHCTUYECKUX AaHHBIX, KOTOPBIE
MOJYYaroTCs MPH HEOJHOKPATHOM BBINOJHEHHN JaH-
HBIX aJIrOpuTMOB [21-23].

Jnsg mpoBeneHHs BBIUUCIUTENBHOIO DKCIEPH-
MeHTa Kiactepu3annu osutn Be1opanst b1 co 100, 200,
300, 400, 500 snementamu. Ilepen HauaaoM sKcnepu-
MEHTa IPOBOJUTCS HACTpOiika ainropurmos. IIpuse-
JIeM TI0JIb30BaTeIbCKIE HACTPONKHU aJrOPUTMOB.

I'enernueckuii aJaropuTm:

orepaTop KpOCCHHTOBEDA........ YHOPSIIOYUBAIOIIUHACS
OTOOP c.eveenereeireeieeerireeiee e JIUTHBIN

OIePaTop CEIECKUUM................. PaBHOBEPOSTHBIH
BEPOSATHOCTH Olleparopa

KPOCCHHTOBEPA ....ccvvveenvreeneeannns 10

BEPOSITHOCTH OllepaTropa

MYTALHH «..cooneveeneeeeirenieeeneeenane 90

pazMep HOMYJSILHUU. ........c........ 200

BPEMS PAOOTEI «....eevveenerenernnnne 10 c.

MypaBbHHBII AJITOPUTM:
KOJITYECTBO ATCHTOB .....evveuvereireveneenneanas
Bec ciena pepoMoHa a.
Bec ciena Gpepomona
KO3 QHUIUEHT U3MEHEHHUS ......eonveenenennnenn 0.5
BPEMSI PAOOTBI ....vvevveeeveeeveeereeireseeeeeeveennens 10 c.

MypaBbUHBIA AITOPUTM HMEET psxa crelupuye-
CKHX HacTpoek. Ompepensiercs, CKOJbKO areHToB Oy-
JyT y4acTBOBAaTh B MOUCKE KBa3HONTHMAJbHBIX pelie-
Huil. BecoBele koapduumeHTs o 1 f — mapaMeTpsl,
BIMSIFONIIAE HA TIPHOPHUTET BHIOOpA TOTO WM HWHOTO
ydacTka Mapipyra. [lapamMerp o KOHTPOJHPYET BHI-
0op Ha TekyieM mare i, j. [lapamerp B KOHTpOIUPYET
BBIOOp HA Y4YACTKE I, | C ONTHMAIBHBIM 3HAYCHHEM Be-
coporo kod¢p¢unmenta. Koosdduiment wusmenenus
ompenersieT BpeMsi, ¢ KOTOPBIM MPOUCXOIUT H3MEHe-
HHE BECOBOr0 KOd(pduIMeHTa Ha HpebIIyIIeM
y4acTKe.

ITye UHBIIH aJTOPUTM:

KOJIHMYECTBO AI€HTOB & ..ceeeeeeeeeeeeeeeeeeeennnnn. 100
KOJIMYECTBO LIEHTPOB KIIACTEPOB................ 20
KOJIMYECTBO ar€HTOB D .....cvvvvviiiiniinae, 20
PABMEP KITACTEPOB «..eenveeenveeenieeenreeeireennes 4

BpeMs paboThI

Jlst paboThl TYETMHOTO aNrOpuTMa HEOOXOIMMO
OTPE/ICTUThCS C MUHUMAJIbHBIM HA0OPOM HMCXOHBIX
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Lienesas ¢pyHKuMs, y.e.
1<}
o

1 2 3 4 5 6 7 8 9 10

Bpems, c.

=@ [€HETUYECKNI anroputm == [T4€NHbI ANTOPUTM

MypaBbUWHbI aNropuUT™M

Puc. 7. Ilepsas cepus mecmos

Fig. 7. The first test series
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LieneBas ¢pyHKUMA, y.e.

15600
15450

15300
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Bpems, c.

el [EHETUYECKUI ANTOPUTM ey [14EIUHBII ANTOPUTM

MypaBbuWHbIN anroputm

Puc. 8. IIamasa cepua mecmos

Fig. 8. The fifth test series

JnaHHbIX. KonndyecTBO areHTOB 4 — areHToB, KOTOPHIE
OTHPABIISIIOTCS B LEHTPHI KIACTEPOB ISl TIOMCKA d(-
(hexTuBHBIX pemreHuit. Ecinu pemenne HaiiieHO, B HEr0O
OTIIPABISIOTCS areHTHl I TOWCKAa JIPYTHX KBa3H-
ONTUMAIIFHBIX PEIICHUH B OKPECTHOCTIX HaiiIeHHBIX
pemienuid. KonnuecTBo perieHuid sIBASETCS Hadallb-
HBIM Ha3HauYeHUEM I areHToB 4. PasMep xiactepos
WU3MEPSCTCS B YCIOBHBIX CIUHUIAX.

Juist uccnenoBanus pe3ysbTatoB 3 (GEeKTUBHOCTH B
MPOTPAMMHOM KOMIUJIEKCE peajn30BaH OJOK BBIBOJA
rpaduka pe3yybTaToB BIIIOJIHEHHS, a B TJIABHOM OKHE
MIPOTPaMMBbI BBIBOJUTCS KBa3HONTHMAIbHOE 3HAYCHHE
.

IToka HE HOCTHTHYT KPUTEPHUIl OCTAaHOBA AITOPHUT-
MOB Ha PaBHO3HAYHBIX BPEMECHHBIX YYaCTKaX Ha OCHO-
BaHUH (3) MUHAMU3UPYETCS CpeiHee BHYTPEHHEE Kia-
cTepHOe paccrosiHue. Ock abcuuce 0ToOpakaeT Bpe-
MEHHBIC YYaCTKH, a OCb opAWHAT — 3HaueHue [[D Ha
Ka)XJIOM YYacTKe.

IepBas cepus tectoB: 100 31eMeHTOB OaHKa JAaH-
HBIX (puc. 7).

3navenue myqmux [{d: 1) 'A - 618, 2) MA — 583,
3) ITA — 123.

B pamkax nmanHo# paGothl L@ wusmepsieTcs B
YCIOBHBIX €IWHHIAX Ui O00O3HAYEHUS PACCTOSHHSA
MeXxay kiactepamu. 13 rpaduka BUIHO, YTO IMYEH-
HBII aNTOPUTM IIPUBEN K HaWTyulieMy pesyabrary Ld
3a 9,36 cex. DTO 3HAUYCHHE SBJISCTCS ONTHUMAJIbHBIM B
paMKax HaHHOH paboTel. MypaBbUHBII alNrOpUTM
OBICTPO TOMANI B JIOKANBHBIN onTuMyM. ['A moka3zan
BBICOKYI0 TOYHOCTb B MOHCKE KBa3HONTUMAJILHOIO
pa3bueHus Ha KIIacTephl, JaXKe yCTyIas APYyTruM ajro-
pHUTMaM 110 BpEMEHH TIOUCKa.

Bropas cepust TectoB B 200 371eMEHTOB ITOKa3aia
npenMymiecTso I'A 1 MypaBpHHOTO aIrOpUTMa B pe-
IIICHUH [TOCTABJICHHON 3aa4u.

Tpetbst cepust TectoB B 300 351eMEHTOB MOKa3aa,
YTO MUEJIMHBIA aJITOPUTM CaMblil OBICTPBIA U TOYHBIH.

JUIs TOYHOCTU BBIYMCIUTENBHBIX YKCIIEPUMEHTOB
omyctuM 4-10 cepuro TectoB Ha 400 snementos. Ilpo-

BEJIEM IIATYIO, 3aKITIOUUTEIIbHYIO, CEPUI0 Ul aHAIN3a
MOJIy4YCHHBIX TaHHBIX.

[TsaTas cepus Tecto: 500 anemeHTOB (pHC. §).

PaccMOTpUM BBIYMCIUTENBHBIA 3KCIIEPUMEHT IIO-
Ipo6Ho. 13 rpadMKkoB BHIHO, YTO MUYESITHHBIA U Mypa-
BBUHBIH alTOPUTMBI IIPAKTUYECKH HE yCTYHArOT APYT
npyry. A B Hayanme cBoeit pabOTHI pa3BHBAaET XOpPO-
IIyI0 CKOPOCTb, HO MONAJaeT B JIOKAJIbHBIH ONTHMYM
Ha 33j1a4ax ¢ OOJIBIIMM HAOOPOM HCXOJHBIX JAHHBIX.
JlaHHBIE SKCIIEPUMEHTBHI ITOITBEPIKAAIOT CIIOCOOHOCTD
MYETMHOTO U MYPaBBHHOTO aJTOPUTMOB HAaXOJUTh
KBa3MONTHMAJIBHOE PEIIeHHEe Ha 3ajadax ¢ OOJBIINM
HA0OPOM HUCXOMHBIX MaHHbBIX [17-20].

Takum oOpazom, IpoBens HATH CEpUi IKCIIEpH-
MEHTOB, MOXXHO CJieflaTh BBIBOJl O IIPEHMYIIECTBAX
Ka)KJJOT0 13 allrOPUTMOB. Vcronb30BaHNe JaHHbIX ajl-
TOPUTMOB KJIACTEPU3AlNH B 33/1a4aX MHTEIUICKTYallb-

KoanuectBo
IeMEHTOR T'A (y.e.) MA (y.e.) TIA (y.e.)
100 618 583 123
200 2786 2583 3069
300 6549 4783 3962
400 11762 9265 7266
500 16311 16549 15740
a)
. 20000

I

> 15000

=

=)

2 10000

i

Z 5000 I I

I

L ] | |

100 200 300 400 500
HTA MA EA Konuuectso anemeHTos
6)

Puc. 9. 3asucumocmu L{® om konuuecmea snemenmos.
a) nonyueHnvle pe3yibmamal,
6) ouazpamma 3asucumocmeil

Fig. 9. Target function dependencies on the quantity

of elements a) results, 6) dependency graph
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HOTO aHaju3a JaHHBIX 3aBUCHUT OT MOCTABJICHHOH 3a-
Jlaul ¥ UCXOJHBIX JaHHBIX. J[narpamma Ha pucyHKe 9
MOKAa3bIBAET 3aBUCUMOCTb L|D oT KosmdecTBa s11eMeH-
TOB IIPH KIIACTEPU3ALUH.

W3 nmarpaMMbl BHAHO, HAacCKOJNBKO A(PQEKTHBEH
TOT WJIM HHOU aJITOPUTM. Bpemst BBITTOJTHEHNS KayKIO0TO
u3 anroputMoB = 10 000 mc. DddexruBHocTs 'A Ha
0onpIIOM Ha0Ope JaHHBIX HIDKE, YeM Y IMYEITHHOTO U
MYpPaBUHOTO aJITOPUTMOB, HO JIaeT pa3OMeHHe Ha Kila-
CTEpbI, NPUOIMKEHHOE K ONTUMAaNbHOMY. [TuenmHbIi
ITOPUTM HMMEET SIPKO BBIPAKCHHOE MPEUMYILECTBO,
YTO [T03BOJISICT TOBOPHUTH O OOJiee TOUHOM pa30UEeHUH.
MypaBbUHBIH ITOPUTM IOKa3ajl HE HAMHOTO XYXKe
ITYEJIMHOTO Pe3yJbTaT — Ha 7,5 Cek.

B pe3ynbTare BHINOTHEHHUS aITOPUTMOB TIOJTyIEHO
3¢ dexTuBHOE (POPMHUPOBAHUE KIIACTEPOB C HANMEHbB-
mmvu LD (puc. 9). DddexTuBocTh pa3zpaboOTaHHBIX
METOJIOB HCCIIEZIOBaHA Ha OCHOBE TPOBEICHHS CEPHU
9KCIIEPUMECHTAILHBIX BHIYNCIICHHH.

3akiaouenue

Pa3paboTaHHble aarOpUTMBI UMEIOT PSJ HPEHMY-
mecTB. CKOPOCTh M KauecTBO pabOoThl OJIaronpHUsITHO
CKa3bIBAlOTCA Ha JalbHEHIeM HCIOIb30BaHUU JaH-
HBIX aJTOPUTMOB JJIS PEIICHHUS 3a/Ja4d KIacTepH3a-
mun. [IpoBeICHHBIH BBIYACIUTENFHBIH SKCICPUMEHT
MOKa3aJl XOPOIINE Pe3yNIbTaThl KAKIOT0 U3 aarOpUT-
MOB. B X071€ cepru BRIYHCIUTENBHBIX SKCIIEPHUMEHTOB
BpeMs BHITIOJTHEHUS KJIACTEPH3AINU HIEMEHTOB OTIIH-
yajuock B cpenHeM Ha 3—5 % ot ontumainbsHoro. Ilog
ONTUMAaIIbHBIM BPEMEHEM MOucKa 3PPEKTUBHOTO pe-
IIEHUS B paMKaXxX JaHHON paOOThI HOHMMAETCS 3HaYe-
HUE B IPOMEXYTKE 8—9 ceKyH I, TOJTyIeHHOE B pe3yJib-
TaTe BBINOJHEHHS YK€ pa3paOboTaHHBIX AITOPUTMOB
KJacTepu3auuu, Hampumep K-cpennux. BpemenHas
CIIO)KHOCTh Pa3pabOTaHHBIX aJTOPUTMOB B COCTaBe
MPOTPAMMHOTO KOMIUIEKCA MPUONU3UTEIFHO paBHA
o(n?).

OCOOCHHOCTh JAHHOTO TPOTPAMMHOTO KOMILICK-
ca — B pa3pabOTaHHBIX MOJU(UIIMPOBAHHBIX AITOPUT-
max. OcHoBHOI Moandukanuei I'A sBiseTcs nmpume-
HEeHHe pemrera OparoceHa JUId HadalbHOM reHepa-
1 Habopa ajapTepHATUBHBIX pemieHnil. CoBMecTHOE
MIPUMEHEHHE OIEPaTOPOB yAAJIEHUS M BCTABKH JaeT
00JBIIOE TPEUMYIIECTBO B MOMCKE KBa3HONTHMAlb-
HBIX penieHnid. MoauduKamnys maeInHOro H MypaBbH-
HOTO aJITOPUTMOB 3aKITFOYAETCS B MOIU(HUKAIINN MaTe-
MaTHYECKOTO MPEACTaBICHUS CTAHJAPTHBIX alTrOpUT-
MOB.

C ydyeroMm yBemuueHUs 00BEMOB OaHKOB JaHHBIX
CKOPOCTb 00pabOTKH yMEHbIIAETCs IPSMO IPOTIOPIIH-
OHAJBbHO KOJIMYECTBY 3JIEMEHTOB, YTO MPUBOJUT K
TpyIHOpEIaeMbIM podsieMaM. MeToabl U MOAXOIbI
JBOJTIOIIMOHHOTO MOJIEIUPOBAHUS SBISTIOTCS A dek-
TUBHBIM CIIOCOO0OM permieHuss NP-TONHBIX, TPyIHBIX
3a1a4, a Moaudukanus U pa3paboTKa TaKHX METO-
JIOB — aKTyaJIbHBIM HAIPaBJICHWEM B MHTEIUICKTYallb-
HOM aHaJIN3€ TaHHBIX.
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OObeHEHHE aNrOpUTMOB TTO3BOJISIET YIIYYIIUTh
Ka4yecTBO pabOTHI IPOrPaAMMHOT0 KOMILIIEKCa U TEM ca-
MBIM YCKOPHTH IIPOILIECC MOMCKa KBAa3HONTHMAJIbHBIX
pELICHUMN.

Paboma evinonnena npu noodepicxke PDODI,
epaum Ne 15-07-05523.
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Abstract. Nowadays, information technologies have developed considerably. Databases grow too fast, and data processing be-
comes more and more difficult with each passing day. Data mining methods become an urgent area of study for processing large
amounts of data because they allow finding out implicit patterns in data sets. One of the main tasks of data mining is clustering. The
authors formulated the clustering problem. Clustering is a NP-complete, difficult task, therefore it is necessary to develop non-standard
algorithms and methods for finding an effective solution in polynomial time.

The purpose of this research is to build a software package for solving the clustering problem. In order to solve it, there were
proposed modified methods of evolutionary modeling and swarm intelligence, which might adaptat to environmental changes.

The paper specifies a modification to find quasi-optimal solutions, which allowed significantly reducing the time of cluster for-
mation. It also describes modified genetic, ant and bee colony algorithms, as well as an algorithm functioning model as a consistent
system. The article considers the structure of the software system and the developed an intuitive user interface.

A computational experiment was carried out on different amounts of data banks. A series of computational experiments showed
that the time for element clustering approximately equals to 9.4 seconds. The difference between the obtained value and the optimal
value is at average of 3—5 %. Within the research, the optimal time is 8-9 seconds. The experiment revealed temporary complexity of
the developed complex. It approximately equals to the ICA = O(n?).

Keywords: data mining, evolutionary modeling, genetic algorithm, swarm intelligence, bee algorithm, ant algorithm.
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PEAAH3AILIHS H TECTHPOBAHHE HBYOTOHOBCKHX METOZOB
BE3YCAOBHOH OIITHMH3AIIHH

A.B. Ceupuoderko, npenodasamens, roshechka@gmail.com
(Hoeopocculickuii ¢punuan KybaHckozo 20cyoapcmaeHH020 yHU8epcumema,
yn. I'epoes ecanmnukos, 87, 2. Hoeopocculick, 353900, Poccust)

IIpemnoxxeH moaxox K yBean4eHHUIO 3P (GEKTHBHOCTH HHIOTOHOBCKAX METOJIOB 0€3yCIIOBHON ONTHMH3AIMH, OCHOBAaHHBIX
Ha (haxTopHu3anyy XO0JIECCKOTO0, C PETYINPOBKOM IIara ¥ ¢ KOHEYHO-PAa3HOCTHOH alNpOKCUMAIHEeH MepBBIX U BTOPHIX ITPOH3-
BOJHEIX. B ocHOBe yBemmuenus 3pheKTHBHOCTH HBIOTOHOBCKHX METOJIOB JIEKHUT MOAMGHIPOBAHHOE pa3jIokeHue Xoiec-
CKOT'O MaTpPHUIIbI BTOPBIX IPOU3BOAHBIX, ONPEAEIAIOIIEE PEIICHHe MPOOIeMbl MaCIITAOMPOBAHMUS LIIATOB MPH CITyCKE, alllpOK-
CHMALUIO HEKBAJAPATHIHBIMH ()YHKLHUSIMH, HHTETPALHIO C METOAOM JOBEPHTEIHHOW OKPECTHOCTH M YMEHBIICHHE HOPMBI
anpuopHOi momnpaBky. VccnenoBaHa BO3MOXKHOCTh YMEHBIIECHHS YHCIIA BBIYUCICHHH (QYHKIMH MyTeM (OPMUPOBAHUS Mart-
PHIIBI BTOPBIX IIPOU3BOIHBIX B COOTBETCTBHU C €€ CTPYKTYPOH.

PaccmoTpena B3anMocCBsI3b 1101X0/1a K YBEITHUYESHHUIO 3P HEKTHBHOCTH rayccoBa HCKIFOUCHUS ISl pa3peIKSHHBIX MaTPHIL U
HpeIaraeMoro Hoxo/1a K yBeJIMYeHUI0 () EKTHUBHOCTH YHCIICHHBIX METOJIOB HBIOTOHOBCKOTO THIIA — HCIIOJIb30BaHUE CTPYK-
TYpbI MaTPHIBI, TO €CTh HHYOPMAIIUK O TOM, B KaKHX MO3HIMSIX MaTPHUIBI XPAHSATCS HEHYJIEBbIE 3J1eMEHTHI. J{J11 HbIOTOHOB-
CKHMX METOJIOB 0€3yCIOBHOM ONTUMHU3AINHI, OCHOBAHHBIX Ha (haKTOPH3aIMU X0JIECCKOTO, C PETYIMPOBKOM IIara ¥ ¢ KOHEYHO-
Pa3HOCTHOW aNNpoKCHMAaIHell IepBhIX ¥ BTOPBIX MPOU3BOIHBIX 3TO BOZMOYKHOCTh YMEHBIICHUS YHCIIA BRIYUCICHUH QYHKINT
myTeM (hOpMHPOBAHMS MATPHIBI BTOPHIX IIPOU3BOJHBEIX B COOTBETCTBHU C €€ CTPYKTYPOIL.

IIpuBeneHs! onvcaHus MPOrpaMMHBIX peaH3aliii, Bce BEPCHHU allTOPUTMOB peann3oBaHbl Ha s3bIke Visual Basic .NET,
cpena paspabotku — Microsoft Visual Studio 2010. [IpuBeneHs! pe3ynbTaThl YHCICHHOTO HCCIeA0BaHMs d3PPEKTUBHOCTH pe-
AJIM30BaHHBIX AITOPUTMOB C yIE€TOM psijia IPaBHII, OIIMCAHHBIX B paboTe.

W3yden nmoaxon k yBennueHHIO 3 (HEeKTHBHOCTH HBIOTOHOBCKHX METOJIOB ¢ KOHEYHO-PA3HOCTHOM ammpoKcuMarueit nep-
BBIX M BTOPBIX IPOM3BOIHEIX. [10/1X0/1 SIBISIETCS] OCHOBOM ISl AaNbHEHIINX UCCIIEIOBAaHNH, Pe3yIIbTaThl KOTOPBIX MOTYT OBITh
HCIIOIb30BaHbI ISl TOCTPOSHUS YUCIICHHBIX METOI0B HBIOTOHOBCKOTO THUIIA.

Kniouesvle cnosa: 1biomonoecke memoos, CMpYyKmypa Mampuybl, KOHEYHO-PA3HOCMHAS ANNPOKCUMAYUSA, pakmopusa-
yus Xonecckozo, macuimadupoganue uiazos, Memoo 008epumenbHoll OKpeCmHOCmu, HOpMA anpuopHoll NONPasKu, benymap-

KUHZ, npod)uﬂb }’lpOMS’BOOllmeJZbHOCmM, KOJUIeKYUsl mecmoeuvlx 3a0ay.

HeroToHOBCKHME MeTOABI — (yHIAMEHTaIbHbBIE HH-
CTPYMEHTHI YHCIICHHOTO aHaJIN3a, UCCIIEI0BaHMUS Olle-
panuii onTuMH3anuy 1 ynpasienus. Hanpumep, 60i1b-
IIMHCTBO HanOoJee M3BECTHBIX METO/JI0B B JTMHEHHOM
U HEJTMHEHHOM IPOTrpaMMHUPOBAHHUU CTPOSATCS HA HX
ocHoBe. OOLIMI NMPUHIMIT TTOCTPOSHHUST OOJIBIITMHCTBA
HBIOTOHOBCKHX METOJIOB OIHIIEM CIEIyIONUM obpa-
30M.

PaccmoTtpumM 3aady 6e3yciI0BHOI MUHUMH3ALUIH

min F (x), (1)

xeR"
rae F: R"—>R! — rmankas Qynkmus; R" — n-mepHoe es-
KJIAI0BO IPOCTPAHCTBO.

ycts h¥, H - rpaauenT 1 reccuan, BEIYMCIICHHbIE
Ha utepauuyu K B Touke X mporecca pemenus 3aaaun
(1). Torma oOmMi NMPUHINN HOCTPOCHUS OONBIIHH-
CTBa HBIOTOHOBCKHX METOJIOB 0€3yCJIOBHON ONTHMH-
3aIlUM C PEryJMPOBKOM IIara COCTOUT B CIEYIOIEM.
Ha xaxoli urepanuu cHayajla CTPOUTCS HEKOTOpas

CBs3aHHas1 C Hk CYIIECTBEHHO MNOJIOXKXHUTEJIILHO OIPE/C-
—k

JICHHas MaTpula H , 4 3aTCM HallpaBJICHUEC CITyCKa pk

—k
BBIUMCIISIETCS Kak pemenue cuctembl H p<= —hnu
onpenensercs Hopas Touka X<*! = xK + oy p*, rme o —
ITMHA 1ara, 11 kotoporo F¥*! < F¥ TIpu stoM mpo-

uenypy nocrpoenus H ‘ OpraHM3yIOT TaK, 4To0bl H ‘
COBIIaJjajia C UCXOAHOW MaTpHULEeH HX ecitir mocequsist
caMa SIBIISICTCS TOJIOKUTEIBLHO OIpPEAENIEHHOH, MpH-
yeM BBISCHEHHE ompenenenHoctd HX m mocTpoenme
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—k
H OCYIIECTBIIAIOTCA MapallyICIbHO B paMKax OOHOU

IPOLEAYPBI HA OCHOBE HEKOTOPBIX MaTPUUHBIX Pa3Jlo-
JKEHUH, KOTOpbHIE IO3BOJSIIOT BBISIBUTH 3HAKH COO-

cTBeHHBIX uncen H¥ u npucnocobuthes ayis reHepa-
—k
o H .

Ha mpaxTuke yciioBue TTaKOCTH LeleBoil QpyHK-
WY SBISICTCS W3JHITHE CTPOTHM: KaK MPaBHIIO, WIIH
mepBble W (WINM) BTOpbIE NPOU3BOAHBIE HE CyIIe-
CTBYIOT, HJIM IPOIECC BBIYHMCICHUS ITHX MPOU3BOJ-
HBIX CIIMIIKOM TPYAOEMOK. B 3TOM citydae OBICTPO
CXOJSIIHMIACS aJTOPUTM MOYKHO IOCTPOHUTH Ha OCHOBE
X KOHEYHO-Pa3HOCTHOH ammpoxkcuMmarmu. [10100H0
CBOEMY KJIaCCHYECKOMY ITPOTOTHUILY OH OPOXKIACT Iie-
JBIA KJAacC MOAMMUIUPOBAHHBIX METOAOB, MPHUYEM
MOIU(UKAINY, TMpeIiaraeMbele s 0000UmCHUs Me-
tTona HeloToHA Ha cityyan cO 3HAKOHEOIIPEICICHHBIMHI
H¥, mpuMeHMMBI U K €r0 KOHEYHO-Pa3HOCTHOMY aHa-
jory, u Haobopor [1, 2].

B nanHO# paboTe B OCHOBE BBISICHECHHS ONPEICIICH-

noctu H¥ u nocrpoenus H “ rexur (axTopuzanus
(pasnoxenue) Xomnecckoro. Paznoxenne Xoyecckoro
JUIL CUMMETPHYHOM TIOJIOXKMTENIBHO OMpEIEICHHOM
marpuipl H umeer sug H< = LXDK(LYT = (UYT DFUK,
rae UX=(LYT — Bepxuss TpeyronbHas MaTpuIa ¢ Aua-
FOHAJIBHBIMU JIEeMEHTAMH, PaBHBIMH efunuue; DX —
JIMaroHajbHasi MarTpula C IOJIOKHUTEIbHBIMU BeIy-
[AMH  DJIEMEHTaMH [0 JAHaroHanu. I[lOCKOJIbKY
cron6usl Marpumsl LX ¢ Homepamu ¢ 1-ro mo (j—1)-if
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U3BECTHBI, e¢ j-ii cTosben onpeaernsiercs mo hopMmynam

i-1 1 i-1
) =S ALy 1 = e W -S|
AmnHanornussle (GOpMynbl CyIIECTBYIOT M JUIS TIO-
CTPOYHON OpraHu3aluu BbIYUCICHUN. B oTiimume ot
rayCcCOBBIX UCKIIOYEHUHM anroputM XO0JIecCKOro 4yuc-
JICHHO yCTOWYMB 0e3 KaKuxX-IHOO MepecTaHoBoK [3].
OTO  CBOHCTBO  ONpPENEISIETCSI  COOTHOLIEHHEM

4 Ikzdk_hk i=1 HK
Z}( ij) i =hys 1= 1, ..., n, Mexay snemMeHTaMK
=

u L. B cuny Hero cymecTByeT anpuopHOE OrpaHuye-

HHE CBEpPXY Ha 3JIEMEHTHI ri].k = I; \ fdﬁ : Ka&XK/IbIA U3 HUX
k

HE NIPEBOCXOIMT MaKCUMaNIbHyO Benuuny hj . Coor-

o k
BCTCTBCHHO JIaBI/IHOO6paSHBII/I POCT 3JICMCHTOB I’ij HC-

BO3MOYKEH HE3aBHCHUMO OT TOTO, OyIyT BEyIIHE 3Je-
MEHTbI MaJBIMH WM HET.

ITocTpoenne HanpaB/IeHUIl HBIOTOHOBCKOTO 110-
ucka. Paxropuzaius X0JIeccKoro HempuMeHnMa s
0001 CUMMETPUYHOM MaTPHIIBI 110 CJITYIOLIUM MPHU-
yrHaM. Bo-TmepBBIX, /U 3HAKOHEONPEAEIeHHOW MaT-
priel H* pakropusanus Xos1ecckoro MoJkeT He CyIie-
CTBOBaTh. BO-BTOPBIX, 1ake €CIIM OHA U CYIIECTBYET,
TO TapaHTHUPOBATh YHCICHHYIO YCTOWYHMBOCTbH aJro-
pUTMa YK€ HEJb3sl, TIOCKOJIbKY HUKAaKHUX AIpPHOPHBIX
OTpaHWYeHNH Ha Cy0auaroHaibHble dyeMeHTh L¥ B
paccMmarpuBaeMoM cirydae He Oyzaer. MTak, Ha ocHOBe

00bIYHOW (hakTOpU3aLMU  XOJIECCKOTO IOCTPOCHHE
—k
H He nony4uTs, JUIs 3TOTO HY’KHO BOCIIOJIB30BaThCS

MoIuHUIUpOBaHHOH (akTopuzanueii. Hanmbonee 3¢-
(hexTHBHAsI BBIYMCIIUTENbHAs CXeMa IpeJIOXKeHa B
[2, 3]. JlaHHBII TOOXO COCTOHT B TOM, YTOOBI CTPOUTH
daxropsl Xonecckoro DX u LX, mogunssonecs asym
TpeGOBaHUAM: BCE JMArOHabHble 3JeMeHTh DX
JIOJDKHBI OBITH CYIIECTBEHHO MOJIOXKHUTEIBHBIMH, MO-
JymM BCEX 3JIEMEHTOB TpeyroibHoro (akropa LK
JIOJDKHBI OBITH PaBHOMEPHO OTPaHWYEHBI CBEpXY. Tou-
Hee roBopsi, Tpedyercs, 4To0bl a1 BeeX j=1, 2, ..., N u
HEKOTOPBIX 3aJJaHHBIX MOJIOXKHUTEIBHBIX O U [3 BBIMOJ-
HSUTHCH HEPaBEHCTBA

k k - -

dj 28, || <B,i> j, 2

k
rjie I — BBEJCHHBIE VIl y100CTBA M3JI0KEHHUS BCIIO-
MOTaTeNibHbIe BEJMYUHBL, 110 OIPEENICHUIO paBHbIC

k k

U;4/dj; - Ipusimrant npeioxun B [4] npu peanusa-

IIUH aJITOpUTMa Ha KOHKpeTHOH DBM, B KOTOpOH 1o
3aIMCh MAaHTUCCHI OTBOAMTCS t OUTOB, BETHMYMHY O BbI-

4UCIATE N0 GopMysie & = max {2~ "H K "m , 27

Jnst coxpaHeHHsT YMCIEHHOW YCTOMYMBOCTH MPO-

neaypsl moctpoenns H¥ a taxoxe mia comagerns H
—k
u H B ciyuae HONOXUTEIBLHO onpeaeneHHoii HX me-

Jeco00pa3HO BENMYWHY [3 BBIUUCIATH O (opMmyde

B’ :max{y,&/x/ﬁ,s,w} .

3nech & — MakCUMabHBI MOAYJb HEIUaroHajb-
Horo snementa HY; y — 3HaYeHHe MakCHMalbHOTO M3
JMaroHaabHbIX 3jeMenToB HY; ey — MamuHHas Tou-
HOCTB; €v BBOJAUTCS B (OpMYJIy pacuera [3, 4TOOBI
00ecTIeunTh YCTOHYHBOCTD BRIYHCICHUH, KOTa HOpMa
H* ouens mana [4]. IIpu 9ToM IpoLeaypa pacyeTa Mo-
nudumupoBaHHEX (akTopoB LK u DX dakrmuecku
MpeJICTaBIsIeT COO0M OOBIYHBIN ANTOPUTM (haKTOPH3a-
1K XO0JIECCKOTO C TIOIYTHBIM YBEJIMUEHHEM (II0 Mepe
HEOOXOMMOCTH) TUAaroHalM HMCXOJHOM MaTpHUBl C
LENBI0 TOOUTHCS BEHITIOHEHHSI HepaBeHCTB (2). Mart-
puel LK n DX, monydenHble 10 OKOHYaHWM OTIMCAHHO
MpOoIIeTypHl, OyAyT hakTopamMu XO0JIECCKOTO IS TIOJIO-
JKUTENIFHO ompeeNieHHoN MaTpuisl H ‘ , CBSI3aHHOM C
H¥ crenyromum obpasom: LKDX(L¥)T = HX + EX + H ‘
rne EX — HeoTpuuaTenbHas auaroHaibHAs MaTpUIA,
J-1i BIIEMEHT KOTOpOil paBeH e; . Takum obpazom, mo-

—k
JIOKUTCIIBHO OINPCACIICHHAA MaTpula H wmoxer oT-

JUYaThCs OT MCXOAHON MaTpuubl HY Tombko amaro-
HAJILHBIMHU DJIEMEHTAMHU.
Hanpasnenue crycka p* BbIUMCIISeTCS KaK pelie-

Ok kK k__(y* T
HHUe cucteMbl H p“ =—h* , mpuuem p° =—|H h

OTIPENIEIIAOT MOCTICIOBATEIBHEIM PEIICHIEM BYX CH-
CTEM JIMHEHHBIX YPABHEHUH C TPEYrOJIbHBIMU MAaTpH-
mamu: LXK yk = —hk DK(L9T pk = yk.

Jliis mocTpoeHus: MOAUGHUIIMPOBAHHOTO Pa3JI0Ke-
Hus XOJIECCKOTO TPeOYEeTCs BBIIONHUTH OKOIO Y N’
apu(QMETHIECKUX OIepaIuii, IPUMEPHO CTOJNBKO XKe,
CKOJIBKO HEOOXOIUMO JIJIsl OOBIYHOTO PA3IOKESHHS TS
MOJIOKHUTEIHHO OTPEACIICHHON MaTPHIIBL.

BoruuciaurenbHasi cxema 1 MommpuiupoBaH-
HOT'0 pa3zJioxkeHus XoJjecckoro. Jlanee mpuUBOIUTCS
JCTAJIBHOC OIIMCAaHUEC BCEX onepaunﬁ, BBIIIOJIHACMBIX
0 X0y MOCTPOCHUS MOAU(DUIIUPOBAHHOTO Pa3IIOKe-
HUs1 X0JIECCKOTO ¢ nmepectanoBkamu [3]. Jana Haubo-
nee 3(QeKTHBHAS CcXeMa OpraHHW3aldd PacyYeTOB.

B mporecce BBIYMCIEHHS j-TO CTONOLA MaTpuipsl LX

k
ss

YYacTBYIOT BCIIOMOTaTelbHbIE BeTMunHbl Cf = |Xd
s=1,...,}i=],..,n
lae 0 (Pacuer mopora 11 3neMeHTOB). Brrumc-

muth B’ = max{ v, E/v,g, } , TIe V= max{ 1,\in2 —1} s

a gucna Y u § — MakCUMAaIllbHBbIC 3HAYCHHS MOJYJICH
JIMATOHATBHOTO W HEHATOHAIBHOTO 3eMeHTOB HX.
Hlae 1 (Manumanuszanus). [IpUCBOUTE HHICKCY

cronbua j suauenue 1. [punsats ¢f =g, i=1,...,n.
Ilae 2 (IlepectaHoBKa cTpok U cToinOnoB). Halitu

K
C;|. lomenars Me-

o k
MHJEKC (, TaKOH, UTO |qu| = max

j<i<n.

CTaMH BCE JIaHHBIC, OTBEYAIOIINE CTOJIOAM MaTpPHUIIBI

H¥ ¢ Homepamu ( U j, a 3aTeM MPOJIENATH TO Ke CaMoe

C TaHHBIMH, OTBEUYAIOIIMMH €€ (-i U j-i cTpoKam.
Illaz 3 (ITouck MakCUMaJbHON TI0O MOJYJIIO BEJIH-

j-1
Kk Kk K Ak
gunbl  lydy ). Beruenuts ¢ =gy -2 ¢ A
s=1
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i=j+1,...,nuHaiitn 0; = max C;| (eciu j =N, B34TH

j+l<isn
0;=0).
Illaz 4 (Pacuer j-ro IMaroHaabHOTO 3JIEMEHTa (hak-

topa D¥). Beruuciuts d;. = max{ 6,|C;|,9? /Bz} U 1o-

k K k .
npasky €; =d; —C; . Ecim j = N, BbIYMCIeHHs NpeKpa-

THTB.

Hlaz 5 (Pacuer j-it crpokn L¥). Bprumcmuts

k k k _ . .
lg=¢c/dg mas=1,. ., j—-Ldmi=j+1,..,n
TEpECUNTATh AMATOHAIBHBIE IEMEHTHl Cf 1o (op-
k k k k H H

myne C; = C; —l;cy . TlpucBouts j 3Hauenue j + 1 u
BEPHYThCA K mary 2.

MopunduuupoBanHas ¢axropusanus XoJeccKoro,
MOMHMO TIPOYEro, IT03BOJISET ONPE/ICIUTh U HAlpaBJie-
HHE OTPUIATENILHON KPHBM3HBI, pellas ypaBHEHHE
(LT pX = e, T1e uHmEKC S BHIOMpAETCS U3 YCIOBHUS

k K k ks
ds—e,<dj—e;, j=1,...,n

IMomxon k yBenuueHuto 3((HEKTUBHOCTH alro-
putMma ['mnna u Mroppes npennoxed B [1]. Jlokazano,
YTO MOAXOJ K MOCTPOEHHIO HATPABIEHHS CITycKa P
OTIpeZIeTIsIeT PeIleHne MPOoOJIeMbl MAacIITaOMPOBAHMS
IIaTroB IIPHU CITyCKE M MHTETPALMIO C METOAOM JOBEPH-
TENBHOM OKPECTHOCTH CleyronmM oopazoM. B anro-
put™e I'niia u Mioppes HanpasjieHue ciycka pX B Ko-
HEYHOM CYETE BBIYMCIISIETCS KaK PEIIeHUe CUCTEMBI

KYT ok = K pk = K

(LY p=Up*=uf, 3)
rme UK = (DY y& a y* — 310 pemenme cucTeMsl
Lk yk = —h*. Bennunnza amemMeHTOB |u'l‘ | 3aBHCHT OT CIIO-

coba 3agaHus HanpasieHus crycka. Crenys mojaxony
I'nnna u Mroppest, Ui 4MCIIEHHONW YCTOMYNBOCTH pac-
yera anementoB DX, ¥ uX mocrarouno morpeGosath
M3MEHEHMs crocoba 3amanus Pk Tak, 9ToObI 1T BCEX
j=1,2, ..., N M HEKOTOPBIX 3aTaHHBIX MOJOKUTEIBHBIX
d, B ¥ ® BBINOJHSINCH HEPABEHCTBA

dj >3, |rij"|£[3, i>j, |u'j‘|s(n.

3TO MOXET CTaTh KIIOYOM K PEIICHHIO ITPOOIeMBbI
MacuITabupOBaHUsI IIAroB IPH CIYCKE, HO TAKOE Mpe/-
TMIOJIO’KEHHE OMIMO0YHO: MOAXO JIMHEHHON anreOpsl K
BBIYMCIICHHUIO HANPABJICHHUS CITycka P HCKITIOUaeT pac-
YeT 3JIEMEHTOB BekTopa UK 10 X0ty MOCTPOEHHS MO-
JuUIMPOBaHHOTO pasioxkeHust Xosecckoro [5, 6].
HyxeHn anbrepHaTHBHBIA MOAXOA, KOTOPBIH OINHUIIEM
CIIeIYIOIINM 00pa3oM.

Pasenctsa H = (U¥)T DX U¥ nocratousno mis ompe-
nenenus snementos Matpun DX, UK. B ckansproit
(hopme 3TO paBEHCTBO BBHINVISAMUT CIEAYIOIUM 00pa-

. hk _ i k ok dk O k =1
som: hy = Eum u,d,, -Orcrona, nonaras u; =1, no-
CTPOUM COOTHOLIECHUS

i-1 2
dili( = hili( _Z(usk.) dsks >

- “4)
ot :(hg _zu;u;d;jxd;, i

s=1
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nns pacuera snementos DX, UX. TToctpoenue hakTopos
X0JIecCKOro MaTeMaTHYeCKU SKBUBAJICHTHO ITPUMEHE-
HHUIO METOJIa HCKJIroueHus ['aycca Kk cucreMe ypaBHe-
uuit H p* = —hX B ipsiMom nopsiake, mpu 3TOM TeXHUKA
uckoueHus ['aycca mo3BosseT MoMyIuTh COOTHOIIIE-

i-1
e U! :-(hr -zu:u;d;j/d; )
s=1

JI7Is pacdeTa >JIeMeHTOB BekTopa UX 1 ciucteMy ypaBHe-
HUit (3) A1 BRIYHCIEHNS HATIpaBIeHus crrycka pX. Mn-
Terpalys TEXHUKH HCKIroueHus [aycca u hakropusa-
1K X0JIECCKOTO MPUBOINT K cooTHOIICHU:M (4) u (5),
KOTOpBIE C TIOMOIIBIO 3JEMEHTapHBIX apu(mMeTHye-
CKHX OTepalyii MO3BOJAIOT BBIYMCIUTH 3IeMEHTHI U
0 X0y ocTpoeHus pakTopoB X0eccKoro.
WuTterpanus TeXHUKH HCKITIoUeHus ['aycca u ¢ak-
Topu3anu XO0JECCKOTO TeHePHPYET MHOKECTBO pea-
JMU3AIMA YUCIICHHO YCTONYWBBIX BBIYUCIUATCIBHBIX
CXEM 3aJ1aHKs HaIpaBJeHus ciycka P, B ocHOBe KoTo-
PBIX JIEKAT TpeOoBaHME, YTOOBI HA OYCPEIHOM IIare
BEIYUCIICHIH KO3(PPHUIIHEHTOB PaKTOPOB XOJIECCKOTO
COOTBETCTBYIOIINH THATOHAIBHBIN 3JIEMEHT MaTPHUIIBI
DX 1 cooTBETCTBYIOIIMIA 2eMeHT BekTopa UX cHavana
PacCUUTHIBAIKNCH O BBIYHCICHHBIM paHee 3HAYCHUSIM
3THX KO3 GHUINEHTOB. 3aTeM TUaroHaJbHbINA 3JIEMEHT
DX yBenuumBaeTcsh HACTONBKO, HACKONBKO HEOOXO-
JIMMO, YTOObI BCE AUArOHaIbHbIE 3MeMeHThl DX Gblnu
CYIIECTBEHHO IOJIOKHUTEIBHBIMM, MOJYJIH BCEX DJie-
mentoB UX 1 UX 6bLIM paBHOMEPHO OIpaHHYEHBI
cBepxy. Hanpumep, nocrarouno notpeboBaTh, 4TOOBI
Juist Beex 1= 1,2, ..., N BBINOJHSUTUCH HEPABEHCTBA

di =8, |us|<1 j>i, ul|<1, (6)

nonoxus d)f = max{ d,

CHae? /132,|Cik|,9i} , TIOCKOJTb-

k k -
ky onementsi df, ¢ /di u c/df ompenensior i-e
crpoku matpun DX, UK, UK u ynosierBopstior HepaBeH-

k
ctBam (6). 3xech cf, Cii » ¢ — BCIOMOraTenbHble Be-
JIMYHHBI, OTPE/IENSEMBIE CIIELYIONIMM 00Pa3oM:
i1 )
k k k k
¢ =hy _Z(usi) dg,

s=1

i1
K K Kokgk co
Cj = hij _Zusiusjdss’ J>1 (7
s=1

i-1
k k k, k yk
Ci :_(hi _zususidssj'
s=1

WuTerpamnus TexHUKN UCKIoueHus [aycca n dax-
TOpU3aIH XO0JECCKOTO TeHEPHPYET MHOXKECTBO pea-
JU3alW{ BEIYUCITUTENLHBIX CXEM UHTETPAIMH C METO-
JIOM JIOBEPHUTEIBHON OKPECTHOCTH, HAIPHMEp, CIeIy-
romuM 06pazoM. B mpouecce nocrpoenus DX, UK, uk

BBIMMCIUTH diemenTsl ¢ =d) /1 (ecnm d)f > 1y,

B3aTh g =15/7), rue 1 = max{ 6,|dil§|} , BEIYHCIIHTD
k k

y‘ =max g; u onpeneauTh HaNIpaBJIeHHUE crycka pX u3

I<i<n

CHUCTCMBI

LH p“=-h* (8)
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31ech mapameTp y 3aJaeTcs MoIb30BaTeNIeM, YUCIIO
Y (y* >1 1o mocTpoeHuIo) XapaKTepU3yeT CTENEHb O/1-
HOPOJHOCTH, MPH 3TOM (8) — mpocTeiinas dpopma arn-
MPOKCUMAIlUY, OTIMYHAs OT KBajgpaTtudHoH. IlycTs

ﬁkpk :_Ykhk — K _(Yk —l)hk — _p¥ _kak’ roe Gk —
K (Yk 71)hik

i = K

Pi

JAuaroHajbHas MaTpula ¢ 3JIEMCHTaMU g

k—_

—
Ha nuaroHanu. Torma (H +Gk) p* = h* , UTO O3HAa-

4acT CABHUI' Ha g:: BCeX i-X COOCTBEHHBLIX 3HAYECHWIA

—k
Mmarpuisl H . B MeTonmax ¢ perynmpoBKo#i mara mMat-

punty HX Moaupuuupyior Tak, 4ToObI U3MEHEHHS HE
3aTpardBajid MOJIPOCTPAHCTBA, HATSHYTOIO Ha €e
COOCTBEHHBIC BEKTOPHI C MOJOKHUTEILHBIMUA COOCTBCH-
HbIMH 3HaueHusMU [3]. Eciu ke 3ameHa ocymiecTBIs-
eTCsl B METOJIe JIOBEPUTEILHON OKPECTHOCTH, OHA OT-
paXkaeTcs Ha BCEX BEKTOPaX, Tak KaK Pe3ysbTaTOM 3a-

menbl H Ha Matpuiy H g HE + 2k 1 Oyzmer CABHT Ha
MK Bcex cobcTBeHHBIX 3HaueHui Matpuubl HX [3]. U3
BBILIECKA3aHHOI'O CJIEYyeT, YTO CTpaTerus BhIOOpa
HaIpaBJIEHUs CIIyCKa OIpeessieT U HHTErPaluio C Me-
TOZOM JOBEPUTEIBLHOU OKPECTHOCTH.
BorunciaurenbHas cxema 2 MoaudUIUPOBAH-
HOro pa3io:xkeHust XoJsecckoro. Jlanee npueneHa
HanOonee 3(dekTuBHAs cXemMa OpraHM3alHud pacde-
ToB. Bee ¢urypupytomue B Hel BeMYNHBI PU pean-
3auuu Ha OBM Moryt pazmeriarbes B naMsiTH, IEPBO-
Ha4aJIbHO BBIIEIAEMOM 11 3anmuck mMarpun H< u hk,
[Tpu 3TOoM KO3 GHUIMEHTH pacCUUTHIBAEMBIX (aKTO-
POB 3aHUMAIOT MECTa €€ UCIIOIb30BaHHBIX AJIEMEHTOB.
B mpouecce BHUHCIEHHS i-H cTpoku ¢akropa UX
Y4acTBYIOT BCIIOMoraTenbHble BennduHbl (7). B mpo-
1iecce nocTpoeHus cucteMbl ypaaennit U pk = uk na
KaKI01 uTepauu K BEISIBISIOTCS 3HAKH COOCTBEHHBIX
YHCEJ ¥ BBIYUCIISETCS] KOJIMYECTBO OTPUIATENBHBIX Ny
Y HYJIEBBIX Ny COOCTBEHHBIX 3HAYCHUH, YUCIIO TTEPEX0-
JIOB K HaIIpaBJICHHUIO OTPUIATEIILHOW KPUBU3HBI Ns.

Illaz 0. Beraucnnts p° = max{ v, E/v, g, } , TIIe

V= max{ 1,4/n? —1} , aancna ¥ u & — MakCUMabHbIE

3HAYCHUA MO,HyJ'ICfI JAWaroHaJbHOIo M HEAMWaroHallb-
TF

Horo omementos  HX  Tlomoxure g, =2 2,

€, P (1+HF(X"‘1)—F(X" )”) 31ech TF — 4MCIO

NpaBUIBHBIX paspsaaoB F(XX), koTopsie xoTemoch ObI
HOJIY4HTb.

= k _ Lk F
llae 1. Tlpuusate i = 1w ¢ =h; (=1, ..., n),
k k HE
¢;=-h; G=1,....n).
Hlaz 2.
C

Haiitn Takoit wuHAOexkc (, UTO

k| _ k
|qu|—max ii

i<j<n

| , K IOMCHATh ME€CTaMH BCC JaHHBIC, OT-

Bewaronue cTpokam Matpuisl H ¢ Homepamu q u i, a
3aTeM MpOoAeTaTh TO XKE CaMoe C JaHHBIMH, OTBEYAIO-
[IAMH €€ (-MY 1 i-My CTOJIOIaM.

Ilaz 3. Ecnu ¢ <, , To nonoxuts 1 = §; unaue
nonoxuth 1 =cf .

Llaz 4. Ecim |Cﬁ|£ €y, TO MOJOXKUTb No= No+1 u
TIepelTH K mary 8; nHade MeperTH K mary 5.

Ilaz 5. Ecnu ¢ > 0, To nepeiity k wary 8; nxade
HnepelTH K mary 6.

Llaz 6. Tpuasars No=No+ 1. Ecm "hk " > g, TO Ile-
peiTy K mary §; mHave nepeiTu k mary 7.

Llaz 7. Tloctpouts cucteMy ypaBaenuii UX pk = g;
JUTA TIOMCKA HATIPABJIEHHsS OTPHIATENbHON KPHBH3HBI

k -
o popmynam Uj =0, j=1,...,n, u =1, DOTOKUTH
Ns=Ns+ 1 ¥ OCTAaHOBUTHCA.
Ilaz 8. Ecnu | = n, To oy1oxuth 0;= 0; nHaYe BEI-

K - .
YHUCJIUTH BCIIOMOI'aTCJIbHBIC BCIMYHNHBI Cij , ] =1 + 1,

i-1
k k ko k 4k I3
.» N, mo dopmyne c; =hy -3 ugugd, wu Haiitu
s=1

6, = max Ci'f|.

i+1<j<n
Llaz 9. BeIMUCIUTD TAArOHAIBHBIN JJIEMEHT (ak-
topa DX m osmement Bekropa UK mo (opmymam

di =max{3,[ck|.07 /B.[c].0,}, uf =cf/d}. Bu-
gik :dili( /Iik

gik = Iik /v ). Ecan i = n, To mepeiitu k mary 11.

YHUCIIUTH (ecm  df > 1y, B3aTe

k _ k kK os -
a2 10. Beruuenuts ctpoky Uy = C; /dyp, j =i+,
..., N, paxropa U¥, mepecunTars BCOMOraTeIbHEIE Be-

Koj=i+1,....n,

K _ kK
JIMYMHBL 10 popMynam Cj; = Cj; —U;Cy,

C'lf :c'j‘ _ui';cik, j=i+1,...,n nonoxurs i =i+ 1mu
nepeuTu k mary 2.
o k k
Illaz 11. Haiitnn v = max g; , N0N0XKUTh Uk =y
<i<n

1 OCTaHOBUTHCSI.

3ameuyanus. [IpenoxeHHbIH MOAXOA K BbIYHCIIE-
HUIO JUTMHBI 11ara MOKHO HaiiTu B [7-9]. B ocHoBe e-
JKUT UHTErpanus noaxoaos [3, 10-12].

[pemtosxxeHHBIN MOIX0A K MOAUDUKAIIUN KpPHUTE-
pueB octaHoBa, pazpabortanusix ['wioM, MioppeeM u
Paiit [3], MmoxHO HaiiTH B [6].

[IpennoxeHHbI MOAX0 K OIIEHUBAHUIO KOHEYHO-
Pa3HOCTHBIX WHTEPBAJIOB W TMOAXOJ K KOHEYHO-pa3-
HOCTHOHM ammpOKCUMAIMH MEPBLIX U BTOPHIX MPOU3-
BOJIHBIX MOXHO HaifTu B [1]. B ocHOBe nexuT nHTETpa-
nus noaxonoB [3, 11], Tam jke OmMHMCaHBI CIIOCOOBI
BEIOOpa KOHEYHO-Pa3HOCTHBIX WHTepBasioB. CraH-
JApTHBIE MPOTpaMMbI YUcIeHHOTo auddepeHnnpona-
HUSI HaleJeHbl Ha [OHCK KOHEYHO-Pa3HOCTHOTO
HMHTEpBalla, 00ECICUYNBAIONICTO MHUHUMAIBHYI) CYM-
MapHYI0 OIIMOKY BBIYHCISIEMOTO HMPUOIIDKEHHS. AJ-
TOPUTMBI BBIOOpa MHTEpBala Uil LEHTPAITBHOU
KOHEYHO-Pa3HOCTHOW  (OpPMYJBI  MOXKHO  HaWTH,
Hanpumep, B [13]. OmHako IS ONTHMHU3AIIMOHHBIX
MIPIIOKEHUH TaK¥e MPOrpaMMBbI He TIOAXOST, TaK KaK,
obecrieunBasi M30BITOYHYIO TOYHOCTH BBIYMCIICHHS
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OLICHOK NPOM3BOJHBIX, OHU OOBIYHO TPEOYIOT CJIMII-
KOM OOJIBIIOro 4Mclia OOpaleHuil K Mmpoueaype pac-
YyeTa 3HAaYCHUH () yHKIHH.

B [14] oTMedeHo, 9TO 3aMeHa TPaUCHTOB UX KO-
HEYHO-PAa3HOCTHBIMH OLICHKAMH JIy4Ille BCEro MPOXO-
JUT B KBa3WHBIOTOHOBCKUX MeTojax. [Iisi MeTomoB
HBIOTOHOBCKOT'O THIIA PE3YJIbTAThI ONTYYAOTCSI MEHEe
yIOBJIETBOPHUTEIbHBIMU.

TecTrupoBanue

ITocTpoeHue arOpUTMOB, B TOM YHCJIC U Pa3BUTHE
noaxona ['mmna u Mroppes kK HOCTPOEHUIO HalpaBJe-
Hus cirycka [1, 6, 9, 14], TpebyeT mocToSHHOTO TECTH-
poBaHUS Ha OONBINIMX KiIaccaX TECTOBBIX 3aJad pas-
JUYHBIX CTPYKTYpP M XapakTePUCTUK C Pa3THIHBIMHU
HACTPOHKAMHU C LENBI0 BBISIBIICHHS CIa0BIX MECT — CH-
Tyanui, IPUBOIAIINX K 3aMEAJICHHUIO allTOPUTMA WIIH
YXYIIICHUIO Ka4ecTBa pe3yabTara u T. 1.

ANTOopUTMEI 0€3YCIIOBHOH ONTHMH3ALINN TOJDKHBI
OBITH IPOTECTHPOBAHBI 110 KpailHelt Mepe B IBYX pas-
JIMYHBIX CMBICTIAX:

— A7 OLEHKM KOHKPETHOH peaju3allii U COOT-
BETCTBYIOIIMX BBIYMCIMTEIBHBIX TMPOLEAYP; OdYe-
BUJIHO, YTO XOPOILO pa3pabOTaHHbIE TECTOBBIC 33/1a41
SIBIISTIOTCSI OYE€Hb MOIIHBIM WHCTPYMEHTOM ISl yTOY-
HCHHS KOHIICTIIINA U MEXaHU3MOB allTOPHUTMA;

— 78 TOJXYYeHUs MPEACTaBICHUS O THIIOTE3E, 10-
Ka3aTelbCcTBa pab0TOCTIOCOOHOCTH aITOPUTMA U CPaB-
HEHHS aTOPUTMOB Ha SKCIIEPUMEHTAIFHOM YPOBHE.

Kak mpaBwuio, 3amaun 0e3ycIOBHOW ONTUMH3AIHH
MOJKHO Pa3/IeNNTh Ha J[Ba THIA: HCKyCCTBEHHBIE U pe-
anpHble. VICKyCCTBEHHBIE 3a/1a4M HCIIONB3YIOTCS IS
TOT0, YTOOBI YBUJIETh TIOBEACHUE AITOPUTMA B pa3Iny-
HBIX TPYIHBIX CHTYalMsAX, TAKUX KaK ONTHMH3AIUSI
(hyHKIMH C AIHHHBIMEA Y3KHMH OBparaMu, CO 3Ha4H-
TEJNBHBIMU  HYJIb-TIPOCTPAHCTBCHHBIMU 3 (dexTamu,
YHHMOJANBHBIX, C OTPOMHBIM YHCIIOM CYIIECTBEHHBIX
JIOKAJBHBIX SKCTpeMyMOB U T.A1. OCHOBHOW XapakTe-
PUCTHUKOM MCKYCCTBEHHBIX 3aJ[ad SIBISCTCS TO, YTO UX
OTHOCHUTEIILHO JIETKO HACTpauBaTh U IPHUMEHATH B
Ipolecce MOCTPOEHUs aarOpUTMA.

PeanbHbie 3ama4un OepyTcst U3 pa3HBIX HCTOYHUKOB
MPUKIAIHBIX ONTHMHU3AIMOHHBIX 3a1ad (DH3UKH, XH-
MUH, TEXHHUKH, OMOJIOTHH, YdKOHOMHKH, OKEaHOJOTHH,
ACTPOHOMMH, METEOPOJIOTHH U T.A. B oTiimune oT uc-
KYCCTBEHHBIX HACTPOHKHM peanbHBIX 337a4 TPYAHOIIO-
CTYIIHBI M MMM HEJIETKO omepupoBats. OHH MOTYT
UMETh CIIOXKHBIE ajreOpamdeckue Win TudQepeHI-
ANBHBIC BBIPAXKEHUS, MOTYT 3aBHCETh OT OTPOMHOTO
KOJIMYECTBA JAHHBIX U, BO3MOXHO, 3aBUCST OT HEKOTO-
PBIX MapaMeTpoOB, KOTOPBIC JOJDKHBI OBITH OICHEHBI
orpeeeHHbIM 00pa3oM. OYeHb X0poIasi KOJUICKIIUS
pealbHBIX 3a/1a9 0e3yCIOBHOW ONITUMU3AIINN OIACaHA
B pabotax [15, 16]. Cneqyetr OTMETHTB, 9TO cOOpaHme
KOJUIGKIIMA peaybHBIX 3aJad Hadajloch B KOHIIE
1970-x TODOB ¢ OTCTaMBaHUs BBICOKOIO KayeCcTBa OT-
YETHOCTH O BBIYMCIUTEIBHBIX IKCIIEPUMEHTaX MaTe-
MaTu4eckoro nporpammuposanus ¢ [10 [17-19].
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VcTOYHNKOM TECTOBBIX 3a/a4, PACCMOTPEHHBIX B
JAaHHO# paborte, sBiseTcss kowtekmus [20], B coctaB
KOTOPOH BOIIUTH TECTOBBIC ()YHKIMU W3 KOJUICKIIUU
CUTE u mpouux [21-24], a Takxke U3 Ipyrux padboTt u
TEXHUYECKUX OTUCTOB. Lenb 3TOM KOJUICKIMH — pei-
CTaBUTh OOJBIIOC KOJIMYECTBO OOIIUX TECTOBBIX
(hyHKIHH, KOTOPBIC MOTYT UCTIOJIB30BATHCS IS TECTH-
POBaHUS AJITOPUTMOB OE3YCIIOBHON ONTUMH3AIMUA W
cpaBHeHHs ucciemoBaHuid. [y Kaxaod (QyHKIMH
JTaHBI anreOpamdecKue MPeCTaBICHUS M HadalbHEIC
(craproBble) Touku. [[ma Bcex 3amay M3 KOJUICKIHH
[20] m3BecTHBIE anTOPUTMEI O€3yCIOBHOM ONTHMHU3a-
IIUH, HATIPUMEP, KBa3HHBIOTOHOBCKHE, CXOIATCS K O1-
HOMY U TOMY K€ JIOKQJIEHOMY pPeIICHHIO.

OrnunieM KOHKpETHbIE TECTOBBIE 3aauu [20].

3amaua 1 (Extended Rosenbrock function):

n/2 5
F(x):;loo(xzi—xji_l) +(1-%,)
X =(-12 1 -12 1),
3amaua 2 (Wood function):
F(x):loo(x2—xf)z+(1—x1)2+90(x4—x§)2+(1—x3)2+
F10.1((%, 1)+ (%, =1)" ) +19.8(%, ~1)(x, ~1),

X'=(-3 -1 -3 -1)".
3amaua 3 (Generalized Rosenbrock function):

F ()= £ 100(x,, ) +(1-x ).

X =(-12 1 -12 1),
3anaua 4 (Extended White & Holst function):

n/2 5
F(x)= ziloo(x2i —xjH) +(1=%,, )z,

X" =(-12 1 -12 1),
3anaua 5 (Extended Penalty function):

2
F(x)= IOO(xi—1)2+(fo—0.25J,
i=1 i=1
xX"=(1 2 - n).
3agaua 6 (Perturbed Quadratic function):

n 1 n 2
F(xX)=Yix>+—| ¥x |,

() Z] ' 100(2 )

x°=(0.5 0.5 0.5) .
3agaua 7 (Raydan 1 function):
F(X):Zn“%(exp(xi)—xi), X' =(1 1 1)
3agaua 8_ (Raydan 2 function):

n

F(x):g(exp(xi)_xi), X=(1 1 1),
3agava 9 (Diagonal 1 function):
F(x):é(exp(xi)—ixi), X"=(i/n Un

3agaua 10 (Diagonal 2 function):
F(x)= i[exp(xi)*ﬁ} X =(1/1 1/2
i=1 |
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3amaua 11 (Diagonal 3 function):

n

F(x)=Y(exp(x )=isin(x)), x"=(1 1 - 1)".

i=1
3aBeplieHIe UTepanuii IPOU3BOJUIOCH C UCIIONb-
30BaHUEM pEeKOMEHIAIwii u3 [6]:
).

‘F(xk")—F(xk)‘<2"F (1+‘F(xk")—F(xk)
||hk||sz’%(1+‘F(x“)—F(xk)),
<2 (14 [ (<)),

4TO SBJISIETCS y>KECTOUEHHEM YCJIOBHUI OCTaHOBa U3
[4], mO3BONSAIOIUM MOBBICUTH TOYHOCTb PELICHUS, U
XOPOILIO COTIJIACyeTCs] C YUCIEHHBIMH IKCIEpUMEH-
Tamu [1].

3ameyanus. TpyAHOCTH CpaBHEHHsS HECKOJIBKHX
METOAOB ONTHUMM3ALMU IO Pe3yNbTaTaM YHCICHHBIX
SKCHEPUMEHTOB COCTOST B CIEAYIOLIEM.

Bo-nepBbIX, CpaBHEHUIO NOIBEPralOTCA HE Me-
TOIBL, a MAIIMHHBIE PEAU3alMH COOTBETCTBYIOIIUX
aNropuT™MoB. Pe3ynbTaTr cpaBHEHHs 3aBHCUT OT Kaye-
CTBa NMPOTPaMMHOTO KOJIa, BEIOOpA MapamMeTpoB aliro-
PHUTMa, YUCIIOBBIX THIIOB JaHHBIX U T.1.

Bo-BTOpBIX, HEsICHO, KAKUM 00pa3oM COU3MEPSTh
TPYJOEMKOCTb Pa3iIUYHbIX METOAOB. EcTecTBEHHBIN,
Ha NEPBBINA B3I, KPUTEPUH — 3aTPauY€HHOE MAIlUH-
HOE BpeMs — B [EHCTBHUTENFHOCTH HE IIOAXOJHT:
CJIOKHO CPaBHUBATH OBICTPOJCHCTBHE Pa3IMUHBIX Ma-
HIMH, HE BCET]a UMEIOTCA JaHHBIE O 3aTpaTaX BpEMEHU
npu padoTe B MYJBTHUIPOLIECCOPHOM PEXHME M T.H.
Bonee HanexHBIM MOKa3aTelneM SIBISETCS YHCIO BbI-
YHCIEHNH MHHUMHM3UPYEMOH (QYHKIMHM WIH Jpyras
BHYTPEHHSISI XapaKTepucTHka Metona. Ho u 31eck Bo3-
HHUKaeT psij npobsiem. Hampumep, HesiICHO, Kak con3Me-
PATH TPYO0EMKOCTb BEIYHUCIEHUS QYHKIIMU U PEILICHUS
Pa3NUYHBIX BCIIOMOTATENbHBIX 3a1ad. 3aTpyIHU-
TEJIBHO COIIOCTABIIATH BRIYUCICHNS (DYHKINH U €€ TPo-
W3BOJHBIX. B Tex 3amavax, rae MPUMEHSIOTCA KO-
HEYHO-PAa3HOCTHBIE AaNIMPOKCUMAIUU ITPOU3BOJIHBIX,
BCE€ HAMHOTO MPOILE: OJHO BBIYHCICHUE IPAJIUEHTa K-
BUBAJICHTHO N BBIYMCICHHUAM (DYHKIMH, BBIYMCIICHHE
reccMaHa SKBHBJIEHTHO N(N+1)/2 BBIYKCIEHUSIM
¢ynkpm. OHAKO 1S AUCKPETHON 3a1a4y ONTHMAIb-
HOTO yINpaBJICHUs] TPAJUEHT JHIIb NPUMEPHO BIBOE
«mopoxe» (ynkmum [25]. st kBagpaTHuHOH (yHK-
IIUH TPAJANEHT BBIYHCIISIETCS 1aXKe MPOIIe, YeM ee 3Ha-
yeHns. Tax ke eJ10 00CTOUT U ¢ CyOrpaiueHTOM B MU-
HUMAaKCHOM 3aaye u T.1.

B-Tperpux, METOIBI MOTYT TIO-PAa3HOMY BECTH CeOs
Ha pasHBIX JTalax mporecca MUHUMH3anuu. boiee
TOr0, IOBEJICHHE Pa3HbIX BEIHUUH, XapaKTePU3YIOIUX
TOYHOCTb PEIIECHNUS, MOXKET OBITh TAK)KE Pa3IMIHbBIM.

Huxakoro yaoBieTBOpUTENBHOrO crocoba mpe-
OJIOJICHHUS MEPEUYMCICHHBIX TPYJHOCTEH He Ccylie-
cTByeT. ENMHCTBEHHOE, YTO MOKHO ClIeNaTh B 1000~
HOW cUTyaluy, — NIPUBOAUThL JaHHBIE O pPe3yIbTaTax
BBIYHCIICHUH B pa3BepHYTOH (opme, 4TOOBI MMETH
BO3MOYKHOCTb CPaBHEHHSI METOJIOB 110 Pa3HBIM KPHUTE-
pusaM. Pexomenayercs nmpu myOnuKanuu pe3ysbTaToB

MPOBEPKH METOJOB TPHJIEPKUBATHCS  CIEAYIOIIUX
mpasui [25]:

— TPHUBOIUTH TOYHYIO ()OPMYIHPOBKY 3agadd,
JUTSL KOTOPOH MPOBOAMIICS CUET, BKIFOUast BCE €€ Mmapa-
METpPBI X HaYaIbHOE MPHOIIIKEHNE;

— ykaseBaTh THII DBM U NaHHBIX, S3BIK U CPEdy
MPOTPaMMHPOBAHUS, CBEJCHNUS O IPOTPAMME;

— JaBaTh NOAPOOHOE ONHCAHWE IPUMEHSIEMOTO
ITOPUTMA WK OTCHUIATh K €ro IMyOJIUKaIiH, ECIIH OHA
uMeeTcs;

— €o0o0LIaTh pa3INYHbIE XapaKTEPUCTUKH TOUHO-
CTH IPUOIIMIKESHUS, HEBS3KY B OTPAHUUCHHUAX U BBITIOJ-
HEHUH YCJIOBHH 3KCTpEeMyMa; B 3aJadax MaJiod pas-
MEPHOCTH NPUBOJIUTD M CAMU TIPHOJIVKEHHUS;

— YKa3bIBaTh MOJPOOHBIEC CBEACHUS O TPYJOEMKO-
CTH BBIYNCIICHUH.

[Tpn BBIOJIHEHNH 3THX YCJIOBHH MOXKHO BOCHPO-
W3BOJUTH TONYyYCHHBIC JAHHBIE M CPABHUBATH UX C
JPYTHMH 110 Pa3HBIM ITOKA3aTEISIM.

Janee X* — Touka rnobanbHOro MunuMyma F(X) Ha
R, F* = F(X) k — wuucio wurepaunii;

oF = ‘F (X* ) -F (Xk )‘ — TOYHOCTB PEIICHNUS 10 (QyHK-

UK, X = max |xI - xlk| — TOYHOCTB PELICHUs 10 apry-
MeHTaM; Ko — 91cIto BEMMHCIeHUH QyHKIMY; K| — qucio
BeIyMCIeHNH QyHKunu (perynupoBka mara); VF(X) —
rpamuent F(X); V2F(X) — MaTpuma BTOPBIX MPOU3BOI-
HBIX (TEeCCHaH).

TecToBbIE 331241 C H3BECTHBIM PEIICHHEM MOKHO
MOCTPOUTSH CIEAYIOMNM 00pa3zoM. BeiGuparorcst Touka
X" u gynkuuu @i(X), i=1,2, ..., m. Toraa

m 2
F(X)=§(<Pi(x)—@i(x*)) ©
JIOCTHTaeT MUHMMyMa B Touke X . [Ipu stom F'= 0,
2 * _ m * T * _
\Y% F(X )_vai (X )V o (X ), TaK 4TO MOYKHO pe

TYJIUPOBATH 00YCIOBIEHHOCTD 3aJ]a41 33 CUET BhIOOpa
¢i(X). B wactHOCTH, ecmt M < N wix M = N, HO
V@i(X") = 0 11 HEKOTOPBIX i, MOJTydaeM BBIPOXK/IEH-
HyI0 TOUKy MuHUMyMa. @yHkiun Buaa (9), BooOie
TOBOpA, HEBBIMMYKJIBI U MOT'YT HMMETH JIOKAJIbHBIEC U
JaXe ri100aJIbHbIE MHWHHUMYMBbI, OTJIMYHBIC OT X*.
Jpyroii coco6 cBsi3aH ¢ BeIOOpOM (GyHKIHMI Buia

F(X):nil f; (Xi’xi—l)’ X, =a, X, =b. (10)
i=1

Torpa, 3amaBIIKCH x; =a U pelMB NocieaoBa-
TEJIHHO OJTHOMEPHBIC YPaBHEHHUS

oF | ox, =6/8xi( (X% )+ fm(xm,xi*))zo (11)

* -
(pemenue 06o3HaunM X;,, ), A i =0, 1, ..., n BBIOE-

pem b =X, . OueBnano, uro torna VF(X") = 0. Ecrn
fi(Xi, Xi_1) BBITYKJIBI 1O Xi, Xi1, TO F(X) BBIMyKIa 1 X" —
ToyKa MUHUMYMa F(X).

HaxoHen, MOXHO B35Th IPOW3BOJIBHYIO TJIAIKYIO
BBINYKJIYI0 QYHKIMIO @(X) 1 HPOU3BONILHYIO TOUKY X
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M TMOCTPOHTH F(x)z(p(x)—(v(p(x*), x). Torna

VF(X") = 0, F(X) BbInyKsIa 1 motoMy X* — TOUKa TJIO-
OampHOrO MEHHMYMa F(X). CymecTByloT U apyrue
MPUEMBI TIOCTPOCHUS (PYHKIIUH C M3BECTHOW TOUKOU
MHHUMYMA.

Crenyer orMeTuTbh, uto ais QyHkuuii Buaa (9),
(10) cymecTByIOT crienualbHBIE METOJBI, 00Janaro-
mue nosbimeHHol 3¢ dexTruBHOCTHIO. Hanpumep, s
3agay (11) sappextnBen meron ["aycca—Hprorona [3],
qutst (11) — MeTo AMHAMUYECKOTO MPOTrPaMMUPOBAHUS
Y TOKOOPJIMHATHOTO cIycka [25]. AHalOrHYHBIM 00-
pa3om cnenuduka 3anad (9), (11) Mmoxer cka3atbes Ha
MOBE/ICHUN OOIIMX METOJIOB ONITHMHU3ALNH.

Pa3BuTne moaxoaa M YHCJIeHHbIE HCCIeT0BAHUS

B [3] 0ka3aHo, 4T 3HaUYEHHE HOPMbI MoTpaBKku EX
MO>XHO JTOTIOJTHUTEIFHO YMEHBIIUTH, €CITU MCTIOIb30-
BaTh CHMMETPHYHBIC MIEPECTAHOBKU CTPOK U CTOJIOIIOB
H¥ Ha mare 2 BBIYHCIHTENHHOM CXEMBI 1 MOIUGUIIH-

POBAHHOTO Pa3NokKeHUs X0JECCKOTO CIEAYIONUM 00-
k
Cii|» 1

v “ k
pa3om. Haiitn Takoi HMHJICKC [, 4TO |qu| = max

1I<]<n
MOMEHSITh MECTaMH BCE HaHHBIC, OTBEYAIOIIUE CTPO-
xaM MaTpuubl H ¢ Homepamu  u i, a 3aTeM npojenats
TO € caMmoe C JaHHBIMH, OTBEYAIOIINMHU c¢e (-My U
i-My cronbiam.

[Mogxon T'mnna m Mroppest K TONOJHUTETBHOMY
YMEHBIIEHHIO HOPMBI nonpaBku EX passur B [6]. To-
Ka3aHo, 4TO (paKTUIECKOe 3HAUEHUE HOPMBI TIOTIPaBKH
EX MOXHO JIOTIOMHUTENEHO YMEHBITUTD, €CITH HCTIONb-
30BaTh CHMMETPUYHBIE TIEPECTAHOBKHU CTPOK U CTOJIO-
nos HX. Ha oyepenHoM, i-M, mare (aKTOpU3alHUd B
KavecTBe i-# CTPOKH U i-ro crondia Hamo OpaTh Ty U3
HETPOHYTHIX Tap, JJIs KOTOPOW BEIUIUHA |ciki|+|cik|

MaKCHMaJIbHA.

Takass crpaterus HaeT BO3MOXKHOCTh YBEIHUYHTH
YHCIIEHHYIO YCTOMYMBOCTH pacyeTa sementoB DX, UK,
UK 1 octaeTcs pabOTOCIIOCOOHOM U B TOM CiTydae, KO-

raa "hk || HE paBHa HYJIIIO, HO OYeHb Mana. Tam ke oT-

MedeHo: «[lapametp [ mombOupaercss myTeM MUHUMHU-

3alUK ampHOPHOM OIEHKM HOpPMbI mompaBku EX u ¢

OYCBUIHOCTHIO 3aBHCHT OT Croco0a 3aJlaHus HaIlpaB-
k

JIEHUSI CITyCKa U, KaK CIEACTBUE, OT BENMYHUH C; U gi".

Paccmotpenue npeyiaraeMoit pOpMyIIbl BEIYUCICHHS
BEJIMYMHBI [3, yYUTBIBAIOIIEH TaKylo 3aBUCHMOCTb, HE
SBIISICTCA IETBI0 TaHHON paboThl M HAXOIOHUTCS B CTa-
UM SKCIIEPUMEHTAJIbHOTO CpaBHEHUS >(PPEKTHBHO-
cti». B nanHo# paboTe BenmuuHy 3 peasaraercs Bbl-
YUCIATH 110 popmyre

Bzzmax{yo,p,i/v,sM}, (12)

hik|, €w — MAIIUHHAs TOYHOCTb; €M BBO-

rae p =max

I<i<n
marcs B GopMyidIy pacdera 3, 4ToOBI 0oOecneduTh
YCTOMYMBOCTDL BhIUMCIIEHHH, Koraa Hopma H¥ ouenn
mana. [Ipumenenne ¢opmyisl (12) xopoio cornacy-
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€TCsI C YMCIICHHBIMU 3KCTIEPUMEHTAMHU, OIIMCAaHHBIMU B
JlaHHOH padoTe. Hyke mpuBoauTes npeaiaraemas Mo-
JurKanys BEMUCINTEIBHON CXEMBI 2, 1aHa Hanbo-
nee > PeKTHBHAS CXeMa OpPTaHU3alUH PacueTOB.

BoruuciaurenbHas cxema 3 MoauM(UIPOBAH-
HOT0 pa3iioxkeHus Xouaecckoro. Bee purypupyromme
B HEW BEMUMHBI IpH peanu3amu Ha IBM moryt pas-
MEIIATHCS B TaMSITH, IEPBOHAYATIBHO BBIIENIAEMOH TS
sanucu Matpui H< u h¥,

Illaz 0. Beraucants p° = max{ Y, p,EIV, &, } ,
rme p =max

hik|, v=max{1,\/n2—1}, a umcina 7°
I<i<n

n £ — MakcuManbHBIE 3HAYCHHS MOMYJCH auaro-
HAJIBHOTO M HEIMaroHambHoro snementoB HX, ev —

MallnuHHas TOYHOCTB. Ilomoxurs €

€, :2_%(l-i-“F(Xk’l)—F(Xk )H) 31ecyr TF — YHCIIO

NpaBUIBHBIX paspsaaoB F(XY), koTopele xoTenoch Gbl
MOJYYHTb.

- k _ Rk = _
Hlaz 1. Monoxuts i =11 c;=h; (j=1,...,n),
K K i
¢;=-h; G=1,....n).
Llaz 2.
k k
R E—

i<j<n

Haittu wHAaekc (@, TakoW, dYTO

k
+e;

) , M IIOMCHATHh MCCTaMH BCC J1aH-

Hble, OTBEYarolue cTpokaM Matpuibl H ¢ Homepamu
g " i, a 3aTeM Mpo/eaTh TO JKe CaMOe C IAHHBIMH, OT-
BEUAOIINMH €€ (-MY H i-My cTOJIOaM.

llaz 3. Benn ¢ <e, , To nonoxuts 1 = §; nnaue
k k

nonoxuTh I =c; .

Ilaz 4. Ecnu |ci'§|s €,, TO MOJIOKUTb Np=No+ 1 1
MepeTy K 1mary 8; uHaue NepenTu K mary 5.

llaz 5. Ecnu Ci'; > 0, TO mepeiiTu Kk mary 8; nHaue
MepelTH K mary o.

Ilaz 6. TTonoxuts Np=No+ 1. Ecin "hk " > g, Ie-
perTH K mary §; nHade nepeiiTu k mary 7.

Llae 7. TIocTpouTs cucTeMy ypaBHeHnH UpX= g
I OMCKA HAMPABIEHHUs OTPUUATENLHON KPUBU3HEI

k -
o popmynam u; =0, j=1,...,n, u‘ =1, MoNoKUTH
Ns=Ns+ 1 ¥ OCTaHOBHUTHCS.
Ilaz 8. Ecia | = n, To 0n0%uTh 0;= 0; HHAa4YE BEI-

k .
YHCITUTH BCTIOMOTATENbHbIE BEMHYMHBI Cj, J=1,...,1,
k KX Kk gk
no  dopmyne ¢y =hy->ujucdl u  Haiitu
s=1
K
0, = max |c; |

i+l<j<n
Hlae 9. BeruucnnTh TUaroHAJIBHBIA 3JIEMEHT (hak-
topa DX u osmement Bekropa UX 1o (opmymam

dili< :max{& Cil;|7ei2 /BZ>|Cik|sei} > uik =Cik /dili(' Ber-
gik :dili( /Iik

gf =1f/v). Eciu i = n, nepeiitu k mary 11.

YHCIIUTh (ecmu  df > 1y, B3aTH
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k _ k koo
Hlaz 10. Beraucnuts cTpoky Uy =C; /dy, j =1,
..., N, hakropa UX, nepecuntath BcomorareibHbIE Be-

k R
i 1= +1, ..., n,

kK _ kK
JMYMHBI 10 popmynam Cj = Cj; —U;C
C'j< =C'j‘ —ui'jcik, j=i+1,...,n momoxure i =i+ 1mu
mepeiTH K mary 2.

o k k
Llaz 11. Haiitn 7" = max ¢’ , nonoxuts uk = ykuk
<i<n

Y OCTAHOBHTHCSL.

B nmanHO# paboTe 0TMEUEHA B3aNMOCBA3b MTOIX0/1a
K YBeNHYCHUIO 3((EKTUBHOCTH TayccoBa HCKIIOYE-
HUS U pa3peXeHHBIX MaTpuIl B [26] u mpeniarae-
MOTO TOJX0Ja K yBEIHICHUIOIPGPEKTUBHOCTH YHC-

JIEHHBIX METOI0B Hbmﬁ)ﬁéﬁﬁ(& %Ré’a%ﬂd‘rgﬁliﬁ(_

CKOTO THIIOB — HCIIONB30BAHHE CTPYKTYPHI MATPHIIBI,
TO ecTh MH(OpMALUK O TOM, B KAKUX MMO3ULMUAX MaT-
PHILBI XpaHSATCS HEHYJEBbIe dJIeMeHTHI. [l HbOTO-
HOBCKMX M KBa3WHBIOTOHOBCKHUX METOJIOB 0O€3yCIIOB-
HOM ONTHMH3allMKM, OCHOBaHHBIX Ha (akTopu3aruu
Xonecckoro, ¢ peryJaMpoBKOH 11ara U ¢ KOHEYHO-pas-
HOCTHOU ammpoKCHUMAIHeH MepPBBIX U BTOPHIX IPOU3-
BOJIHBIX — 3TO BO3MOXXHOCTb YMCHBIIICHHSI YHCIIA BbI-
YUCIeHUN (QYHKIUU TMyTeM (OPMHPOBAHUS MAaTPHIIBI
BTOPBIX MPOU3BOJIHBIX B COOTBETCTBHH C €€ CTPYKTY-
poii. JlaHHOE HCCIEIOBaHHE SBIISCTCS MPSIMBIM TPO-
JOJDKEHUEM paboTsl [14].

[IporpamMmubie  peamu3zamum. [lpunoxenus
Nmbm u NmbmApp — ManuaHas peanau3aiisi Hbl0TO-
HOBCKMX METOZOB ONTUMH3ALUK C PEryIHupOBKON
mara, OCHOBaHHBIX Ha (akTopm3anuu XO0JECCKOTO
(BBIYMCIIMTENBHAS CXeMa 2 MOIU(PHUIIMPOBAHHOTO Pa3-
noxxeHust Xonecckoro) [27, 28].

NmbmApp oTamgaercs OT CBOEro KIACCHYECKOTO
npoToTriia Nmbm KOHEYHO-Pa3HOCTHOH ammpoKcuMa-
IIUCH MePBBIX U BTOPHIX MPOM3BOIHBIX. Bee Bepcun a-
TOPUTMOB peann3oBaHbl Ha si3bike Visual Basic .NET,
cpena paszpabotku — Microsoft Visual Studio 2010. Hc-
XOJHBIE TEKCTBl IPOrpaMM JIOCTYIHBI Ha CalTe
http://crm.ics.org.ru ¥ MOTYT OBITh UCIOJB30BAHBI IO
YHHUBEpCaJIbHOH obmienoctynHoi muien3un GNU.

TIpunoxerne NmbmsApp OTIMYaeTCs OT CBOETO
KJTacCU4eckoro mpototuna NmbmApp dopmupoBa-
HHEM MaTPHIbl BTOPBIX IPOU3BOIHBIX B COOTBETCTBHU
¢ ee cTpykTypoil. NmbmsApp — MamMHHas peaiu3a-
11 HBIOTOHOBCKHUX METO/I0B ONTUMH3ALNH C PETyJIIH-
POBKOH I1ara, OCHOBAaHHBIX Ha (hakTopu3anuu Xosec-
CKOTO (BBIYMCIIUTENbHASI cXeMa 3 MOIU(UIIMPOBaAH-
HOT'O pa3JIoKEHUsSI X0JIECCKOr0).

I'maBHOE OKHO ITPOrpaMMBbI M IPUMEP PE3YIIbTaTOB
pemeHns OJHOW W3 TECTOBBIX 3a/1a4 Pa3MEIICHBI I10
cceutke http://www.swsys.ru/uploaded/image/2017_2/
2017-2-dop/6.jpg/.

JloCTOMHCTBOM OJX0/1a, OCHOBAHHOTO Ha TIPHMeE-
HeHUW (HopMya YHCIEHHOTO IU(QPEpEHIINPOBAHHMS,
KpPOME €ro YHHBEPCAJILHOCTH, SIBISCTCS HU3Kasi CTOU-
MOCTbH IIOJTOTOBKH 33/1a4H K KOMITBIOTEPHOMY MOJIe-
mupoBanuio [29]. Ot nosk3oBarens TpedyeTcs JMIIb
HalMCcaHUe NpPOrpaMMBbl ISl BBIYMCICHUS 3HAUYCHHS
F(X) mpu 3a1aHHOM X, IO3TOMY peaIM30BaHHBIC HA OC-

HOBE YHCJICHHBIX MPOM3BOJIHBIX METOJBI ONTHMH3a-
IIMM OKa3bIBAIOTCS M0 CYIIECTBY NMPSIMBIMU METOIAMH,
TO €CTh METO/IaMH, HE HCTIOJIL3YIOLINMH B CBOEH CXeMe
npomsBogHbie oT F(X). B To Bpems kak pe3yibTaThl
YHUCIICHHBIX MCCIICJOBaHUH, puBeIeHHBIE B [14], mo-
Ka3bIBaIOT, YTO KOHEUYHO-PA3HOCTHBIC AHAJIOTH ITPOUT-
PBIBAIOT B TOYHOCTH PEIICHUS CIEAYIONINX 3a1ad OIl-
TUMHU3AIHH.

3amaua 12 (dpynkuums [lonsika, cpeaHexBagpaTHy-
Hasl alMpoKCUMalMs SKCIIOHEHTaMH):

F(x)= i[exp(—O.Zj)+ 2exp(—0.4j)—x exp(—0.2 jx, ) — X, exp (—
j=1

4j)—x exp(-0.2 jx,)—x, exp(-0.2 jx, )T ,

x*=(05 0 25 3),x=(11 2 2).
(I)yHKL[I/Iﬂ HEBBIITYKJIAsA, C ICKPUBJIICHHBIM OBpPAaroMm,

00YCIIOBIICHHOCTD BEJIUKA.
3agaua 13 (¢pynkuus Byna):

F(x)=100(x, %) +(1-% ) +90(x, —x¢) +

#(1=x) +10.1((%, 1) +(x, =1)" )+

+19.8(x, —1)(x, —1),

xX'=(-3 -1 -3 -1),

xX'=(1 11 1), F(x)=0.

q)yHKI_II/IH HUMECT HECKOJILKO JIOKAJIbHBIX MUHUMY-
MOB, 3TO 00CTOSITETLCTBO MOXKET BBI3BATh pexaAcBpe-

MEHHOE OKOHYaHHe Mpolecca.
3agava 14 (¢pyakuus CremneHHas):

4
2 2
F()=(10(x =x) +(x -1)) ,
T * T *
x'=(-12 0) ,x"=(1 1) ,F(x")=0.
B tabauue 1 npuBoIsTCS Pe3ysbTaThl YHCICHHBIX
HCCIJIEIOBaHMM, BBIIIOJHEHHBIX B TPEX BEPCUAX NpEX-
JIOKCHHOT'O HBFOTOHOBCKOI'O ME€TOJa 6e3yCHOBHOﬁ MU-

HuMmzanua: Nmbm, NmbmApp [6, 9, 14, 27, 28] u
npeanaraemMoit NmbmsApp.

Tabnuya 1

Pe3yabTaThl UYNCJIEHHBIX HCcCJIeIoOBanmii 3agay 12, 13, 14

Table 1

The results of numerical studies for problems 12, 13, 14
Merton ®yuxuus | K SF 8x ko

NmbmApp  |[onsika 40 [4.23-10% |0 1341
NmbmsApp |[Monsixa 26 [4.23-10% |0 837

Nmbm Byna 13 10 0 36

NmbmApp  |Byna 14 14.4107% |2:10'4 (470
NmbmsApp |Byaa 16 |0 0 325
Nmbm Crenennas |12 |0 0 163
NmbmApp  |Crenennas |13 |4.3-10°%" [8-10° |323
NmbmsApp |Crenennas |13 |4.81-10°' |8:10 |232

Pe3ynpTaThl JAHHOTO CPABHUTEIBLHOTO HCCIIEI0BA-
HUS TO3BOJISIIOT OLICHUTB MPEAiaraeéMylo BEpCHUIO HbIO-
TOHOBCKOTO METOJ]a 0€3yCIOBHOM ONTHMU3AIUH C pe-
TyJUPOBKOH Iara, OCHOBaHHOHW Ha (haKTOpU3aIluu XO-
JIECCKOTO C KOHEYHO-Pa3HOCTHOW anmpoKCHUManuen
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MEPBBIX U BTOPBIX NPOWU3BOJHBIX (BBIYUCIHTEIBHAS
cxemMa 3 MOAMGHUUIMPOBAHHOTO pPa3lIokKeHHs XoJiec-
CKOT0) Kak 0oJjiee MPennoYTHTENbHYIO TI0 CPAaBHEHUIO
¢ NmbmApp (BeUHCIHTENbHAS cXeMa 2 MOAUDHUIIH-
POBaHHOTO PA3JI0KEHUS XO0JIECCKOTO).

Honan u Mopa BriepBbI€ IPEAJIOKUIN IPUMEHEHUE
OGeHUMapKUHra B Ka4eCTBE HOBOTO MHCTPYMEHTA HC-
MOJTb30BAHMUS CTATUCTHYECKNX JAHHBIX IS CPABHEHHS
UTEpPallMOHHBIX AaJTOPUTMOB IyTEM JOEMOHCTpaluu
npoduneit npousBoguteabHocTh [30]. Tepmun «OeHY-
MapKHHI» aHTJIOSI3BIYHBIN U HE IMEeT JOCIOBHOTO IIe-
peBojia Ha PYCCKUH A3bIK, TPOUCXOIUT OT aHTTTMHCKUX
cioB «bench» (ypoBeHs, BbicoTa) 1 «mark» (oTMeTKa).
OTO CIIOBOCOYETAHUE TPAKTYETCS N0-Pa3HOMY: «OIOP-
Hasi OTMETKa», OTMETKA BBICOTBI», «3TAJIOHHOE CPaB-
HeHue» W T.1. Kak mpaBmio, TepMHHOM «OeHUMap-
KUHI» 0003HAa4YaeTcs OAWH W3 MHCTPYMEHTOB COBEp-
IICHCTBOBAHUS AEATCIHHOCTH.

IIpodunem npomsBoguTensHOCTH Ps s meroma
pelIeHUsT ONTUMH3AaLMOHHOM 3aJaudl  Ha3bIBACTCS
(GyHKIMS pacnpeneneHus] Kakoro-imdo HU3MepHMOro
nokasareis npousBoautenbHocTH [30]. Beruucnenue
npodueii TPOU3BOUTEIILHOCTH MTO3BOJISIET BU3YalIH-
3UpOBaTh Pa3inuyus 1Mo SPPEKTUBHOCTH HECKOIBKHX
ONTUMH3AIIMOHHBIX METOAOB, IIPUUEM AJIS UX HOCTPO-
€HUS UCTOJb3yeTCs OTAeIbHas nporpamma [30].

Oynkuus Ps(t) ompenensiercst cienyomum odpa-

30M: Ps(t):Lsize{ peP:r, <1},
n :
p
t

p.s

' :min{tpys:SGS}.

p,s
3mech S — MHOXECTBO CpPaBHHBAaeMBIX METOJOB,
P — MHOXeCTBO penraeMbIX ¢ TOMOIIBIO 3TUX METOJIOB
3a1a4. KonmndecTBo aeMeHTOB B P 0003HaueHo uepe3
Np, COOTBETCTBEHHO Ns — KOJIMYECTBO JIEMEHTOB B S.
B kauecTBe n3MepuMbIX NTOKa3aTesel mpou3BOAUTENb-
HOCTH tps, KaK TIPaBMIIO, HCIIOIB3YIOTCS YHCIIO UTEpa-
IUHA U YUCTIO BHIUMCIICHWN 3HAYeHWH QYyHKIUU (WK
YHCIIO0 BEIYMCIICHUH 3HAU€HIH (QYHKITUH U OLIEHOK I'pa-
muenta) [31-33].

B 37011 TeXHUKE MOKHO BBIOPATh HHACKC MPOHU3BO-
JIUTEJIbHOCTH B KaUeCTBE MEPhl CPAaBHEHUSI CPEIU pac-
CMOTPEHHBIX aJrOPUTMOB U IMPOUILTIOCTPUPOBATD IO-
JYYCHHBIC PE3YJIBTATHI C IIOMOIIBIO TTPOdHIIeH Mpou3-
BOAUTEIHHOCTH.

BenumapkuHr, Kak M 11000 Apyrod MHCTPYMEHT
JUISL CPaBHEHMSI MTEPALIMOHHBIX JITOPUTMOB, MMEET
CBOHM JIOCTOMHCTBA M HEIOCTATKH. YyBCTBHTEIBHOCTH
TOIBKO K M3MEPHMOMY ITOKa3aTeII0 MPOU3BOIUTEIh-
HOCTH fps ¥ OTCYTCTBHE YAOBJIETBOPUTEIBHOIO CIIO-
coba cpaBHEHUS MeXay cOO0N HECKOJBKHUX METOJOB
ONTHMU3AINN [0 PE3ysbTaTaM YUCICHHBIX JKCHEPH-
MEHTOB [25] 4acTo SIBASIOTCS MPUYMHAMH Pa3HOIJA-
cuil mpu uHTepnperauuu pe3ynsraToB [30]. Kpome
TOTO, BBIYUCICHHE NPOGHICH MPOU3BOAUTEIBHOCTH
TpebyeT oTOpachIBaHMs 3a/1a4, JUIsl KOTOPBIX MalllH-
HBIE Pealn3allid COOTBETCTBYIOIUX METOJOB MOTEp-
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nenu Heynauy [30], 4To ycloskHSET mpoliecc CpaBHe-
HUSI UTEPALOHHBIX aITOPUTMOB.

B nannoii pabote, kak u B [31-33], Bce TecTOBEIC
3amaun ommcaHsl B [20], Bce cpaBHHBaeMble airo-
PUTMBI OE3yCIOBHON ONTHMM3AIMH CXOAATCS K OJI-
HOMY M TOMY XK€ JIOKJIbHOMY PEIICHHIO, CPABHEHHUIO
MOZJIeKAT MOJXO0/bI K 3aaHUI0 HAIIPABIICHUS CITyCKa,
PE3yNBTAThl PEIICHHS 3aHOCSTCS B TAOJIHILIBL.

Cienyer OTMETHTB: €CII 00bEM CTAaTHCTHYECKUX
JIAaHHBIX HEOOJIBIION, TO JUIi CPaBHEHMSI MTEPalUOH-
HBIX QJITOPUTMOB, KaK MPaBWJIO, JOCTATOYHO TaOJIHIL
[32, 33]; nHade ms cpaBHEHUS WTEPAIIIOHHBIX AJITO-
PUTMOB HCHONB3YETCSI OCHUMApKUHT ITyTEM AEMOH-
cTpanmu npoduieit nponssonutensHocTH [30, 31].

B [31-33] 3aBepiueHue urepauuii npoU3BOIUTCS C
HCTIONIb30BAaHUEM OJIHOTO W3 CIEAYIOIINX KPHTEPHEB
OCTaHOBA:

h*|l<10™, [h*[ <107, |h*[<107*|h° (13)
]| < 107 < 10, "< 107 ]

cooTBeTcTBeHHO. OTCIO/A ClIeIyeT OTCYTCTBHE CTATH-
CTHYECKUX TAHHBIX O TOYHOCTH PEIICHUs TEeCTOBBIX
3a/1a4, 4TO SABJSIETCSA HEJOCTATKOM CpaBHEHMS UTepa-
LMOHHBIX anroputMoB. [loaToMy B naHHOW pabote
IpeJyiaraeTcst HpUBOIUTH U CTATUCTUYECKHE TaHHBIE O
pEIIeHNH ¢ MAKCHUMaJIBHOW TOYHOCTBIO, @ HE TOJBKO
JTaHHbIE, COOTBETCTBYOmMUE Kpurepusm (13). Pesyin-
TaThl YMCICHHBIX UCCIIEOBaHNUI IPUBEICHBI B Ta0OIN-
max 2 1 3 COOTBETCTBEHHO.

Tabnuya 2
Pe3yabTaThl YHCJIEHHBIX HCCJIE0BAHUI,
cooTBeTCTBYIOIIMe KpuTepusm (13)
Table 2
The results of numerical studies that meet the criteria (13)

DyHKnus k ky
Extended Rosenbrock function 24 84
Extended Rosenbrock function 24 82
Extended Rosenbrock function 24 72
Wood function 16 28
Generalized Rosenbrock function 24 84
Generalized Rosenbrock function 23 56
Generalized Rosenbrock function 25 57
Extended White & Holst function 24 26
Extended White & Holst function 25 64
Extended White & Holst function 26 106
Extended Penalty function 10 101
Extended Penalty function 14 90
Extended Penalty function 13 83
Perturbed Quadratic function 5 24
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Tabauya 3
Pe3yJibTaThl YMCJIEHHBIX HCCIIeI0BAHMIA
¢ MaKCHUMAJIbHOM TOYHOCTHIO

Table 3
The results of numerical studies with maximum precision

DyHKus n k ky
Extended Rosenbrock function 2 18 18
Extended Rosenbrock function 4 19 16
Extended Rosenbrock function 6 18 26
Wood function 4 12 8
Generalized Rosenbrock function 2 18 18
Generalized Rosenbrock function 3 20 18
Generalized Rosenbrock function 4 20 15
Extended White & Holst function 2 21 26
Extended White & Holst function 4 22 20
Extended White & Holst function 6 20 33
Extended Penalty function 2 7 40
Extended Penalty function 3 10 23
Extended Penalty function 4 11 61
Perturbed Quadratic function 2 2 0
Perturbed Quadratic function 3 2 0
Perturbed Quadratic function 4 4 0
Raydan 1 function 2 3 0
Raydan 1 function 3 3 0
Raydan 1 function 4 |4 0
Raydan 2 function 2 4 0
Raydan 2 function 3 4 0
Raydan 2 function 4 4 0
Diagonal 1 function 2 3 0
Diagonal 1 function 3 3 1
Diagonal 1 function 4 4 2
Diagonal 2 function 2 4 0
Diagonal 2 function 3 4 0
Diagonal 2 function 4 4 0
Diagonal 3 function 2 |4 0
Diagonal 3 function 3 4 0
Diagonal 3 function 4 4 0

3akiouenue

B pabore mokazaHo, YTO WHTETPAIUs TEXHUKH HUC-
KirodeHus ['aycca u pakTopu3anuy X0JIecCKOTo orpe-
JIEIISET PelIeHUe MPOOIeMbl MACIITAOUPOBAHKS [IIATOB
IIPU CITYCKE, a CJIC0BATEIILHO, U alIPOKCHMAIIUIO HEe-
KBaJ[PaTHYHBIMU (DYHKIHSIMU, 1 HHTETPALIMIO C METO-
JIOM JTOBEPUTENBHON OKpeCTHOCTH [ 1], a Takxke TO, 94TO
HHTErpaIis TSXHUKU UCKIIIoueHus [ aycca u hakTopu-
3anuu XO0JIeCCKOTo ONPEACISACT U ITOIXOIBI K TaTbHEH-
IIeMy YMEHBILIEHHUIO 3HAUYEHHs HOPMbI mompaBku EX
€CJI WCIIONB30BaTh CHUMMETPHYHBIC IEPECTAHOBKU
ctpok u cronbuos HX cremyromum obpasom: Ha oue-
penHoM, i-M, mare (akTopusalMu B KadecTBe i-i
CTPOKH | i-ro cToabia Hao OpaTh Ty U3 HETPOHYTHIX

nap, ajisa KOTOpOﬁ BCJIMYMWHA |Cil:|+|Cik| MaKCHUMaJlb-

Ha [6].

Kpome Toro, mokazano, 4to Moau(UIUpOBaHHAS
(haxropusarus X0JIeCCKOTr0 — ONTHMHU3UPOBAHHBIN aJI-
TOPUTM B TOM CMBICTIE, YTO MapaMeTp [3 moaoupaercs
B HEM IIyTeM MHHUMH3AIU{ aIpUOPHON OIEHKH
HOPMBI TIOTIpaBKH EX mpw ycioBun coxpanenus cyie-
CTBEHHO TIOJOXHTENBHO OIPENSICHHOH MAaTpPHUIIBI
HEM3MEHHOW M C OYEBHUAHOCTHIO 3aBHCHUT OT cllocoba
3a/IaHus HampaBJeHus ciycka [ 1, 6]. B nanHoi pabote
JTIOKa3aHHBIC YTBEPXKICHHS MO3BOJIIN MOAU(DHUIUPO-

BaTh (POPMYITy BEIUYUCIICHUS BENUYNHBI [3, TPEITIOKEH-
Hy!0 B [2], ¥ HOCTPOUTH BBIUUCIUTEIBHYIO CXEMY 3.
Ilonmy4yeHHble pe3ynabTAaThl XOPOLIO COTJACYIOTCA C
YUCICHHBIMU 3KCIIEPUMEHTAMHU, IPHUBEICHHBIMH B
JTaHHOI1 pabore.

Wzyuen momxox K yBenwdeHHIO 3()()EKTHUBHOCTH
HBIOTOHOBCKHX METOJIOB C KOHEYHO-PA3HOCTHOH am-
MPOKCHMaIUeH IEPBBIX M BTOPBIX MPOU3BOAHBIX. [Toz-
X0/ SBJISIETCSI OCHOBOM IS JAJILHEMIINX HCCJIEA0BA-
HHH, Pe3yIbTaThl KOTOPBIX MOTYT OBITh HCIIOIB30BAHBI
JUI TIOCTPOEHHSI YUCIIEHHBIX METO/IOB HBIOTOHOBCKOTO
THUIA.

PaccmoTpeHa B3aMMOCBSI3b MOAXOJAa K yBeJIMdYe-
HHIO 3((EKTUBHOCTH raycCcOBa UCKIIIOUEHUS JUIs pa3-
PEXXEHHBIX MaTpHLl [26] U mpesiaraeMoro noaxoaa K
YBENMYCHUIO 3((GEKTHBHOCTH YHCICHHBIX METO/OB
HBIOTOHOBCKOTO THIIA — HCIIOJIB30BAaHUE CTPYKTYPHI
MaTpHIbl, TO €CTh HHPOPMAUH O TOM, B KaKHX ITO3H-
IUSIX MaTPHIBI XPAHATCS HEHYJIEBBIE 3JIEMEHTHI. Jlis
HBIOTOHOBCKHX METOJIOB 0€3yCIIOBHOW ONTHMM3ALNH,
OCHOBaHHBIX Ha (haKTOpM3alMU XOJIECCKOTO, C PEry-
JIMPOBKOM 11ara U ¢ KOHEYHO-Pa3HOCTHOM aIIPOKCHU-
Maluei NEPBbIX U BTOPBIX IPOU3BOIHBIX, 3TO BO3MOXK-
HOCTb YMEHBIIICHUS YUCIIa BEIYUCICHUI QyHKINY ITy-
TeM (OPMHUPOBAHKS MAaTPHUIIBI BTOPHIX IPOU3BOIHBIX B
COOTBETCTBUHU C €€ CTPYKTypoi. /laHHOe uccienoBa-
HHE BJISETCS IPSMBIM IPOIOJDKEHHEM paboThl [14].
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REALIZATION AND TESTING OF NEWTON METHODS FOR UNCONSTRAINED OPTIMIZATION
A.B. Sviridenko !, Lecturer, roshechka@gmail.com
' Novorossiysk branch of the Kuban State University, Geroev Desantnikov St. 87, Novorossiysk, 353900, Russian Federation

Abstract. The paper describes an approach to increasing the effectiveness of Newton’s methods for unconstrained optimi-
zation based on the Cholesky factorization with step adjustment and finite-difference approximation of the first and second
derivatives. The modified Cholesky decomposition of the second derivative matrix is the basis of increasing the efficiency of
the Newton’s methods. It defines the solution to the problem of scaling steps during lovering; the approximation by non-
quadratic functions; integration with the method of confidence neighborhoods; decrease in norms of priori amendment. The
work investigates the possibility of reducing the number of function evaluations by forming the second derivative matrix in
accordance with its structure.

The article examins the relationship of the approach to increasing the efficiency of the Gaussian exceptions for sparse
matrices and the proposed approach to increasing the efficiency of numerical methods of Newton type (using a matrix struc-
ture), that is information about matrix positions which store non-zero elements. For Newton’s methods for unconstrained opti-
mization based on the Cholesky factorization with step adjustment and the finite-difference approximation of the first and
second derivatives it is the possibility of reducing the number of function evaluations by forming a matrix of the second deriv-
atives in accordance with its structure.

The paper contains the descriptions of program implementations, all versions of the algorithms are implemented in Visual
Basic .NET, the development environment is Microsoft Visual Studio 2010. The article shows the results of numerical studies
of the effectiveness of the developed algorithms given the set of rules described in the work.

The work studies an approach to increasing the efficiency of Newton’s methods with finite-difference approximation of
the first and second derivatives. This is the basis for further research, the results of which might be used to build Newton-type
numerical methods.

Keywords: newton’s methods, matrix structure, finite-difference approximation, Cholesky's decomposition, scaling steps,
method of confidence neighborhoods, norm of the prior correction, benchmarking, performance profile, collection of test prob-
lems.
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AdPEKTHBHBIN METOA BAOYHOI'O KOAHPOBAHHA
ABYXYPOBHEBBIX H30BPA2KEHHH

M.I1. BakyauHa, k.¢.-m.H., HAYUHBLIL COMPYIHUK, MArina@rav.SScc.ru
(MHcmumym ebluuciumenvHol mamemamuku u mamemamuueckoti eeogpusuxu CO PAH,
npocn. Akademura Aaspernmoesa, 6, 2. Hosocubupck, 630090, Poccust)

D¢ dexTuBHOE CxKaTHE U300pakeHHH Oe3 IMOoTepH KadecTBa — OFHA W3 BaKHBIX 3a7a4 TEOPHUH MH(MOPMAIUH, MMEIoIas
MINPOKOE MPAaKTHIECKoe MpUMeHeHue. 3BecTHo, uTo moboe mudpoBoe H300pakeHne MOXKHO MPEACTABUTE IOCIIE0BATEIb-
HOCTBIO cooOmeHui. [y BEIOOpa TakuX COOOIIEHUH CYIeCTBYIOT MHOTOUHCIICHHBIE crioco0bl. EnnHCcTBEeHHOE TpeboBaHme K
HHUM — oOecriedeHne BO3MOKHOCTH BOCCTAHOBJICHHSI TOUHOH KOIMH HCXOAHOTO M300pa)keHUs U3 MOCIIEJ0BATEILHOCTH CO00-
IIEHUH.

OpuH U3 croco6oB BEIOOpA COOOIICHNU COCTOUT B TOM, YTO CMEKHBIE SJIEMEHTHI N300paXCHHUS TPYIIUPYIOTCS B OJIOKH,
KOTOpBIE 3aTeM KOJHUPYIOTCS B COOTBETCTBUH C BEPOSATHOCTSIMHU HX NOABIEHHs. [Ipu 3TOM 171 Hanbosiee BepOATHBIX KOH(U-
rypanuii 6;I0K0B HCTIONB3YIOTCSI KOPOTKHE KOJJOBBIE CIIOBA, a Ul MCHEE BEPOSITHBIX — [UIMHHBIE, B PE3YJIBTATe YeTO B CPEIHEM
JOCTUTAETCSI CKaThe NaHHBIX. Takol THIT KOAUPOBAaHMS HAa3bIBACTCS OJIOUHBIM.

IIpumensis MeTox 6JI0YHOTO KOAMPOBAHMS, MOKHO TOOHUThCS 3P deKTHBHOrO cxxaTHs 6e3 MoTepu KadecTBa JBYXypOBHE-
BBIX (OMHAPHBIX) N300paKEHUH, TIe KKABIH 2JIEMEHT N300paXKeHHsI MOXKET OBITh JTN00 YepHBIM, JTHO0 OenbIM. Pemenuro 5Toit
3aJa4M ¥ IOCBSIICHA JaHHAs CTAThsI.

JIro6oe 1ByXypOBHEBOE N300paKEHHE PACCMATPHUBAETCS KaK MHOKECTBO NMPUMBIKAIOIIUX APYT K APYTY MPSIMOYTOIbHBIX
0JIOKOB OIPEAETICHHOT0 pazMepa. ITH OJIOKH 00pa3yr0T COBOKYITHOCTh COOOLICHHH, XapaKTepU3YOIIYI0 H300paxeHue. [Ipu-
MEHHUB K COBOKYITHOCTH OJIOKOB ONTHUMANbHBIN Kox Xaddmana, MOKHO TOOUTHCS HAMOOIBIIETO CKAaTUs JaHHBIX. OHAKO IS
0510kOB pa3zmMepoM Oosee 3x3 COBOKYIHOCTh COOOIIEHHI OKa3bIBaeTCS OYCHb OOJBIION, M UCIONIB30BaHME Kona XapdmaHa
cTaHOBHTCS HeappekTHBHBIM. KpoMe Toro, cTaTHCTHYeCKHi aHaIu3 KOH(UTypanuii OIOKOB [UIS IBYXYPOBHEBBIX N300paxe-
HHH TTOKA3bIBAET, YTO OJIOK, COCTOSIINI N3 GETIBIX JJIEMEHTOB, IMEET JOCTATOYHO BEICOKYIO BEPOSITHOCTS.

Hcxons u3 3T0r0 HaOIIOACHHS M TPUMEHSISI H3BECTHBIH ONTUMANBHBIA KO, B JAHHOH paboTe npennaraercs 3G QexTHBHbIH
JIBYXATAIHBII MeTOJ OJIOYHOTO KOJUPOBAHUS AN IBYXYPOBHEBBIX M300pakeHnil. HalineHbl onTuManbHble pa3meps! 0Joka,
UCIIONB3yeMble Ha MEPBOM JTare KOAWPOBAHMSA, a TAKXKe NPOBEJCHO CPAaBHEHUE AKCHEPHMEHTAIBHBIX PE3yIbTATOB CXKATHS
MOCTPOCHHOTO AITOPUTMa C PE3YJIbTaTaMH CKaThs M3BecTHOTO OnouHoro anroputMma JPEG, xotopoe moarsepamno sddek-

THUBHOCTB IPEJIOKEHHOTO METOA.

Knroueswie cnosa: dgyxypognesoe u3o6pa9fceHue, onounoe Kodupoeanue, CMeneHsb cocamusl.

O¢ddexTuBHOE CxKaTHE M300paxeHUH Oe3 moTepu
Ka4yecTBa — OJ[HA U3 BAKHBIX 3aJa4 TeOpHH nHpopma-
II1H, UMEIOIIast IIMPOKOE MPAKTHIECKOE IPUMEHEHHE.
Ee pemennto mocBsiieH ps MccieAoBaHUM (HanpH-
Mmep [1-3]). Jlroboe mudpoBoe m300pakeHHEe MOKHO
MPEJICTaBUTh MOCJIEIOBATEILHOCTBIO COO0IIeHn . 1is
BbIOOpa TaKMX COOOIIEHUH CYIIECTBYFOT MHOTOYHC-
JIeHHbIe criocoObl. EnHCTBEHHOE TpeOOBaHNE K HUM —
obecrieueHre BO3MOYKHOCTH BOCCTAHOBIICHHSI TOYHOU
KOIMH UCXOJTHOTO H300paXKeHHsI U3 TOCIIeI0BATEIbHO-
ctu coobmenuit. OnuH U3 cmoco6oB BEIOOPa cooOIIIe-
HUH 3aKJII0YaeTcs B TOM, YTO CMEXKHBIC 3JIEMEHTHI
M300paKEHNsT TPYNIHUPYIOTCS B OJOKHM pasMepoM
N X m, rae N 1 M — YKCII0 3JIEMEHTOB B TOPH30HTANb-
HOM U BEPTUKAJILHOM HalpaBJIeHUSIX COOTBETCTBEHHO.
3areM IOJy4eHHbIE OJOKM KOJIMPYIOTCS B COOTBET-
CTBHHU C BEPOSITHOCTSIMU WX MOSIBJICHHS, IPUYEM JUIS
HanOoJiee BepOSTHBIX KOH(DHUTYpanii OIIOKOB MCTIONb-
3YIOTCSI KOPOTKHE KOJOBBIE CJIOBA, a JUIT MEHEe Bepo-
STHBIX — JJTHHHBIE KOJOBBIE CJIOBA, B PE3YJIbTATE YETO
B CPEHEM JOCTHUraeTcsl CKaThe JaHHBIX. Takoil Tum
KOJIMPOBaHMs HA3bIBAeTCsl OJIOYHBIM U paccMaTpuBa-
ercst B pabotax [4, 5]. biouHoe xomupoBaHHE C UC-
MOJIb30BAaHNEM Q/IAITUBHBIX METOJIOB PACCMOTPEHO B
paborax [6, 7].

JIro6oe nByxypoBHeBoe (OMHapHOE) H300paxeHue
MBI OyJIeM paccMaTpUBaTh KaK COBOKYITHOCTb IPHUMBI-
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KaIOUINX APYT K APYTY MPSIMOYTONBHBIX OJIOKOB pas3-
MepoM N x M. Kakaprit 3neMeHT H300pakeH!sT MOXKET
ObITh 1100 YepHEIM (1), mbo Genbim (0), mo3TOMy 00-
IIee YMCII0 KOH(PUTYpaIHid OJI0KOB, TO €CTh YHCIIO BO3-
MOKHBIX PpACIIOJNIOKEHUH 3JIEMEHTOB B Mperienax
6noka, cocraBisier 2™. Dtu GiI0KM 00pasylT COBO-
KYIHOCTh COOOIICHUII, KOTOpasi XapaKTepu3yeT U300-
paxxenue. [IpuMEHUB K COBOKYIHOCTH OJIOKOB OINTH-
ManbHbli kox Xaddmana [8], MoxHO JOOHTHCS
HauOOJIbIIETO CokaThs JaHHBIX. OgHAKO Ui OJIOKOB,
pasMep KOTOphIX Oosee 3%3, COBOKYIMHOCTh COOOIIIe-
HUH OKa3bIBaeTCsl O4YEHb OOJBIION, M HUCIIOIb30BAHHE
kona Xad@maHa CTAHOBHTCS HELEIECOOOPa3HBIM.

B nannoi#t pabote mnpemaraercss 3QQEKTUBHBIHA
JIBYX9TAIHBI MeToJ OJIOYHOrO KOXWUPOBAaHMS JUIS
JIBYXYPOBHEBBIX n300paxkeHnid. HaliseHs! onTuMals-
HBIE pa3Mephl 0J10Ka Ha EPBOM dTarle KOAUPOBAHMUS, a
TaKKe MPOBEJCHO CPaBHEHUE JKCIIEPUMEHTAIbHBIX
Pe3yJbTaTOB CKaTHs MOCTPOSHHOTO allTOpUTMa C pe-
3ynapTaTaMu Ckatus Omounoro anroputma JPEG [9],
noATBepKaromee GEKTHBHOCT TPEIIOKEHHOTO
MeTo/1a.

Mertoa 0,109HOT0 KOAMPOBAHUS

CraTucTH4ecKuii aHanu3 KoHQUrypanuid OIOKOB
JUISl IBYXYPOBHEBBIX M300pa)KCHUH IOKa3bIBACT, 4TO
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010K, coCTOAIIMHN U3 OEIBIX AIIEMEHTOB, UMEET JI0CTa-
TOYHO BBICOKYIO BepOSITHOCTB. lcxoms wu3 atoro
HaOroIeHus U npetokeHHoro B [10] cyGonTimas-
HOTO KO/1a, TIOCTPOUM d(PPEKTHBHBIA METOA OIIOYHOTO
konupoBaHusa. KogupoBaHue OyneM OCYIIECTBIATH B
JBa dTaIna.

Paccmorpum nepBeiii 3Tan. KomoBoe cinoBo aiis
Omoka, cocrosmero u3 oxHux Hyne#, Oymer 0. Ko-
JIOBBIE CJIOBa JIs JpyruX KoHpurypaumii 0J0KOB
00pa3yloTcst U3 Mm JABOMYHBIX paspsgoB, COOTBET-
CTBYIOIIMX JTAHHOMY OJIOKY, KOTOPBIM IPEIIIECTBYET
npedukc 1. Pacnpenenenne BeposiTHOCTEH JUIs HCTOY-
HHKa, IPH KOTOPOM 3TOT KOJI ONTUMAJIEH, PaBHO

P((), n, m) mpu i =1,

P(i.n.m)= w npui=2,..., Z"m,(l)
rane P(0, n, m) — BepoOSATHOCTH IMOJHOCTHIO Oenoro
6110Ka.

Torpa cpenHsis AaMHA KOJOBOTO CIIOBA ONpPEIETIs-
eTcs B BUZIE

L=P(0, n,m)+ (1 +nm)(1 —P(0, n,m)) =

=nm (1 - P(0, n, m)) + 1. 2)

[Tyctb Teneps YiYs...Yt — MOCIEN0BATENbHOCTD, 110-
JydeHHass TIOClie TMEepBOro dTama KOAWPOBAaHUS,
Vi € {0, 1}. PaccmoTpuM BTOpPO#i 3Tam KOAUPOBAHMUS,
OCyLIECTBIISIEMbIH apudmerHueckuM kogom u3 [10].
O603naunm gepe3 P =p(1) u q = p(0). Bergenum B 3ToM

1
NI
PpBI€ CICAYIOT IOCJIC MOSABJICHUA 1, H 0COOBIE CHMBOJIBI

0 u 1, He BXOAMIHE B OJIOKH, TO €CTH MPEICTaBUM II0-
CJIeIOBATEIILHOCTD Y1Y2...Yt B BUJIIE

0..01Y,...%,0...01 y,...y,.
| |

KomupoBaHue pasnuygHBIX Vi OCYIIECTBISCTCS
apudmeTmaeckuM kogoM u3 [ 10] ¢ momompro pa3nnd-
HBIX KOJEPOB, HACTPOCHHBIX HA PA3JIUYHBIC BEPOSITHO-
CTH TIOSIBJICHUS HYJICH M SIUHHMII, U MOXKET OBITH OITH-
ca”o creayromuM obpazom. Ocobbie cumBoOIb 0 U 1
KOJMPYIOTCS ¢ TOMOIIBI0 Kojepa Ko ¢ BeposaTHOCTSIMU
g'u1—q ama0wul coorBercTBeHHO. PaccMoTpuM Ko-
JIMPOBaHNE CHMBOJIOB, HAXOJSIIUXCS BHYTpU Oioka
yi...yi gmunsl | Ilyets yi...¥i=0 ...0 (i=1,...,1).

i-1
Torma CUMBOJ Vi, HAXOASAIIMNACS B i-i MO3MIIUK MTOCTIE
NOsBJIEHUS | — 1 HyJel, KOAMPYETCs ¢ TOMOIIBIO KO-
nepa Kj ¢ BepostaocTsimu i 1 (1 — 1) st O m 1 coor-
BETCTBEHHO, T]I¢
1-q 1

1-9™" 1+q+0*+..+q"

TTosiBnenue 3TUX BeposTHOCTEH 00BsicHeHO B [11].
Hakonen, cuMBOIIBI B OJIOKE Vi... Vi, CIICAYIOIINE O~
CJIe MOSIBJICHHS B 3TOM OJIOKE 1, KOJUPYIOTCS C TIOMO-
b0 Kozepa K ¢ MCXOAHBIMU BEpOSITHOCTAMH ( U P
st O 1 1 cooTBeTCTBEHHO. Ba)XHO OTMETHUTD, YTO Be-

TMOCJICAOBATCIIBHOCTU CCPUUN TJIMHBI | = , KOTO-

A3)

T, =

POSITHOCTH Tj HE XPAHATCSA B MAaMSTU KOAEPa U JEKO-
Jiepa, a BBIUUCISAIOTCS MO CIEAYIOLed peKyppeHTHOM

hopmyre:
—=—-q". ©

CienoBarenbHO, BBIYUCICHUE T, ONPEACIIEMbIX
thopmymoit (3), MOXKHO OpTaHW30BATh MO CIIEAYIOIIEH
cxeme: §:=0/0, ' :=7"'—§ C HaYaIBHBIMH HaH-
HeMA §:=¢', T ' :=1+q+...+q"".

Takum e 00pa3oM KOJUPYETCs CICAYIONIUHN OJIOK,
NpUYEM Tepea KaXIbIM HOBBIM OJOKOM HayajbHbIC
JaHHBIC OOHOBIAIOTCS. |7 HaX0XKAECHHUS ONTHMAallb-
HBIX pa3MepoB OJIOKa Ha TEPBOM 3Tale KOJUPOBAHMS
HalJeM TeopeTHIecKui ko3 unuenT cxaTus, moiry-
YEeHHBIH MocIe nepBoro 3tana. [lox koadduimenTom
cxatus C OyneM MOHMMAaTh OTHOIICHUE YHCIIA JIBOWY-
HBIX Pa3ps/i0oB, HEOOXOIUMBIX IS IPEACTABICHNUS 3a-
JIAHHOTO N300pakKeHHsI 10 KOJAMPOBAHUS, K YUCITY ABO-
WYHBIX Pa3psAI0B MOCIe KOAUPOBaHUS. YUHUThIBas (2),
noJyyaem

c="0_ i . (5)

L am(1-P(0,n,m))+1

OrpaHuYUMCs PacCMOTPCHUEM KBaJpaTHBIX OJI0-
KOB N x N. B tabnmie 1 nmpuBeneHb pe3yabTaThl 3aBH-
cUMOCTH Kod(ulreHTa cykaTusi, NoJTyueHHbIE Teope-
TUUECKH Creop M IKCTIEPUMEHTAITBHO Coien, OT pazmepa
KBaJ[paTHOTO 0JIoKa N JIJIs pa3IHYHBIX ABYXYPOBHEBBIX
n3obpaxkernit A1-AS. OTMeTum, 4TO I TeOpeTHIe-
CKHX W DKCIEPUMEHTAJbHBIX PE3yJbTaTOB pazMep N
OBLT B3AT B MHTEpBajie OT 2 70 6. DTO 0OBACHICTCS
TeM, YTO U1 N > 6 KO3(PPUIHEHT CXKATHS HAYHHACT
YMEHbBIIATHCSA, I03TOMY AaJIbHENIIEE YBEIUUEHUE pa3-
Mepa OJI0Ka CTAHOBHTCS HETIEIeCO00pa3HBIM.

Tabnuya 1
3aBucHMOCTH TEOPETUYECCKUX
U IKCIIEPUMEHTAJBHBIX Pe3yJbTaTOB
K03 punmenTa ckatus oT pazMepa
KBaJpPaTHOI0 0JI0Ka
Table 1
Dependence of theoretical and experimental results
of a compression ratio on the size of a square block

N306pa- | Korppuuu- Pa3mep 0J10Kka, N
T ekarnn | 2] 3[4 5 |
Creop 3,01 | 522 | 6,91 | 7,15 [6,87
Al Coxen 3,26 | 5,54 | 7,13 | 7,44 |7,08
A Creop 3,25 | 5,19 | 6,26 | 6,61 [6,30
Coxen 3,15 | 5,06 | 6,11 | 6,54 [6,19
3 Creop 3,21 | 5,15 | 5,68 | 560 [5,24
Coxen 3,06 | 4,89 | 553 | 548 [5,07
Al Creop 2,99 | 3,68 | 3,91 | 3,81 |3,57
Coxen 2,83 | 3,56 | 3,81 | 3,66 |3,48
AS Creop 2,52 | 3,23 | 3,31 | 3,14 |2,95
Coxen 2,45 | 3,14 | 3,19 | 3,03 [2,87

283



Tpozpammuvie npodykmel u cucmemsl / Software & Systems

1 (30) 2017

W3 tabmunps! 1 BUAHO, YTO HAWITyYIINE 3HAUYCHHS
ko3¢ dunneHTa cKaTus Aal0T pasMepel N =4 un =35,
KOTOPBIE U ABJISIFOTCS] ONITHMAJIBHBIM Pa3MepoM OJI0Ka.

CpaBHeHHe YKCIepUMEeHTAIbHbBIX
pe3yJbTaTOB CHKATHSA

s moaTBepskaeHns 3 HEeKTUBHOCTH IPETIOKCH-
HOTO MeToja OBUIO TMPOBEJCHO CpPABHCHHE JKCIIC-
PUMEHTANIBHBIX PE3YyJbTATOB CXKATHUS IMOCTPOCHHBIM
AITOPUTMOM C pe3yJibTaTaMu Hauboliee pacmpocTpa-
HEHHOTO W M3BECTHOI'O CTaHAapTa CxaTHsl u300paxe-
HH# — 0110yHbIM MeTogoM JPEG. B kauecTBe TECTOBBIX
M300paKeHU OBLIM B3ATHI PACCMOTPCHHBIC BBIIIIC
IByXypoBHeBBIe m300pakeHUs Al-AS5. CpaBHeHue
MPOBOAWIOCH MO CTemeHH cxatusd. llox creneHbio
C)KaTus B TaHHOM CITydae MMOHHMaeM KOJIHIECTBO OUT,
KOTOPBIM TIPECTABIISIETCS B CKATOM (paiiie oMuH OaiT
(8 o6ut) mcxomHOTO (HEC)KATOTO) M300pakeHHs. Pe-
3yJbTaThl CTENIEHU CHKATUA I MPENJIOKEHHOIO Me-
toaa knew 1 utst 6iounoro merona JPEG — Kypeg mpen-
CTaBJICHBI B TaOIHUIE 2.

Tabauya 2
Pe3yabTaThl cTeneHeil c:kaTHs pa3JIMYHbIX
JABYXYPOBHEBBIX H300pasKeHU 1151 IPeIJI0KEHHOT 0
aJropuTMa M N3BecTHOro 6;04noro merona JPEG
Table 2
The results of a compression ratio
of various binary images for the proposed algorithm
and the famous JPEG decomposition method

H3o6pakenne Knew karec
Al 2,94 3,16
A2 4,58 4,81
A3 3,53 3,77
A4 491 5,14
AS 5.15 5,39

W3 Tabnuipl BUAHO, YTO CTENEHb Cxkatust Knew pu-
MepHO Ha 22-24 % nydIne CTeNeHN CKaTHs OJIOYHBIM
metogoMm JPEG, uto moarBepxkmaer 3QeKTHBHOCTH
MpeJI0KEHHOTO0 METO/1a.

Software & Systems
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[MTomyueHHBIE HKCTIEPUMEHTANIBHBIEC JAHHBIE TTOKA-
3BIBAIOT 3((EKTUBHOCTH IMPEIIIOKEHHOTO B TaHHOM
pabote MeTona OJI0YHOTO KOAMPOBAHUS JBYXYPOBHE-
BBIX M300paXCHNI: OH JTaeT CXKATHE TAKUX M300paxe-
HUHA Ha 22-24 % iydmie, 4eM W3BECTHBIH U HIMPOKO
npumensembrii meron JPEG. IlokaszaHo, 9to omnTH-
MaJlbHbIe pa3Mephl OJ0Ka IS MPEIOKEHHOTO METO-
Ja — 4x4 unu 5x5. IIoCTpOEHHBIN aIrOpUT™M KOAUPO-
BaHMsI MOXXET OBITh HMCHOJIB30BaH Ha NPaKTHKE JUIs
s deKkTUBHOrO cxKaTHsi KapTorpaduueckux u Qakcu-
MHJIbHBIX U300paskeHNH, CITyTHUKOBBIX N300pakeHUI
36MHOU IIOBEPXHOCTH U T.1.
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AN EFFICIENT BLOCK CODIG METHOD FOR BINARY IMAGES
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Abstract. Efficient image compression without quality loss is one of important problems of the information theory. This
problem has a wide practical application. It is known that any digital image can be represented by a sequence of messages.
There are numerous ways to select messages. The only requirement for these methods is the possibility of restoring an exact

copy of the original image from a sequence of messages.
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One of the ways of choosing messages is that the adjacent picture elements are grouped into blocks. Then, these blocks are
encoded according to the probabilities of their occurrence. Thus, short code words are used for the most probable configurations
of blocks, and long code words are used for less probable configurations. The result is an average ratio of data compression.
This coding is called block coding.

The block coding method makes it possible to obtain efficient compression two-level (binary) images without losing qual-
ity. This paper considers the solution of this problem.

We consider any binary image as many adjacent rectangular blocks of a certain size. These blocks form a set of messages,
which characterizes the image. Using the optimal Huffman coding we can achieve the highest data compression. However, in
blocks larger than 3x3 a set of messages is very large, and the Huffman code becomes inefficient. In addition, statistical analysis
of two-level images shows that a block consisting of white elements has high probability.

Based on this observation and applying the known optimal code, this paper proposes an efficient two-step block coding
method for binary images. We found the optimal block size at the first stage of coding. We have also compared the experi-
mental results of the compression ratio with the proposed algorithm and the block algorithm JPEG. The results have confirmed
the efficiency of the proposed method.

Keywords: binary image, block coding, compression ratio.
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TEKCTYPHPOBAHHE TPEXMEPHOH MOZEAH, HOCTPO“EHHOPUI
ITIO OB EJHHEHHOMY HABOPY BH/IOB C 3AILTHBKOH AbIP

A.Il. Kyopsuwios, k.m.u., m.n.c., kudryashovA@dvo.ru
(Mrncmumym aemomamuku u npoueccos ynpasaerus /JBO PAH,
ya. Paduo, 5, 2. Brnadusocmox, 690041, Poccus);
U.B. Conoeves, acnupanm, igorek.solovyev@mail.ru
(HHcmumym npuknadHoli mamemamuru /IBO PAH, yn. Paduo, 7, 2. Bradusocmorx, 690041, Poccus)

B pabore npennoxkeH aBTOMaTHUECKUI METOZ TeHEpalui 1 HAHECEHUS] TEKCTYPBl Ha KOMIMBIOTEPHYIO TPEXMEPHYIO MO-
JIeTIb, IOCTPOCHHYIO C TIOMOIIBIO BOKCEIFHOTO MeTO/ja 00beAMHEHHST TPHAHTYISIIIHOHHBIX CETOK, ITIOJyIeHHBIX MO TalbHOCT-
HBIM JIaHHBIM C Pa3HbIX BUIOB. DTOT METOA OOBEIMHEHNS OCHOBAH Ha BOKCEIBHOM HIIM 00BEMHOM ITOJIX0JI€, KOTOPBIH TaKkKe
ucnons3yeT quddy3Hoe pa3MbITHE 3HAYSHHH HESIBHOW BECOBOH (DYHKIMH B BOKCEIBHOM MPOCTPAHCTBE JUTS 3AIIMBKHU JIBIP Ha
¢unaBHON Moen. OOBIYHAS IPOEKIMS TEKCTYp 00pa3yeT 3aMeTHBIE BBl Ha TPaHHUIaX CKaHOB, & BCE PACCMOTPEHHBIEC aHa-
JIOTY TEKYIIEr0 MeTO 1a 001a1a0T BEICOKOH BEIYHCIUTEIFHON CII0XKHOCTBIO. [IpeicTaBIeHHbIH METO] TEKCTYPHPOBAHUS IIPE-
JIaraeT pemeHue 3THX mpodiaeM. OH OCHOBAH Ha CIMSHUM BCEX JOCTYIHBIX TEKCTYp € yIETOM Beca KaXJ[0r0 OTAEIbHOTO IHK-
celsl B KayKAOM TPEYTOJNbHHKE, IEPEKPHITHS U HAaOII0AaeMOCTH 3TUX TPEYTONbHUKOB. Bec KaXkaI0ro MUKCcems yIuThHIBaET cie-
JYIOIIHE TapaMeTpPhI: yroJl, HOJ KOTOPEIM OH HAaOTIOAAeTCsl, TEHB/TIEPECBET, JUCTAHIUS OT Kpast CKaHa, TOCKOJIbKY IMEHHO Ha
Kpalo CKaHa yacTo 00pa3yeTcsi BUAMMBIH IIOB TeKCTyp. 1 yMEeHbIICHHS BpeMeHH paboThI MPE/UI0KEHBI aJlTOPUTM HHAEKCa-
IIU1 TPEYTOJbHUKOB B BHJIE TEKCTYPHOH KapThl, KOTOPHIiT O3BOJISIET M30€KaTh MOIHOTO Mepedopa TPeYTroIbHUKOB, allTOPUTM
JUIsL OBICTPOTO pacdeTa BECOB TPEYTOJbHUKA OTHOCHTEIIBLHO JUCTAHIIMU 3TOTO TPEYTroJIbHUKA OT Kpas CKaHa, a TaKKe MHOTO-
SIICPHBIC BBEIYHCIICHUS. BEIMUCIMTENBHBIE SKCIIEPUMEHTHI OBUIM IPOBE/ICHEl Ha PEabHBIX CIEHAX, PEKOHCTPYHUPOBAHHBIX C
MOMOIIBIO TPEXMEPHOTo ckaHepa. OHHU MMOKA3aIH, YTO TEKYIIUH aITOPUTM CIIOCOOSH TeHepUPOBaTh PEATHCTUIHBIE TEKCTYPHI
3a KOPOTKOE BpeMs ISl BBICOKOAETATN3HPOBAHHBIX MOETCH.

Kniouesvie cnoea: mexcmypupoganue, 80KCenbHOe NPOCMPAHCIGO, MPEXMEPHAS. peKOHCMPYKYUS, MPUAHSYTAYUOHHAS

060104Ka, 00BEMHBII MEMOO.

Bonpmas 9acTh METOAOB MMOCTPOCHUS TPEXMEPHBIX
MoJIeNIell pealbHBIX 0OBEKTOB HCIOJB3yeT AaTbHOCT-
HBIC JJAaHHBIE, ITOJTydaeMbIe C TIOMOIIBIO CTepeoKaMep,
Ja3epHBIX TaJbHOMEPOB HITH allTOPUTMOB KOMIIBIOTEP-
HOTO 3pPCHHUS 110 CepHH M300paKeHHU 3TOr0 00BEKTa,
CHATOIO C pa3HbIX TOUeK. B HayuHOU nuTeparype Ha
TaKue JJaHHbIE CChUIAIOTCS KaK Ha JajlbHOCTHBIE N300-
paxkeHus (range images) wiu KapThl riyoun (depth
maps) [1]. C xaxapiM nukceneMm range image/depth
map CBS3BIBAETCS PACCTOSHHUE 10 BUAUMON TOUKH 00B-
€KTa B IPOCTPAHCTBE CLEHEI. [IpocTpaHCTBEHHBIE TaH-
HBIE MOTYT OBITh TPE/ICTABJICHBI B BHJIE 00JIaKa TOYEK
B TPEXMEPHOM IPOCTPAHCTBE WU B BUJE TPUAHTYIIS-
IIMOHHOW ToBepxHocTH. Hapsiny ¢ 3amaueit oObenu-
HEHMS ITUX TPUAHTYISIIUOHHBIX CETOK, MOJpa3yMeBa-
IOIIe TOCTPOCHUE CIUHON CBSI3HOW O000JOYKH Oe3
IyOIIMpOBaHMS yJacTKOB MOBEPXHOCTH, CTOWT 3a/1a4a
3aIIUBKH JBIP ¥ TIOCTPOEHUS TEKCTYPHI. 3aIlINBKa JBIP
MIPOMCXOJHUT Ha dTAIe 3allOJTHEHUS HESIBHON (QYHKINN
B BOKCEJILbHOM IIPOCTPAHCTBE, XOTSI METOIBI 3aIINBKH
MOTYT HCIIOJIB30BaThCS HA ATare 00pabOTKH TPHAHTY-
JSIIMOHHOI MOJieNnH, KaK, Harpumep, B [2, 3].

IIpencraBieHHbI B HACTOSIIEH CTaThe METOJ TO-
CTPOEHUS €IUHOM LIeJIOCTHOM TPeXMEPHON MOIENHU OC-
HOBBIBA€TCS Ha MOJXOJE, MPEeNsokKEHHOM B [4, 5], a
TaKke Ha Oojee paHHUX paborax [6, 7] U HanpaBieH
Ha IIPeo/I0JICHNE YKa3aHHBIX HelocTaTkoB. PaboTa BbI-
MOJIHANACh B KOHTEKCTE pelleHHs Oosee oOmieit 3a-
JIa9y 110 CO3/IaHHUIO TPEXMEPHBIX CIIEH Ha ITOCIIeI0Ba-
TEJTHHOCTAX N300pakeHWid. Bkiiag aBTOpOB COCTOUT B
pa3paboTke OPHUTHHAIHHOTO alTOpUTMa, B KOTOPOM
OCYIIECTBIIICTCSI IOCTPOCHUE THOPUIHON BECOBOM
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(YHKIIMH [UISL CIIUSTHUSL TEKCTYP C YYETOM TakKuX (ax-
TOpPOB, KaK yToJl HaOJFOJICHUSI, TCHb/TIEPECBET U OIH-
30CTh K Kpalo CKaHa, 00ecreunBaeTcsl ONTUMU3AIMS
BEIYUCIICHUH 3a c4eT 3PPEeKTHBHON CTPYKTYPHOH Op-
TaHW3allM JaHHBIX, & TaK)Ke JJOCTHIaeTCS BBICOKAs
CKOPOCTh 00paOOTKU JTAHHBIX 3a CUET MapauIeNIbHBIX
BBIYHCIICHUH Ha MHOTOSIZIEPHBIX IIPOIIECCOpPax.

0030p cyuIecTBYIOIIUX METO/I0B

Cy1iecTByeT JOBOJILHO MHOTO ITOJIXOJIOB K TEKCTY-
PUPOBAHUIO PEKOHCTPYHPOBAHHBIX 0OBEKTOB, OJTHAKO
JUTS KQKJTOTO METO/1a pEKOHCTPYKITUH C €T0 OTpaHIye-
HUSIMU HE00XO0JIMMO I10/I0MPaTh CBOI METO TEKCTYpH-
poBanus. B npeiioskeHHOM MeTo/1e T0Ipa3yMeBaeTcs,
YTO CKaHEp CTOMT HEIOJBM)KHO, @ MOJIENb BpallaeTcs
Ha CIEUMAIbHON IIIOMIAJKe, HOATOMY JUIS KaKJOTro
yyacTKa TMOBEPXHOCTH MEHsETCS OCBElIeHHe, a,
Hampumep, B [8] MOJeNb CTOUT HETIOIBM)KHO, a CKaHEp
MepeMemaeTcs BOKPYT, MO3TOMY MOJETHh OCBEIICHA
OAWHAKOBO [JIA pasHbIX BHIO0B, HO HCO6XOJII/IMO
yOpaTp morpenrHocTu ckaHupoBaHui. B [9] aBTopsr
MOJB3YIOTCSl HU3KOIMOJIMIOHAJIBHEIMA OOBEKTAaMH M,
MOMHMO MPOYETo, PEUIAlOT 3a7ady YaCTHYHOTO Hepe-
KPBITHS TPEYTOJILHUKOB, @ B PACCMAaTPUBAEMOM CiTydyae
9TO MOJIENb C TPEYrOJIbHUKAMH, TEKCTYpa KOTOPBIX
MMEeT IUIoNIa b, OJM3KYIO K IUIOLIaTd OJHOTO-IBYX
MHUKCENEH, M peliaTh 3a/1a4y YaCTUYHOTO TIEPEKPBITHS
HeT cMbIcia. Ho B miemoM 3Ti MeTos! OJIM3KH K TIpe-
JIO)KCHHOMY B JTaHHOM CTaThe.

B [8] ucmonb3yercs OJICHIUHT C PaBHOBECHBIM
y4acTHEM BCEX BHIOB. DTO XOPOIIO pabOoTaeT, eciu
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OCBEILICHHE MOJIEJIM MEHIETCS He3HAUNTEJIbHO M He
MOSIBJISIIOTCS TOTIOJIHUTENbHBIE TeHH. [IpeanoxeHHbIH
B HACTOALLIEH CTaTbe€ METOJ AAET JIY4IUUN pe3ysbTar,
4eM paBHOBecHBIH OneHmuHr. B [9] mcmomp3yercs
OIEHIVHT ¢ Y4E€TOM Beca 110 HAKJIOHY HOPMAJIX OT BEK-
TOpa HaOJIIOICHNUS U Beca 110 TITyOnHe, HO He YIUTHIBA-
eTcsl BeC 1O IUCTaHLUK OT Kpas CKaHa, a UMEHHO Ha
Kparo CKaHa OOBIYHO OOpa3yIOTCs TPEYTOJIBHHUKH C
MaKCHMaJIbHBIMH UCKa)KEHUSIMH, KOTOPBIE MOTYT J1aTh
HEKOPPEKTHBIE pe3ynbTaThl. Takke HE YyYHTHIBACTCS
BKJIaJ] TEHEH U MEPECBETOB.

Crout OTMETUTh U CKOpOCTh pabdothl. [ns [8] ato
10-30 munyT A 10-20 ThICSY TPEyroJbHHUKOB, IS
[9] — 14 munyTsI 11 10—-15 THICSY TPEYTOIBHUKOB.
[IpemnoxeHHBIM B TaHHOHM paboTe mMeTomoM oOpabda-
ThiBaeTcs 3a 0.5-1.5 MuHyTHl 2—-5 MWUJIMOHOB Tpe-
YTOJIBHUKOB, TO €CTh 00paboTKa OCYIIECTBIAETCS Ha
HECKOJIBKO TOPSAKOB ObicTpee. OHAKO U3-3a METOAA
CHEMKH B HAIllEeM CiIydae HET HEOOXOAMMOCTH YCTpa-
HSTh HETOYHOCTH IIPU CKaHHNPOBAHHU.

Taxke croutr ormeruth padoty [10], B xoTtopoit
Juist obecTieueH sl Hy>KHOM TOYHOCTH MOJICJIUPOBAHHUS
U TEKCTYPUPOBAHUSI UCIOJIB3YETCs, TOMUMO (pOoTOKa-
MEpBHI, €1lIe U Ja3epHBIA CKaHep.

IHocTpoeHue Moae/u ¢ 3alIMBKOI AbIP

IMonpobHoe ommcanwe MeTona MOCTPOSHHS O00b-
€MHEHU MOJENU NPUBEAEHO B [3], 3alLMBKU JbIp —
B [4], TekctypupoBanust — B [11]. McxonHeiMu naH-
HBIMH SIBJSIFOTCS HAa0Op TPHAHTYISIMOHHBIX CETOK,
MOJIYYEHHBIX CTEPEOMETO/IOM C Pa3HbIX TOUEK HAOJI0-
JeHus, 1 (POTOM300PAKEHHUS C U3BECTHOW BHEIIHEW U
BHYTpEHHE KalnOpoBKoi kamep. B pesysbrare HE0O-
XOAUMO TOJY4YHUTh OOBEAMHEHHYIO TEKCTYPUPOBaH-
Hyt0o Mmojens (puc. 1). CkaHMpOBaHHE BBIOJIHEHO
TpeXMepHbIM ckaHepoM (upmsl RangeVision.

OObeIMHEHNE MTPOUCXOTUT C MTOMOIIBI0 BOKCEIb-
HOTO METO/]1a, UCIIOJIE3YIOIIET0 OKTOEPEBO, IS O TH-
MU3AIMHA TPUMEHEHUS KOMITbIOTepHOW mamatu. Oc-
HOBAa MeETO/a — IIOCTPOCHHE T'MOpPHIHOH BeCOBOU

(YHKIIMHM B KaKAOM IPHJIETAONIEM K IOBEPXHOCTH
MoJienu Bokcene. JlaHHas QyHKIHS CTpOWTCS Ha ca-
MOM HIDKHEM, I€TaTbHOM YPOBHE OKTOJEPEBA, a 3aTEM
MEPECYUTHIBACTCS] HA YETHIPE YPOBHA BBEPX, IE IIPO-
ucxonut auddysHoe pasmerrue. AnddysHoe pa3mel-
THE HEOOXOIMMO IS 3alOJHEHHS IyCTBIX BOKCENCH
3HAYCHUSMH C COCEOHHX (HEIyCTBIX) BOKCEJIEH, IO
3TUM 3HAYCHHSAM OYAET CTPOUTHCS HOBas MOBEPX-
HocTb. [IocTpoeHue UTOroBoi MOBEPXHOCTH NIPOU3BO-
JIUTCS] METO/IOM MapIIUPYIOMIUX KyOHUKOB.

Hawnbonee pecypcoeMKol 4YacTbio IpelcTaBlICH-
HOTO BBIIIE METOAA SIBJIETCS OIpeNeNICHUE paccTos-
HUH OT BOKCEJIOB 10 OJIvpKaiied MOBEpXHOCTH IMpH
MOCTPOEHUU BecoBOM (QyHKIUH. BpruuciaurenbHas
TPYZIOEMKOCTh BO3HHKAET U3-32 HEOOXOIMMOCTH TIepe-
6opa BceX TPEYroJIbHUKOB C BBIYMCICHHEM COOTBET-
CTBYIOIINX paccTossHuA. UToOBI m30exkaTh M30BITOU-
HBIX BBIYHCIICHUH, IPEJIaracTcsi MEXaHH3M C TpeBa-
PHUTENBHON MHAEKCAIMeH BCEX TPEYTOJbHUKOB CETKH
Ka)k7j0ro Brza. [l 3TOTro UCTIONb3yeTCs By XMEPHbIH
MacCHB C Pa3MEPHOCTBIO, PaBHOI pa3MEpPHOCTH H300-
pakeHHsI TOTO BHUJA.

Torga MOXHO CIPOELUPOBATh KaXKIbl TPEYrOJlb-
HHK MCXOJHOHN CETKH i-ro BHJa Ha i-€ M300pakeHue.
B pesynpTare kaxaoe 3Hau€HHE MacCUBa IIpHOOpeTaeT
00 WHAEKC, YKa3bIBAIOIINK Ha MPHUHAMICKHOCTH K
OTIpEZIETICHHOMY TpPEYTONbHUKY, 1160 0, To ecTh OT-
CyTCTBHE IpoeKIH. Takas nmporueaypa BO3MOXKHa, 110-
CKOJIbKY MICXO/IHAsI CeTKa ISl KayKAOTO BUAA SIBISETCS
3aBE/IOMO BUJINMOH, TO €CTh HE COJIEP)KUT HEBUANMBIX
Ha 3TOM Buje TpaHeil. Vcnonp30oBaHne HHAEKCOB MU
nociaenymomnel pabore anropurMa IHO3BONISET U30e-
’KaTh TOJHOTO Iepedopa MO BCEM TPEYroJbHHKAM
KaX/I0OT0 BU/Ia U CYILIECTBEHHO yMEHBILIACT BpPeMs pa-
60THI aNITOpUTMA.

TekcTypupoBanmue

Ilpeosapumenvuaa gurvmpayus. IlepBas npo-
BEepKa — TMpoBepka Ha HaOmomaeMocTb. Kakablid
TPEYTOJIbHUK OCTPOCHHON TPEXMEPHOI MOENH Mpo-
eLUpYyeTCsl Ha KaxAbll u3

Puc. 1. I[locmpoenue eOunol mekcmypuposanHoll mpexmepHol Mooeau no Habopy
u300pasdiceHull, NOIYUEHHbIX C PASHBIX BUO08

Fig. 1. Unified textured 3D modeling using images from different views

TNIEPBOHAYAIIBHBIX BUJIOB.
Jns Kaxkporo w3 HUX pac-
CUUTBIBACTCA YI'OJl HaKJIOHa
OT HOPMAJIA TPEYrOJIbHUKA K
JIMHUM, TPOXOAsIEH uepe3
LeHTp Kamepsl. Ecim yron
npeBsimaer 90°, Tpeyroib-
HUK HEBUJHM C OTOI'O BUJa U
€ro MO>XHO 0TOpocHTh. s
TPEYroJIbHUKOB, Y KOTOPBIX
3TOT yroja 6mm3ok k 90°, Be-
JIMKa BEPOSITHOCTH OIIMOKH,
HO Ha CIIy4ai, eciii HeT JIpy-
roro, Oojee IOAXOMSILETO
BUJA, dTa Ipoekuusi Oyner
yareHa W OoTOpocurcs
TOJIBKO B CIIydac HaIUYIUS
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Jqydnied  anpTepHATHBHL. — Bropas
NpoBepKa — TIpOBEpKa Ha BHAH-
MOCTb, TO €CTh Ha TO, YTO HaOJo/1a-
eMBI TPEYroJbHUK HE MEPEKPHIT
JPYTUMH  TPEyroJbHUKaMH 3TOH
Monenu. B obmem ciaydae motpe-
OoBascs OB epedop BCeX TPEYTOIb-
HHUKOB MOJIEIIH, YTO 3aHsIO0 OBl 3Ha-
yurtesnbHoe Bpems. [ onrtummuza-
MM MOKHO BOCIIOJIb30BAaThCS yKe
MOCTPOCHHOW M7l epBOHAYAILHON
MOJIeId UHJEKCHON KapToil. Jlns
BCEX YIJIOB TPEYroJIbHHKa 00beau-
HEHHOM MOA€CJIN NOJTYYUM 3HAUCHUA
MHJIEKCOB TPEYTOJBHUKOB HCXOJI-
HBIX CKaHOB 10 oObeanHeHus. Ecin
paccTosiHAE MEXIy 3THMH OOBEK-
TaMH MEHBIIE IIOPOTOBOTO 3HaYe-
HUS, 3HAYHT, HE CYIIECTBYET 00BEK-

Puc. 2. PasHble munvi HaHeCeHUss MEKCMyp. @) RO IYUUUM KPUMEPUSIM,
6) pagrnomepHblil O11eHOUHe, 8) OIeHOUHS ¢ SUOPUOHBIM BECOM

Fig. 2. Different types of texturing: a) according to the best criteria, 6) uniform

blending, 6) hybrid weight blending

TOB, KOTOpPBIE 3aropaKMBaiu Obl
paccMaTpuBaeMblil TpeyroabHUK. OCOOHAKOM CTOST
TPEYTOJbHUKY, TOJyUYeHHBIE B Pe3ybTaTe 3allMBKHU
JBIp: Y HUX HET MHAEKCOB Ha NEpBOHAYaJIBHOW WH-
JIEKCHOW KapTe, MOATOMY JIMOO NPUAETCS IPOBEPSTH
X Ha BHIUMOCTh IyTEM IIOJIHOTO mepebopa, JTu0o,
€CII He0OXOJMMO COKOHOMUTH BPEMsl, HTHOPHPOBATh
3TOT KPHUTEpHH, a HCIIOJIb30BaTh TOJBKO KPHTEPHH
HaOmonaeMocTH. JIOrn4HO, YTO JUIA TEKCTYphI Kax-
JIOTO TpeyroJbHUKAa HYXXHO BHIOpaTh BUAMMBIN yda-
CTOK, CHATBIH 110Jl MUHUMAJIBHBIM yriioM. OfHaKo Ha
CTBIKax TEKCTYp, MOJYYEHHBIX C Pa3HbIX BH/OB, ITOSIB-
JISIFOTCS 3aMETHBIe TpaHuIp! (puc. 2a). Paccmorpum
noapoOHee pereHne ToH 3a1auH.

Ilonukcenvnoe cmeuwuganue. OCHOBHOM mpoOIie-
MOH TP TEKCTYPUPOBAHUU TPEXMEPHOU MOJIENH C I10-
MOUIBI0 UCXOAHBIX (pOTOM300paXKEHUIT SBISETCS pa3-
JMYHOE OCBEIlIeHHe Ha pa3HbIX BHAax. Ha pucynke 3
MPOJIEMOHCTPUPOBAHO, KaK OJMH U TOT XK€ Y4acTOK I10-
BEPXHOCTH MOJICIIN BBITIISIIUT 1T0-Pa3HOMY Ha Pa3HbBIX
BUJIAX.

Pemmmte 3Ty 3amady MOXHO IYTEM CMEUIMBAHUS
3HA4YEeHUH 1BeTa Il KaKAOH TOUKH TEKCTYpHI C pas-
HBIX BHIOB. OTHAKO paBHOMEpPHOE CMEIINBAHHE TEK-
CTYp NPHUBOJHT K HE CAMBIM HICATBHBIM pe3yIbTaTaM

(puc. 26). [emo B TOM, 4TO BUIB HEPaBHO3HAYHEL,
MOCKOJNIBKY HAa HEKOTOPHIX W3 HHX MPHUCYTCTBYIOT
CHIIbHBIC TCHU U TIEPECBETHL, @ HA HEKOTOPHIX HYKHBINA
TPEYTOJLHUK CHAT IOJ] OYCHb OOJIBIIMM YIJIOM HJIH
HAXOJIUTCSI Ha IPAHUIIe CKaHa, TJIC OOBIYHO MOT'YT OBITh
omuOKku ckaHupoBaHus. IlosTOMy ais ydeTa Bcex
Npe/II0KEHHBIX KPUTEPUEB BHIOOpA TEKCTYPBI OBLT UC-
MOJIb30BaH '’MOPUIHBII BEC, PACCYMTBHIBAEMBIH 110 (hop-
MyJie

W = Woea(Wyr HWiy), (1)
1€ Woes — BEC TI0 OCBELICHHOCTH ((YHKIIUS UMEET Tpa-
nenenIanpHyo (GopMy, IpUHIMaeT 3HadeHue 0 st
TEHEH, 3aTeM JIMHEHHO BO3pacTaeT 10 1 W Takxe Jiu-
HelHo nasaeT 10 0 U1 mepecBeToB); Wy, — BEC TI0 yTITy
HaOmroeHus (uHEitHO Bo3pacrtaeT ot 0 1o 1 B 3aBU-
CHMOCTH OT yTila HaOMI0eHus ); Wrp — BEC TIO paccTosi-
HUIO TPEYTOJIbHUKA OT IPAHHUIIBI CKaHA.

Eciu nepBbie 1Ba mapaMeTpa He BBI3BIBAIOT TPYI-
HOCTE# C pacueToM, TO pacueT PACCTOSHHUS OT KaXKI0r0
TPEYroJIbHUKA JI0 TPAHUIIBI CKaHA B MPSIMOM BHJIC SIB-
JISICTCSL KpaiHe PeCypCOEeMKHM, TO3TOMY ObLIa mpe-
JIOXKCHA CIICAYIOIIas ONTUMM3AIHNS. YIKE CYIIECTBYET
MOCTPOCHHASL CTPYKTYpa HHACKCOB I BCEX Tpe-
YTOJILHUKOB, KOTOpPasi B JBYXMEPHOM BHJIE COJICPKUT

Puc. 3. Bausinue oceewjenus na mexcmypy

Fig. 3. Lighting effect on a texture
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a) 0)

Puc. 4. @omouzobpascenue modenu «3mesy (a), kapma éecos no oucmanyuu om kpas ckana (6),
2UOPUOHASL KAPMA 8ECO8 C YUemom 6cex 6ecos (8)

Fig. 4. “Snake” model photo image (a), weight map on a distance from the edge of a scan (6),
hybrid weight map adjusted for all weights (s)

6)

HMHIEKCBl TPEYTrOIbHUKOB U HYJIU TaM, IAE€ TPEYroJib-
HUKOB HeT. HeoOXoamMo il KaKZAO0Tro HEHYJIEBOTO
3HAYCHHSI BBIYHCIIHTH PACCTOSIHHE IO ONIKAWIIeTro
Hynsa. [lockonmbKy HalIeHHBIE 3HAYCHHUS HCIOJB3Y-
IOTCSl TOJIBKO B Ka4eCcTBE Beca, HET HEOOXOTUMOCTH B
BEIYUCIICHIH a0CONIOTHBIX 3HaueHWd B 3D, mocra-
TOYHO BBIYUCIUTH JUCTAHIMIO Ha TTOCKOCTH. OTHAKO
pAMO¥ mepebop BceX HEHYNEBBIX 3HAUCHUH M TIOUCK
OmpKalfliero HyJIEBOTO B 3aJlaHHOM paJnyce 3aHH-
MaloT NPOJIOJKHUTENIBHOE BpeMs, okono 1.2 cekx. Ha
Kax b1 Bu. [loaTOMy ObLTa MpeIokeHa ClIeAyIoIas
ontummsanysd. KaxaoMy HEHyJIeBOMY 3HAUEHHUIO MH-
JIeKca TIpHUCBarBaeM MaKCUMAaJIbHBIH BeC, 3aTeM IIpOBe-
psieM, eCTh JIM PSIOM HYJIEBOC 3HAYCHHE; €CIH €CTh,
J00aBIIsSIeM B CITMCOK W TIPUCBanBaeM 3HaueHue . 3a-
TEM OCYIIECTBIISIEM IOWCK 3HAYCHUH, PABHBIX MaKCH-
MaJIEHOMY BECY, TOJIBKO B COCETHHX sTIeHKaX dIIEMEH-
TOB U3 ATOTO CITUCKA. Takyro UTepanuio IpOU3BOINM
HEoOXoIMMOe 9UCIIO pa3. JlaHHAs ONTUMH3ANUsS T03-
BOJISIET COKPATUTh BpeMsl BEIYUCIICHHS Beca B 6—8 pas.

Ha pucynke 4 st oqHOTO Bua Moaenn «3Mes» (a)
MOKa3aHbI TOCTPOCHHAS KapTa BECOB IO TUCTAHIIUH OT
Kpast ckaHa (0), a Takke THOpHUIHAs KapTa BECOB C y4e-
TOB BCEX BECOB: TI0 OCBEIIEHUIO, YIIIy U PACCTOSHHIO
JI0 Kpas ckaHa (B), paccuntanHas mo ¢popmyne (1).

PaccumnraB Bec aisl KaKAOTO MHKCEIs, TOCTPOUM
(uHANBHYIO TeKCTypy. s KaXIoro muKcems Kax-
JIOTO TPEYyroJbHUKA BEIYHUCIIAEM LBET MO GopMyIe

n
C= ZWiCi > (2)
i=0

re N — 9ucio BUIOB; Ci — HCXOHBIN 1BET C i-I0 BUIA,
Wi — Bec, KOTOpBIH MODKEH OBITh HOPMHUPOBAH TaK,
9TOOBI CyMMa BCEX BECOB JJISI BCEX BHAOB ObIIa paB-
Ha 1. Pesynbrar TeKCTypHUpOBaHHS IPEICTaBIICH Ha
pHUCYHKE 2B.

PesyabTaTsl

Jlst otteHKH 3P PEKTUBHOCTH MPEIIOKESHHOTO Me-
TOJIa MIPOBEICHBI BEIYUCIUTENILHBIC SKCIIEPUMEHTBI Ha
peabHBIX CLEHAX, MOJYYEHHBIX C MOMOIIBIO CKaHepa
RangeVision 3D (cwm. http://www.swsys.ru/uploaded/
image/2017 2/2017-2-dop/9.jpg). Hcnonp3oBanne

MHOTOSAIEPHOCTH MO3BOJIMIIO YBEIUYHUTL CKOPOCTH pa-
6OTHI B cpesiHeM B 2,5 pa3a 10 CPaBHEHHIO C OJJHOIPO-
LIECCOPHBIM BapHUaHTOM. Pe3ylbTaThl 3KCIEPUMEHTOB
OTpakeHBI B TAOIHIIC.

Cpoanas Ta0auna pe3yibTaToB

Summary of results

[Mapamerp Mopean
Hden 3mest

KonuuecTBo TpeyroiabHUKOB 1,8 2,7
B MICXOJJHOH MOJISIIH, MJIH
KonnuecTBo BHIOB 8 10
Bpewmst paboTs! anroputma 18 37
PEKOHCTPYKIIHH, CEK.
Bpewmst paboTs! anroputma 6 12
TEKCTYPUPOBaHHMsI, CEK.
KonuuecTBo TpeyroiabHUKOB 0.3 0.6
B (MHAIBHOI MOZENH, MITH

3akaouenue

B pabore mpencraBiieH METOJ TEKCTYpHUPOBAHMS
TPHAHTYJIIIUOHHONW TPEXMEPHOW MOJENH, ITOCTPOCH-
HOM BOKCEJIbHBIM METOJOM C 3alUUMBKOM AbIp. TecTu-
pOBaHUE Ha peabHBIX TaHHBIX TIOKA3aJI0, YTO MPE]IO0-
JKCHHBIC aJTOPUTMHYCCKUE PEIICHUS U CTPYKTypa
JTAHHBIX C UCIIOJIb30BAaHUEM OKTOJICPEBa, WHACKCAIIUH
TPEYTOJNILHUKOB, BBIYHCICHUS THOPUIHON BECOBOWM
(GYHKIMY [T KOKIOW TOYKH TEKCTYPHI CYIMIECTBEHHO
MOBBICHITM KQ4€CTBO BU3yaJIN3alliy U TPOU3BOANUTEIb-
HOCTb METO/Ia [0 CPABHEHHIO C aHAJIOTAMHU.

Paboma evinonnena npu wacmuunou gunancosoi
noooepoicke PODU  (epanmur NeNe 15-07-00341,
16-07-00350), Ipoepammer «/Jarvnuii Bocmoky (npo-
exm 15-1-4-011 o) u Ilpoepammer Ilpesuduyma PAH
Ne [.3311 « @ynoamenmanvhvle npodiemvl mamemamu-
4eCcK020 MOOCTUPOBAHUSLY.
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TEXTURING OF 3D MODELS WITH FILLED HOLES
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Abstract. The paper presents an automatic method for texturing three-dimensional computer models. The proposed method
is based on the well-known voxel approach, according to which the resulting surface of the scene is obtained by combining a
variety of views in the voxel space. Diffuse blurring of weighting function values in the voxel space is used to fill holes. Simple
image projection results in visible seams on scan edges. To overcome this problem one normally needs to resort to highly
computationally demanding methods. The proposed method of texturing offers a solution for these problems. The texturing
algorithm is based on the blending of all available textures, taking into account the weight of each pixel in each triangle, as
well the overlap and observability of these triangles. The algorithmic implementation of the method is optimized to improve
computational performance of the method and the quality of a generated textured triangulation model. The algorithm of index-
ing of triangles makes use of a texture map for each view which allows reducing the amount of computation time and therefore
to speed up reconstruction and texturing. The multi-core processing provided an additional increase in computational perfor-
mance. Computational experiments were performed on real three-dimensional scene data obtained by a 3D scanner RangeVi-
sion. The experiments showed that the current algorithm is able to generate realistic textures in a short time for highly detailed
models.

Keywords: texturing, voxel space, 3D reconstruction, triangulation mesh, volumetric method.
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ITPHHIIHIIBI TIPOEKTHPOBAHHSA MOAYABHOM APXHTEKTYPBI
IIPOIrPAMMHOI'O OBECITIEYEHHSI ABHAITHOHHOH TEMATHKH

N A. Huxxuroea, sedywuii cneyuanucm, |_chizhikova@scac.ru
(Komnarus « paxoarHckue camonemut Cyxozo,
ya. INonuxapnosa, 236, cmp. 2, 2. Mockea, 125284, Poccusi)

Pazpabotka 1O — 10BOJIBHO CIIOXKHBIN U TPYJOEMKHH Hpoliecc, B KOTOPOM NPOEKTHPOBAHNE KOPPEKTHOH M HaJeXHOU
ApXUTEKTYPHI (CTPYKTYPHI) UTPaeT KIF0YEeBYIO poib. Pactpenenenne n KoopauHaIys ycuimii no co3ganuio 110 B rpymme pas-
pabOTYNKOB YAaCTO OKAa3hIBAIOTCSl HANOO0JIee OTBETCTBEHHBIMH M TPYXHBIMHU PEIICHUSIMH, TaK KaK BIUSIIOT HA OCHOBHOM pe3yJb-
TaT.

C pa3BHUTHEM TEXHOIOTHH IS (PYHKIIMOHATFHOCTH U YHPaBICHUS OOPTOBBIM PaANO3IEKTPOHHBIM 000pYAOBaHHEM Tpe-
Oyercs yBenmmueHHE 00BEMOB PabOT MO co3aHuIo U conpoBoxaeHuo [10. B cdhepe mponsBoacTBa aBHAIMOHHBIX TPEHAKEPOB
U KOHTPOJIHO-NIPOBEPOYHON TEXHUKH PONb MPOEKTHPOBaHMs, pa3paboTku u compoBoxkaeHus 110 Taxxe Bo3pacraer. Bee
OoJtbIIast 4acTh 3a1a4 MepeHOCHTCS C ammaparHoi yacty Ha I10.

B cratee naercs aHaiaM3 OCHOBHBIX acCIEKTOB NMpoeKTHpoBaHus [10 aBHAIIMOHHOTO Ha3HAYCHUs, CONOCTABIISIOTCS TIPHH-
IUITBI TIPOEKTUPOBaHUs apxuTeKTyphl [10 11t 60pTOBOro 060pyIOBaHUS IPAKAAHCKOTO camoleTa 1 apXuTekTyps! I10 aBna-
IIHOHHOTO TpeHaxkepa. s mpencraBieHus efuHOW Mozenu apxuTekTypsl 110 uccnenoBaHbl paboThl IO MPOEKTHPOBAHUIO
apxutekTypsl [10 aBHanimoHHOTO TpeHaXKepa 1 apxuTekTypa 6oprosoro 10 camornera. [IpoBeeHO cpaBHEHHE OAXOI0B, BBI-
SIBJICHBI X 00mIHOCTH. Takxke paccMOTpeHa MOJIeNb, YCIECITHO pUMeHsieMas TpH npoektupoBanuu [10 xommnanueit Rockwell
Automation, uccienoBas psia pabot JlenTckoro TEXHIIECKOr0 YHUBEPCUTETA 10 PACCMaTPUBAEMOi TeMaTHKe.

B pabote npennaraercs MaTeMaTH4eCcKoOe MPEICTAaBICHUE MOAYIIFHOM apXUTEKTYPhl IPOIrPAMMHOTO IIPOAYKTa, OPHEHTH-
POBAHHOTO Ha HCIHONb30BaHNE B ABUAIMOHHON HHIYCTPHH.

TIpennoxxeHHsli moaxox K nmpoekrupoBanuro [10 i nprMeHeHns] B aBHAIMOHHOW OTPACiM MO3BOJISIET YHU(HUIPOBATh
pa3paboTKy MPOrpaMMHBIX IIPOAYKTOB, COKPATHTh BPEMEHHEIE 3aTPaThl M TPYAOEMKOCTh HX CO3/IaHMs1, BHOCUTH HHHOBALMOH-
HBIe peleHus 6e3 TpaHchOopMUPOBaHHMS CYLIECTBYIOIIEH CTPYKTYPHI IPH YCIOBHH, YTO IPOTPAMMHBII MIPOIYKT CO34aBAJICS C
NPUMEHEHHEM OITUCAHHOTO PELICHMSI.

Knioueswie cnoea: 110, apxumexmypa 110, npoexmuposanue apxumexmypet 110, paspabomka 110, asuayuonnvie mpena-
arcepul, asuayuonnoe 10, mamemamuueckoe mooenuposanue.

IIpoextuposanue I10 sBisieTcs HEOTbEMIIEMOM Ya-
CTBIO JIFOOOTO MPOEKTa, OCHOBOMOIATAOIIUM (yHIa-
MEHTOM Oyaymiei pa3padoTKu.

IIporpamMHas peanu3aiysi aJropuTMOB B3aMMO-
JIEHCTBUS TPOTPaMMHBIX MOIyJIeH U X HMH(pOpMaIu-
OHHBIA 0OMEH Ha amlmapaTHOM YPOBHE 00ECIIeYHBAIOT
KOppeKTHOE (YHKIIMOHHPOBAaHUE pa3padaThiBacMOi
CHUCTEMBI.

B rpymrie pa3paboTYHKOB HEOOXOIMMO MPABHIBLHO
pacrpenensiaTe U KOOPIUHHPOBATh YCIIIUS O CO3Ja-
Huto [10, npu 3ToM GosbIlIoe 3HAUYCHNE UMEET YETKOE
OIIpeZieJIeHNe CTPYKTYPHI (apXUTEKTYpbl) pa3pabarhi-
BaeMoM nporpammsl [1].

YacTo nmpu M3HAYAIBHO HEKOPPEKTHOM MPOEKTH-
POBaHUM CTPYKTYPHI NPOTPaMMHOTO TIPOIYKTa Ha
9Tane pa3padOTKH WM COMPOBOXKIEHHUS BO3HHKAET
mpobjeMa perpeccud MpPOTrpaMMHOTO KOjAa, KOTjaa
JanpHeHIee pa3BUTHE W COIPOBOXKACHHE HEBO3-
MOJKHBI.

HemssMu ncciiemoBaHust CIIOCOO0OB MPOEKTHPOBA-
HUs apxuTekTypbl [1O Obly BBISBICHHE, ONTHMHU3A-
IS ¥ yHU(QUKAIUS TIPEIOKEHHBIX PEHICHUH Mo pa3-
padotrke 1O mis mpuMeHEHUs B aBHAIMOHHOH OT-
paciu.

B pesynbraTe m3yueHHs ombITa NMPUMEHEHHS MO-
nynmeHOM  cTpykTypel 1O  xommammedr Rockwell
Automation, Hccae1oBaHus 3apyOeIKHBIX HAYIHBIX UC-
TOYHHMKOB, ONTMCHIBAIOIINX BO3MOKHOCTh TPAMEHEHHS
MOJYJIBHOH apXHUTeKTypbl TIpu paspabdotke I10, a

TaKOKe aHaJIM3a MPUMEHIEMBIX HA MPAKTHKE TEXHOJIO-
ruii pa3paboTtku [1O B aBHAMOHHON OTpaciu OBLIO
YCTaHOBJICHO, YTO OCHOBHBIM acCIeKTOM KadecCTBEH-
Horo mpoekTtupoBanus 110 mis nmpuMeHeHHs B pac-
CMaTpuBacMoi 007acTH SIBISIETCS MOJYJIBHOCTb. Ta-
Kol moaxon obecrednBaeT THOKOCTh M Hapallu-
BAacMOCTh Pa3pabaThIBAEMOTO MPOAYKTa, JIETKOCTh B
COIPOBOXKJICHUH, IKOHOMHIO PECYPCOB.

MeTtoasb! npoekTupoBaHusi apxurekTypsl 1O
ABHALMOHHOTO TPEeHaMxepa

PaccMoTpuM MeTOABI NPOEKTHPOBAHUSI APXHMTEK-
Typs! [10 Ha nmpuMepe aBHAITMOHHOTO TIOJIHOMHIIOTaK-
HOTO TpeHaXxkepa.

Hcnonp3oBanne MoxynbHOW apxuTekTypsl 110 B
TpeHaXkepax MpearoiaraeT UMUTALNIO KaXXI0i Gu3u-
YEeCKOI CHCTEMBI B OT/JICIEHOM IPOTPAMMHOM OJIOKE.

IIpn MomynbHON apXUTEKType IMOCTPOEHHUS IPO-
rpaMMHBIE OJOKM MOTYT CO3/aBaTbCs HE3aBHCHUMO
JpYyT OT JApyra ¥ OObEANHATHCS B CUCTEMY JISI TONTY-
4eHHsI HEOOXOMMBIX pe3yIbTaToB [2].

Pemennem 3agaun KOPpEeKTHOTO B3aUMOJEHCTBUSA
MPOTPAaMMHBIX MOAYJICH SIBJISIETCS NPUMEHEHHE alro-
PHUTMOB IIepeiauu JaHHBIX OT MOAYJIS K MoTyitio. [laH-
Has 3a/aya BKIIFOYAeT KaK Peai3alfio JIOTHYECKUX
CBSI3€i MEX Ty POTpaMMHBIMHU OJIOKaMH, TaK M 0OMEH
nHpOpManeld CHUCTEeMBl C B3aWMOJCHUCTBYIOIIMMH
MOJICUCTEMaMHU, TP 3ToM B apxutektype I10 Heooxo-
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JIIMO BBIJICITUTH MPOTPAaMMHBIA MOYJIb (MOJYJIN) WH-
TepdeiicHoro oomena [2].

IIpu mnpoeKTHpOBaHUM apXUTEKTYphl BCEH CHU-
CTEMBI aBHAIMOHHOTO TPEHAXKEPA €r0 COCTABIISIOLINE
(mporpaMMHBIe OJIOKH) YCIOBHO MOXKHO PacIIpe/IeuThb
[0 YpOBHSAM B3aumozeictus. Kak npasuno, B apxu-
tektype [1O BBIIETSAIOT IATh YPOBHEH pacpeneeHus
mporpaMMHBIX 010K0B [ 1, 3].

B pabore [1] npexacrasusiercst apxutekrypa 110
aBHALMOHHOTO TPEHa)kepa B BHJIE IPOTPaMMHBIX 0JI0-
KOB WJIM MOJTyJIel, HepapXUUEeCKH pacipe/ieIeHHbIX 0
ypoBHsIM. TaM e JaHO ompeleseHUe apXUTEKTYpHI
10 xak cTpyKTypbI MaKkeTa MPOrpaMM MOIEITUPOBAHHS
camoJera.

Ha camom BepxHEM ypoBHE HaXOISTCS IPOTpaM-
MHbIE OJIOKH, TIpeTHa3HAYEHHbIC U1 TpaHC(HOpMaIN
W TIPEACTaBIICHUS pe3yibTaTra Bcel BbIpaOOTaHHOU
(moyueHHo#) Ha OoJiee HU3KUX YPOBHAX HWH(pOpMa-
I[N B MHTEPAKTUBHOM BHze. Ha maHHOM ypoBHE co-
JieprkaTcs M MOINPOTrPaMMBl, OIMCHIBAIOIINE Tpaduye-
CKHUH TMOJIb30BATEIbCKII UHTEPPEHC. DTO CTPYKTYpA,
OpPHEHTHPOBAaHHAsl Ha IOJIB30BATeNlsl U COJepIKarias
nH(OpMaLUIO O MOANPOrpaMMax, KOTOpBIE JOJDKHBI
OBITH BBITMIOJHEHBI, YIIPABICHUE 3aJaHUSIMU. Y POBEHb
NnpeaHasHadyCH Jigd MTPEACTaBJICHHA, NOATOTOBKH U
MIEPEKOMIIOHOBKH BCEHl BHYTpeHHEH HHGpOpMayun
B MHTEPAKTHBHOE TPEJCTABICHHUE AT MOJIH30BaTENS,
a TaKXKe JUIl YeJOBEKO-MAIIMHHOTO B3aMMOJEHCT-
BUSL.

Crnenyromuii, BTOpoOl, YpoBeHb BKIIOYaeT B ceOs
HavyalbHbIE YCJIOBUS BBIYMCICHHH M (aKTHUSCKUN
npouecc Mozaenuposanus. Kpome toro, B Hayano u B
KOHCI COOTBETCTBCHHO BKJIKOYCHBI JIBC JOIIOJTHUTCIIb-
HBIC YaCTH, TAC JaHHBIC CUUTBIBAIOTCA U XPAHATCA U
rie yA00HO OCYIIECTBIATh NpeoOpa3oBaHusl JaHHBIX U
nepeBo 1 HHpOpMaIHH.

[Tpn MojenupoBaHMHU MOJETa, a TAKXKE TPH HC-
MOJIB30BAaHUM METO/OB NPOTPAMMHOM peann3aluu B
pearbHOM BPEMEHH HCIIONB3YeTCs LUK C OTCUETOM
BpeMeHU. Tpetnii ypoBeHb CONEPKUT BBIYHCICHHS
BEKTOpa COCTOSIHUSI IIPOM3BOJIHOM 110 BPEMEHU U BbI-
XOJHOTO BEKTOpa IOJIHOM CHUCTEMBI C MPUPAIICHHEM.
Ha stom ypoBHe ocymecTBisieTcs oOMeH mH(pOpMa-
HHCﬁI MTOJTHBIN pe3ysIbTaT BXOAHBIX CUT'HAJIOB, BHIYUC-
JICHHBIH W3 pa3HBIX NCTOYHUKOB, IepeaaeTcs Ha Oomnee
HU3KHEC IMTPOTPaMMHBIC YPOBHHU.

Ha yerBepToM, MpOrpaMMHOM, YPOBHE MPOTpaM-
MHBIE MOZIYJH COAEPXKAaT (PaKTHIECKYI0 MaTeMaTHde-
CKYIO MO/JIEJIb CaMOJIETa, B TO BPEMs KaK IPOrpaMMHbIC
MOJIyJIY TIEPBBIX TPEX YPOBHEW HE 3aBUCAT OT €T0 THIIA
u Mojend. [IporpaMMHbIe MOy M YE€TBEPTOTO YPOBHS
uMeroT goctyn k b/l u MaccuBam, cozepkammmces Ha
ISITOM YPOBHE.

Ilocnennuii, narteiil, ypoBeHs conepxut bJ/I, mac-
cuBbl MH(OPMALNH, HEOOXOAUMBIE IJISI BBIYHCICHUN
Ha 0oJiee BBICOKHMX YPOBHSIX, OTIENBbHBIA HAaOOp MO-
nporpaMM (TIPOTPaMMHBIX MOJYJICH) JJIsl MHTEPITOJIS-
[IUY TAaHHBIX B TaOJIUIaX, KOHPUTYpaMOHHON HH(OP-
Manuy, TOCTYNJICHUS] HOBBIX JaHHBIX.
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IIpumepoM nprMeHEeHHs OMUCAHHOM apXUTEKTYpPhI
SBIIICTCA peanu3alus a’dpoAMHAMHUYECKUX Mofemel
TpeHaxkepa camonetoB Boeing 747 u Fokker F28.

CamoneT MOKHO MPENCTaBUTh KaK OTHOCHTEIHLHO
Malyl CTPYKTYpY, ABIXKYIIYIOCS CKBO3b aTMoc(epy
HoJ IeHCTBUEM BHEIIHUX CHJI U MOMEHTOB. MateMma-
THYecKas GOPMYITHPOBKA ITHX OTHOIIECHUH MEXIy ca-
MOJIETOM ¥ BHEIIHHMH a3pOJMHAMHYCCKUMH CHJIAMHA
Y MOMEHTaMH OOBIYHO OIKCaHa B a3POJMHAMUYECKON
MOJIEJIU B BHJIE IPOIPaMMHOTO MOAYJIS.

Tak Kaxk ABM)KEHME YaCTHUI] KOI'€PEHTHBIX CHCTEM
MOXET OBITh BEIPOKEHO 0000IIEHHO, MaTEMaTHIECKHE
MOJIETIH PA3IMYHBIX TUIOB 8030yutiozo cyona (BC), B
MEPBYI0 OuYepellb, OTIMYAIOTCS COOTBETCTBYIOIIMMU
a’pOJMHAMUYECKIMHU MOJIEIISIMH.

ITepBOHauUaNbHO NAaHHBIE AJISI IOCTPOCHUS a3POIH-
Hammyeckoit mogern Fokker F28 6pum mpencTaBiieHbI
B BHJIe rpado. Takoe npencraBieHne TpedyeT mpeood-
pasoBaHMii B yHOOHYIO AJs IPOrpPaMMHUPOBAHUS
(opMy, B 3TOM cCilydae XpaHIT OTIEIbHBIE HAOOpHI
TaOJMYHBIX TpeJCTaBleHUH AaHHBIX. [IpoMexyrou-
HbIE TOYKHA MOTYT OBITh HAaWJEHBI IyTEM YHCICHHOU
uHTepnomauuu [1].

Marematryeckas Moziesib Obliia TaKXKe JIMHEapru30-
BaHa U3 Habopa CCBUIOYHBIX COCTOSIHUI C HCIIONIB30Ba-
HHEM TpOLeTyphl YNCICHHON nuHeapu3anun. Kpome
TOTO, IPUBHOCS NIEPEKPECTHBIE CCHUIKN Ha OPUTHHAIIb-
Hoe Tpaduyeckoe NpeACTaBICHUE JUIi IIMPOKOTO
HabOpa MCXOIHBIX YCIIOBUH, NMpEACTaBICHUE JIMHEH-
HBIX CHCTEM, IOIyCKaeTcs JalbHEHIee yNpoIlleHHe
a’pOJIMHAMUYECKONH MOJENH IIyTeM YCTpPaHEHHUS He-
3HAYUTEIBHBIX  OTPULATEIbHBIX  d(dekToB. Ilo-
CKOJIBKY a’pOJMHAMHMYECKHE MOJENIH coJepkarci B
OTJENBHBIX MPOrPAMMHBIX MOTYJISIX, X JIETKO MOXHO
CKOIIMPOBATh B IIEJICBBIE NMPIIIOKEHHUSA, OCOOCHHO ISt
LIEJIEBBIX IPUMEHEHUN C IIOXO0KEH MOAYJIBHOM CTPYK-
Typoii. OGHOBJICHHUS a3POJUHAMUYECKON MOJENN MO-
ryT OBITh peaau30BaHbl M IyTeM OOHOBJIEHHS OT-
JIETbHO XPAHSIIUXCS KO(P(PUIMNECHTOB WIN 3aMEHBI
OTAEITHHOTO MOMYJISL.

IIpumMepoM MOAYIBHOrO MOAXOJA K MOCTPOEHHIO
I1O npu pa3paboTke aBHAIMOHHBIX TPEHaXEpPOB [2]
MOJET CIYXWTh CTPYKTYpHasi cxeMa MOy MUMHUTa-
TOpa NWHAMHKH I[IOJieTa aBHAIMOHHOTO TpEHaXkepa
Ty-204, npeacraBieHHast Ha pUCYHKE |, I/ie MPUHATHI
caenytomue obosHauenus: BCC-85 — Beraucnurens-
Hasg cucTema camosietoBoxaeHus, BCYII-85 — BrI-
YUCIUTEIbHAS CHCTEMa  YIPaBICHUS  IOJETOM,
BCVYT-85 — BbluMcAMTENbHAs CUCTEMA YNpPaBIIECHUS
taroir, COM-85 — cucrema 31eKTpOHHON MHIUKALUHY,
UK — uctunneii kxypc, IIBIIII — npusHak kacaHus
BIIII.

B nanHOM npuMepe TpeHaxxepa UMHTHPYETCS IBU-
JKEHHME CaMoJIeTa B IPOCTPAHCTBE MOCPEACTBOM pellle-
HUS 3aMKHYTOW CHCTEMBI HETMHEHHBIX AN EpeHIIn-
IBHBIX ypPaBHEHWH B COOTBETCTBYIOIIMX IPOrpam-
MHBIX 0JIOKaX, I'7Ie BXOAHBIMH ITapaMeTPaMHU SIBIISIOTCS
YIPABILSIONINE BO3AEHCTBUS JKHIAXa, a BBIXOIHBI-
MU — BBIYHCIICHHBIE TTapaMeTphl ToJieTa [4].



Tpozpammuvie npodykmel u cucmemsl / Software & Systems

2 (30) 2017

BsaumopneiictBytomue U S U — | BsanmozeiicTByromme
MOJLYJIH
i 1 [— o= = = — | MOy
Maremaruueckas Ve, Vi, Ve, V
MoOLy/Ib CHCTEMBI | MOJIE/Tb IBHIKEHHS CaMOIIeTa oo Vi, Vio ¥
I & rerosmymenroit cpene v, Vi, H. M, o
YIpaBieHus 85, By By Buwr, @er | o - ] 1
> > T -
I I Moanyis - I Ny, Ny, V, sinV,
HPOJIOIBHOTO 1
Moxyitb yrpasienns I | R > leosv, G, W, W,
mexanusaueir |85, Snp, Sum, Sum, Sum” | | | Cucrema
KpbLIa | g TIpaBJICHUS
Buts Dy I Mo 6 l $9! yip
| & > 01ynb OOKO- e V, Vig, N, v, Moxyss
Moy BOTO JBUKCHUS ‘)_" | siny. cos .
AYIE P10, Pio I, A Y, COSY, W TOPMO3HOI
TOPMO3HOI P | T oW, w, cHCTeMBI
CHCTEMBI | I - M
: (i) 8
1 ® VHupunupoas- ® ¥y Bmyan};mﬁ
Monyib TOIUITMBHOM G, 1> HBIM MOJTYJT * I 00CTaHOBKHU
| e mexanvkn ioneta [ @
CHCTEMbI I | M
IINAINS
I Moyss adposH- | AKYCTUYECKHX
Monyns umuraropa Hu, Haop, MK > HaMHUYECKUX | yMoB
HABHMTALIMOHHON [ »|  xos(uimenTOB g I Monynb
obcraHoBkH I aKceyepaloHHbIX
I Mo/1yiib BECOBBIX | 3¢ pexToB
)it » U LEHTPOBBIX  J
Pa60‘{ee MecTo CXOJHOE€ TTOJIOKECHUE, :‘ L 11 p I BCYH-SS
OCTAHOB, KOMaHbL | XapaKTEPUCTUK
UHCTPYKTOpa | COILES
Curnan «Q0J1e/IeHeHUEY | CIIIT3, BUHC
Monyns npoTHUBO- B Mogynbs umuTaTopa |
00J1eIeHUTEILHO I_ - ___I_;a_'l_> aTMOoc(epHbIX COK,
CHCTEMBI Py, 1 SIBIICHUI |
I Py 1 I CBC-85, CIIKP-85
11 1 I [
HBEl ; | 1 Mopnyns nmuTanmu | BCVII-85
BJL
| | maccu | BCC-85
Mopyis umuraropa | Monys !
ay. P CHJIOBOIT . I Na, N, Ny, Ny
JIMHAMHUKH [OJIETA 1| yeranosku T Mopynb IBHKEHUS >
—f—> o 3eMIie | MBI
| T
PR Ty I |
Puc. 1. Cmpyxmypunas cxema OuHamuxu noiema ¢ yKasanuem 83aumocssizell ¢ Opyaumu MoOeIsimu
\pyKmyp y Py
Fig. 1. A flight dynamics structural scheme indicating interactions with other models

s obecriedeHus MOJO00US PeaTbHOTO U MOJICITH-
pyeMOro IMoJIETOB caMOJIeTa OCYLIECTBISAETCS HEempe-
PBIBHOE BBIUUCIIEHHE NTAPAMETPOB MOJIETa B PEATBHOM
Macuitabe BpeMEeHH. DKHMaKy OT COOTBETCTBYIOIINX
MOJyJed NpeAoCTaBIseTCs BHU3yalbHas, aKyCTHYe-
CKas, aKcelepaloHHas MHpOpPManusi, B TOM YHCIE
MOKa3aHHS TPHOOPOB MHIIOTAXKHO-HABUTALMOHHOTO
KOMILJIEKCa, TIOJIOKEHUS M yCHINS Ha OpraHax ylpas-
neans (GpopMHPYeMBIX B COOTBETCTBHM C IapamMeT-
pamu, MoTy4aeMbIMHA B IMUTATOPE TMHAMUKH MOJIETA).
TIpousBoanuTCsl AEKOMIIO3UIIMS CHUCTEMBl YpaBHEHUU
JBIDKEHUS (TIPOIOTIbHOE M OOKOBOE JIBH)KEHHE, IBIDKE-
HHE T10 3eMJIe, MOAYJIb a3POAMHAMUYECKUX KO3 hH-
uenTtoB). Lllar uHTErpupoBaHus 3a1aeTCS U3 YCIOBHA
YCTOMYMBOCTU U MoltHOcTH DOBM [2].

B pabote [5] npusenen npumMep cxemsl 110 aBuna-
IIMOHHOTO TPEHaXKepa, I/ie MPOorpaMMHBIe OJOKH pac-
MIpeIeIICHBI TI0 TISATH YPOBHSIM (pHC. 2).

PaccmoTpuM Ha3zHaueHHWE IMPOTPAMMHEIX OJIOKOB
Ha npumepe cumyisiina BC Airbus cepun A300-600.

Kommerorep GouldSEL 32/87 — ceprep, 3amycKaronmii
BU3yallbHBIE CLIEHBI U TpeHaxkepa. Bce mporpam-
MHBIE MOJAYJIU B CUCTEME TpEHa)kepa paclpeesIeHbl
[0 YPOBHSAM B3aUMOJEHUCTBUS M IpPEJCTABICHUS UH-
dhopmarnmm.

OnwumeM MnporpaMMHBIE OJIOKH MEPBOTO YPOBHS
apxurektypsl I[1O Tpenaxepa.

START. I'maBHBII IporpaMMHBIN OJIOK 3arpyskae-
Moro nporpammaoro Moyt MAIN.LM. Mcnomns3y-
eTCsI 171s1 OOBSIBIICHHSI MACCHBA U Mepeaayl JaHHBIX B
TTIaBHYIO OJIPOTPaMMYy.

MAIN. Ynpasistomas nporpaMma (IIporpaMMHBIH
MO/IyJIb) JUTsl HETMHEHHOM CUMYJISIIIMH MOJIeTa B peajlb-
HOM BPEMEHH.

INCO. I'maBHbIIl porpaMMHBIH OJIOK 3arpyskae-
Moro mnporpamMmuoro moxyis INCO.LM. Hcnons3y-
eTcs IJIsl BBLACICHHS MaMsTH A1 oOMeHa mHpopma-
et Mexay moxyinsmMu MAIN.LM u INCO.LM, a
takke Mexay INCO.LM u AERO.LM. B ¢a3ze nannu-
aJIN3aIMY HA4YaJIbHBIC YCIOBUS BEIYUCIISIFOTCS TOCPE -
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Fig. 2. Modular software architecture of a flight simulator which uses real time simulation

s FDBRD \ s FTABINT ; | FDBRD

cteoM moxayis FINCO, B mpouecce CUMYNSLMU Bbl-
MOJIHsIETCS. MHTErpaunoHHbIA Moyls FAIRC.

MODL. Cogmep:XHT 3aKOHBI YIpPaBJICHHS JIBHXKE-
HHEM CHCTEMBI ITOJIBIM)KHOCTH TPEHAXKepa.

VIDL. ConepHT 3aKOHBI YIIPaBIEHUs, TeHEPUPY-
torne Bxobl (CGI-Computer Generated Imagery) st
BU3YaJIbHON CHCTEMBI aBHAllHOHHOTO TPEHaXKEPA.

INSTR. Unrepdeiic uncrpymenros 110 s 3a-
MyCcKa MWIOTAXXHBIX NTPUOOPOB BHYTPH aBHAILIMOHHOTO
TpeHaxepa.

Hazoem nporpammHubie 0710KH BTOPOTO YPOBHSL.

FSIDS. IMoamporpamma, obecrnieunBaromasi Habop
BXOJIHBIX IapaMeTpoB JUIS TJIABHOTO IPOTPAMMHOTO
Moxyist MAIN u onpenensromasi OnMcaHus epeMeH-
HBIX caMoJIeTa.

FINER. IToanporpamma, paccuMThIBarouias napa-
METpHI HHEPLUHU B YPAaBHEHUAX ABMWXKeHHA. [l 60b-
IIET0 IIOHUMAaHUS TIPOIIECCOB, MPOUCXOISAIINX IPH MO-
JIETUPOBaHNH, B paboTre [5] MpUBEACHBI CleayIonIne
MaTeMaTHYeCKHe YpaBHEHUs IBIKEHHUsS caMojieTa B
CBSI3HOM CHCTEME KOOpAHHAT:

Fx=-W - sin6 + X =m-(u +qw-rv);

Fy=W - cos0 -sing + Y = m-(V +ru—pw);

F,=W - cosb -cosp + Z=m-(w +pv—qu);

Myx=L=Ix- p+ (I.— ly)gr — (7 +pq);

My=M=ly- G+ (Ix— 1)rp — Ja(p>~r?);

M;=N=1,-F+ (ly— I)pq — Ixu( p —rq),
rae Fy, Fy, F; — cunsl, neficTByromue mo KOOpawHAT-
HeM ocsiM X, Y, Z; W — Bec camoiieta; 6 — yrox
HakJioHa; X, Y, Z — KOMIIOHEHTHI a’pOAHMHAMUYIECKOM
CHJIBI, TIPUIIOKEHHONW MO COOTBETCTBYIOIINM KOOPJIH-
HATHBIM OCSIM; ( — YTOJI KpeHa; U = U/V — OTHOIICHHUE
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KOMITOHEHTHI U ckopocT JIA, HampaBieHHOH BIOJb
ocu X, k ckopoctr JIA; q — atrMocdepHOE naBieHHE;
W —KOMIIOHEHTa ckopoctu JIA Bmomb ocu Z; I —
YII0Basi CKOPOCTh BJOIH OCH Z; V — KOMIIOHEHTa CKO-
poctu JIA Broas ocu Z; My, My, M; — MoMeHTHI cw,
HampaBJIEHHBIE BJOJb KOOPAMHATHBIX oced X, Y, Z;
Iy, ly, |; — MOMeHTBI MHepLUMU, HAaNpaBICHHbIE BIOJb
KoopauHaTHBIX oceit X, Y, Z; Jy; — HeHTpOOeKHBIH MO-
MEHT MHEPIIHH.

FSTAT. Ilognporpamma, paccyuTbIBaOIas MioT-
HOCTb BO3/yXa Ha 3a/IaHHOH BBICOTE I10JIETA, UCIIOIb-
3yromiast MOZIeIb CTaHAAPTHOM aTMocdepsl.

FINCO. TIlognporpamma, paccuuTbIBaloIlas Ha-
YaJbHBIE YCJIOBHSI W HCIOJB3YIOINAs HEJIMHEHHBIE
YpaBHEHHUsI JIBUKEHUS camouieTa. J[aHHBII nporpam-
MHBIH OJIOK MTPUMEHSETCS MPEeXK/Ie BCETO IS aKTyalb-
HOU CUMYJIALIUN.

INPUT Z-CARD. Untepdeiic nHDOpMAITMOHHOTO
obmena mexxay Gould SEL32/87 u cucremamu cumy-
ssiumu nonteta. [Iporpammusiii 6i1ok Z-CARD koHBep-
TUpYeT 32-OMTHBIC CUTHAJIBI B KOPPEKTHBIH BHIXOTHOM
CHUTHAJL.

FAIRC. Tloagmporpamma, pacCUMThIBarOLIasl BEK-
Top cocrostHust BC (aircraft state vector) u ucnone3sy-
IOIIass OWH U3 TPEX MHTETPAIMOHHBIX METO/OB: Me-
Ton Amamca (KOHEYHOPA3HOCTHBI MHOTOIIATOBHII
METOJ, YHUCIICHHOTO WHTETPUPOBaHUS U hepeHIr-
anpHBIX (yHKOWi), meron loina (Heun) m meron
Pynre—Kyrra.

OUTPUT Z-CARD. Iloanporpamma, mpeodpasy-
I011ast BXOAHBIE CUTHAJIBI OT CUCTEMBI YIIPaBJICHUS M10-
JIETOM B OOPTOBYIO CHCTEMY TPEHaXepa (mmocie npeoo-
pa3oBaHMSl AHAJIOTOBBIX CHTHAJIOB B LU(POBHIE) B
32-pazpsanble curHans! it Gould 32/87.
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IlepeunicnuM mMporpaMMHBIE MOAYJIH TPETHETO,
94EeTBEPTOTrO U MSITOTO YPOBHEH.

AERO. T'maBHas mporenypa AaHHOTO MPOTpaM-
MHOTo Moznyis. Aero.LM ucnone3yercs Ais Bblaese-
HUS 00JacTH maMsATH Uil oOMeHa wuH(popMarmen
Mmexay noamnporpammamu INCO.LM nu AERO.LM.

FENG4. [oxmnporpamMma, paccunThIBatomias 0e3-
pa3MepHBIE CHIIBI 1 MOMEHTHI, ITOJTyICHHBIE OT PaOOTHI
nBurateneil camonera. Homep noxa3ssiBaeT THII caMmo-
jera.

LAGMA. Tlognporpamma, pacCuUuTHIBAIOIIAs CHIIBI
Y MOMEHTHI BO BpeMsl PEKMMOB aBUATaKCH, B3JieTa U
MOCAAKH.

FDERI. B Hell paccuuThiBaeTcs pupalieHue Bpe-
MEHH IIPOU3BOIHBIX CAMOJIETa C UCTIONBE30BAaHIUEM MO-
nenmun asponuHamuku (FAIR4), momenm nBurarens
(FENG4), monemu mraccu (LAGM4).

FCOMY. [lognporpamma, pacCuuThIBarOIIas BO3-
JYUTHYIO CKOPOCTb V, YTOJI aTaku o, YToJI CKOJIbKEHHS
{3, yron HakJIOHa TPAaeKTOPUH Y, CKOPOCTh Habopa (To-
Tepu) BeICOTHI C ¥ BEICOTY H U3 BekTOpa COCTOSHHUS
X(t) 1 BeIHaromast BeIxoxHOU BekTOp Y(1).

FAIR4. Tlognporpamma, BBIYUCISIOIIAS a3pOJAH-
HaMHM4eCcKHe CHJIBI 1 MOMEHTHI, IeHCTBYIOIME Ha ca-
MOJIET.

FDBRD. Ilognporpamma, CUUTBIBAIOLLASL MATPULLY
niu BekTop u3 b/I, koTopas coaepxut, HanpuMmep, Ko-
s dupent noxbemuoit cuibl (Cl) kak HelIMHEHHYIO
(hyHKIMIO yriia ataku (o), MOJOXKEeHUs (TTO3UINHN) 3a-
KpBUTKOB, uncia Maxa (M).

FTABINT. [Hoanporpamma, rnpeacTaBisitoiias Jid-
HEHHYIO HHTEPIIOIAIIHOHHYIO TaOJIHITy B BHIE TaOJIHIT
MxN wmm 1xN.

Takum 00pa3oM, U3 PacCMOTPEHHBIX HPUMEPOB
MOJKHO CZ€JaTh BBIBO, YTO IPH IMPOCKTUPOBAHHUH ap-
xUTeKTyphI [10 aBHAITMOHHBIX TPEHAXKEPOB HCIIOIB3Y-
€TCSl MOAYJbHBIA METON, TZA€ Ka)Abld JOTHYeCKHM
6JI0K B3aMMOJEHUCTBYET C IPYTMM MOCPEICTBOM MPO-
IrpaMMHOTO ONMCaHUA HHTepdeiica oOMeHa TaHHBIMH,
JISWCTBHUSIMH C BXOJHOW U BBIXOJHOM MH(pOpMaIeil u
MOXET OBITh BBIPOKEH B HECKOJHKHX MPOTPAMMHBIX
MoxysiX. Bece mporpaMMHBIE MOAYNH PaCIIONOKEHBI
10 YPOBHSAM B3aUMOJICHCTBUS B COOTBETCTBHH C JIOTH-
YECKOU CTPYKTYpOH.

Onncanne apXuTEKTypPbI
IO camonera

PaccMoTprM METOIBI MPOCKTUPOBAHMS APXHTEK-
Typs! I1O ms BC.

TpagunuoHHO TexHHWYEecKoe oOcmyxkuBanune BC
BOCIIPHHUAMACTCS Ha OCHOBE allapaTHbIX cpenacts. [10
4acTO pacCMaTPUBACTCS KaK 4acTh ammapaTHOrO 000-
pYIOBaHUs, KOTOPOE MPH OOCITY)KUBaHUHU HE TpeOyeT
JIOTIOJTHUTEIBHOTO MEePCOHAla U YCUITHH.

Hctopryecku MEepBOHAYAIBHO — HCIIOJIH30BAHUC
MPOTPaMMHBIX CPENICTB JJIs yIpaBieHUs U QYHKIHO-
HUPOBaHUsI OOPTOBOrO OOOPYIOBAaHHS CamojeTa He
TpeboBajIoCh.

Heo0x0auMOCTh B HCIIOJIB30BaHUH AJIEKTPOHUKH B
aBHAaLlUU BO3HUKIIA BO BpeMs BTOpoil MUPOBOM BOMHEL.
PazButHe OOPTOBBIX PAOUONOKAYUOHHBIX CIMANHYUTL
(PJIC) ¢ ucrionp30BaHNEM MarHETPOHA H CBS3aHHBIX C
HUMHU TEXHOJOTHUH IPOMCXOAWIO B CTPEMUTEIHHOM
Temre [6].

B xonme 1950-navane 1960-x TT. TpaH3HCTOPHI
BBITCCHIJIM TEPMOMOHHBIEC KJIATIAaHBI AJISI MHOTHX TIPH-
MeHeHHl. B BoeHHOW OOeBOW aBHManWM yiIydlIeHHas
9KOHOMHYecKask 3(PHEeKTUBHOCTh TPaH3UCTOPOB NpH-
Besia K pazpabotke B 1960-1970-x rr. nudpoBbIX cu-
cteM BC. OHu ucnonp3oBanuch Al CUCTEM HaBHTa-
LM ¥ aTaKH.

Pa3BuTHe 35I€KTPOHHBIX JIaMI MO3BOJIMIO CO3/1aTh
mudpossie DBM, HO 3a cH4eT OTPOMHOTO KOJIHYECTBA
anmnapatHbIX CpeacTs [7].

Bo Bpems Btopoit MupoBoii BOiHBI OpUTaHCKIMHA
CreuaIicTaMu 1o Kpunrorpaduu Oblna co3nana Ma-
mmHa ox Ha3BaHueM Komoce (Colossus), B KoTopoii B
6OJIBIIOM KOJMYECTBE HCIIOIb30BAIICH AIIEKTPOHHBIC
JIAMIIBI ¢ TEPMOKATO/IOM (BaKyyMHBIE TPYOKH) AJISI BBI-
MIOJIHEHUS JIOTUYECKUX ONEPALMN U BbIUUCICHUH. Ma-
mKHa OblIa OTPOMHOM U MPAaKTHYECKH HENPUMEHHMOM
JUIS TIOJIETOB.

[TepBBIM camoneTOM, pa3pabOTaHHBIM C HCIIOJIB30-
BaHHEM IM(POBEIX TexHONOTHH, ObuT A-5 Vigilante,
o6omOapaupoBmuk BMC CILA, BBe1eHHBIH B SKCILTY-
aTtamuro B 1960-¢ rr.

B xonme 1970-navane 1980-x rr. mudpoBsle TEX-
HOJIOTHH CTaJIM BCE IIMPE MPUMEHATHCS KaK B aBHAIU-
OHHBIX CHCTEMax YIpaBJICHHUS, TaK U B CHCTEMax Ooe-
BBIX JieficTBHi (puc. 3).

Pewaronm  ¢akTopoM aisl mpUMeHEHHsS ObLIO
HaJIMYyle YKOHOMHYECKH BBITOJHBIX LU(PPOBBIX LIMH
naHHbIX, Takux kak ARINC 429, MIL-STD-1553B u
ARINC629. Drta TexHOJOTHS B COYETAaHWM C Jelle-
BBIMH MHUKpPOIpOIIECCOpaMH U Oosiee COBEPIICHHBIMH
nHCTpyMeHTamu pazpadotku [10 npusenu k ee mmpo-
KOMY NPHMEHEHHIO Ha OOpTy camoJiera B 00mEeMHupo-
BOM MpakTuke [7].

C nosBIEHMEM MOHATUS 3arpy’KaeMbIX HPOrpaM-
MHBIX MOJyJe€H — TEXHOJOIMH, NPHUMEHsSEeMON Ha
6opTty rpaxxaanckux BC, T1O GombIiie He BocTipuHUMA-
eTCsI KaK 4acTh ammapaTHBIX CPEICTB, HE TPEOYIONNX
JIOTIOTHUTEIHHBIX HABBIKOB M CPEICTB IS CO3AAHUS U
YIpaBICHUS.

C pa3BuTHEM aBHAIMOHHOM WHIYCTPUH YHUCIIO
MIPOTPAMMHBIX MOAYJIeH, pa3pabOTaHHBIX AJIS CHCTEM
YIIPaBJICHUS] CAMOJIETOM W KOPPEKTHOTO (hYHKIMOHH-
pOBaHUs MOJIETa, BO3PACTAET IKCIIOHEHIIUANIBHO.

Takue BC, kak Boeing 737 u Airbus320, conep-
Kaiu puMepHo 30 mporpaMMHBIX OJIOKOB, KOTOpPBIE
MOIU(UIMPOBAIIICEH TOBOJIBHO peniko. C pa3paboTkoi
Boeing 777 B cepeaune 1990-X IT. MX YHCIIO BO3POCIIO
Oonee yem Ha 120 momynei [8].

ITpom3BoICTBO TaKMX caMoNIeTOB, Kak Boeing 787,
yBenuumio kosmdectBo 10 mo 500 momyneit, koTo-
pBie, B CBOIO 04epeh, 3arpysxarorcs B 800-900 gacreit
arnmapaTHbIX cpencTs [8].
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Ynpasienue
JBHIaTej1eM

‘Ynpasienue
10JIETOM

1950 1960 1970 1980

AHajioroBoe YHOpaBJI€HUE JIEKTPOHHBIM IBUTATEIIEM
]

YacTiyHO IU(POBOE YIIPABICHUE IBUTATEIEM

INonmHoe yrpaBieHue HU(GPOBEIM IBUTATENIEM

HpeZ[HO‘{TI/ITeJ'IBHO aHAJIOrOBOE/
Mexanndeckoe PE3EPBHOC KOMUPOBAHUE

LludpoBoe BTOpUUHOE yIIpaBIIeHHE

pennouTHTensHo mudposoe/
MexaHH4eCKOE Pe3epPBHOE KOMUPOBAHHE

TIpeanourutensHO nuppoBoe/
€3 MEXaHHYIECKOT0 Pe3epPBHOT0O
KOTHUPOBAHUS

1990 2000

Puc. 3. Pazeumue snekmponuxu 6 aguayuu ¢ 1950 2.

Fig. 3. Electronic engineering development in aviation since 1950

Ha ceronnsiminuit nenp ynpasienue [10 BC sBins-
€TCsl IOBOJIHO CJIOXHOW 3anaueid. [lpu HenpaBuibHO
CKOMITMJIMPOBAHHOM WJIH 3aTPY>KEHHOM B alapaTHyIo
gactb [10 camomneT He MOXKET coBepIaTh mojieTsl. [1o-
3TOMY B Hacrosiee Bpemsi ympasienue 110 u ero
HacTpoiika (KOHQUTypUpOBaHKE), CKOpEe, He OMIKs, a
HEOOXOIUMOCTh. TEXHOIOTHS 3arpyKaeMOil CHCTEMBI
BKIIIOUaeT B cebs kak [10, Tak u anmapaTHyIO 4acTh B
BUJC TaK HAa3BIBACMBIX 3arpy’KacMbBIX 3aMEHICMBIX
omokxoB (LRU loadable replacement units), xoTopsie
HE3aBUCHMO APYT OT IPYra HACTPAUBAIOTCS (KOHPUTY-
pUpyIOTCs) Ha ypoBHE OopTa camouteta. [IporpamMmmHbie
MOJIyJT MOTYT OBITH 3arpy>KEHBI B allllapaTHBIC YacTH
HECKOJIbKUMH CIIOCOOaMHU: C TIOMOIIIBIO KaK TOCTOSTHHO
YCTaHOBIIEHHOW MPOTpaMMEI-3arpy3dnka Ha OOpTy ca-
MOJIETa, TaK U JIOTIOJHUTEIHLHOTO 000pYIOBAaHUS BHE
oopTa.

BONBIIMHCTBO COBPEMEHHBIX CaMOJIETOB, TaKHUX
kak bounr 737, 747, 767, 777, Ha OGOPTY UMEIOT TaK
Ha3pIBacMbIC 3arpykaeMble ITPOTPaMMHBIC YacTd
(loadable software parts).

ABHanoHHbIE OOPTOBBIC CHUCTEMBI, HCIOJIB3YHO-
i€ TEeXHOJOrUK MonaysibHOH 3arpy3ku 10, mo3so-
JSIOT TEXHHYSCKOMY IEPCOHANy, O0OCITyKHBAIOIIEMY
BC, u3MeHATh KOHQUTYPAIHIO 3arpyKaeMbIX CHCTEM
0e3 3aMeHbI anmapaTHON JacTu. M3MeHeHne QyHKIH-
OHAJILHOCTH CHCTEMBI TOCPEICTBOM HOBOTO (OOHOB-
JIEHHOT0) TIPOrPaMMHOTO OJIOKa JaeT BO3MOXKHOCTH
COKpATHUTh KOJMYECTBO 3aMEHSIEMBIX alllapaTHBIX da-
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CTeH, MOBBICUTh YHH(DHKALMIO ammapaTHBIX YacTei,
CHH3UTDH BpeMs 00CITy)KUBaHUS.

3arpyxaemoe [10, npeana3HaueHHOE JIJIS1 UCTIONb-
30BaHUs B OoproBoil anmapatype BC rpaskmaHckoro
Ha3HAuYeHHs, KaK MPaBUIIO, Pa3AeisIeTCs] Ha HECKOIBKO
KaTeropuii B COOTBETCTBHHU C BBITIOJIHSIEMBIMU (QYHK-
IUSMH: OIEpaIiOHHass CHCTeMa JIErKO3aMEeHSIEMBIX
anmapaTHbIX 0JOKOB, HACTpOUKH AeiicTByromero 110,
B/1, n3smensiemas mHpOpMALUs aBHATHHUH [9].

Onepauyuonnas cucmema 3aMEHSEMOTO armapar-
Horo Gsioka BC onepupyeT JaHHBIMH, COIEPKAIINMU-
csl B KOHGUTYpalMoHHBIX (aiinax — ¢aiiaax HacTpoi-
KU JuIsl onpe/ieNieHns (PyHKIMH KOHKPETHOTO armapar-
HOTO OJ10Ka. OniepannoHHasi CUCTeMa — OOBIYHO CaMbIit
0OBIION M CIOKHBIA MPOTPAaMMHBIH MOITYJh Kak IO
o0BeMy copaepxkamieiics B HeM HH(OpMAINH, TaK U
10 BPEMEHH €T0 3arpy3KH B alllapaTHYIO YacTb.

QDaiin HacmMpouKu ONEPAUYUOHHOU CUCHIEMDL.
OTOT MPOrpaMMHBIH MOAYJIb — CHEIHATN3NPOBAHHAS
B/, koTopas onpenensier KoHGUrypauuio (HaCTpOHKH)
1 (QYHKIMIO anmnapaTHOro 0JI0Ka, MO3BOJISS WITH 3ampe-
I11as T€ WIX WHBIE ONIIMOHAIbHEIE (QYHKIINH, COAEpKa-
HIMecs B ONEPalMoOHHON cucTeMe.

WNudopmanus o HaCTpoHKax MOXKET IepeaaBaThCs
[0 JUCKPETHBIM KaHAalaM CBSI3U BO MHOTHE 3aMEHsle-
MBbI€ anmaparHelie 0710ku. Daiiibl HACTPOHKH, KaK Mmpa-
BWJIO, TPEOYIOT AJIS 3arpy3KH MEHEe MUHYTHI.

B/l mnpencraBiser co00W KOJIJICKIIUIO JaHHBIX,
KJIacCH(HUIIPOBAHHBIX I IPOCTOTHI HCIIOIB30BAHUS
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U TIOUCKA B ONEPALIMOHHON CUCTEME 3aMEHSAEMOro aln-
naparHoro OJyoxa.

IIpumepamu BJI, ucnonp3yeMblX B ammapaTHbIX
OJI0Kax ¢ BO3MOKHOCTBIO 3arpy3ku MonyibpHoro [10,
MOTYT ciykKuTh BJ1:

— wHasuranuu DBM ympaBieHns noiaeToM;

— KpaTKOTO CIPaBOYHHUKA B3JIETHBIX CKOPOCTEH
OBM yrmpaBieHus TOJIETOM;

— aJIpeCHO-OTYETHOH
CBSI3H;

— CHCTEMbI MHAUKAIMU JUIsl OOLIETO AUCTLIEs.

Hapuranuonnast b/ — 6a3a, comepskainas TaHHBIC
0 HaBHTallU{ U MapIIpyTe M0JIeTa, KOTOPhIe HCIOb3Y-
1o1cs OBM ynpaBiieHuUs MOJNETOM IS BBIITOJIHEHUS 3a-
Jad HaBuranuu. Kak mpaBuiio, HaBUTalMOHHBIE 0a3bl
OOHOBIISIOTCS KaXKAbIe 28 MHEH M CTAHOBATCS TOCTYII-
HBIMH JJIS1 3aTPY3KH 3a HEJIGNIO 10 UX aKTyalu3anny.

H3menaeman ungopmayua asuaiunuu — 3TO
Taxke HeOONmpIION (ailnl MaHHBIX, KOTOPBIA TIpeno-
CTaBiIsieT MH(OPMALMIO B OINEPAIMOHHYIO CHUCTEMY
3aMEeHsAEMbIX amnnapaTHeIX O10koB. Omepatop, 3arpy-
saromuii [10 Ha GopT camoinera, ¢popmupyet (TeHe-
pupyer) ¢aiin JaHHBIX WHPOPMAIMU aBUAIMHHUU IJIS
cremuduKay Takux (QyHKIMH, KaKk (GOPMUpOBaHHE
OTYETOB WJIH NPEJOCTaBIECHUE CEPBUCOB IS pa3inuy-
HBIX TACCAKUPCKHX 30H.

Hamnpumep, Ha Hekotopeix BC onepanunonHas cu-
cTema oOparmraercst K ¢airy n3MeHseMoll nHpopMa-
MM aBHAJIMHUH, KOTrJa HeoOXOIMMO c(OpMHPOBaTh
OTYET, 3aNKcaTh WIK 0T(HOPMATHPOBATH JAHHBIE.

@aiin u3MeHAeMOW WHGOPMAIWU ABUATUHUA —
(ailin maHHBIX, a HE TporpaMMa WM HCHOJTHSIEMBIH
(aitn. Tem He MeHee TaHHBIH (aiii 111 HEKOTOPBIX CH-
CTeM COACP)KUT JIOTM4YecKHe OJOKM, KOTOpHIE SBIS-
IOTCSI TIPOTPAMMHBIM KOJIOM BBICOKOTO ypoBHA. Crte-
NeHb n3MeHeHus/Moaudukanuu ¢aina u3MeHseMon
nH(pOpMaLK aBHANTMHUN KOHTPOJIUPYETCS CepTU(H-
IIMPOBAHHOW ONEPALMIOHHOW CHCTEMOH 3aMEHSEMbIX
annapaTHBIX OJIOKOB, KOTOpas HE MO3BOJIIET BHOCUTh
OrepaTopy M3MEHEHUs, BIUSIONIME Ha 0e30I1acHOCTh
ToJIeTa, 1aKe €CIIM M3MEHEHUS ObUIN NIPaBUIbHBIMHU.

TexHosorun 3arpy3ku nHGoOpManny BhILIEONHCaH-
HBIX TIPOTPaMMHBIX MOIyJedl B ammapaTHYIO 9acTh
OopTa camoiieTa U ee 0OMeHa pPerJaMeHTUPOBAHBI CO-
oTBeTcTBytomuME ctangapramMu ARINC.

HapaBre ¢ MeTromamu NMpOEKTHPOBAHUSA M pa3pa-
060TKM MOIynbHOM apxuTekTyphl [10 B aBHartmOHHON
mpoMbIIIIeHHOCTH co3xanue [10 ¢ mpumeHeHneM Ta-
KOl TEXHOJIOTUU HCTIONIB3YETCS B IPOMBIIIICHHOH aB-
tomaruzanuy. I[Ipumepom moxer ciayxuts 110 mpo-
L[ECCOB YIPABICHUS PEUENTYPHBIM IPOU3BOJCTBOM.

Kommnanwust Rockwell Automation npearaer npu-
MEHSATh TEPMUHBI U PEKOMEHJAIMU MIPOU3BOACTBEH-
Horo crannapra ISA 88.01 mpu paspadotke 110 u mo-
Ka3bplBacT, YTO Al CO3JAHUS MOIYIBHOHW apXWUTEK-
Typs! I10 sormueckn BCIo CUCTEMY CIIEAYET pa3fAeinuTh
Ha YNpaBIIOIINE MOAYJIH, MOAYIH YIpaBJIeHHUs 000-
PYAOBaHUEM, IPOTPAMMHBIE MOLYIIH B3aHMOICHCTBHS
Mexay HuamH [10].

CHUCTEMbl aBHALIMOHHOM

CpaBHeHnne Moy bLHOI apxutexkTyphl [10
caMoJieTa M CUMYJISITOpa

Crenyer oTMeTuTh, 4To K pazpaborke 10 BC
NpeABSBISIOTCS O0Jiee BHICOKUE TPEeOOBAaHUsI, ONHCaH-
HBIE B TaKUX cTaHaaprax, kak DO178, ARP 4754A.
3T0 HanpaBJIeHO Ha oOecrieyeHne 0E30MaCHOCTH T10JIe-
TOB, HaJI)KHOCTH M Ka4eCTBa IPOrPaMMHBIX MPOIYK-
ToB. K 1O aBHanmoHHBIX TPEHAXEPOB IaHHBIC CTaH-
JapThl HENPUMEHUMBI JTHOO NPUMEHHMBI YaCTHIHO
(3aBUCHT OT YpOBHS TPEHAKEPA).

Hecmotpst Ha oTnmune TpeboBaHMd K pa3paboTke
ITO rpaxkmanckoro BC m aBHanmoHHOTO TpeHaXkepa
o0l SBISETCS TEXHOJIOTHS IOCTPOCHUSI apXHUTEK-
Typsl I10. MoaynsHOCTh npucymia kak [10 BC, tak u
I1O cumynsaropa. [Ipu paspaborke 10 aBuanoHHOrO
TpeHaXkepa MPEABIBISIOTCS He TaKHe BBICOKUE TPeOo-
BaHMs 110 OTKAa30YCTOMYMBOCTU M O0ECHEYCHUIO HH-
(hopMaOHHOTO OOMEHa, KaK MpH MPOSKTUPOBAHUU U
paspabotke 110 BC.

0060011ast MOAX0A K MOCTPOCHUIO MOJYJIBLHOU ap-
XUTEKTYpHI 110 aBHAIIMOHHOW TEMAaTHKe, MOJKHO Cje-
JaTh BBIBOJ, YTO JUIS KOPPEKTHOTO MPOECKTUPOBAHUS
ApXHUTEKTYPHI CIIEAYET CPOPMUPOBATH MATPHILy HEOO-
XOANUMBIX IIPOTPAMMHBIX MOMYJEH, paclpeneinB HX
M0 YPOBHAM B3aMMOJECHCTBHS B 3aBUCHMOCTH OT
CJIOKHOCTH pa3padaThiBa€MON CUCTEMBI, IPUMEHEHHUS
U TUMa (TUIOB) HH(POPMAIIMOHHOTO 0OMEeHa.

Jlornuecku rpadudyeckuil MOJIb30BATEILCKAN HH-
Tepdeiic JOKEH HAXOIUTHCS Ha CaMOM BEPXHEM
ypoBHe. TeM He MeHee, KaK IMOKa3bIBaIOT HCCIIEI0Ba-
HUS TOCTPOCHUsI apXUTeKTypbl I10 aBUAallMOHHBIX CH-
MyJiATOpoB [ 1, 3, 5], ynpasisiomye nporpaMMHbIE MO-
JIyJIM CBS3aHBI ¢ TPa)MuECKUM I10JIb30BATEIIHLCKUM HH-
TepdeiicoM M HaxoJsATCs HAa OJHOM ypoBHe. bes-
YCIIOBHO, TpadHMuecKUii II0JIb30BATENLCKUNA HHTEp-
(eiic sBISETCS OTAEIBHBIM MPOTPAMMHBIM MOJyJIEM
100 HabOPOM MPOrpaMMHBIX MoIyiei. B3ammomeii-
CTBHE YNPABIJIAIOUINX MPOTPaMMHBIX MOJyJIEH ¢ Tpo-
rpaMMHBIMH OJIOKaMHU HIDKHUX YPOBHEH, Kak U rpadu-
gecKoe 0TOOpaskeHHe OIepPaIiiii, MPOUCXOASIINX B CH-
cTeMe, a TaKKe PeaklHUh CUCTEMbI — OOpaTHOH CBS3H
Ha JIEHCTBHSA IOJB30BATENSI TECHO CBS3aHBI, TIOATOMY
JIaHHBIE TTPOTPAMMHBIE MOJYJIM HAaXOJATCS HAa OJJHOM
YpPOBHE.

Apxurexrypa [1O mMoxer OBITh IIpeACTaBICHA KaK
Matpuna pazmepoM MxN, rme M = 5 — umcno mpo-
TpaMMHBIX ypoBHeif, a N — yrciio HeoOXOJUMBIX TIPO-
TPaMMHBIX MOIYJICH.

B Tabnune, koTopas siBiseTcs rpaduuecKuM Ipe/-
CTaBJIEHUEM MPOEKTUPOBAHHUS MOJYJIBHONH apXHUTEK-
Typsl 1O Ha ypoBHE MHPOPMAIMOHHOTO OOMEHa, B
KadecTBe NMpHMepa MPeICTaBICHBI 1Ba Hanboee pac-
MPOCTPAaHEHHBIX B aBUALIMOHHBIX MPHIOKEHUAX BHIA
obmena mHpopmanueir — ARINC 429 u MIL-STD
1553. CnenoBaTeNbHO, 11 KOPPEKTHOTO (DYHKIIMOHHM-
POBaHMs IaHHOM CHUCTEMBI HEOOXOIMMO pa3padoTaTh
JIBa TIPOrPaMMHBIX MOJYJII OOMEHa, JJOTUYECKH COOT-
BETCTBYIOIINX BBIOPAHHBIM CTaHAAPTAM.
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I'padpnueckoe npeacrapaenne maTpunsl GopmupoBanus apxurekrypsl 1O

Graphical presentation of the software design architecture matrix

IIporpaMMHBblii 6J10K

YpoBennb

1 2 N

1. Ypasnsronye nporpaMMHbIE OJIOKH,
4YeJIOBEKO-MAIIMHHOE B3auMo/ieiicTBue

Main I'padmueckuii mos30Ba-
TenbCKuil naTepdeiic (ko-
HEYHOE YUCIIO IPOTpaM-
MHBIX OJIOKOB 3aBHCHT OT
cpenpl pa3paboTKy U Lelte-
BOM IIIaTGOPMBI IS pealti-
3aI1u)

2. HavanbHbIe YyCi10BusA, OIEPUPOBAHUE ITIEPEMEHHBIMU

brox nepemenHbIx 1

3. UudopManmoHHbIi 0OMEH

ARINC 429

MIL-STD 1553

4. MaTtemaTHYeCcK1e MOJIEITH CaMOJIeTa, pealn3alus
CHEIU(PUYCCKUX aJITOPUTMOB JIJISI KOHKPETHOM
MOJICIIN/THIIA CaMOJIeTa

Mar. mozens 1

Mar. mozens 2 Mar. mozens 3

5. MaccuBBI JaHHBIX, TAOIUIbI, KOHCTAHTHI,
HEOOXOAMMBIC [T BEIUUCIICHUH

Tabmuma 1

Hanpuwmep, npu paspadotke cucremuoro I10 ypo-
BEHb Ipa)IEcKOro IMOJIb30BaTEIBCKOr0 HHTEpdeiica
He IPUMEHSETCS, HO YIPaBIIAIOINE IPOrPaMMHBIE MO-
JIyJIH BCE PaBHO MPUCYTCTBYIOT. [ToaTomMy npu mpoek-
TUpoBaHMHU Takoro tuna 110 Taxke He0OX0AUMO OcTa-
BUTH IISITh YPOBHEMH, IIe MOYJIb rPpayecKOro mojb-
30BaTENLCKOr0 MHTEpdelica OyAeT OTCyTCTBOBATb, a
OCHOBHbIE YIPaBIISIOIINE MOIYJIN (HAIpUMEp main) —
HeT. To ecTh ero apXuTeKTypa MOXeT OBITh NIPEICTaB-
neHa kak Marpuna pazmMepom (M—1)xN =4xN, rre N —
YHCIIO HEOOXOAMMBIX IPOTPAMMHBIX MOIYJIEH.

Taxoke Ipy MPOEKTUPOBAHNUH CIIOKHBIX CHCTEM 00-
I1ast MaTpUIia — apXUTEKTypa CIOXKHOM MPOTpaMMHON
CHCTEMBI MOXET BKIIIOUaTh COCTaBHbIE Oyoku. Hamnpu-
Mep, JIOTHYECKH CBA3aHHBIE OJIOKH, B3aMMOAEHCTBYIO-
IIMe C almapaTHOM Cpe’oil M MMEIoIINe CBOM allro-
PUTMBI U IIUKJIOTPAMMY BBIIIOJTHEHHUS 337134, MOXKHO
MHTETPUPOBATh B CUCTEMY, MMEIOIIYIO CBOI rpaduye-
CKUH TOJIb30BATEILCKAN HHTEpdEic, MoCpeICTBOM
BHECEHHUS N3MEHEHHUH B IPOTrpaMMHBIE OJI0KH JTNOO co-
3IaHUSI HOBBIX ITPOTPaMMHBIX MOAyJNeil mH(pOopMaIu-
OHHOT'0 0OMeHa (YpOBEHb 3), mepeMeHHbIX (YPOBEHB 2)
Y MacCUBOB JaHHBIX (YPOBEHB 5) .

BriBoabI

Kak BuaHO U3 npuBeneHHBIX NPUMEPOB, NPU MPO-
extupoBaanu 10 rpaxmganckux BC n aBHanmoHHBIX
TpeHaXepoB Hambosiee yAOOHBIM U AI(PPEKTHBHBIM
moaxonoM sBisieTcss co3manue 110 aBHamOHHOTO
Ha3HAYCHHUsS C TNPHMEHEHHEM MOJYJIBHOM apXHTeK-
Typsl. | TaBHBIM NPEUMYIIECTBOM IPUMEHEHUS JaH-
HOW TexHojornu B 6oproBom IIO BC sBnsercs ns-
MeHeHHe (DYHKIMOHAJbHOCTH 0€3 M3MEHEHUs arma-
paTHOM 4acTH, YTO MO3BOJSIET COKPATUTH KOJIUUECTBO
3aMEHSEMBIX alllapaTHBIX YacTeH, KOTOPbIE JOJKHBI
XpaHHTb KaK KoMmmaHuu, obciyxkusatomue BC, Tak u
KoMnaHuu-npoussoautenu BC.
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MOXHO TakXe BBIICIUTh CIEAYIONIHE TPEUMYIIe-
ctBa npu pazpadotke 10 ¢ ncrmons30BaHNEM MOAYIIb-
HOM apXUTEKTYphl TOCTPOCHHUS U1 Pa3pabOTIMKOB
I10.

e CHmXKEeHHE BpeMEHM Ha KOHCTPYHpPOBAaHUE
(TIpoeKTHPOBaHKUE) ApPXUTEKTYphl HOBBIX IIpOrpam-
MHBIX TpoAykToB. Micons3ys npu cozganuu 110 nan-
HYI0 TEXHOJIOTHIO U NPH HEOOXOJUMOCTH IPOU3BOJ-
ctBeHHBI craHgapT ISA 88.01, pa3paboTymku; MOTYT
CKOHIIGHTPUPOBAThCSA Ha (PYHKIMOHAIBHOCTH YIpaB-
JSFOLIMX TIPOTPaMMHBIX MOJYyJeH, crnenupuueckux
JUISl KOHKPETHOW MAIlIMHbI, a HE Ha TEXHUKE peayn3a-
IIMH, TEM CaMbIM COKpamias Bpems pa3paboTku. JlaH-
HBII 1TOJIX0]] K pa3paboTKe TaKKe MOXKET CII0COOCTBO-
BaTh CUHXPOHHOW pa3paboTKe NMPOrpaMMHEBIX OJIOKOB
Ipynmoi pa3paboTYMKOB, YTO, B CBOIO OYepenb, J10-
MOJTHUTENBHO YCKOPHUT BBITOJHEHHE KaXKJOTO IHKIIA
pa3paboTKu U, KaK Pe3yJIbTaT, COKPATUT 00IIIee BpeMst
Ha pa3paboTKy MPOrPaMMHOMN CUCTEMBI.

e CHmWKEHHE SKOHOMHYECKHX 3aTpaT Ha MPOeK-
THpOBaHHE (KOHCTpyHpOBaHHE), pa3paboTKy, TO-
CTaBKy (B TOM YHCJIC pa3BepTHIBAHNE) IPOTPAMMHBIX
IPOAYKTOB. B J0MONHEHNE K COKPALIEHUI0 BPEMEHH
Ha pa3paboTKy MCHOJIE30BAaHUE TEXHOJOTHH MOJYJIb-
HOHM apXuTeKTypbl 1 pa3paborku 10 Taxke momoraer
CHHM3HUTbH 3aTPaThl B TEUEHHE BCEr0 €ro M3HEHHOIO
IIMKJTa, BKJIIOYAIOMIET0 KOHCTpyHpoBaHHWe (paspa-
00TKYy) apXHUTEKTypHl, IPOTPAMMHUPOBAHHE, TECTHPO-
BaHHe, BBEJCHUE B SKCIUTyaTaIlHI0, COIPOBOXKICHHE.

e B03MO0XXHOCTH BHOCHTH OOJIbIIIE MHHOBALMI B
MAIIMHOCTPOCHNE, YBEIWYMBATH POM3BOJUTEIH-
HOCTb CO3JJaBa€MOM TEXHUKHU.

[TpenMymiecTBaMn  HCIIOIB30BaHMS  Pa3padOTUH-
kamu I1O texHomoruu MomynbHOM apxuTekTypsl 110
JUIsl TIPOW3BOJMUTEINEH armapaTHON yacTu o0opyoBa-
HUS SIBIIIIOTCS CIEyIOLIHE:

— ruOKOCTh mpoliecca IMPOU3BOJICTBA: BO3MOX-
HOCTb aJIallTHPOBATH CYIIECTBYIOIIHE PECYPCHI K HYX-
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JlaM U TpeOOBaHUSIM HOBOTO NPOIYKTa C MUHHMaJIb-
HBIMU YKOHOMMYECKHMH 3aTpaTaMy U 3aTpaTaMu Bpe-
MEHH;

—  yAydYIISHHE CYIIECTBYIOMINX PECYPCOB M OBHI-
IICHHE TPOU3BOAUTEIFHOCTH: BO3MOXKHOCTBH YIPO-
CTHTh HENPEPHIBHOE YCOBEPIICHCTBOBAHKE ITyTEM
BEPTHUKAIBHON MHTETPAIIH CYIICCTBYIOIINX PECYPCOB
o0opynoBaHus;

— 0e30IacHOCTh U COOTBETCTBHE HOPMAaTHBHBIM
MpaBUJIaM: MOAYJIBHOE IPOrPaMMHUPOBAHUE YIIPOLIAET
co0JtoieHue HOPMATHBHBIX M CepTH(UKAIMOHHBIX
TpeOOBaHUii, a TaKkKe MPOBEPKY 3a CUET COKPALICHUS
o0beMa yCWIIMI N0 TPOBEPKE TOJIBKO MOAMUPHUINPO-
BAaHHBIX MOJYyJIEH Jis annapaTHOW YacTH, a He LENbIX
MPOrpaMMHBIX puiokeHuH [10].

JlaHHBII TOOXOJ TMO3BOJISCT CHHU3HUTH TPYH03a-
TpaThl Ha 00CITy)kKHBaHUE yxke pazpadboranaoro 10 mo-
CPEICTBOM 3aMEHBI WIH JOPAOOTKH IPOTPaMMHOTO
MOJIYyJIs, He WU3MCHSS TPH 3TOM BCIO CTPYKTYpPY CH-
CTEMBI, IOBBICHTh 3(PEKTUBHOCTh U Ka4eCTBO pa3pa-
6arpiBaeMoro I10, Tak kak mpu MOAYIHHOM MOJIXOMAE K
pa3paboTKe CHIKAETCSI BEPOSITHOCTD TOSBICHHS OLIIU-
00K, KOTOpBIE CIIOXKHO OTCIEIUTh B IPOTPAMMHOM
koze. Meton mpoektupoBanus 1O ¢ momoip0 Mo-
JIyTbHOW apXUTEKTYphl CTUMYJIUPYET U o0JierdaeT He-
MIPEPBIBHOE COBEPIICHCTBOBAHHUE MPOTPAMMHBIX IIPO-
IYKTOB, CHIKAs PUCK OTPHILATENBHOrO 3(¢eKrra Ha
BCIO TIPOTPAMMHYIO CUCTEMY B IICJIOM.

[IpenmyiecTBaMu TPUMEHEHUS MOTYIIEHOU apXH-
TEKTYPHI TaKKe SBIIETCS BO3MOXKHOCTH NPHMEHEHHS
P HAYKOEMKUX BBEIYUCIICHISIX U PEHICHUH 33734 Ta-
paJIeIbHBIX BBIYHCICHUH.

Takum 00pazoM, Npu NPOESKTHPOBAHUU CIIOKHBIX
CHCTeM HEOOXOJMMO YUHUTHIBATh U TPOSKTUPOBATH UH-
tepdericel HHGOPMAIIMOHHOTO B3aMMOJICHCTBHS, BHO-
CUTh HEOOXOJMMBbIE MONOJIHEHUS C Y4EeTOM HMeEIo-
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IIMXCS MPOrPaMMHBIX MOAYJNEH Uil KOPPEKTHOTO
(hYHKIIMOHMPOBAHUS BCCH CUCTEMBI B I[CJIOM M PACIIO-
jaraTh Kak IpOTpaMMHBIE MOIYIIH B3aMMOICHUCTBHS,
TaK ¥ IPOCKTHPYEMbIE TIPOTPaMMHBIE MOIYJIH B COOT-
BETCTBUU C NPEAJIOKEHHON MaTpULIEH.
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DESIGN PRINCIPLES OF MODULAR SOFTWARE ARCHITECTURE IN AVIATION

L.A. Chizhikova !, Leading Engineer, |_chizhikova@scac.ru

VJSC “Sukhoi Civil Aircraft”, Polikarpova St. 23b, bldg. 2, Moscow, 125284, Russian Federation

Abstract. Software development is a quite difficult and laborious process, which is based on correct and reliable architec-
ture design. Distribution and coordination of duties when working in a group of developers is often a quite difficult and respon-

sible decision due to affection the main result of development.

Nowadays, with technological development the control and functionality of aircraft avionics requires more software crea-
tion. The role of software development and management is also increasing in the flight simulation and testing equipment fields.

More and more tasks are transferred from hardware to software.

The article provides the analysis and identification of basic aviation software design aspects, the comparison between the
civil aircraft software design architecture and flight simulation software architecture.

In order to present a unified software architecture model, the authors made a research on papers on software architecture
design in Russian companies, which make Flight Simulation devices and onboard aircraft software architecture. There is also
a comparison of these solutions and their commonality. Furthermore, the article considers a model, which is successfully used
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in software development by Rockwell Automation Company, and makes a research among the works of Delft Technical Uni-
versity on the described topic.

The paper proposes a mathematical description of modular software product architecture, which is oriented to the aviation
industry.

The proposed approach allows unifying a development process, reducing the time and labor of software development,
adding innovations without existing structure transformation if the software product is made using the described solution.

Keywords: software, software architecture, software architecture design, software development, flight simulation, aviation
software, mathematical modeling.
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B nacrosmee Bpems oreHka [10 y4eGHO-TPEHUPOBOYHBIX CPECTB BBIIOJIHSETCS 110 CTEIIEHH COBIAJICHUS MOISITHPYEMBIX
HPOLECCOB C peanbHBIMU. OIHAKO OTCYTCTBHE YHUBEPCATEHOCTH OIMCAHUS MEXaHW3MOB ()YHKIMOHHPOBAHUS SProTeXHHUYE-
CKHUX MH(OPMAIIMOHHBIX PAANO3IEKTPOHHBIX CUCTEM, [Tl KOTOPBIX Pa3pabaThIBAIOTCS TPEHAXKHBIE KOMILIEKCHI, HE 00eCedn-
BaeT BBIPAOOTKY MHCTpyMEHTapHs A1 (opMUpPOBAaHMS CTPATErHil MX NMPUMEHEHHUS C yUETOM H3MEHEHHs yCIOBHH (yHKIHO-
HHUPOBAHUS, THBAPHAHTHOTO K PAAUOAIEKTPOHHBIM CHCTEMaM. BelleicTBHE 3TOTO aKTyalbHBIM SIBISETCS] YHU(DHITIPOBAHHOE
omucanue (IpeacTaBieHne) GQyHKIHOHNPOBAaHHS HHYOPMAIMOHHBIX PAIUOIEKTPOHHBIX CHCTEM, Ha OCHOBE KOTOPOT'O MPeJi-
nonaraercst co3gaath [10 nx yaeOHO-TpEeHHPOBOYHBIX CPEACTB.

C y4eroM 3TOro IeJbl0 PaboTHI ABISETCS YHU(DUIIMPOBaHHOE ONMCcaHKe (HYHKIMOHUPOBAHUS HH(POPMALMHOHHBIX PAIHO-
JJIEKTPOHHBIX CHCTEM, Ha OCHOBE KOTOPOTO B JalbHEHIIeM MOTJIa ObITh peanu3oBana oneHka [10 ux yueOHO-TpeHHPOBOYHBIX
cpencTB. YHUDHIIMPOBAHHOE OIMMCaHNe (YHKIMOHHPOBAHUS MH(POPMAIMOHHBIX PAJMO3ICKTPOHHBIX CUCTEM OCHOBBIBASTCS
Ha €JMHOM MOAXO/e K MX NPEJCTaBICHHIO B BUJIE CTPYKTYPHO-JIOTHUECKUX CXEM, OTIMYUTEIBHON 0COOCHHOCTBIO KOTOPBIX
SIBJIICTCS TO, UTO B HUX YUHUTHIBAIOTCS paduouacmomusie (PH) B3aNMOBO3AHCTBHS C JIIEMEHTaMH CPEJIbl, BRIPRKCHHBIE Uepe3
PY-peticteus u PU-BnusHUs, oOpa3yromye MpUIAHHO-CIENCTBEHHBIe OTHOMmeHusT PU-ycnosuit GpyHkummnonuposanus POC.
Bo3MoxHOCTH OCYIIECTBIICHNS paJHOIEKTPOHHBIX CHCTEM (DYHKIIHIT BEIOOpA, PAacTIpEeAENeHNS U IIepepacipeieNieHus pecyp-
COB 3aBHCHSAT OT 3AJI0KEHHBIX B HEM MEXaHU3MOB YIIPABISIEMOCTH. JJJIsl TIOCTPOEHHS CTPYKTYPHO-IOTHIECKIX CXeM (DyHKITH-
OHHUPOBAHUS IPrOTEXHUUECKUX PAANOIIEKTPOHHBIX CHCTEM, YUUTHIBAIOLIUX ONIEPATOPCKYIO ISSITEILHOCTD, B pab0Te OTACIBHO
PaccMOTPEHBI MEXaHU3MBI UX YIPaBISEMOCTH.

B nanpHeiimeMm 3T0 mo3BoisieT pa3paboTaTh HAaydYHO-METOAMYECKHH ammapar oueHkdu I10 y4eOHO-TPEeHHPOBOYHBIX
CPEACTB ONEPAaTOPOB YNPABICHUS BO3AYLIHBIM JIBIDKEHHEM 110 pe3yJIbTaTaM 3KCIEePTU3bl, a TAKXKe, IPU NPEJICTaBIEHUH UX KaK
CHCTEM CIIO)KHOH MEePapXUIECKOI CTPYKTYpPhI TOCTPOSHHMS, TI0 HHPOPMAMOHHOMY OO0 PabOYHX MECT OIEepaTOpOB yIpaB-
JIEHUS BO3/yIIHBIM JBHXEHUEM C UCTIONB30BaHNEM KpuTepus Muiepa-y> 1 0606IIEHHOr0 3aKOHa PACIIPENEIEHHS.

Knrouesvie cnosa: spzomexuuueckutl, paduod1eKmponnas cucmema, CmpyKmypHo-102uieckutl, ynpasietue, Mooeib, agmo-
Mamu3UpoBaHHbI.

[IprHMMAas BO BHUMaHHUE TO, YTO 110 CBOEMY (YHK-
[IMOHAJIbHOMY Ha3HAUYEHHIO BCE pPAOUOINEKMPOHHbIE
cucmemst (POC) ocHOBaHBI Ha UCIIOIB30BaHUH PAIHO-
BOJIH, B paborax [l, 2] ompeneneHa kiaccupUKaius
camux POC, xoTopast moaATBEpKIaeT CIPABEITUBOCTD
X PACCMOTPEHHUSI OTHOCHUTEIBFHO COOCTBEHHO paoduo-
yacmommuuix (PY) mefictBuii. 310 MO3BOISIET CHOPMHU-
pOBaTh €AMHBIN YHUBEPCAIbHBIA NOAX0 K IPEICTaB-
neanto POC, naBapuanTHbii k PU-ycroBusim. Bripa-
0oTKa pekoMeHaauii no npumeneHuno POC S nomkaa
YUUTBHIBaTh Kak OOLIHOCTH aeicTBuil B PU-cmektpe,
TaK ¥ BO3MOXKHOCTH HX peaTU3alHH.

YHuudunupoBaHHoe npeacTaBjieHue
pynkuuonupoBanus uHGopMmanuoHHbIx PIC

Iox obmHocThIO Rf PU-cniekrpa Oynem noHHUMaTh
HEIyCTOE MHOKECTBO paanodacToT Ri ={f}, oOpasyro-

IIeecs B pe3ysbTaTe epeceueHns] MHOXKECTB Paanova-
cror fo = {fgj} u fs = {fsp}, ucnonb3yembIx, cooTBET-
ctBenHo, POC S u cpenoit Q:

Rf:fQ:fQﬁfs?ﬁ@. (1)
Onement fy MHOXecTBa pagmouactor Ri oOpasy-
€TCsI B Pe3yJIbTaTe

fi: (foj A Tsi =Tq)) v (Toj A Tsi = fsi). 2)

OtcyTcTBHE  OOLTHOCTH §f ={ f_k }  PUY-cmextpa
HabJrogaeTcs, Koraa ﬁf :fonfs =, To ectp
f 1 (fgj A fsi=0) v (fgj A fsi = 0).

Cxemarnuno npsmyto PU-cszannocts d; POC S

Rl
co cpenoit Q MoxHO mpeacTaButh B Buaed; : S—Q.

AHaNOTUYHBEIM 00pa30M MOXKHO TIPEACTaBUTH 00-

301


mailto:aafares@mail.ru
mailto:rvdopira@yandex.ru
mailto:Воеrby@rambler.ru
mailto:potapov_il@mail.ru

Tpozpammuvie npodykmel u cucmemsl / Software & Systems

2 (30) 2017

parayto PU-csasannocts d, POC S co cpenoit Q:
R'
di: S«Q.
Ecnu cymectBytor ogaoBpemenHo d; u d; , 3Ha-

gut, POC S u cpena Q ABISAIOTCS B3aNMOCBSI3aHHBIMH
B PU-cniekrpe:

d:=d! Ad; = (S5>Q)A(5<Q)=5Q. (3)

Torza MOXHO TOBOPHTH 00 OTHOLICHHSAX
_ R
+ .
— d{: S>Q — 00BEKT S HE HMEET NPSIMYIO
PUY-cBs3anHOCTH O cpenoit Q;
Ry
S« Q — oObekT S He mMeeT OOpaTHYIO

- d;:

PY-cBsi3aHHOCTH co cpenoii Q;
_ Ry

— d{: S<>Q — 00BeKT S HE UMEET KaK IPAMYIO,
Tak 1 obparnyto PU-cBsizaHHOCTH o cpenoii Q.

B cootBerctBum ¢ 3TUM 06pasytores df = {d;,

S T A 4+ A- A1 — fA*

df’ df}_{df}H df_{df7 df? df}_{df}_
MHO>KECTBa OTHOIIIEHUH, COOTBETCTBEHHO, PU-cBs13aH-
HOCTH U HECBSI3AHHOCTH (A = +, —, T).

Tak xak mexny Jar00bM dneMeHToM Qj cpeabl Q u

A

POC S cymectByror 6o otHomenus d; € d, , 1ubo

otHomenust d; €d,, ¢ y4eTOM BBEJEHHBIX MOHATHI

cpeaa Q MOJXKET COCTOSATh M3 MHOXkecTBa PU-cBs3an-
HBIX QC 1 MHOXXCCTBA HECBA3AHHBIX QD 3JICMCHTOB, TO
€CTh

Q. =1Q :(Q;.9) e d,} ={Q :(Q,.S)ed,},(4)
QD :{QDJ :(st)gdf}:
:{QDJ :(Qj’s)ed_f}r

pUYeM

Q=1{Q; :(Q;,S)e df}U{QDj Q.8 e d}.(6)
Oco0Oblii MHTEpEC BBI3BIBACT MHOXKECTBO PU-cBs-
3anHoctd Qc anmementoB cpeasl Q ¢ POC S, Tak kak,
ect Qc = {Qcj} = &, dyHKUMOHUpPOBaHHE MOCIE]-
HEro B MHTEpEecax JOCTHIKEHHS KEJTaeMOro pe3yJsibraTa
Ps tepsiet cBoii cmbici. [Toatomy Qc =0 — nepswiii co-
nymemsyiowuil npuznax Gpyaxkuuonuposanust POC S.
EcrectBenno, ecmn Qc = J, a As= J, Asc S u
A=, Aq < Q, b0 As # D u Ag =, b0 As =D
u Ag # I, To pyHkumonuposanne POC S B nemsx mo-
CTHXXEHUsSI JKEIaeMoro pesynbrara Ps Takxke Tepser
cBo# cMmbIci. [Toatomy As # & u Ag # & — emopoti co-
nymemsyiowuil npuznax Gpyaxkuuonuposanust POC S.
OueBuHO, eciu As # & nocturaioT Ag # &, a 3to
BO3MOXXHO TOTJa M TOIBKO Torga, Korma Qc = J, To
BO3HMKAET MHOXECTBO BO3JCHCTBHH g, = { T, |,

)

cootBercTBeHHO, POC S Ha cpeny Q:
s, =As NAq, TTg, =Qc.

Hootomy Tre, #J — mpemuii conymemeyoujutl

npusHak GYHKIMOHUPOBAHUS S.
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Bapuante! popmuposanus Bo3aeiictus Ty, POC

S Ha cpexy Q MOTYT OBITH Pa3TMIHBIMU:
Q
— TpAMOe Bo3nelCTBIE T, 1 (Ag —>A,) ;

Q
— 0o0OpaTHOe BO3NEACTBHE T, :(Ag <—A,) ;

Qc
—  B3aWMHOE BO3JCHCTBHE TTg 1 (Ag <> Ay).

Bospeiicteus 1, POC S Ha cpeny Q no npupoze
(opMHpOBaHHs SKBUBAJICHTHbI BO3JIEHCTBUAM TTg,
cpenst Q Ha POC S, 10 ecTh

Qc

+

Ty ~ Tos (Mg < Ag),
Qc

Tr;Q ~ “Es :(AQ _>AS)5 (7)
Qc

1T§Q ~ 1'réS (A ©Ay).

Ecnu ycnoBHO npuHsTh, yTo Qc# & n Ag# & siB-
JstroTCs BiIMsiHUEM Po cpensl Q Ha TpaHcdopmanuio
nericreuii As POC S B Bo3neiicTBus .. , TO €CTh

Ba:((Qe # D)V (Aq # D)),

TO CIIPaBEJINBA CJICIYIOMIAs 3aIHCh:
As —> Bo > T, . ®)

sQ ?

AHaJOTUYHBIM 00pa3oM TOJy4yaeM JIOTUYECKYIO
LENOYKY 10 (POPMUPOBAHUIO BO3IEUCTBHS cpebl Q Ha
POCS:

Aq— Bs — T s ©)
rae Bs: (Qc # D) v (As = D).

OTH JIOTHYECKHE METMOYKH HarJsTHO MpeacTaB-
JISIFOT TIporiecc (OPMHUPOBAHUS BO3ICHCTBHI Ty, H
Ty B PU-criektpe.

C y4eToM BBIIIEH3IIOKEHHOTO YHH(PHUIHPOBAHHOE
npeJcTaBiIeHue (pyHKIIMOHUPOBaHHS aKTUBHO-TIACCUB-
ueix POC S omuckiBaetcs B cieayomeM Buae [3, 4]:

— mnepeuuno POC popmupyer B PU-criekTpe neid-
cTBHE As, HAaIlpaBJIEHHOE HA W3JTyYCHHUE PaJHOBOJH Ys
(As: ys);

— B ciydae Hannuusa B PU-cniekrpe BiamsiHUS Po
cpensl Q yacTp neiicTBus As: Ys TpaHchopMHUpyeTcs B

BO3JICHCTBHE Ty, , PAIMOBONHBL Y¢ KOTOPOTO SIBIIS-

I0TCSL PAJIMOBOJIHAMH X[, , IPUHAMAEMBIMH Cpeoi Q,

. I — .
TO €CThb gy & Vg = Xg 5
— B COOTBETCTBUH C NMPHUHAMAEMBIMH PaJHOBOJ-
’
HaMH X, cpefa Q OCYIIECTBISET M3JIy4EHHE COO-

CTBCHHBIX PaJHOBOJH Yq, KOTOPHIC SBISAIOTCS €€ PeaK-
mueir Re(Q) ma Bo3meiictBue 1., POC S, TO ecthb

yo=Re(Q): g, ;
— wu3IydeHue cpenoit Q pamuoBOJH Yo Xapakre-
pusyet B PU-cniektpe ee neiictBue Ag, To €cTh Aq: Yq;
— B ciuy4yae Hamumuus B PU-cmektpe BIHAHUA Ps
oObekTa S yacTp AedcTBUS Ag: Yq TpaHCHOpMUpyeTCs
B BO3JIEHCTBUE Ty , PAJMOBOIIHEL Y, KOTOPOTO SABJIS-

SQ

Qs
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I0TCS PaJMOBOIHAMH X , IpuHMMaeMbiMu POC S, To
eCTh Tog t (Y, =Xg)-

3T0 MOXXHO OTOOpa3UTh Kak

As:Ys =B = g, 1 (Vg =Xy ) ><Yo=Re(Q):

e >AQ: Yo>Bs — T+ (Yo = %) (10)
IIpouecc  yHUPHUUIMPOBAHHOTO  MPEICTABICHUS
(5, 6]

— I naccusHo-akmusHwix POC:
AQ: Yo—Ps = T & (Vg = Xg ) ><Ys= Re(S):

Tos >As: Ys>Bo = Tgo 1 Yg = X5 5 1D

— ans akmusHo-adanmuenvix POC:

As: Ys—PBo ST, (ys= Xé ) ><yo=Re(Q):

Teo > DAQ YoPs = o 1 (Yo =Xg) ><Ys=
=Re (S): Ty >; (12)

— A naccuero-aoanmughwix POC:

AQ: YoPs > Tgs 1 (Vg = Xg ) ><Ys=

= Re(S): Tos = > As: Ys— Bo —

DT 1 (Y=X%5) > <Yo=Re(Q): Ty, >, (13)

rae Re(Q) — peakuus cpensl Q; Xg < Xs, Yg S Vs,

’

0 SXQH Yy SVa.

B 3THX CTPYKTYypHO-IOTHYECKHX CXEMax B SIBHOM
BUJI€ OTCYTCTBYeT ydeT pecypcos POC, a 3HauuT, HeT
BO3MOYKHOCTH HX HCIOJB30BAHUS B IPEACTaBICHHOM
BUJIE VIS OTIPEJICNICHUS COAEPIKATEIbHBIX KOMIIOHEH-
TOB y4eOHBIX ynpaxxHeHuil. B [7] paccMoTpen npumep,
U3 KOTOPOTO BUIHO, 9TO 3P (PEeKTHBHOCTH MPUMEHEHHS
P3C 3aBucHT HE TOJIBKO OT UMEIOUIUXCS PECYPCOB, B
YaCTHOCTH YHEPTETHUECKHX, HO 1 OT BO3MOKHOCTH pe-
anm3anuu o0bekToM (yHKIMI MX Tmepepacnpenene-
HUS, B YaCTHOCTH N3Ty4aeMOH MOIIHOCTH.

X

MexaHu3Mbl YupaBjasieMoOCTH

BosmoxuocTh ocymiectBienus POC ¢pyHKImi BbI-
6opa, pacripezieleHus U Iiepepacipeie]IeHUs peCypCcoB
3aBUCHUT OT 3JI0’KEHHBIX B HEM MEXaHH3MOB yIIPABJIsi-
emoctu. [{ns ImoCTpoeHHs CTPYKTYpHO-JIOTHYECKUX
cxeM (yHKIMOHMpOBaHMS 3prorexHudeckux PIC,
YUUTBHIBAIOIINX ONEPATOPCKYIO JEATeNIbHOCTh, pac-
CMOTPHM OT/ENBEHO MEXaHU3MBI UX YIIPABISIEMOCTH.

Kax onpeneneno B [3], bopmupoBanne PU-Bo3eii-
CTBHsL Ty, 3aBHCUT OT MHOJKECTBA PACIIOJIAraeMbIX
POC S pecypcos [6, 8]:

Rsz {fs, '[5, Ws, E_,s}, (14)
rae fs — PY-pecypcsl (mepBooOpa3Hble MHOXKECTBA
PY-ceszanHoctu Qc = {Qgj} # D); ts, Ws 1 &s — cooT-
BETCTBEHHO BpPEMEHHBIE, DHEPIeTHUECKHE U IPOCTPaH-
CTBEHHBIE pecypchl (epBo0Opa3HbIe MHOXKECTBA JIeH-
ctBusA As# ).

B cBoto ouepenn, pacmonaraemelie pecypcsl Rs POC
S MOTYT XapakTepu30BaThCsl CIEAYIOIIMMHU HapaMeT-
pamu [4]:

— fs — pabouas pamuouactorta fsy, PU-quanazon
Afs, monoca npomnyckanus AFs u T.1L.;

— s — MomeHT BpemeHU ts) BOSHUKHOBEHHUS JI€W-
CTBHS As, IUINTENBHOCTD Ts, IEPHOIAUIHOCTD s NeH-
CTBHS As B T.I1.;

— Ws — aneprus Es, 3atpaunBaemast Ha popmupo-
BaHUE NEUCTBUS As, CpeIHsIsl MOIIHOCTb Ps, UMITYJIbC-
Has MOIIHOCTH Psi, KoddduuueHT monesHoro naeii-
CTBHS Ms U T.IL.;

— &s — mmpuHa pacupocTpaHeHHs (IPOHUKHOBE-
HUs1) ABs 1 ADs neiicTBus As, COOTBETCTBEHHO, B a3H-
MYTaIbHOW M YTIIOMECTHOH TUIOCKOCTH, a3UMyT Os u
yron Mecrta ®ds pacmpocTpaHeHHs MakcuMyma Jei-
cTBUSL As, IPOCTPAHCTBEHHAs moJiApu3auus yAs neu-
CTBHA As U T.II.

Camu pacnonaraeMble pecypcbl Rs ompenenstor
MOTEHIMAIbHBIC BO3MOKHOCTH mpuMeHeHus POC S.

UzBectHO, yto B PU-cnektpe POC S npu Bo3zeii-

CTBHH T, Ha HETO cpesbl Q MOXkKeT POPMUPOBATH pe-

akuo Re(S) B BUIe OTBETHBIX JICHCTBUIA:

As=Re(S): T (15)
Peakuust Re(S) moxer ObITH ynpaBiisieMoil M He-
YIPaBJIsIEMOM.

B cBoro ouepens, POC S MoxHO npencTaBuTh B
BUJIC
Sc Ty xAs, As = Re(S): (T , Cs) (16)

win o >Cs— As, (17)

Qs 2

rae Cs — MHOXKECTBO cocTosHui S [4].
Ecin Cs# Cs( T ), TO S ABIISETCS YCIOBHO yNpaBs-

nsemMbIM B PU-criekTpe, TO €cTh €ro ymnpaBieHHE 3a-
KJIFOYaeTCs B afalTaiuu JeiCTBUN As Ha BO3IEHCTBHUS
Ty 0e3 m3menenus Cs:

A —>[3Q ST > A =

(18)

=Re(Q): Mg =B = Mg — Cs.
Ecim Cs = Cs( Ty ), T0 S siBnsieTcss Ge3yCloBHO
ynpasisieMbiM B PU-criekTpe, TO eCTh €ro yIpaBiieHUe

3aKJII04YaeTcsi B M3MEHEeHUH cocTostHus Cs Ha BO3/EH-
CTBHSA Tl

Ty, = Cs(TTgy) = A (19)

OOBEKT S MOKET ObITh KOMILIEKCHO YIIPABIISIEMbIM
B PY-cniekTpe, TO €cTh [Is OJHOM 4acTHU 3JIEMEHTOB
muoxectBa Cs = Cs( Ty ), a apyroit wactu — Cs #
# Cs( Ty ):

Ay > By > Mgy > Ay =

=Re(Q): Ty > Bg = Ty = Co (M)

Heo0xoquMo OTMETUTB, YTO, MOMHMO BHEIIHEH
yrpasisieMoctu (1o paauokananam) POC S, on MoxkeT
OBITh BHYTPEHHE YHPaBIIEMBIM (TIO0 DIICKTPUYECKUM
HersiM). BHyTpeHHSAS yIpaBiIsieMOCTh COCTOUT B M3Me-
Hernn coctosiaust Cs POC S B 3aBUCHMOCTH OT TEKY-

IIeH MOJIE3HOCTH (s ero (PYHKIIMOHUPOBAHUS H KeJac-
Moro pe3yinbrata Ps s cnoxusiiuxcst PU-ycnosuii.
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[onesnocts Gpynkumonuposanust POC S [3] npen-
CTaBUM B BUJE

Os = 0s (TTgg , As). (20)

Ecmu Texymas BenmumHa (QDYHKINH ITOJIE3HOCTH
POC S ornmmuaercs ot xkemaemoro pesynbrara Ps, To
HE00X0IUMO (POPMUPOBATH TAKOE YIPABJISIONICE BO3-
nedictBue Os Ha cocrostaue Cs, MPH KOTOPOM (s —> Ps,
TO €CTh

8s (Cs): gs —>Ps (21)
nnm s = F(Qs — Ps), (22)
rae F — pynkiuonain.

B cBoro ouepenp, coctosiare Cs 3aBUCHT OT PacIIo-
JaraeMbIxX pecypcoB Rs[1]:

Cs=Re(S): Rs. (23)

IMosTomy ympaBnstomee BO3ICHCTBHE Os H3HA-
YakHO 3aKJIF0YacTCs B BRIOOpE U pacupeaecHnH (Tie-
pepacrpeeneHln) pacmnoiaraeMoro pecypcea Rs.

C y4eToM 3TOro mpolielypa BHYTPEHHETO YIIpaBlie-
uus POC S, nHampaBneHHas Ha (OpPMHPOBAaHHE B
PY-cnektpe ero neiictBusi As B COOTBETCTBUH C BO3-
AEHCTBHAMU TTog Cpebl Q, MOXKET ObITH MpEACTaB-

JICHA KaK
s =85 = F(gs —Ps)—> Rs—>Cs—As. (24)

Heobxogumo oTMeTHTH, YTO camMa Npolexypa
BHyTpeHHero ynpasiiennsi POC S MoxeT ObITh OpraHu-
3aI[MOHHON U HEOPTaHU3AIMOHHOM [4].

Opraunuzanuontoe ynpasienue POC So 3akimoua-
eTcsi B BbIOOpE M pacrmpejesieHun (repepacipeese-
HUHW) HEMOCPEICTBEHHO YeJIOBEKOM (OmepaTopoMm)
pacmonaraemoro pecypca Rs, HanpaBiIeHHBIX HA MUHH-
MH3aLHUI0 HEBSI3KM MEXIY JICHCTBUTEIBHON MOJIE3HO-
CTBIO (s M XKEJTaeMbIM pe3ysbTaToM Ps GyHKIIMOHNPO-
BaHMs OOBEKTA M PeaM3yeMbIX OIEePaTOPOM C ITOMO-
IIBIO0 OPTaHOB YIPABJICHUS.

Heopranuzanumonnoe ympasineane PIC Spo — 310
yIpaBlIeHHE pacroiaraéMbIMH pecypcamu Rs, BITON-
HseMoe 0e3 ydacTus 4yeloBeka (oreparopa) Ha OCHO-
BaHUH COOCTBEHHBIX JAEHCTBHI, KOTOPHIE ITO OTHOIIE-
HUIO K 00BEKTY SABISIOTCS BHYTPEHHUMH.

Pecypcel Rs obecneunBaioT (opMHpPOBaHHE Kak
PY-peiicTBuii As, Tak 1 HTHYOPMAIIIOHHBIX OTOKOB E,
Ha OCHOBaHHHM aHAJN3a KOTOPBIX OTEPaToOp OCYIIECTB-
nsieT onepanuu D 1o BO3/IE€HCTBHIO HAa OPTaHbI yIIPaB-
nenust oobekra S [5].

C yuetoMm 3T0r0 (QYHKIIMOHUPOBAHUE A0ANMUEHO-
naccugnoi sprorexandeckoii POC S mpencraBum B
cienyomem Bune [S]:

— 0151 asmomMamusuposantoz2o pedxcuma (ds # &,
Us #* @)Z

Mo =85 =F(ds —P) v(ANE >

—< Onepamop :%¥{ >> D —->U, —

25
—>v(/\)RS—>CS—>AS—>BSQ—>TrSQ—> (25)

—><Ay =Re(Q): gy > Bos = Mg
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— 0n1a pyunoeo peaxcuma (8s =, Us = O):
Ty > 05 = E —< Onepamop : ¥ >—>

—>D—>UD—>RS—>CS—>AS—>BSQ—> (26)
> Ty <A, =Re(Q): gy, > B > M.

CooOTBeTCTBEHHO (DYHKIIMOHHPOBAHHUE aBTOMATHU-
geckoro POC S (8s # I, Us = &) umeeT crenyroriee
MPE/ICTABIICHHUE:

TMos > 05 =F(Qs —P) > Ry >

—>Cy 5 Ay 5By > Mgy ><A, = 27

=Re(Q): Mgy >> Pos = M-

CrpykrypHO-torudeckue mozpenu (25) u (26)
ONIPECTAIOT TNPSAMYIO 3afady II0 PeryJIMpOBaHUIO
PU-ycnoBuii pyaxunorupoBanus POC 3a cueT BhIION-
HEHUs OllepaTopaMy NpeAIcaHHbIX onepanunii D B co-
OTBETCTBHH C paHee c(hOPMHPOBAHHBIMH Y HHUX IEp-
LENTHBHBIMU 00pazamMiu.

Hcnonp30BaHWE CHUCTEMHOTO IOJIXOJa M Teope-
THUKO-MHO>KECTBEHHOT'O OIMCAHMs CHUCTEM IO3BOJIMIIO
Ha ocHoBaHMHU oOmux mus Bcex POC PU-npusHaxoB
KJIaccu(UIMPOBaTh W ONPEACIUTHh EIMHBINA IO0IXO0.
npezncrasiaeHus POC B Buie CTPYKTYPHO-JIOTHUECKUX
CXeM, OTIIMYUTETIbHON 0COOEHHOCTBIO KOTOPBIX SIBIIS-
ercs TO, UTO B HUX y4duThIBatoTcs PY-B3anMoBoO31€i-
CTBHS C D3JIEMEHTaMH CpEbl, BBIPAXEHHBIC depe3
PU-pneiictBus u PU-BrmsHMS, 00pa3yronie IpuaunHHO-
CJIeZICTBeHHBIC OTHOIICHUST PYU-ycnoBuil QyHKITHOHY-
poBanust POC. Ha ocHOBaHuMM eaMHOTO mojxoia K
npenacrasiaenuto POC, a Takke yauTbIBas UX yrnpasJisi-
€MOCTh, YTOYHEHO CTPYKTYPHO-JIOTHYECKOE ONHICaHHe
YHUOGHUIMPOBAHHOTO MPEACTABICHUS (DYHKIHOHHPO-
Banusi nHGopmaironusix POC [9, 10].

Takum oOpa3oM, YHH(GUIMPOBAHHOE OIHCAHHE
(yHkunorupoBaHus uHpopmannoHHeix POC ocHo-
BaHO Ha eITMHOM II0JIX0/I€ K MX MPEICTABICHUIO B BUIE
CTPYKTYPHO-JIOTHYECKHX CXEM, OTIMYHUTEIILHOH 0CO-
OGEHHOCTBIO KOTOPBIX SBJIAETCS TO, YTO B HUX YUHUTHI-
BatoTcst PU-B3anMOBO3/1€iCTBYS C 37IEMEHTaMH CPEJIbI,
BeIpakeHHbIe yepe3 PU-nelictBus n PU-Bnusaus, 06-
pasywoolie NPUYUHHO-CIEICTBEHHbIE OTHOILEHHUS
PY-ycnoBuii pynkunonnposanus POC.

Onenka IO
y4eOHO-TPEHUPOBOYHBIX CPEICTB

JlarHas omeHKa ITPpH YHU(PHUIIUPOBAHHOM OITMCAHUU
(hyakunornpoBaHus MHGOpMaIoHHEIX POC Moxet
OBITh BBIITOJHEHA II0 PE3YJIbTaTaM SKCIEPTHU3BI, a
TaK)Xe MpHU MPEACTABICHUN UX KaK CHUCTEM CIIOKHOM
NepapXUuecKoil CTPYKTYPBI IIOCTPOCHUS U 110 HH(OP-
MalMOHHOMY TIOJII0 Pa00YHX MECT OIIEPaATOPOB Y NpPaAs-
nenus 8o30yunbim dgudicenuem (YB]I) ¢ ucmons3oBa-
HueM kputepus Ouimepa-y> U 0600IIEHHOTO 3aKOHA
pacnpeneneHusl.

Ha pucynke npeacTaBieHa CTpyKTypa 3KCIIEpTHOM
OIIEHKM WMHUTAIMOHHOTO MOJCIUPOBAHUS y4ueOHO-
TPEHHUPOBOYHBIX KOMIUIEKCOB ornepaTopoB Y BJI.
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OnpeneneHue 3Ha4eHUIN 1apaMeTPOB,
UCIIOJIb3YEMBIX UL OLCHKH
aJIeKBaTHOCTH TpeHaXkepoB Y B/

| l

[IpoBenenue [Iposenenue
HCCJIEI0BATENILCKUX II0JIETOB 9KCTICPTHU3bI

| | |

Boprossie HazemHble Onpenenerue
cpeacTBa cpencTBa BO3MOKHOTO

KOHTPOJIA KOHTPOISE cocCTaBa IKCIIEPTHOU
l l TPYIIIIBL
Ornpenenenue
KOMITETCHTHOCTH
IKCIIEPTOB

l

dopmupoBaHue
9KCIEPTHON TPYIIIBI

C6op u 06paboTKa
9KCIIEPUMEHTAIBHBIX  [—p!
JaHHBIX

C6op u 006paboTtka
JaHHBIX
IKCIIEPTU3BI

! !

Ouenka [10 tpenaxepoB YBJ{ |

Oxcnepmuas oyenxa 110 mpenaxcepos YB/]

Expert evaluation of software simulators in air traffic
control

Ha pucynke (cm. http://www.swsys.ru/uploaded/
image/2017_2/2017-2-dop/1.jpg) pencTaBieH HHTEP-
(hetic mporpamMmer orieHKH [10 (OLIEHKY aIeKBaTHOCTH)
y4eOHO-TPEeHUPOBOYHBIX KOMIUIEKCOB  OIIEPaTOpPOB
VYB/I u ynpaBiieHus IUIaHUPOBAHUEM TPEHAXKHOM MO~
TOTOBKHM CIIEIMAJIMCTOB IO SKCIUTyaTaluu HMHpopma-
roHHBIX POC.

PaccMoTpeHHOe  YHH(DMIIMPOBAHHOE  OIMCAHUE
(yakunornpoBaHus nHbopMarmoHHbIX POC peamnn-
3yeMo ISl yueOHO-TPEHUPOBOYHBIX CPEJICTB ONEpaTo-

Software & Systems
DOI: 10.15827/0236-235X.118.301-306

poB YBJI. DT0 no3BossieT B NaibHEWIIEM BBHIIOJHUTH
OLIEHKY pEe3yJbTaTOB MMUTALIMOHHOIO MOJEIHpPOBa-
HUS B YI€OHO-TPCHUPOBOYHBIX CPEACTBAX OMEPaTOPOB
VYBJl 1 CKOppEeKTUpOBaTh OPraHU3aLUI0 TPEHAKHOU
MIOJITOTOBKH.
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Abstract. Nowadays, training aids software evaluation is performed according to the coincidence degree of simulated
processes with the real one. However, the lack of universality in the description of the mechanisms for operating ergonomic
information radio electronic systems (RES), for which training complexes are developed, does not ensure development of tools
to form their application strategies taking into account changes in operating conditions that are invariant to RES. As a result, a
unified description (representation) of information radio electronic system functioning is relevant. On this basis it is proposed
to create software for their training aids.

Considering this, the goal of the work is a unified description of information radio electronic systems functioning with
further implementation of their training aids software evaluation. A unified description of information radio electronic systems
functioning is based on a unified approach to RES representation as structural and logical schemes. Their distinguishing feature
is that they take into account radio frequency (RF) interactions with environmental elements expressed through RF actions and
RF influences that form cause-effect relationship of RES operation RF-conditions. The possibilities of implementing RES of
the functions of selecting, distributing and redistributing resources depend on the mechanisms of controllability in it. To con-
struct structural and logical schemes of ERT operation that take into account operator activity, the paper considers the mecha-
nisms of their controllability.

This allows us to develop a scientific and methodological instrument to evaluate software of training facilities for air traffic
control operators (ATC) based on the examination results. Moreover, when presenting them as complex hierarchical structure
systems and in the information field of ATC operator workplaces using Fisher-y? criterion and the generalized distribution law.

Keywords: ergo technical, radio-electronic system, structural and logical, management, model, automated.
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B crarbe onucaHa MaTeMaTHYeCcKasi MOZICIb MPEANPHATHS BO B3aUMOJCHCTBUSAX C BHEIIHEH CPeIoi, OCYIEeCTBIACMBIX 3a
cdeT 0OMEeHa pecypcamu.

Yepes Bo3/eiicTBUS Ha PECypChl NPOMCXOAAT KaK TEKyIee YIPaBICHHE PEANPUATHEM MCHEDKMEHTOM, TaK U pealbHOe
HECaHKLMOHUPOBAHHOE BIHMSHUE HA €ro JEATEIbHOCTh CO CTOPOHBI CYyOBEKTa MM BHELIHEH cpenbl. HecaHKIMOHMPOBaHHbIC
BO3JICUCTBUS BBISIBILSIFOTCS IIPH CPAaBHEHUH (aKTHUECKUX M PAacUeTHBIX 3HAUCHUH ITOKa3aTels JIesITeIbHOCTH Ha BEIOPAHHOM
ypoBHe ncroiHeHus pyHknuii. Ecian takoe Bo3eiicTBHE OnpeesieHo, CHCTeMa MPOTUBOACHCTBHS BEIOIHSET CBOIO IIPOQHIb-
HYI0 QYHKIIHIO C IIENBI0 TOCTH)KEHHUS 3HAaUeHHUS 3alIUIICHHOCTH.

Tlokazarens yCreIHOCTH 3alUTHI IPUHAT B (JOpME MHHUMAIBHBIX TpeOOBaHUH K 3 ()EKTHBHOCTH Ha OCHOBE CTATHCTHK
WJIM 9KCTIEPTHBIM IyTeM. HaiiileH TeXHU4YecKuil mapaMeTp 0e30IIacHOCTH IIPEANPHATHS, KOTOPBI KOJIHYECTBEHHO XapaKTepH-
3yeT He3(h(PEeKTUBHOCTH 3aIIUTHL.

TTocTpoeHa CTPYKTypa CUCTEMbI 3aIUTHI U YIIPABICHHS IPEANPHATAEM, KOTOPAs BBIBISICT U JIOKAIN3YET HECAHKI[MOHH-
POBaHHBIC BIMSHUS Ha €r0 BHYTPEHHHE IPOLIECCHI U MPOLIECCHl B3aUMOACHCTBHUS ¢ BHEIIHEH cpeoit 6e3 yqacTus yenoBeka.
OIHOBPEMEHHO OPTraHMYHO COBMEIIACT YNPABJICHUE U 3aLIUTY MPEANPHUSTHS, CYIIECTBEHHO OTINYAECTCSI OT M3BECTHBIX CH-
creM. Peann3oBaHHast Kak IPOrpaMMHO-JITOPUTMHIECKHH KOMIUIEKC, CUCTEMa 3alIUTHI U YIIPABJICHHS IT03BOJISIET OIUCHIBATD
BCE IIPOU3BOACTBEHHBIE ITPOLIECCHI.

IMpemnoxeHs! CpeACTBa TOBBILICHUS JOCTOBEPHOCTH M IOJIYYSHUS] M3MEPUTENILHOW HH(OPMALIUH O COCTOSIHUN PECYPCOB,
KOHTPOJIMPYIOIHE U HACHTH()UIMPYIOIHe BHEIITHUE BIMSHUS HA KOKIBIH pecypc 0e3 ydacTus yenoBeka. Pa3paboTaHsl cpen-
CTBa IMOJYYCHHs KOJIMYECTBEHHON HH(OPMAIIMH O COCTOSIHMU PECYPCOB U Hal/ICHBI YCIIOBUS TEXHUYECKOM peaT3aliy Ipes-
JIO’)KEHHO! CHCTEMBI 3aIlUThI U YIIPABICHHS MPEIIPUSITHEM.

TpenoKeHHbIE aAIrOPUTMBI 0€30MACHOTO YIPABICHUS UCIIOIb3YIOT CHCTEMY 3allUThl PECYPCOB, KOTOpask HAJIeXHO obec-
MEYMBACT JIOCTOBEPHOCTh MH(OPMALMK HA BCEX YPOBHSX YIpaBJICHHUs. 3a CUET HCIOJb30BaHHUS HPEACTABICHHON CHCTEMBI
3aIIUTHI ¥ YIIPABJICHHUS MOBBIIAETCS G GEKTHBHOCTD MPEANPUATHSI BO B3aUMOJCHCTBUSIX C BHEIIHEH Cpeon.

Kniouesvle cnosa: modenv npednpusmus, CmpyKmypa 3auumsl, RApamempbl 3auumsl, puck, npou3eo0CcmeeHHvle pe-
Cypenl, cyObeKm 6nuAHUA, HECAHKYUOHUPOBAHHOE 6030€licmaue, NOKA3amelb YCNeuHOCMU 3auumsl, ypasHerue 6e30nacHo-
Cmu pecypcos, yepo3sd.

Bompocs! ympaBineHHus NpeANpUSATHAMH paccMart-
pUBaNIKCh BO MHOTHX paborax, Hampumep B [1-8].
HanOonpiryro axkTyaJlbHOCTE OHHM TPHOOpPETAOT ¢
TOYKH 3peHHUs 0€30MacHOCTH.

3aKOHHOCTPH 3aIIUTHI ACATEIBHOCTH NPEATPUATHI
MIPOAVKTOBAaHA MCIIOJHEHNEM UMH (yHIAMEHTaIbHON
¢byukunu f(S) B cucTeMe rocyaapcTBa, MOCKOJbKY 1ie-
JSIMU CO3JIaHMS JI0OOT0 U3 MPEINpsITHl — IPON3BOJI-
CTBEHHOT0, 00OOPOHHOT0, OIOJKETHOTO U T.J. — SIBIIS-
I0TCS YIOBJICTBOPEHHE MOTPEOHOCTH BHEIIHEH CpeJIbl
B MX NPOAYKIHH, B IOIIOJHEHHH OIO/KETOB pasHbIX
YpOBHEHW, B obecriedeHHuH 0JIarococTossHuS paboTaro-
IIUX Ha HUX JIIOAEH.

CocTosiHME TPEATPHUATHS B YHACIE MPOYNUX KpPHUTE-
pHEB XapaKTepH3ylOT ero Oe3omacHoe B3aMMOJEH-
CTBUE C BHEIIHEH CpeIoi, BIUSHUE U PHIHOK (puc. 1).

BesonacHoCcTh TpeanmpuATHS 3aKiIaabIBaeTCS Ha
CTaJMN €ro NMPOEKTHPOBAHUS WJIM NPHUOOpETaeTcsi BO
B3aUMOJICHICTBUASAX B pE3yJNbTaTe BBINOIHCHUS WM
(hyHKIMY 3aIUTHL. 3alUTa MPEANPUITUSI — €r0 HEOTh-
emiieMasi Kak (yHKLUS, TaK U Pecypc; B CBOIO OUEpe/lb,
(yHKIMS 3aIUTHI UIMEET JIBE COCTABIISIONINE: OOHAPY-
JKCHHE HETAaTHBHBIX BIUSHHUNA Ha pecypchl ((QyHKIHS

OXpPaHBl PECYpPCOB) W JMKBHJIAINS HETaTUBHBIX BIIHSI-
HUH (PyHKIMS TPOTHBOAEHCTBUSI HEraTHBHBIM BIIUSI-
HUSIM).

Bremnss cpena mo0oro npeAnpusITUsS — 3TO COBO-
KYIHOCTb TPEANPHATHH, HOTpeOuTenel, cyOBeKTOB
BIIMSIHUS, TPOM3BOJUTENICH CO CBOMMH (YHKIHMAMU
Ha3HavyeHus (Ha pucyHke | BHemmHss cpena — [Ipen-
npusitue 2).

Ipennpusrue 1 Ipennpusrtue 2

| DyHKuusa || Pecypc |t| DyHKuus || Pecypc |

Puc. 1. Ocnognbie 6u0bl 63aUM00eUCmBUsL 3aUUAEMO0
npeonpusmus u 6HewHell cpedvl

Fig. 1. Main types of interaction of enterprises
and the environment

Onucanue v olleHKAa pa3padoTAHHOI0 MOAX0Aa

s onpeneneHns mapaMeTPOB CHUCTEMBI 3aIlUTHI
MPENPHUSITHE CTPYKTYPHPOBAHO ITyTEM EKOMITO3H-
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YpoBeHb
Ipeanpusitue
Oynxuus Pecypc OrtpacieBoit
Ha3n. VYmp. Bem. K c T bl I B 3 Hasnauenus
A 4 A 4
3L, OyHKINOHAIBHBIN
v A\ 4 A\ 4 A\ 4 A\ 4 A\ 4 A\ 4 A\ 4
Oxp. Mpor. ATOMHBIH
Puc. 2. Yemvipe yposms dexomnosuyuu GyHKyutl u pecypcos yuacmiuKka 63aumooeticmaust
(®ynkuuu: HasH. — HasHauenue; Yip. — ynpasienue; Bemn. — BcnomorarensHast; 3am. — 3amura; OXp. — 0XpaHa;
IIpot. — npotuBozeiicTBue. KommiemeHTapHbIe pecypebl: K — KOMMYHUKATUBHBIH; C — BHYTPEHHEH Cpelibl yHacTHUKA;
T — TEXHUYECKUI; J1 — JIFOJICKOIA; T — JICHE)XKHBIH; B — BPEMEHHOM; 3 — 3aIIUThI)
Fig. 2. Four levels of decomposition of functions and resources of an interaction participant

11K ero QYHKIUH 1 KOMIUIEMEHTapHBIX pecypcoB [9].
B03MOXXHOCTB IEKOMITO3UIIMU IPERNPUATHS (pUcC. 2) B
BUJIE MEPAPXUIECKOTO HabOpa HE3aBHCHUMBIX COCTaB-
NAIOMAX (QYHKOUH W pecypcoB yYMEHBIIAOMIEHCS
CJIO)KHOCTH B OJTHOM W3 OCHOBHBIX BHJIOB B3aUMO/ICH-
CTBHSI — PBIHKE — IPOMCTEKAET U3 OTCYTCTBUS CMEIIIaH-
HOW CBSI3HOCTH 3THX COCTaBIAIOIMX HAa KaXIOM
YpOBHE AEKOMIIO3HIINH (TeTepOreHHOCTh). HezaBucu-
MOCTh COCTABIISIFOIIMX CIEAYEeT U3 CaMOCTOSATENIBHO-
CTH CO/IepKaHM KaKION U3 HUX, CHIEIIHATU3aLuH TIPO-
[IECCOB, MPOUCXOIANINX B HUX, U 000COOIEHHOCTH UX
CTPYKTYpBI. B mporiecce mpoBOIUMOro McCieI0BaHUS
OBLIO YCTaHOBIICHO, YTO AJIS [PYTOT0 OCHOBHOTO BHIA
B3aWMOJICHCTBHS — BIUSHHUA — 3TOM HE3aBUCHMOCTH
COCTAaBJISIOLINX MOXET ¥ HE OBIT.

Hcxons u3 3T0TO, TEPMHUH «0OE30MACHOCTH TPE.-
NPUATHS KOJIMYECTBEHHO XapaKTepHU3yeT INpeObIBa-
HHE 3Ha4YCHUI BBIOpPAaHHOTO TOKa3arelsi ero Oesormac-
HocTH (cM. Ta0u. 1) B MHTEpBaJle, yCTAHOBJIEHHOM pac-
YETHBIM, CTATUCTHIECKUM HII SKCTIEPTHBIM ITyTEM.

Wcnonaenne mpeampusiTHEM cBoed (YHKINH Ha
PBIHKE OCYIIECTBIISIETCS ITyTeM B3aMMOJACHCTBHA C
BHEITHEH cpenioi 3a cueT oOMeHa pecypcamu [6]:

f(s) = P, + P;S + P8t ..+ p,s"
[r,1+[r1s' +[r,1s* +..+[r,]s"

+¢(s),

rae f(S) — mpousBoacTBeHHas yHkIms; Pi — BakT pea-
JIM3AIMH OCHOBHOTO MMOKA3aTes JACATEIHHOCTH B I-i
MOMEHT BPEMEHH; N — Pa3MEPHOCTb YUETHOTO MHTEp-
Basa BpeMeHH NAt; At — aneMeHTapHBIi HHTEpBAJ Bpe-
MeHHU; [Ii] — aKT HUCIOIb30BaHUS KOMIUIEMEHTAPHOTO
pecypca anst co3ganus Pi; [Ii] IpeacTaBieHbl IpIMO-
YTOBHON MaTpuIieit [7 x N], rae 7 — 4uCiIo CTPOK MaT-
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PHIIBI, PABHOE KOJIUYECTBY PECYPCHBIX COCTABIIAIOLINX
NpeAnpuATUA KaK HECOTHEMJIEMBIX, TaK W IPHUBJICKAC-
MBIX H3BHE (pHC. 2).

[Ipumep: 3anuce AEHEKHOU PECYpCHOM COCTaBIIS-
oEeR Fidge UMEET BMJ MaTPULBl — CTPOKU [[ide],
i < [0, n]; s=Re + jlm; Re — abcrmcca abcomoTHON
cxonumocty; Re u Im — aprymeHTsI (B TaHHOM ciiyvae
OBUT  WCITONB30BAaH OPTOHOPMHPOBAaHHBIN  0a3wmc
exp(JnAt/T) mpeobpasosanus Jlamnaca); ¢(S) — npeob-
pa3oBanue Jlamaca HavaNbHBIX YCIOBHUH JesTEIbHO-
CTH TIPEIIPUSITHSL.

Tabauya 1
CooTBeTCTBHE 3alIUIAeMoro nmoxkasaTejs npeanpuaTust
H BHAA 0€e30macHOCTH
Table 1
The correspondence between a protected enterprise
index and the type of security

3ammiaemblii noka3arteJib Buj 6e3onacHocTn
NpeInpusATAS

OCHOBHOH MPOU3BOJICTBEHHBIMH DKOHOMHYECKAS
nokasaresb
WubopMannoHHbIH pecype NudopmanmoHHast
[epumerp TeppuTopuu; Ousnyeckas
JIOCTYTI ITepCOHaa
KowmmiekcHblil moKazarens Kommtekcuast
OrHecToMKOoCTh pecypcoB [ToxxapHast
BuyTpenHue npon3BoJACTBEHHBIE Buyrpennss
[IPOLIECCHI
IIpousBoICTBEHHBIE BPEAHOCTH DKoJoruyecKas
CelicMuueckasl ycTOHUUBOCTD Celicmuueckas
COOPYXKEHUN
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fe
iy r(s)+Ar
p(s)
re | fu(s) >
r(s)=4qr,  —

rﬂ Her Ar
Iy OxpanreH

T S
r, pecypc? Ia Pax(S)

3amura pecypca |

Puc. 3. Cmpyxmypa siueiiku Ha HeKOMOPOM YPOsHe OeKOMNOZUYUU, PEaTUu3VIOuas 3aujuny
yerosnoi ucnoansiemon gynxyuu f,(s) npeonpusmus

Fig. 3. A cell structure at a certain level of decomposition, which protects a conditional executable function f.(s)
of the enterprise

CtpykTypa siuedkd, peaau3yrolield 3alluileHHOe
UCIIOJIHEHNE KaXJOW (YHKIMU NPEeNNpHUsITUS Ha JIO-
00M ypoBHE €ro JeKOMIIO3HIINH, TI0Ka3aHa Ha PUCYH-
ke 3. Ha 3ToM M nocnenylommx pucyHKax HMpPUHSTHI
obo3nauenus: r(S) — KOMIUIEMEHTApHBIH pecypc;
fu(S) — wucnonHsemas TPOU3BOACTBEHHAs (QYHKIUS,
HarpuMmep HazHaueHus; P(S) — pakTHueckoe 3HAUCHHE
OCHOBHOT'O TI0Ka3aTeNs Ha BHIOPAHHOM YpOBHE; Al —
pecypcHasi 10o0aBKa, BbIpabaTbiBacMasi B PE3yJbTaTe
yHOpaBieHus; P»(S) — pacdeTHOE (ITATIOHHOE) 3Haye-
HHE OCHOBHOTO IOKa3arelisi Ha BBIOPAHHOM YPOBHE;
B — pemieHne MeHeDKMEHTa O HEOOXOAUMOCTH pecype-
HO noOaBku; «OkxpalieH Ju pecypc?» — OIICHKa,
BbIpabaTreIBaeMast pyOeskoM OXpaHBI pecypca 110 COBO-
KyITHOCTH WHJMKATOPOB, HAa BBISIBICHUE CaHKIIMOHU-
POBaHHOCTH YIPAaBJISIONIET0 BO3ICHCTBHS Ha KOM-
IeMeHTapHbIi pecypc. CTpyKTypa, H300paskeHHAasI Ha

pucyHke 4, cocrosimias U3 yKa3aHHBIX sS4eeK, Mpef-
CTaBJIsIeT OOLIMH CiTyyaid peaau3aniu (QyHKIUH yIpaB-
JICHUSI IPEATIPUSATHEM Ha aTOMHOM YPOBHE €ro JIEKOM-
nosunmu. [TonHast cTpyKTypa MpeanpusiTHs, peanusy-
I0I[ass MHOTOYPOBHEBYIO Cpelly CO3JJaHHsS OCHOBHOI'O
mokazarenst gearensHoctd P(S) [10], nzobpakeHa Ha
pHUCYHKeE 5.

Ha pucyske 6 noka3aHo B3auMOJIEHCTBUE OTHOM U3
staeek (S4 1-2) momHON CTPYKTYpPHI 3alUTHI U YIIPaB-
JICHUS TPEANPHUATAEM (CM. pHC. 5) C KOHTPOJIIEPOM
PU (manpumep, Ha 6a3e PIC-xoHTpoIIEpa) aTOMHOTO
ypoBHs ucnoiHenust pyukuuu fr(S) (cM. puc. 4) ¢ ue-
JIbIO TIOBBILIEHHSI JOCTOBEPHOCTH HH(OpPMAIINH O Tiep-
BUYHOM IIPOM3BOJICTBEHHOM IIpOIlecce 3aIUIIaeMOoro
NPEATIPUATHS.

JocToBepHOoe pacro3HaBaHUE KaxION sueiikoin
BIIMSIHAN Ha PeCcypChl NPUOIU3MIO IPOTPAMMHYIO 00-

Pemienne MCHEDKEpaA

Puc. 4. Cmpyxmypa, peanusyrowas ynpagienue ucnonnenuem gyuxyuu u(S) na amommom yposne npeonpusmus

_______________ s
|
““““““““ | |

10 "'}

______________ o
_________________ ittt N B

VP | p
_______________ ,

fua(S) oo
TTTTTTTTIIIIIIL
T B
_______________ ,

f.k(9) rJI
TTTTTTTIIIIIIL b
:ﬁ: B :*‘“ :

|

|

BaTOM |
(npumep)

Fig. 4. The structure implementing execution control of function f.(s) at the atomic level of the enterprise (example)
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OTpacneBoil ypoBeHb

v
fu(S) | | B |<- Por

YpoBeHb Ha3HAUEHUS

Puc. 5. Honnas cmpykmypa 3awumel u ynpagienusi npeonpusimuem, COCIosiuyas u3 a4eex

Fig. 5. A full structure of enterprise protection and management consisting of cells

ATOMHBII ypOBEHb

paboTky MHpOpMAIMK K IEePBHYHBIM MpOIECCaM H
MO3BOJIMJIO MCIIOJIB30BaTh | OUT /sl OTpakeHHsl CO-
CTOSIHUS KaX/I0M M3 HUX B MH(OPMAIMOHHON 4acTu
KBUTAHIINY, BhICTaBIsieMoil koHTposuepy PU. Cnen-
CTBHUEM TaKOTO MPUOIMKEHHs] MPOrpaMMHON oOpa-
OOTKH SABJISIETCS MPO3PAYHOCTD UCIOTHEHUS (QYHKIUN
Ha BCEX YPOBHAX YNpaBICHUSA. AITOPUTM KBUTHPOBa-
HUS 3aIIPOCOB YPOBHEBOTO KOHTPOJIIEpa IPEACTaBICH
mo cceUike  http://www.swsys.ru/uploaded/image/
2017 _2/2017-2-dop/5.jpg/.

CylIecTBeHHBIC OTIIMYHS (PYHKIUOHAIBHBIX BO3-
MOXHOCTEH TPEeJIOKEHHON CHCTEMBbl 0e30MacHOro
ynpasieHus: 1) kaxas ssaeiika 1r00ro ypOBHSI HMEET
000Cc0o0JIeHHBIE CTPYKTYPY, LIeTh U TpoIiecc; 2) ssueiKa
o0mraercst ¢ KOHTPOJUIEPOM YPOBHS IO TPOTOKOIY
CDDI nans moBbIIEHUsT HAIEKHOCTH MHDOpMAIHHA O

BHYTPEHHUX IIpolieccax IO pa3paboTaHHOH Tpo-
rpamMme KBUTHpOBaHUs 3ampocos [11]; 3) B3anmoneii-
CTBHE SUEEK COCEHUX YPOBHEH MPOUCXOIUT MOCPE-
CTBOM 3alllMIEHHOI0 KOMMYHHMKAaTHBHOI'O pecypca,
4TO 00ECre4rnBaeT NCKOMOE OBBIIICHHE HAJIE)KHOCTH
YIPaBJICHUS MPEINPHUATHEM B 1I€JIOM 33 CUET YMEHb-
IIEHUs BEPOSTHOCTH €€ KaTacTpOo(UUEeCKOro OTKasa;
4) cucreMa BBHINONHSIET CBOM (YHKLUWH, HayMHAs
CTPOTO C EPBUYHBIX TPOU3BOJICTBEHHBIX POLIECCOB.

WNudopmanmonHas mojaepxkka NpH TPUHATHH
YIIPaBJICHYECKUX PEIICHUH peajn3oBaHa IyTeM pac-
npezeneHus HHGOpMauu 0 BHYTPEHHHX Ipoleccax,
0 COCTOSIHHM €r0 PecypcoB Ha BCEX YPOBHSX MEXKIY
yIpaBICHI[AMH, a TaK)Ke opraHusanueid nHdpopmanu-
OHHOr0 OOMEHa MEXIY XOCTOM 3allMIaeMOro Ipes-
MPUSTHS U XOCTAMH HPEANPUSITHH-TTOCTABIIMKOB CETH.

PU 1/0 -

YPOBHS 1/0
v

r(s) : p(s)+Ar
A

Sua 1-2

v

’ fH (5) |

4 r

P?T(s)

— 7

Puc. 6. Peanuzayuu e3aumoodeticmeus aueiiku «A4 1-2» ¢ konmponiepom PU yposus

Fig. 6. Implementation of cell interaction with a level controller PU
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OO0cyzxnenne npoodaeMbl

He BbI3bIBacT COMHEHHH YTBEPKACHUE: KaK peallb-
HOE TeKylIee yNpaBJIeHHE MPEIIPUATHEM CO CTOPOHBI
MEHEDKMEHTa, TaK U peaJbHble HECAHKIIMOHUPOBAH-
HBIE BIIUSHHA HA €0 JeATEIbHOCTh CO CTOPOHBI BHENI-
HEW cpeapl Wi cyObeKTa BINSHUS MPOU3BOAATCS ITy-
TEM BO3JCHCTBHS Ha PECYPCHI KaK CPEICTBA OCYIIECTB-
neHus ero QyHKIuA. BeraencTBue TakuMX M3MEHCHHMA
pPECypcoB HCHOJIHSIEMBbIE TPENNpUsITHEM (DYHKIUH
TaKXKe MU3MEHSAIOTCSA: CAaHKIMOHUPOBAHHO IIPU yIpaB-
JICHUUM U HECAaHKLIMOHUPOBAaHHO Hpu BiusHUAX. I[lo-
3TOMY aBTOPHI C(hOKYCHPOBAIIM HHTEPEC HA ONpeielie-
HHUH TPAHUI] JOCTaTOYHOCTH 3aIIUTHI NPEATPHATUS C
TOYKH 3pEHHs] KaK €r0 BHYTPEHHUX MPOLECCOB, TaK H
MPOLIECCOB BO BHELIHEH Cpefie.

IIpakTHKa AEATENPHOCTH NPEANPUATHHA IMOKA3bI-
BAET, YTO 3AlIUILEHHOCTh TPOU3BOJICTBEHHBIX PECYp-
COB (KaK COOCTBEHHBIX, TaK W IPHUBICKAEMBIX HW3BHE)
HenocTatovyHa. [loncucTeMa oXpaHbl pecypcoB (0qHa
U3 COCTABHBIX 4YacTel CHCTEMBI 3all[UThI) BBISBISIET
HECaHKIIMOHUPOBAaHHOE BO3JcHcTBHE V, (V — variety,
H — HEraTHMBHOE) Ha HUX IO pPe3yJbTaTy CpaBHEHHUS
(haKTHYECKUX U PACUETHBIX 3HAYEHHIA TOKa3aTesst Pi(S)
JIeITeIbHOCTH Ha BBIOPAHHOM YPOBHE HCIIOJIHEHUS
¢ynkuid. Ecin vy BBISIBIICHO, MOJCHCTEMA NMPOTHBO-
JEeWCTBHSA (Ipyras COCTaBHAs YaCTh CUCTEMBI 3aIUTHI)
BBITIOJTHSET CBOIO NMPOQMIbHYIO (YHKIHIO, OKa3bIBas
eMy IIPOTUBOACHCTBUE a,, (a —anti-variety) ¢ IeNbIo 10-
CTHXEHUSI HEKOTOPOTO 3AIIUIIEHHOTO 3HAYCHHUS Ps(S).
IIpouenypy NpoTHBOAEHCTBHS U €r0 KOJUYECTBEHHBIN
pe3yabpTaT Ha 3TOM YpOBHE (OPMATH3YIOT YpaBHEHHUE
3aIIUIIEHHOCTH BO BIHSHUAX Ps(S) = &Vl (S)f(S), KoTO-
poe COBIIaJaeT ¢ OCHOBHBIM ypaBHEHHEM O€30IacHO-
CTH Ha PBIHKE, ITO3TOMY SBISETCA €r0 BEpPCHEH, ero
YTOYHEHHEM.

[IpakTrka nmoka3zana: yxe ceiiuac HECIOKHbIM IS
CIEUAINCTA 110 3aIIUTEe MPEANIPUSITHS SBIIsieTcs Bop-
MUPOBaHNE aHAIUTUYECKUX 3aUCEH BIMSAHUI Ha KaX-
JIyI0 COCTaBIISIIOIIYIO Pecypca Ha Ka)JI0M YpPOBHE UC-
nonHeHus: GyHkumit (puc. 2) B Bune Vuan. Hanmpumep,
JUI aTOMHOT'O YPOBHS pecypca Cpefibl TaKoe BIIUSHUE
Vi ¢ €CTh TIOSIBJIEHHE BPEAHOCTEW B BO3/YIIHOM cpelie
Ha pabodyeM MecTe B KOJIMYECTBE, MPEBBIIIAIOIIEM Ipe-
JIENBHO JIONYCTUMYIO KOHIIEHTPAIHIO. AJEKBaTHBIM
MIPOTHBOACHCTBHEM dy ¢ TAKOMY IIPEBBIMICHHUIO SBIIS-
eTCsl YBEJIMYeHHE MHTEHCHBHOCTH BO3AyXOOOMEHa B
9TOM Cpeie IyTeEM BEHTWIISIUK. AHAJIOTHYHBIE IIPOLIE-
Jypbl oOecriedeHnst 6€30MacHOCTH BBITIOJIHSAIOTCS JUIS
OCTaJIbHBIX PECYPCHBIX COCTABIIIONIMX HA OCTAJIbHBIX
YPOBHSIX IPEAIPUATHUSI.

TTokazarenem ycmenrtHOCTH 3amuThl (OXpaHbBI pe-
CypCOB U NPOTHBOAEUCTBHS HETAaTUBHBIM BIMSHUSAM
Ha HHX) PECYPCHOH COCTaBIIONIEH X aBTOpaMH IpH-
HiTa 3P PEKTUBHOCTD: Es = Eoxp x Enx, KOIMUECTBEHHOE
HAaroJIHEHHE KOTOPOro He YHU(UIMPOBAHO Ul BCEX
YpOBHEH NPEANPUITUS U HE YCTAHOBJIEHO Ha MEXOT-
pacieBoM ypOBHE II0 IIPUYUHE y4acTHs B €ro (popMu-
poBaHMH denoBedeckoro ¢axropa. IlosTromy B HacTos-

11ee BpeMsi OH MPUHAT B popMe MUHUMAJIBHBIX TPeOo-
BaHMH K 3((PEKTUBHOCTH Ha OCHOBE CTATUCTHUK WM
SKCTIEPTHBIM ITyTEM.

Takum 0Opa3oM, TEXHHUYECKHH mapameTp Oezomac-
HOCTHU NPEIIPUATHS MOKHO 3anucath B Buae 1 — Fs; =
=1 — Eoxp x En x. OH KOTHYECTBEHHO XapaKTEePHU3YyeT
Hed(pPEeKTUBHOCTE 3aIIUTHI, HITH Oe3HAKa3aHHOCTD He-
CaHKIMOHMPOBAaHHOTO BIMSHHSA Ha PECYPCHYIO CO-
cTaBistomnyto x. Ha ero ocHoBe MOXKHO 3amucaTh ypas-
HeHHE OE30MaCHOCTH PECYPCOB loeson(S): Foeson(S)
=FEncEoxpclc(S)FEmK Eoxp x NK(S)TET T Eoxp T I'T1(S) +
+ Enn Eoxp n n(S)+ En g Eoxp 1 rn(S)+ EnB Eoxp BI'B(S) +
+ En13 Eoxp33(S), B KOTOPOM MYJIBTUILTUKATEL Eq1 Eoxp I
03HAyaloT, YTO HU OXpaHa, HU NPOTUBOJCICTBUE HE
KOMITCHCUPYIOT APYT Apyra NpH 3aIlUTe COCTABIIIO-
KX, TO €CTh HE SBJISIOTCS B3aNMOIOIIOTHIEMBIMH.

[MonyueHHOE BBIPAXKEHHE IS Foeson(S) HACT 3alu-
meHHble (Oe30macHbIe) 3HAYEHHsI OCHOBHOTO TTOKa3a-
TNt ACATEIBHOCTH Poeson(S)=F(S)l6eson(S) HA BBIOpaH-
HOM YPOBHE UCTIOJTHEHUSI PYHKINH (CTPYKTYPBI) Tpea-
MPUATHUS BO B3aUMOJCHCTBUIX.

HaiinenHoe ypaBHeHHe 0€30MacHOCTH O3BOJIHIIO
paccuMThIBaTh PUCK MPEANPUATHS BO B3aUMOACH-
CTBUSIX C BHEILIHEW CPENIOH UK, IPYTUMHU CIIOBAMH, OT-
HOCUTENBHBIN pa3Mep MOoTeph PEeCcypcoB H3-3a HECO-
BEPIICHCTBA MUCTIOJHEHUS (QYHKIMN OXPaHbI M MCIION-
HeHusl QyHKIMM NMpoTHBOAeHCTBHS. Bennunna pucka
KOJIMYECTBEHHO OIIPE/IENIeHa, OYEBH/IHO, Pa3HOCTHIO
MEXIy pacueTHHIM p(S) (3TaJOHHBIM) M 0€30TaCHBIM
Péeson(S) 3HAYSHUSIMA OCHOBHOTO TTOKa3aTels AesTeIb-
HOCTH: TiSK P(S) = P(S) — Pocson(S) = P(S) —EoxpLn p(S) =
= (1 — EoxpEni 0)P(S), Tie (1—EoxpEm) — UCKOMBIN PHCK
OPEeANpUATHS BO B3aUMOJEHCTBUAX C BHEIIHEH cpe-
JIOM.

HecoBepieHCTBO  COBPEMEHHBIX  TEXHHYECKHX
CPEJCTB 3aIUTHI BRIHYKJIAE€T MEHEIKMEHT IPeANpHsi-
THH HMCIHOJNB30BaTh YEJIOBEKa B KOHTYPE 3alUTHI pe-
cypcos. [TormyTHO OTMETHM: B TEOPHUH 3KOHOMHYECKUX
urp anpuopu mnpunsTas 100 %-vas 3¢ ¢eKTHBHOCTH
Ka)XJ0H U3 noacucteM 3amuThl (Eoxp = 1, E;= 1 nim
Hyb-3¢((eKT BAMSHUIA) 3aCTaBUIIa OTKA3aThCs OT UC-
MOJb30BAHUS ITOM TEOPHUU JUIA PEIIEHHs 33Ja4yM HC-
CIIeZIOBaHUS.

HaiinenHoe BbIpaskeHuUe 11 pUCKa IPUBOJUT K KO-
JMYECTBEHHOMY OMPEICICHUIO BEIWYHUHBI  YTPO3BI
V(s) wiu th(s) (threat — yrposa) samumaemomy pe-
cypcy npeanpustus yepe3 3pdexrnBHocTi Ecg u Es:
yrposa Y(S) — 1o puck (1—EnFoxp), TPEBBICUBIINIA TO-
por (1—EnEoxp)nop, YCTAHOBICHHBIH AKCIIEPTHBIM HIIH
WHBIM ITyTeM. B paccmarprBaeMoM BIMSIHUM CYOBEKTa
BIIMSHUSL HA TPEANPUSITHE YMCICHHOE 3HAUYCHHE Ta-
Koro mopora jaer 3¢p¢GeKTUBHOCTh Ecp UCIIOIHEHHS
CyOBEKTOM BIIMSIHUS CBOEH QyHKUMYM HazHaueHMs. J{s
TaKoro BIUSHUS CIPaBEIJIMBO HEpPaBeHCTBO Y(S) >
> (1 - EHonp)nop 1pu (I*EHonp)nop = ECB, rae Ecg —
3¢ (HeKTUBHOCTL CYObEKTa BIUAHUSA. Takas HalJieHHAS
B HcCIeIOBaHUHU (hopMyIa yrpo3bl 0000IIaeT pa3imd-
HBIC BEPCUH ITOTO TEPMHUHA.
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[Ipumepsl YMCIEHHBIX 3HAYEHHH pUCKA M YIrpo3
JUISL pa3HBIX BUJIOB B3aUMOJEHCTBUs B Tabiuie 2 1o-
Ka3bIBAIOT: CKPBITHIN yIiepO BIUSHUI (PHUCK) HE Tpe-
BpamaeTcs B sABHBIH (Yrpo3a) 10 TOTO MOMEHTa, KOT/1a
r; > I'ce.

Tabauya 2
Yucnennsle 3HaYEHUsI PUCKA M YTPO3
Table 2
Numerical values of a risk and threats
B3aumopeii-
opor Puck Yrpoza
CTBHE
3emnetpsice- |3 Oamta Menpb1ie Bosnpe (nmm
HHE 3 GamtoB pasHo) 3 6ai-
JI0B
3aboneBae- (30 % Mesnsie 30 % |bonbie (vm
MOCTb pasuo) 30 %
nepcoHaia
Okcrutyara- |[IpenenpHoe |DKcmumyaTamust | DKCILTyaTaIHs
[IMOHHAS COCTOSHHE  |JO JOCTIKE-  |[OCJIE JOCTH-
HaJIeKHOCTD HUS TIpeNesb- |KSHUS
obopynoBa- HOTO COCTOSI-  [[IPE/IeNIBHOTO
HHS HUS COCTOSIHUS
3aeMm 10 % unc-  |Mensbme 10 % |bonpmre (mtn
Kpenura JICHHOCTH YHCIeHHOCTH |paBHO) 10 %
B OaHKe 32CMIIMKOB [3aCMIIUKOB  |4HCICHHOCTH
3aEMILMKOB
3aki0ueHue
PaccmoTpenHble npuMephl OKa3bIBalOT, YTO,

BO-TICPBEIX, 0€30IMaCHOCTh MPEIIPUATHS JOCTHTACTCS
3aIIUTON KaXKJOW OTAEIBHOW PECypcHOM COCTaBIISIO-
el Ha BCeX YPOBHSX €r0 CTPYKTYPHI IaXe MpH HaJIH-

Software & Systems
DOI: 10.15827/0236-235X.118.307-313

YU BO BHELITHEH Ccpelie HEraTUBHBIX BIMSHUM, 3 Qek-
THUBHOCTbH KOTOPBIX MEHbIIE 3()(PEKTUBHOCTH 3aIIUTHI,
a BO-BTOPBIX, HAllIECHHOE OTPEIENICHNE YTPO3bI MOXKHO
pacmpoCTpaHUTh Ha BIMSHUE MPEANIPUATHS Ha CEOsL.
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Abstract. The paper presents an enterprise mathematical model interacting with external environment by resource ex-

change.

Current enterprise management, as well as real unauthorized influence on its activities by external environment or a subject
is a result of the impact on resources. Unauthorized actions are detected by comparison of actual and calculated values of
performance indicators for a selected level of functions execution. If such action is detected, a countermeasure system becomebt

active to reach the protected value.

The protection success rate is accepted as minimum performance requirements based on statistics and expert way. As a
result, the authors have found a technical parameter of enterprise security that quantitatively describes protection inefficiency.

The built structure of enterprise protection and management system detects and locates unauthorized effect on its internal
processes and the processes of interaction with the environment without human intervention. At the same time it organically
combines enterprise management and protection and is significantly different from known systems. The protection and control
system, which is implemented as software and algorithm complex, makes it possible to describe all production processes.
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The paper proposes the means of improving reliability of measurement and obtaining information about resources state.
They monitor and identify the external influences on each resource without human intervention. The paper describes the de-
veloped means of obtaining quantitative information on resource state and the terms of technical feasibility of the proposed
enterprise protection and management system.

The proposed secure management algorithms use a resource protection system that provides reliable information at all
management levels. The presented the protection and control system raise the enterprise efficiency in the interactions with the
environment.

Keywords: enterprise model, protection structure, protection parameters, risk, productive resources, influence subject, un-
authorized influence, protection success rate, resource security equation, threat.
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METO4 ¢OPMHPOBAHHA MHO2KECTB AABTEPHATHBHBIX BAPHAHTOB
IIOCTPOEHHA ITOACHCTEM, BXOOAIIIHX B COCTAB CHCTEMbI
SAIIIHTHI OT KOMIIBFOTEPHBIX ATAK

E.B. /IpobomyH, x.m.n., dokmoparm, drobotun@xakep.ru;
E.I1. Yanoeckulil, HauansHuk 1a60pamopuls;

H.III. BamanmouHos, k.m.H., cmapuiuili HayuHblil COMpPYOHUK
(BoerHas axademust 8030yuLHO-Koemuueckoli 06opoHsbl um. Mapuwana Cogemckozo Cor3za I'.K. XKyrosa,
yn. Kueapesa, 50, 2. Teepw, 170100, Poccus)

TlocTpoeHne pannoHaIBEHOM CHCTEMBI 3alUTHI OT KOMITBIOTEPHBIX aTak JuIsl MH()OPMAIIMOHHO-BBEYHCIUTENEHOM HiN aB-
TOMAaTHU3MPOBAaHHOHN CHCTEMBI IpejrnonaraeT (GOpMHUPOBAHNE MHOXECTBAa KOH(HUTYpaIMii CHCTEMBI 3alIUTHI, COCTOSIIEH, B
CBOIO OY€pesb, U3 MHOXECTBA OTACIBHBIX MPOTPAMMHBIX U IPOTPaMMHO-AIIAPATHEIX KOMIIOHEHTOB, U JalbHEHIINIT BEIOOP
13 c(hOPMHUPOBAHHOTO MHOXECTBA PAI[OHAIFHOTO BAPUAHTA IIOCTPOSHHUS CHCTEMBI 3aIIUTHI OT KOMITBIOTEPHBIX aTak I0 OIpe-
JeTIeHHbIM KpuTepsaM. IIpu ¢popMupoBaHHN JaHHOTO MHOXKECTBA, IIOMHMO COOTBETCTBHSI CHCTEMBI 3alTUTHI HEOOXOIMMBIM
(YHKIMOHATIBHBIM TPeOOBaHMAM, CIEAYET YUUTHIBATh KaK ITapaMeTphl CaMOH 3alIHMINAeMOl CHCTEMBI (€€ CTPYKTYPY ¥ MHOTO-
YPOBHEBOCTH ITOCTPOCHHUS), TAK U TIPOTPaMMHYIO U alllapaTHYI0 COBMECTUMOCTh KOMIIOHEHTOB MEX]y COOOM, a TakKe COB-
MECTHMOCTh KOMITOHEHTOB C IIPOrpPaMMHO-aIIapaTHOH IIaTGopMoii, Ha 6a3e KOTOPOH IOCTpOeHA 3anIHIaeMast CHCTeMa.

B craree npencraBieH oquH U3 MOAXOA0B K (GOPMHUPOBAHHIO MHOXKECTBA BOZMOYKHBIX BapUAHTOB IOCTPOCHUS CHCTEMBI
3aIIUTHI OT KOMITBIOTEPHBIX aTaK C y4ETOM €€ JEKOMIIO3UINH Ha TPH MOJCUCTEMBI: HOACUCTEMY OOHAPYKEHHS KOMITBIOTEPHBIX
aTak, MOJCUCTEMY NPOTUBOACHCTBHS KOMIBIOTEPHBIM aTaKaM H MOJCHUCTEMY YCTpPAaHEHHs MOCIEACTBHHA MPHIMEHEHNS KOMITb-
IOTEPHBIX aTaK.

Knioueevie cnoea: asmomamusupoannas cucmema ynpaeienus, KOMNbIOmepHas amaka, ungopmayuonnas besonac-

HOCMb, NPOEKMUpPOBAHUE CUCMEMDbL 3AWUmbl, 3auyuma on KOMNblOmMepHoblx amak.

Pemenne 3amaum cTpyKTypHO-IApaMETPHUYECKOTO
CHHTE3a CHCTEMBI 3alIUTHl WHPOPMAINOHHO-BEIYUC-
JUTEIBHBIX W aBTOMATU3UPOBAHHBIX CHUCTEM pa3iiHy-
HOTO Ha3HAYCHHUS OT KOMITBIOTEPHBIX aTaK 3aKIF0va-
eTCcsl B BBIOOpE HAWIYYIINX BAapUAHTOB CHCTEMEBI 3a-
IIUTBl B YCJIOBUSX OTPAaHWYCHWH W IIpeIoiaraet
HaJIMYUC MHOXKXECTBA aJIbTCPHATUBHBIX BAPHUAHTOB €€
MMOCTPOCHHUSI.

C HCJIbI0 YMCHBIICHUSA KOJIMYECTBA BApPUAHTOB,
yIOpoIIeHNs X (pOpPMUPOBAHUS U MIPOBEACHUS pacue-
TOB TMOKa3aTesei, XapakTepU3yIINUX dTH BapUaHTHI,
HEOOXOIUMO OCYIICCTBUTHh JCKOMIIO3HIIUIO 3a1auu
BEIOOpa PAlMOHANBEHOTO BapUaHTa IOCTPOCHUS CH-
CTEMBI 3alllUTHl OT KOMIIBIOTEPHBIX aTak. Kak moka-
3aHO B [ 1], IEKOMITO3HIIUIO IETIECO00PA3HO OCYIIECTB-
JISITh KaK MO IOCJIE0BATEIbHOCTH BBITIOJHEHUS NPO-
uenyp GopMHpPOBaHHUS U BBIOOpA BAPUAHTOB, TaK U IO
MOJICHCTEMaM CHCTEMBI 3aIIUTHl HH(POPMAIIMOHHO-BEI-
YUCIIUTCIIbHBIX W aBTOMATHU3UPOBAHHBIX CHUCTEM OT
KOMIIBIOTCPHBIX aTaK.

B 1EJIOM CUCTEMY 3aIlIUThI OT KOMIIBIOTCPHBIX aTaK
JJIsL I/IH(l)OpMaHI/IOHHO-BBI'-II/ICHI/ITCJ'IBHBIX U aBTOMATH-
3UPOBAHHBIX CUCTEM MOKHO JE€KOMIIO3UPOBATh HA TPU
MOJICCTEMBI: ITOICUCTEMY OOHAPYKEHUSI KOMITBIOTEP-
HBIX aTakK, MOACHCTEMY MPOTUBOAECHCTBUSI KOMIIbIO-
TEpHBIM aTakaM M MOJCUCTEMY yCTpaHEHHs IMOCIEe[-
CTBUH NMPUMEHEHHs] KOMIBIOTEpHBIX aTak. [Ipu sTom
MpHU IEKOMIIO3UIMH 110 MOCAEA0BATEIbHOCTH BBINOJ-
HCHHS MPOoLeAYyp GOPMHUPOBAHUS U BEIOOPA BAPHAHTOB
(dhopmupoBaHUE palMOHAILHOTO BapHaHTa IOCTPOE-
HUS CUCTEMBI 3aIIUTHI B IIEJIOM HEOOXOIMMO HAYaTh C
(hopMHpOBaHVSI MHOKECTBA aJIbTEPHATHBHBIX BapHaH-
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TOB IIOCTPOEHUS MOJCUCTEM, BXOSAIINX B CUCTEMY 3a-
LIUTHI OT KOMIIbIOTEPHBIX aTak.

DopMHUPOBAHNE MHOXECTBA AJbTEPHATUBHBIX Ba-
PUAHTOB TMOCTPOEHUS] MOJCUCTEM, BXOISIIHUX B CH-
CTEMY 3allUThl OT KOMIIBIOTEPHBIX aTaK, OCYILECTBIIS-
€TCs B JIBa dTana:

— (opmupoBaHKe MOJHOIO MHOXECTBA BapHaH-
TOB MNOCTPOEHMUS MIOJICUCTEM, BXOAAIINX B CHCTEMY 3a-
LIUTHI OT KOMIIBIOTEPHBIX aTaK;

— 0oT00p U3 cHhOPMUPOBAHHOTO MHOKECTBA BapH-
AHTOB MOCTPOEHUS MOJACUCTEM TEXHUYECKU peanzye-
MBIX U1 KOHKPETHOW KOH(UTYpaIWH 3alldIiacMon
HHPOPMAIMOHHO-BEIYUCITUTEIFHON WIIM aBTOMATH3H-
POBaHHOM CHUCTEMBI.

(I’OpMI/II)OBaHl/Ie MOJITHOI'0 MHOKE€CTBA BAPDHAHTOB
MOCTPOCHUSA MOACUCTEM, BXOAAIIUX B CHUCTEMY
3aIUTHI 0T KOMIIBIOTEPHBIX aTakK

[TomHOE MHOXXECTBO BapHAHTOB TOCTPOCHUS KaXK-
JIOM U3 MOJICUCTEM, BXOJALIUX B CUCTEMY 3alIUTHI OT
KOMITBIOTEPHBIX aTaK, AJIs1 HHPOPMAITMOHHO-BBIIHCITH-
TEJHHBIX U aBTOMATU3UPOBaHHBIX cucTeM V = {Voeu,
Vip, Vyerp} TIETIECO00pa3HO HOPMHUPOBATE ITyTEM perlie-
HUSI KOMOWHATOPHOM 3a/1a4n epedopa BceX BO3MOXK-
HBIX KOMITOHEHTOB, KOTOPBIE MOTYT BXOJUTh B COCTaB
KaXI0¥ U3 ITOICUCTEM, U 3a71ad, BO3JIOKECHHBIX Ha TIOA-
CUCTEMY, C y4€TOM MHOIOYpPOBHEBOCTU HOCTPOEHHUS
3alUIaeMoi HHPOPMAITUOHHO-BEIYUCITUTEIHHON WK
aBTOMATH3UPOBAHHOW cHCTeMbl [2] (Hampumep, ypo-
BEHb IpEJCTaBICHUs HMHPOpManuu (ONepaTopcKuii),
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ypOBHH 00pabOTKK UHPOPMAIIUHU U BBOJ1a/BBIBOJIA WH-
¢dopmanun) (puc. 1).

[ YpoBeHb npeaocTaBneHusi UHgopmaummn \

( ABTOMaTU3MpOBaHHbIe paboyue MecTa nonb3oBarenen (oneparopos) )

( PaGouue cTtaHunm nonb3oBaTenen (onepaTropos)

\( TepMuHans! yaaneHHoro goctyna

YpoBeHb 06paboTku MHopMaLmMm

B TenbHble

6paboTku MHGO ]

CepBepbl B4

MaTa-ueHTpbl

YpoBeHb BBOAa/BbIBOAA MHopMaLmMm

raYatalalh
U ) U

CepBepbl BBoAa/BblBOAA

KommyTauuoHHoe o6opyaoBaHue

YCTpOﬁCTBa COMNpAXeHUA C KaHanamu cBA3n

\ ALY

7YY

Puc. 1. Ilpumep mpexyposuesoti cmpykmypel
agmomMamu3upo8antoll cucmemsl ynpasieHus

Fig. 1. The example of three-level structure
of an automated control system

Toraa ¢opMHUpOBaHHE MHOXKECTB BapUAHTOB IIO-
CTPOEHUS TIOJICUCTEM, BXOSIIUX B CUCTEMY 3aIlUTHI
OT KOMITBIOTEPHBIX aTaK, Oy/IeT BKIOYATh:

— (GOpMHpPOBaHHE MHOXXECTBA BAPHAHTOB IIO-
CTPOEHUS TOJCUCTEMBI JJI Ka)XJO0TO W3 YPOBHEH C
Y4eTOM 3a/ay, BO3JIOKEHHBIX Ha TOJCUCTEMBI st
Ka)XJIOTO YPOBHS 3aIlUIIaeMON WH(POPMAIIHMOHHO-BEI-
YUCITUTEIBHON MM aBTOMATH3UPOBAHHOW CHCTEMBI;

— (OpMHpPOBaHHE MHOXXECTBA BAPHAHTOB IIO-
CTPOEHUS MOJICUCTEMBI JUIsl BCEX YPOBHEH 3amiuiiae-
Mo MH()OPMAIMOHHO-BBIYUCIUTEIBHON WK aBTOMa-
TU3UPOBAHHON CUCTEMBI B IIEJIOM M3 MHOXKECTB, MOy~
YEHHBIX Ha MPEAbIAYIIeM dTare.

Dopmuposanue mnoxcecmea apuaHmos no-
CMpOeHUA noocucmemsl, 6x00Auieil 8 cocmag cu-
cmembl 3auiumosl Om KOMNbIOMEPHBIX AmMax, Ons
Kaxc0o2o ypoensa 3auuuiaemon cucmemsl. Heodxo-
JUMOCTB OTJCIIFHOTO ()OPMHPOBAHUS MHOXKECTBA BO3-
MO>KHBIX BApMAHTOB MOCTPOEHUS IOJICUCTEM CUCTEMBI
3alUTBl OT KOMIIBIOTEPHBIX aTaK AJIsl KaXkI0T0 YPOBHS
MOCTPOEHHUS 3aLIUILAEMOM CUCTEMBI BO3ZHUKAET BCIIE-
CTBHE, BO-TIEPBBIX, PA3HBIX (PYHKIMOHAIBHBIX TPeOO-
BaHUU K Ka)IOH U3 MOACHCTEM JJISl KAXKIOTO YPOBHS
MOCTPOCHHS 3aIlHIIaeMOi WH(POPMAIHOHHO-BEIYHUC-
JIUTEJIHOM WJIM aBTOMaTU3UPOBAaHHOM CUCTEMBI, @ BO-
BTOPBIX, TIOCTPOCHUS Ka)XIOTO YPOBHS 3aIHIIAEMON
CHCTEMBI Ha Pa3HBIX MPOTPaMMHO-aNIapaTHBIX IUIaT-

(hopmax u, COOTBETCTBEHHO, C Pa3HBIM COCTABOM KOM-
MIOHEHTOB CPEJICTB 3aIlUThl AT KaxXIOoW U3 MOJCH-
cteM. Mcxoas U3 3TOro MHOXKECTBO BCEX BO3MOKHBIX
BapuaHTOB V IOCTPOEHUS MOJCHCTEM, BXOJISIIUX B CO-
CTaB CHCTEMBI 3aIINUTHI OT KOMIIBIOTEPHBIX aTakK, OyneT
BEITIIANETH ciexyromuM oopazoM: V = {{Vosui, V ou2,

.V 06H|}5 {Vnplg Van, ey Vnpl}, {VyCTpl, VychZ; ceey
Vyempl} }, TIe | — KonmrdaecTBO ypoBHEH MOCTpOEHHS 3a-
HIMIIAEMON CHCTEMBI.

B o6wem, ¢popMupoBanue MHOXKECTBa BapUaHTOB
MOCTPOCHUS TTOACUCTEMBI JUIsl OJJTHOTO YPOBHSI IOCTPO-
eHMs 3aInuIaeMord MH(OPMALMOHHO-BBIYHCIUTEIb-
HOM (aBTOMAaTH3MPOBAHHOW) CHCTEMBI OCYIIECTBIIS-
€TCsI B HECKOJIBKO JTAIOB.

Oman 1. Tloctpoenne TabIWIBI BEIIOJHEHUS TPe-
OoBaHNI Ka)KABIM KOMIIOHEHTOM CpEACTB 3allUTHI,
BXOJSIINM B TOACHUCTEMY, IUII PaccMaTpHUBAacMOTO
ypoBHs (Tab1. 1). B nanHO#1 Tabnwie oTpakeHs! PyHK-

uponanpHele TpeboBanus (fjeFy, j:I,_J, roe J —

9KCI0 (QYHKIMOHATBHBIX TPEOOBaHMI) I paccMaT-
puBaeMoil  K-ii  mMOJCHCTEMBI  COOTBETCTBYIOLIETO

YPOBHS K OT/EJIbHEIM KOMIIOHEHTaM (S; € S, i =1, 1,

rze | — 91uciao KOMIIOHEHTOB CPEACTB 3aIUTHI), BXOS-
UM B COCTaB paccMaTpHBaeMoi K-i oICHCTeMBI cO-
OTBETCTBYIOLIETO YPOBHSI.

DJeMEHTHI JaHHOW TaOJUIbI GOpMHUPYIOTCS C yue-
TOM CJIEYIOUIETO yCIOBUS:

1, €ClI i-ii KOMIIOHEHT YAOBJICTBOPACT

j-My TpeboBanuio,
10, ecnu i-ii KOMIIOHEHT HE Y/IOBIETBOPSET

j-My TpebOoBaHHUIO.

Tabauya 1
AHaJIu3 BBINOJHEHNS TPEOOBAHUN KAMKIBIM
KOMIIOHEHTOM CPEACTB 3alMThI AJId Ka’K10I0 YPOBHSA
3alMIAeMOil CHCTEMBbI
Table 1
The analysis of compliance with requirements
by each component of protection means for each level
of a protected system

OTaejbHbIe DYHKIHOHATbHbBIE TPEOOBAHUS
KOMITOHEHTBI fi f f3 f4 ... f;
S1 Vi1 Vi2 V13 Vi4 V1)
S2 V21 V22 V23 V24 ... V2J
S3 V3| V32 V33 V34 o V3)
S4 V41 V42 V43 Va4 e \'’ZN]
SI Vi Vi2 Vi3 Vi4 ... \IN

[Tpm sTOM KpHUTEpUH IS KaKAOW IOJCHCTEMBI
OTIPEIEIAIOTCSl OTAENBHO M, K HPUMEpPY, COIJIAacHO
[3—-8], MoryT BkiIOUaTh B ce0s1 (PyHKIIMOHAIBHBIE Tpe-
GoBaHus

— K uAeHTH(UKALNY U ayTeHTU(HKALINH CYObeK-
TOB JOCTyTa K 00BEKTaM JOCTYTIa;

— K YIPaBJICHHIO JOCTYIIOM CYOBEKTOB AOCTYTIA K
00BeKTaM JOCTYTIA;

— K OTPaHHYCHUIO IPOTPAMMHON CPEIBI;

— K 3alUTe MAlIMHHBIX HOCUTEIeH HH(opManum;
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( quHKLlVIOHaanbIe TpeGOBaHMﬂ K cMCTeMe 3aliUTbl OT KOMNbIOTEPHbIX aTak )

—t =

— =

— =

( TpeBoBaHua k noacucTeMe oGHapyXeHns \
KOMMbLIOTEPHBIX aTak

Tpe6oBaHus kK noacMcTeme
NPOTUBOAENCTBUA KOMNbIOTEPHBLIM aTakam

(TPGGOBaHMﬂ K nocmcTemMe ycTpaHeHus \
NOCNeACTBMIt NPUMEHEHNS KOMMLIOTEPHBIX

K 06 (npegot
BTOPXEHUIA

(3

K naeHTU M KaLum U ayTeHTUd UKaumm arak
cy6bekToB fgocTyna k o6bekTam goctyna

Tpe6oBaHuA Kk 0GecneYeHuIo LeNoCTHOCTH
. o

Tpe6GoBaHWA K aHTUBUPYCHO I 3awuTe

TpeGoBaHUA K ynpaBneH1io JOCTYNOM Cy6bekToB (aBTOMaTM3MPOBAHHOI) CUCTEMbI U UHDOpMaLIUK,
pocTyna k o6bekTam foctyna

Tpe6oBaHusa k 06ecneyeHmnIo LeNoCTHOCTH
WH(OPMaL MOHHO-BbIYM CAIUTE NbHOM
(aBTOMaTU3UPOBaAHHOW) CUCTEMbI U MHG OpMaL UK

Tpe6oBaHUA K 3aLUMTe MAWMHHbBIX HOCUTENEN
uHcd opmauum

Tp HUA K AOCTYNHOCTH
TeXHUYECKUX CPEACTB U MH(OPp MaLmMm

Tpe6oBaHus K perucTpauumn cobbITuin

K orp:

E

A 3

Tpe6GoBaHMsA K KOHTPOMIO (aHanNKU3y)
TV UH

o nporp:

7] cpema

6e3sonacHoctn

(VGO
\\Jv\/\j

Tpe6GoBaHus kK o6GecnevyeHUto JOCTYNHOCTH
TEeXHUYECKMX CPEACTB M MHGOpMaumm

Tpe6GoBaHMA K KOHTPONIO (aHanNU3y)
DCTN UH D

aaYa
S\

TV UH

(MY

TpeGoBaHUA K KOHTPONIO (aHanM3y) )

Puc. 2. Ilpumep onpedenenus hyHKYUOHATLHBLX MPebOBaAHULL 0I5l OMOETbHBIX HOOCUCTEM, BX00SUUX 8 COCMAG
CUCTEMbL 3aUUMbL O KOMNLIOMEPHBIX AMAK

Fig. 2. The example of defining functional requirements for separate subsystems which are a part
of a computer attack protection system

— K pEerucTpanuy coObITHI 0€30M1aCHOCTH;

— K aHTUBHUPYCHOH 3amuTe HHpOpMannmy;

— K oOHapyxeHHIO (TIPeIOTBPAICHHUIO) BTOPXKE-
1317078

— K KOHTPOITIO (aHAIN3Y) 3aIIUIICHHOCTH HHPOP-
Malyy;

— K O0ECHeyeHHI0 LEIOCTHOCTH WHpopMmanu-
OHHO-BBIYMCIIUTEIHHONW (aBTOMATHU3UPOBAHHOM) CH-
CTeMbI U HHPOPMALIUH;

— K o0ecIie4eHHIo TOCTYITHOCTH HH(OpPMAIHIH.

Bo3MOXHBIN BapHaHT oIpenesieHusT TpeOoBaHU
JUISL OTAENBHBIX TTOJICHCTEM, BXOJSIINX B COCTAaB CH-
CTEMBI 3aIUTHl OT KOMITBIOTEPHBIX aTak, MOKa3aH Ha
PHUCYHKeE 2.

Oman 2. IlpoBepka Bcel COBOKYNHOCTH KOMIIO-
HEHTOB Ha BBITNIOJIHEHNE (DYHKIMOHAJIBHBIX TpeOoBa-
HUH. JlaHHBIN dTan peanu3yeTcsl CIeIyoIM 00pa3oM
(puc. 3):

— OCYLIECTBISIETCS MOZJIEMEHTHAsl AU3BIOHKLUA
KaXI0¥ CTPOKH M3 TIOTy4EeHHON Ha TIEPBOM 3Tarie Tabd-
JINLBIL: {V], Vo, V3, ..., VJ} = {V]], Viz, Vi3, ..., Vlj}V
V{Vz], V22, V23, ..., V2J}V...V} = {V|1, Vi, Vi3, ..., V]_J};

— BBINOJHIETCS KOHBIOHKIUS BCEX DJIEMEHTOB
MOJTYYMBIIETOCS MHOXecTBa {Vi, V2, V3, ..., Vj}: V =
=Vi&Vo&Vi&... &Vy;

— TIpOBepsieTCs YCIOBHE PABEHCTBA MOIy4YHBIIE-
rocst pe3ynbTara (V) eIMHUIIS: €CITU JAHHOE yCIOBHE
BhITIOJTHsAETCS (V= 1), BCsl COBOKYITHOCTH KOMIIOHEHTOB
CPE/ICTB 3alUTHl MOJCUCTEMBI YJOBIETBOPSET (PyHK-
[MUOHAJIBHBIM TpeOOBaHMAM; B MPOTHBHOM CIydae
(V # 1) KOMIIOHEHTOB CpPEJCTB 3alUThI, U3 KOTOPHIX
MOXeET OBITh HOCTPOEHA OJICUCTEMA, HEIOCTATOYHO, 1
MO3TOMY HEOOXOIMMO PACIIUPATH BECh BO3MOXHBIN
CIEKTpP NPUMEHSIEMBIX KOMIIOHEHTOB CPEICTB 3aIHUTHI
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JUI1 paccMaTpUBaEMOMN IOACHUCTEMBI COOTBETCTBYIO-
IIEro YpOBHS.

Oman 3. BBIOOp BapHaHTOB MOCTPOCHUS TOACHU-
CTEeMBI, BXOJISIICH B COCTaB CHCTEMBI 3aIUTHI OT KOM-
MBIOTEPHBIX aTaK, IJI1 COOTBETCTBYIOIIETO YPOBHS ITO-
CTpOEHHMS 3alUIIaeMOl HH(POPMAIMOHHO-BBIYHCIIU-
TENbHOW WJIM aBTOMAaTHU3MPOBaHHOH cucteMbl. CyTh
JTAHHOTO ATama B 0TOOpe KOH(UTypaLuii KOMIIOHEHTOB
MOJICICTEMBI, KOTOpBIE IO3BOJISAT peann3oBaTh Bce
(yHKIIMOHATIbHBIE TPEOOBaHMS K ITOJICHCTEME.

B Tabmune 2 mokasaH mpuUMep aHaIH3a BBIIOJIHE-
HUS (DYHKIIMOHAJBHBIX TPEOOBaHMH K OJHOM M3 HOA-
CHUCTEM CHCTEMBI 3aILUTHI.

{v1, V2, ..., V3} = 0;
i=1

[ A
{Vi, Vo, .., V) =
={v1, vz, ..., v} V
V{vi, Vg, ..., Vol
i=i+1

Vv={vi &V & ... & vj}

TpeboBaHus
He cobntoaeHb!

Puc. 3. Ancopumm nposepku coomeemcmesus
6cell COBOKYNHOCHU KOMROHEHMO8 CPeOCma 3aujunbl
DYHKYUOHATLHBIM MPeDOBAHUAM

Fig. 3. Algorithm of checking the compliance
with functional requirements of all set protection means
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Tabauya 2
IIpuMep aHanu3a BbINOJHEHUs (PYHKIHOHAIBHBIX
Tpeﬁonaﬂnﬁ K OJTHOM M3 MOJACUCTEM CHCTEMBbI 3aIUTHI
IJIS1 OTAEJbHOI0 YPOBHSI 3a1MIIIAeMOI CHCTEMBbI

Table 2

The example of the analysis of implementing functional

requirements to one of protection system subsystems
for a separate level of the protected system

OTaesibHbIE KOMIIO- (I)yHK].lPIOHaJ'I])HLle TpeﬁOBal—[l/lﬂ

HEHTBI, ¢ IOMOILULIO
KOTOPBIX BO3MOKHA
peanusanus K-it
MOACHCTEMBI Sk

f1 f fs fa fs fe

S1

S2

S3

S4

(=) ol Rl Il o
—lol—]|o|—
—o(o—|O
—|lo(o|o]|—
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Jis maHHOTO TpUMepa MHOXKECTBO BCEX BO3MOXK-
HBIX KOMITOHEHTOB, C ITOMOIIBI0 KOTOPBIX BO3MOXHA
peanusarus K-if momcucTeMpl, BKIIIOYAET B ceOsl MATH
JJEMEHTOB: Sk = {S], S2, S3, S4, 55}.

OyHKIMOHATbHBIE TPEOOBaHUS B TAHHOM CiIydae
3aJ]aHbl MHOYKECTBOM W3 1ecTH 31eMeHToB: Fy= {fi, f,
fs, fa, s, fo}.

OT60p BO3MOXKHBIX KOH(UTrypauii KOMIOHEHTOB
K- moicueTeMBI [Tl COOTBETCTBYIOIIETO YPOBHS, KO-
TOpBIC TIO3BOJIAT PEal30BaTh BCe (YHKIIMOHAIBHEIC
TpeOOBaHUS K JaHHOH TMOACHUCTEME, OCYIIECTBIIICTCS
CIEeIYIOIIIM 00pa3oM:

— (popMHPYIOTCS BCE BOBMOKHBIC BAPHAHTHI KOM-
OMHAIMII KOMIOHEHTOB, M3 KOTOPBIX BO3MOXKHO ITO-
crpoerre K-ii TOACHCTEMBI JJIsI PaccMaTpUBAEMOTO
YPOBHS 3aIIUIIAEMON TMOJCUCTEMBI; MIPH STOM 001IIee
KOJIMYECTBO BCEX BO3MOXKHBIX BapuaHToB N=2"—1, rie
M — KOJMYECTBO BCEX KOMIIOHEHTOB, U3 KOTOPBIX
BO3MOJKHO TTOCTPOEHHUE K-ii TT0ICHCTEMBI;

— TIPOBEPSICTCS BBIMOJHEHHE (YHKIIMOHAIBHBIX
TpeOOBaHUI KaXKIOTO BapHaHTa KOMOWHAIIMA KOMIIO-
HEHTOB, U3 KOTOPBIX BO3MOXHO MOCTpOoeHue K-ii moj-
CUCTEMBI U paccMaTpUBACMOTO YPOBHS 3alluIiac-
MOW CHCTEMBI, MyTEM IO3JIEMEHTHON IH3BIOHKIINU
CTPOK, OTHOCSIIUXCS K KOMIIOHCHTaM, BXOJSIIAM B
AHATM3UPYEMBI BapHaHT, Jajice BBHIMONHSIIOTCS I0-
DJIEMEHTHAS! KOHBIOHKIUS TIOJTYYUBIIETOCS MHOXE-
CTBa W MPOBEPKA BHITIOJHEHMS YCIOBUS PABEHCTBA T10-
Jy4EeHHOTO pe3ylibTaTa enuHule (puc. 4); mpu 3TOM
JUTST K&XKI0TO 3JIEMEHTA CTPOKH OCYIIECTBIISIETCS OTie-
pamus KOHBIOHKIIUY C YUCJIOM {, KOTOpOe MOoTydaeTcst
MyTEeM CJBHTA BIPABO HA OJWH Pa3psi 3HAYCHUS N
(onepanust shr(N)) 1 TOTUIECKOTO YMHOXKEHUSI PE3yJIb-
TaTta 3Toi onepauuu Ha 1.

B kadectBe mpumMepa MOXHO paccMOTpETh MpO-
BEPKY Ha BHINOJIHECHHE ()yHKIIMOHAIBHBIX TPEOOBaHUN
HECKOJIBKMX BAapUAHTOB KOHQUTYpaluu PUMEHU-
TENBHO K Tabmme 2.

Ilpumep 1. Kondurypanus B coctase {Si, S, S3, S4}.
[Ipon3BoANM MO3TEMEHTHYIO JU3BIOHKIIUIO CTPOK, OT-
HOCSIIIUXCSI K KOMITOHEHTaM Si, Sz, S3 1 S4: V ={1, 1, 0,

1,0,0} v {1,0,1,0,1,0} v {0,1,0,0,0,1} v {1, 0,
0,0,0,1}={1,1,1,1,1, 1}.

Ocyl1ecTBiIseM HOJIEMEHTHYI0 KOHBIOHKIIHIO T10-
JIy4HBILIETOCss MHOKECTBA V M TI0JTy4aeM eauHuny. Ta-
KUM 00pa3oM, JaHHAas KOH(QUTYpAIs IMO3BOJISET BEI-
MOJIHUTB Bce (DYHKIIMOHANbHBIE TPEOOBAHMS, IPEIbSIB-
JICHHBIE K aHATH3UPYEMOH TOACHUCTEME.

Ipumep 2. Konpuryparmms B coctase {Si, S3, S4, S5} -
[Tpon3BoMM MO3IEMEHTHYIO KOHBIOHKIIHIO CTPOK, OT-
HOCSIIIUXCSI K KOMITOHEHTaM Sy, S3, S4 1 Ss: V ={1, 1, 0,
1,0,0} v {0,1,0,0,0,1} v {1,0,0,0,0,1} v {0, 1,
1,1,0,1}={1,1,1,1,0, 1}.

Ocy1ecTBiIseM HO3JIEMEHTHYI0 KOHBIOHKIIHIO T10-
JIYYMBIICTOCA MHOKECTBA vV oJrydyacM HOJIb. Takum
o0pa3oM, aaHHash KOH(QUrypauusi He MO3BOJISIET BbI-
IIOJIHUTH BCEC q)yHKHI/IOHaJ'II)HI)Ie Tpe6OBaHI/IH, MpeabAB-
JICHHBIE K aHAJIU3UPYEMOi TIOZCUCTEME.

Jns cmydas, mpuBeJeHHOTo B Tabiume 2, BO3-
MOXxHbI 11 BapuaHTOB mocTpoeHust K-i moacucTeMsl
(Tabm. 3).

Tabnuya 3

Ipumep BapuanToB nocrpoenusi K-ii mogcucremnl

AJIs OTAEJILHOI'0 YPOBHSA 3amnmaeM0ﬁ CHUCTEMBI

Table 3
The example of k-th subsystem constructing variants
for a particular level of the protected system

Bapuant nocrpoe- | KomnonenTsl, BXoasiluue B BapH-
Hus K-ii mogcucTemsl | aHT mocrpoenust K-it moacucremMpl
Ski {s1, 2, S3}
Sk {S1, S2, S4}
Sk3 {s1, S2, S3, S4}
Sk4 {S2, S5}
Sks {s1, S2, S5}
Ske {s2, S3, S5}
Sk7 {s1, S2, S3, S5}
Sks {S2, S4, S5}
Sko {s1, S2, S4, S5}
Skio {s2, S3, S4, S5}
Ski1 {s1, S2, S3, S4, S5}

Dopmuposanue MmHoicecmea apuUAHmMO8 No-
CMPOEHUA NOOCUCMEM, 6X00AUWUX 6 cucmemy 3a-
WUNLLL OM KOMRBLIOMEPHBIX AMAK, 0J14 6ceX YPOGHell
3auuuiaemoit cucmemol 6 yenom. ChopMUpOBaHHBIE
MHOXECTBA BAPHUAHTOB ITOCTPOCHUA IMMOJACUCTEMBI, BXO-
21511116171 B COCTaB CUCTEMBI 3alIUTHI OT KOMIIBIOTEPHBIX
aTak, JUId KaKJIOTO YPOBHS 3alllUIIaeMON CUCTEMBI B
OTIeNLHOCTH OyayT uMeTh BuI Vig = {Ski, Sk2, ..., Skn},
ryie K — mojcucTeMa, BXOASIIAs B CUCTEMY 3aIllUTHI OT
KOMITBIOTEPHBIX aTak; | — ypoBeHb MOCTPOCHMUS 3alll-
mraeMoii cucteMbl; N — KOJTMYECTBO BCEX BO3MOMKHBIX
BapuaHToB moctpoenust K-it mojcucremsr s |-ro
ypoBHs 3amuiaemoii cucteMsl (1 =1, L, rae L — komwm-
YEeCTBO YPOBHEH B 3aIUIIAEMON CUCTEME).

®dopMupoBaHUE MHOXKECTBA BAPHAHTOB Vi TIOCTPO-
eHus K-i moacHcTeMBI, BXOIAIIEH B CHCTEMY 3aIUTHI
OT KOMITBIOTEPHBIX aTakK, [UIA BCEX YPOBHEH 3aliumiae-
MOH CHUCTEMBI B LIEJIOM OCYUIECTBIIAECTCS IMyTEM IMpsi-
MOTO TPOMU3BEICHUSI MHOXECTB BCEX BO3MOXKHBIX Ba-
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Havano

n=1

{vi, Vo, ..., vg} = 0;
i=1

I
t=1&n";
{vi, v, .., Vi =
={vi, vz, ..., v} V
\% {t&Vﬂ, t&vip, ..., t&VU};
i=i+1;n=n+l;
n" = shr(n)

L
‘vz{vl&vz & ... &VJ}‘

Het

Tpeboanus
He cobntoaeHbl

OA

Puc. 4. Anecopumm nposepru coomseemcmesus
DYHKYUOHATLHBIM MPEeOOBAHUAM KOMNOHEHINO
cpedcms 3awumul 0Jisi 00HO20 U3 YPOBHEU NOCMPOEHUs.
3auuIaemMotl cucmemvl

Fig. 4. Algorithm of checking the compliance
with functional requirements of set of components
of protection means for one of constructing levels

of the protected system

PHAHTOB MOCTPOEHHs K-i MOJCHCTEMBI IS KaXKI0ro
L

I-ro ypoBHs 3ammuiaemoit cuctemst [9]: V, = HVk, .
I=1
Jns mopcucreMpl 0OHApYKEHHS KOMIIBIOTEPHBIX
aTaKk JIaHHOE BBIpAXEHHWE OYIET BBINIAETH CIIEAYIO-

L
M 06pazom: Vg, = [ [ Voeu -
1=1
JI1s1 IOJICHCTEMBI TIPOTUBOJIEHCTBUS KOMIIBIOTED-
L
HbIM aTakaM oHo npuoGperer Bug V,, = [ [V, -
I=1

st moacucTeMsl yCTpaHEHUs MOCIEACTBUM IpHU-
MEHEHHS KOMIIBIOTEPHBIX aTaK BEIpakeHHe OyAeT cie-

L
ayioumm: Voo = V,ep -
I=1

OT00p BAPUAHTOB MOCTPOECHUS MOACUCTEM
JJISl KOHKPeTHOH KOH(pUTypauuu 3aiunaeMoi
HHPOPMALOHHO-BbIYHCINTEIbHOMN
(aBTOMATU3MPOBAHHOI) CHCTEMBbI

I[aHHaH npoueaypa OCymecCTBJIACTCA MYTEM IHPO-

BCPKHU COBMCCTUMOCTH KOMIIOHCHTOB MOACUCTEM
CHUCTCMBI 3alllUThI C HpOFpaMMHO-aHHapaTHOﬁ miar-
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dhopMoii, Ha 0a3e KOTOPOH MOCTPOCHA 3allHIacMast
nH(OpPMaMOHHO-BBIYUCIIUTENIBHAS  (aBTOMATHU3UPO-
BaHHAasI) CHCTEMa, KOMIIOHEHTOB MeXIy co0oii B mpe-
JieTlax OTJCNBHOM MOJCHCTEMBI OHOTO YPOBHS, KOM-
MTOHEHTOB TIOJICHCTEM Pa3HBIX YPOBHEH MeX1Iy co0oii,
a TaKke KOMIIOHCHTOB, BXOASIIMX B COCTaB OJHOU
MOZICUCTEMBI BCEX YPOBHEH, C KOMIOHEHTaMH, BXOISI-
IIAMH B COCTaB JIPYTHX MOJICHCTEM BCEX YPOBHEM.

CoBMECTUMOCTh KOMIIOHEHTOB, Ha KOTOPBIX IO-
CTPOEHBI MOACUCTEMBI CHCTEMBI 3aIlUTHI C NPOrpam-
MHO-aNmnapaTHoil maropMoil, onpenensercss myTem
MPOBEPKH OTCYTCTBUS KOH(IMKTOB NPU 00paIleHUH K
MPOTPaMMHBIM H arapaTHBIM pecypcaM HH(POpMaIH-
OHHO-BBIUMCIIMTEIHHOW (aBTOMATU3UPOBAHHOM) CH-
cTeMbl ((QYHKIMM sIpa ONEPalMOHHOM CHCTEMBI,
CHCTEMHBIC 00JAaCTH MaMATH, MOPTHl BBOJA-BBIBOJA
1 T.IL.).

CoBMeECTHUMOCTh KOMIIOHEHTOB MEXIy co00i B
Ipesenax OTAENBHON IOJCHCTEMBI OJHOTO YPOBHS
OTIPEETIETCS NCXOS U3 BO3MOXKHOCTH BBIIIOJTHCHHMS
BceX (pyHKIMOHANIBHBIX TPEOOBaHUHN /ISt AAHHOM MOJ-
CHCTEMBI IIPY COBMECTHOU paboTe KOMIIOHEHTOB, BXO-
ISIIUX B COCTaB dTOM MOACUCTEMBI. Eciau kakoi-110o
KOMITOHEHT OJIOKUPYET BBINIOJIHEHHE KaKOH-TH00
(yHKIMH TPYyTUM KOMIIOHEHTOM U TIPH 3TOM OJIOKHUPO-
BaHME JJaHHOW ()YHKIIMH BIIEUET 32 COOOI HEBBIIOJIHE-
HHE (YHKIMOHAJIBHBIX TPeOOBaHUH, ONpEIeTICHHBIX
JUTSl TAaHHOM MOJICHCTEMBI, 3TH /1Ba KOMIIOHEHTa CUUTa-
I0TCS HECOBMECTHMBIMH B TIpeJeiax ITOJCHUCTEMBI U
JIaHHBIN BapUaHT MOCTPOEHMS MOJCUCTEMBI B ()OPMHU-
pyeMoe MHOXECTBO aJIbTEPHATHBHBIX BAPHAHTOB IIO-
CTPOEHMS MOJICUCTEM He BKIIOuaercs. Eciam kakoii-
7100 KOMITOHEHT OJIOKUPYET BHIIOJTHEHNE KaKoi-1Ti00
(hyHKIMM PYTMM KOMIIOHEHTOM, HO IIPHM 3TOM BCE
(hyHKIMOHATBHBIE TPEeOOBAaHMUS, OMpEAEICHHBIEC IS
MOJICICTEMBI, BBITIOJHSAIOTCS, JAHHBIM BapHaHT IIO-
CTPOCHHUS TMOJCHCTEMBI BKIIOYAeTCS BO MHOXECTBO
IBTEPHATHBHBIX BAPUAHTOB.

CoBMeCTUMOCTb KOMIOHEHTOB TTOJICCTEM, BXO/IS-
IMAX B COCTaB CHCTEMbI 3alIWTHl Pa3HBIX YpPOBHEH,
MEX1y co00i 1 KOMITOHEHTOB, BXO/ISIINX B COCTaB O/1-
HOW MOJCUCTEMBI BCEX YPOBHEH, C KOMIIOHEHTaMH
JIPYTHX MTOJICUCTEM BCEX YPOBHEH Taroke MpOBepseTCS
HCXOJI M3 BO3MOYKHOCTH BBITIOTHEHHS BCEX (DyHKIIHNO-
HAJIBHBIX TPeOOBAHMH, ONPEAETICHHBIX I OTACIBHBIX
MOJICHICTEM, BXOJAIINX B CHCTEMY 3aIUTHI OT KOMITb-
IOTEPHBIX aTak.

[IpennoxeHHBINH B CTaThe MOAXO/ MO3BOJISIET Gop-
MHUpPOBaTb MHOXKECTBO BO3MOXHBIX BapHaHTOB IIO-
CTPOEHUS CUCTEMBI 3aIlIUTHI OT KOMIBIOTEPHBIX aTaK C
YYETOM BBINIOJIHEHHSI BCeX (PYHKIMOHAIBHBIX TpeOo-
BaHUI, BO3JI0KEHHBIX HA MOJCHCTEMBI, BXOIAIIHNE B
COCTaB CHCTEMBI 3aIUTHI, C Y4ETOM OCOOCHHOCTEH
(hyHKIIMOHMPOBAHUS U TIOCTPOCHUS 3aLIMIIAEMOH CH-
CTEMBI, a TAK)KE C YIETOM JCKOMITO3HLIUHI CUCTEMBI 3a-
IIUATHI OT KOMITBIOTEPHBIX aTaK Ha TPH IMOJCHCTEMBI:
OoOHapyXeHHs KOMIBIOTEPHBIX aTaK, IPOTHBOICH-
CTBHSI KOMITBIOTEPHBIM aTakaM M yCTPAaHEHUsI TOCIe-
CTBHH IPUMEHEHHS KOMITBIOTEPHBIX aTaK.
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METHOD OF GENERATING SETS OF ALTERNATIVE VARIANTS OF BUILDING SUBSYSTEMS
WHICH ARE A PART OF A COMPUTER ATTACK PROTECTION SYSTEM

E.B. Drobotun !, Ph.D. (Engineering), Doctoral Student, drobotun@xakep.ru
E.P. Uglovsky !, Head of Laboratory
1.Sh. Zamaltdinov !, Ph.D. (Engineering), Senior Researcher

' Military Academy of the Aerospace Defense, Zhigareva St. 50, Tver, 170100, Russian Federation

Abstract. Constructing a rational computer attack protection system for an information or automated system assumes cre-
ating a set of protection system configurations consisting of a set of separate program and hardware-software components and
a further choice of a rational option of creating a computer attack protection system from the created set according to certain
criteria. When generating this set, in addition to protection system compliance with necessary functional requirements, it is
necessary to consider the parameters of the protected system (its structure and a multiple-level creation system), as well as
software and hardware compatibility of components, and also compatibility of components with a hardware-software platform,
which is the basis for the constructed protected system.

The article presents one of the possible approaches to forming a set of possible options of creating a computer attack
protection system, taking into account its decomposition on three subsystem types. They are: computer attack detection sub-
systems, computer attack counteraction subsystems and subsystems of elimination of consequences of computer attack appli-
cation.

Keywords: automated control system, computer attack, information security, protection system design, computer attack
protection.
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YPOBHH H ITPABOBASI MOAEAbD
HHPOPMAIIHOHHOH BE3OITACHOCTH (3AILIHTHI HHPOPMAIIHH)

C.B. I'onybuukos, k.m.n., Hauarbrux omdena, gsv_64@list.ru
(ITAO «HIIO Anmas», AeHuHzpadckuil npocn., 80, cmp. 16, 2. Mockea, 125190, Poccust);
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(Boennas axadoemust PBCH um. Ilempa Benukozo,
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A.B. Baparosa, acnupanm, abv92@list.ru
(MI'HMO (yrusepcumem) MH/T Poccuu, npocn. Bepradckozo, 76, 2. Mockea, Poccust)

B xonTekcTe onpeneneHus nHGopMauu Kak CTPAaTETHYECKOTO pecypea JII000ro rocyAapcTBa, MPOU3BOIUTEIBHON CHITBI
U JOPOTOTO TOBapa paccMaTpUBAIOTCS MPOoOIeMbl HHQOpMAInOHHON Ge3omacHOCTH (3amuThl nHGopManun). s ux paspe-
LICHUsI OJIHUM U3 HallpaBJICHUH AeATeIbHOCTU IOCyJapCTBa SABJIAETCS [IPaBOBOE PETYINPOBAHUE.

Tak kak nH(OpMaIMOHHAs1 6€30MaCHOCTE — 9TO HEOTheMJIEMast YacTh OOIIei M HAMOHAIBEHOM 6€30I1aCHOCTH, COepKaHHe
KOTOpOii 6azupyercs npexe Bcero Ha Koncruryiuu Poccuiickoit denepariyu, a Takke Ha OCHOBHBIX 0a30BBIX JJOKYMEHTaX,
B paboTe BBIIETICHB! YPOBHH 0€30IIaCHOCTH, TaHO HOHSATHE JKH3HEHHO Ba)KHBIX HHTEPECOB, BHITEKAOLIee N3 MOHITHS Oe3omac-

HOCTH.

DopMynHpyOTCS BaKHEHIME 3a1a4n odbecrnedeHus nHpopmannonHoi 6e3onacHocT Poccuniickoit denepanunn. 3agaroTcs
HanpaBJeHUs oOecrieueHUss HHPOPMaLOHHOH 6e30MacHOCTH, a TAKKe OPraHU3aLMOHHO-TEXHUYECKHUE MEPONPUSTHS 110 3a-
muTe HHGOPMALUH B OOIIEroCy1apCTBEHHBIX HHQOPMALMOHHBIX M TEICKOMMYHHKAIIMOHHBIX CHCTEMaX.

Ipennaraercs K paccMOTpEHHIO pa3paboTaHHas IPaBoBas MOJENb obecreueHuss HHGOPMaLOHHON 6e30MacHOCTH, Tae
BBIICJICHBI OOBEKTHI 3alUTHl HH(OPMAIMN: epCOHANBHbIE TAHHBIC YelIOBeKa, pa3iIMyHble TeXHUYeCKnue cpencrsa, 110, nH-

(bOpMaHI/IOHHO-TCXHI/I‘-ICCKI/Ie CUCTEMBI, IOKYMEHTEI U JIp.

B pabore menaercst BBIBOJ O TOM, 4TO HH(POPMAIMOHHAsE 6€30MacHOCTb SBIISETCS COCTABHOI YacThIO O0LIEH U HALMOHAb-

HOH 0€30ITaCHOCTH M OXBAaThIBaeT BCE Chephl AeSITEIBHOCTH.

Knrouesvie cnosa: ungopmayus, ungpopmayuonnas besonacnocmo, sawuma ungopmayuu, ungopmayuonnas cpepa,

npasosas mooens.

Hawano XXI Beka 03HaMeHOBaHO OYpHBIM Pa3BH-
THeM MH()OPMAITMOHHBIX TEXHOJIOTHI BO BCEX cdepax
TOCYTapCTBECHHOM JEATENFHOCTH M OOIIECTBCHHOM
xu3Hu. Mudopmanus Bce B Ooibleil Mepe cTaHoO-
BUTCSl CTPAaTErMYeCKUM DPECypcoM Jto0oro rocyaap-
CTBa, IPOU3BOAUTENILHONW CUJIOW M IOPOTUM TOBApPOM.
OT0 HEe MOXKET HE BBI3BIBATH CTPEMJIEHUS TOCYIapCTB,
OpTraHu3aIli M OTACNBHBIX I'paXkJaH MOIYYIHThH IIpe-
MMYILECTBA 32 CUET 3aBiajieHus nHdopmanueii, HaHe-
ceHus ymepba WHPOPMAIMOHHBIM pecypcaM KOHKY-
PEHTAa, a TAK)KE 3aIIUTHl CBOMX MH(POPMAIMOHHBIX pe-
cypcos [1-3].

B mnactosimee Bpemst Bonpoc HH(OPMAalMOHHOM
0€3011acHOCTH OCTPO CTOUT Ha YPOBHE KakK rocyzaap-
CTBa, PA3NUYHBIX OpraHW3alWi, TaK W OTAEIBHBIX
rpaxnad. BaxxHo o0ecrednTs WX KOHCTHTYIIHOHHBIC
IpaBa Ha IMOJy4YeHHWE JOCTOBEPHOHN MH(pOpMaIum, Ha
ee HCIOJB30BAHNE B MHTEPECaxX OCYIISCTBICHHS 3a-
KOHHOH JesITeIbHOCTH YYPEeKICHHH, a TakKe Ha 3a-
LIUTY IOCYAAPCTBEHHOM, KOMMEPYECKOH, CEMENHHOM,
JIUYHOM U IPYTUX BUJOB TaliH.

PaccmotpuM cuctemy MH(pOpMaMOHHOM Oe3omac-
HOCTH, CloXuBHIyIocs B Poccun.

[Ipobnema 3ammTel WHPOPMAIMU OT IOCTOPOH-
HEro JOCTyIa U HEKEeNaTEeNbHBIX BO3AECUCTBHH BO3-
HHUKJIa C pa3BUTHEM OOIIECTBEHHBIX OTHOLICHUIL.
HawnbGonee meHHOW cTaHOBHUTCS WHQPOpPMAITUS, TTO3BO-
JISFOINAS €€ BIIA/ICTBIY MOJIYIHTh KaKOH-ITN00 MaTepu-
aJIbHBIH, TOJIMTUYECKUH, BOGHHBIN U IPYTrON BBIUTPHILI
[4-6].
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OpmHako co3JaHWe WHIYCTPUU TepepaboTKH WH-
(hopMarmy MoposKAaeT HENBIA P CIOKHBIX ITPOOIIEM,
OJTHOW M3 KOTOPBIX SBIIACTCS HAACKHOE oOecrieueHue
COXPaHHOCTH M yCTAHOBJIEHHOTO TPaBOBOTO CTaTyca
I/IHq)OpMaHI/II/I B OTACJIbHBIX TEXHUYCCKUX CPEACTBAX, B
I/IHq)OpMaHI/IOHHO-BI:I‘II/ICHI/ITGHBHBIX CUCTEMAX U HH-
(hopmMarMoOHHO-TEIEKOMMYHUKAITMOHHBIX ceTsX. [laH-
Hasi pobJieMa Bolia B 00MX0/1 Kak mpobiiema nHdpop-
MalmoHHOH 6e3omacHocTH [7-8].

Jis ee paspemieHUs HEOOXOIMMO yperyIupoBaTh
Ha TOCY/IapCTBEHHOM YPOBHE IPABOBEIC ACTICKTHI 1aH-
HOW 00JIACTH.

HNudopmanmonHas 0€30IaCHOCTH SBIIACTCS HEOTh-
E€MJIEMOW COCTAaBHOW YacThIO OOIICH M HAIMOHAILHOM
0€30MacHOCTH, COJepX)aHHEe KOTOpPOW OaszupyeTrcss B
nepsyo ouepenb Ha Koncturynuu Poceun, a Taxoke Ha
OCHOBHBIX 0a30BBIX JOKyMeHTax: denepaJbHOM 3a-
koHe «O Oe3omacHOCTHY, «CTpaTeruu HAIMOHATBLHOM
6e3omacuoctu Poccmiickoit @eneparm 1o 2020 roma»
n JlokTpuHe wuHpOpMannoHHOH Oe3omacHocTH Poc-
cuiickoit denepanuu.

AHanu3 npuBeICHHBIX JOKYMEHTOB TI03BOJISICT BhI-
JISIUTh YPOBHH O€30IaCHOCTH, IPEICTABICHHBIC Ha
pucyHke 1.

IMon 6e30macHOCTHI0 MOHUMAETCS COCTOSHHE 3a-
IIMIICHHOCTH XXU3HCHHO BAXKHBIX MHTCPECOB JIMYHO-
CTH, 00II[eCTBa M TOCYIapCTBa OT BHYTPEHHUX U BHEII-
HUX yTPO3.

W3 monsTHS «O6€30MacHOCTEY BEITEKAET IPYToe To-
HATHE — «KI3HEHHO Ba)KHBIE HHTEPECH) KaK COBOKYII-
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‘ Be3onacHoCTb ‘ — COBCPILICHCTBOBAHME M 3a-
[[UTa OTCYCCTBEHHON HHpOpMAIIH-
! OHHOW HH(PACTPYKTYPHI, HHTETpa-
‘ HaLlMOHaJ'IbHaﬁ6e3OFIaCHOCTb ‘ s Poccun B MHPOBOE I/IHCI)OpMa-
‘ NHdopmaumoHHas 6e3onacHocTb ‘ [HOHHOE MpOCTp fl HETBO;

i — IPOTUBOJACUCTBUEC yrpose
‘ 3alLTa MHAOPMaLW ‘ pa3BsI3bIBaHUS HI?'OTHBO60pCTBa B

1T WHPOPMALMOHHOH cdepe.
I'I:aaoable Opl’aHMBa:MOHHbIe TeXHI/I:eCKI/Ie 3KOHOM:HE}CKVI6 M:paanO- HaHpaBJ’IeHI/IHMI/I OGCCHC‘IGHI/IH
OCHOBbI 3aLNTbI OCHOBbI 3aLUNTbI OCHOBbI 3aLLNThI OCHOBbI 3aLUUThI aTn4eckne I/IH(l)OpMaHI/IOHHOfI 6630HaCHOCTI/I
MHbopMaLmm UHopmaLmm UHopmaLmm uHdopmaummn O?AZO;ZI;M&;EL:LH [9] Poccuiickoii CDe)Iepaum/I B 06-
t t f t t LIEroCyIapCTBEHHBIX HH(pOpMaIu-
‘ Yrposbl (pucku, yuepb) ‘ OHHBIX M TEJIEKOMMYHHKAIIHOH-

| t ‘ HBIX CHCTEMAX SIBJISIOTCS:
‘ BHyTpeHHne ‘ ‘ BrewHue ‘ — IIPCAOTBPALICHUC ITIEpEXBATA

Puc. 1. Yposnu 6eszonacnocmu

Puc. 1. Security levels

UHGOPMAIUY U3 MOMELICHHH H C
00BEKTOB, a TaKke WHPOpPMAaIUH,
nepeaBacMoi o KaHaJIaM CBSI3H C
MIOMOILBEO TEXHUYECKUX CPEICTB;

HOCTBH MOTPeOHOCTEH, yIOBICTBOPEHHE KOTOPHIX Ha-
JISKHO 00ecIieurnBaeT CYIIeCTBOBAHNE U BO3MOXKHOCTH
MPOTPECCUBHOTO PA3BUTUS JIMYHOCTH, OOIIECTBA H
rocynapcTaa.

PaccmorpuMm cyth mHQOpMAMOHHOH Oe30macHO-
CTH Yepe3 TMOHUMAaHUE HAIMOHAILHOU 0€30I1aCHOCTH.

HarmonanbHast 6€30MacHOCTh — COCTOSTHHE 3alllk-
IIEHHOCTH JIMYHOCTH, OOIECTBA W TOCyAapcTBa OT
BHYTPEHHUX M BHEIIHUX yTPO3, KOTOPOE IMO3BOJISIET
obecreunTh KOHCTUTYIIMOHHBIE TIpaBa, CBOOOIBI, JI0-
CTOMHBIE KaUY€CTBO U YPOBEHb KU3HU TPAKJaH, CyBe-
PEHUTET, TEPPUTOPUABHYIO IIEJIOCTHOCTD U YCTONYIH-
Boe pasButue Poccuiickoit dexepannun, 000poHY U
0e30IMacHOCTh TOCYJapCTBa.

IIpu 5TOM B paMKax HaIlMOHAIBHOM 0€30IacHOCTH
HaIlMOHANIbHBIE MHTEpechl Poccum B WH(pOpMAHOH-
HOU cepe 3aKITI0YAI0TCS B COOIOICHIH KOHCTUTYITH-
OHHBIX MMPaB U CBOOO B 00JaCTU MOJIyUEHHUsS] HHPOP-
Malliu U TOJb30BaHUsI €10, B PA3BUTHU COBPEMEHHBIX
TEJIeKOMMYHHUKAIIMOHHBIX TEXHOJIOTHIA, B 3alIUTE TO-
CyJIapCTBEHHBIX MH()OPMAIIMOHHBIX PECYpCOB OT He-
CaHKIIMOHUPOBAHHOTO JIOCTYTIA.

Yrpo3aMu HalMOHANBEHOW Oe3omacHocT Poccun B
HHPOPMAIMOHHOU cepe, MPEeICTABIIONIMMHI CEPbe3-
HYIO OIIACHOCTb, SIBJISIOTCS:

— CTpeMJIeHHUE psiia CTpaH K JOMHHHUPOBAHUIO B
MHUPOBOM HMH(DPOPMAITHOHHOM TIPOCTPAHCTBE;

— BbITeCHeHHE Poccum ¢ BHELIHEro M BHYTpPEH-
HEro MHPOPMAIMOHHBIX PHIHKOB;

— paspaboTKa psSIoM rocyaapcTB KOHIEIIUN HH-
(hopMaIMoOHHBIX BOWH;

— BO3MOXHOCTh HapyIIEHUSI HOPMATLHOTO (PyHK-
[IMOHUPOBAHMS MHOOPMAIIMOHHBIX U TEIEKOMMYHHKA-
LUMOHHBIX CHUCTEM, IOJIYYEHHUs] HECAaHKLUMOHUPOBAaH-
HOTO JIOCTYTIA K HUM.

Baxneiimue 3axaun o0ecrieueHnss HHPOPMAIIHOH-
HOW 0€30I1aCHOCTH:

— peanu3anus KOHCTUTYIIMOHHBIX IIPaB U CBOOOT
rpaxnuaH B chepe HHPOPMALMOHHON ACATEIIEHOCTH;

— HCKJIIOUEHHE HECAaHKI[MOHU-
POBaHHOTO J0CTyna K o0pabaThIBAEMOW MJIM XpaHsi-
1Ieiics B TEXHUUECKHUX CPEACTBaX HHPOPMAIINK;

— TpeJoTBpAIleHUE YTeUKU HHPOPMAIHH IO TeX-
HUYECKUM KaHalaM, BO3HHKAIOIIEH IpH 3KCILTyaTa-
MM TEXHUYECKUX CPEJCTB ee 00pabOTKU, XpaHEHUs U
nepenaymy;

— TIpPEeOTBpAIICHUE CIIELHUAIbHBIX MPOTPAMMHO-
TEXHHMYECKUX BO3JEHCTBUIH, BBI3BIBAIOIINX pa3pylle-
HHE, YHUUYTOXKCHHWE, WCKa)KEHHE HWH(OOPMALUH HWIN
cbou B pabote cpencTB HHPpOpPMATH3AINN;

— obecnieyenne nHGOPMAIIMOHHOMN O€30MIACHOCTH
MIPY MIOAKITIOUEHUH 00IIerocyJapCTBEHHBIX HH(POpMa-
IMOHHBIX U TEJICKOMMYHHUKAI[HOHHBIX CUCTEM K BHEIII-
HUM HMH(OPMAIMOHHBIM CETSIM, BKJIIOYAs MEXyHa-
POJHEIE;

— obecnieyeHue 0€30MaCHOCTH KOH(UACHIINAIIb-
HOM MH(OPMALUK NTPH B3aUMOAEHCTBUU MH(POPMALTH-
OHHBIX M TEJIEKOMMYHHUKAIMOHHBIX CHCTEM DPa3iIHd-
HBIX KJIACCOB 3alIUIIEHHOCTH;

— BBIIBJICHHWE BHE/IPEHHBIX HAa OOBEKTHI U B TEX-
HUYECKUE CPEJCTBA JJIEKTPOHHBIX YCTPOWCTB Iepe-
XBaTa MHPOPMAITHH.

3amuTHTh HHPOpPMANHUIO B 00IIErOCy1apCTBEHHBIX
MH()OPMALMOHHBIX U TEIEKOMMYHHKAIMOHHBIX CHCTE-
Max IO3BOJISIT OPraHU3ALMOHHO-TEXHUYECKHE MEepo-
NPUSITHS:

— JIMICH3UPOBAHME NESATEIBPHOCTH OpPTaHU3aIui
B 00JIaCTH 3aITUTHI HH(POPMAIINH;

— arrecTanus OOBEKTOB WH(OpPMATH3ALUU TIO
BBITTOJTHEHUIO TPeOOBaHUI oOecredeH s 3aUThl HH-
(hopmanmu pu MPOBEIEHUU paboT, CBA3AHHBIX C HMC-
MOJb30BAHUEM CBEACHUH, COCTaBISIONUX ToCyAap-
CTBEHHYIO TaiiHy;

— cepTU(HUKAMs CPEACTB 3alIUThl HHPOpManuK
U KOHTpOJIA 3(PPEKTUBHOCTH HMX HCHOJIB30BaHUS, a
TaKKe 3alIUIIEHHOCTH WH(GOPMALMHM OT YTEUKH II0
TEXHHYECKNM KaHaJlaM CHCTEM M CPEICTB HHPOPMATH-
3aLUH U CBSI3H;
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Puc. 2. Ilpasosas moodenv ungopmayuonHoll 6esonacHocmu (3awumsl uHgopmayuu)
Puc. 2. A legal model of information security

— BBeJICHHUE TepPPUTOPHAIBHEIX, YaCTOTHBIX, 2. Manwios B.JI. HaronanbsHast 6€30MacHOCTD: IIEHHOCTH,

SHEPTeTUIECKUX, MPOCTPAHCTBCHHBIX W BPEMEHHBIX
OTpaHMYCHUH B PEXKMMaxX HCIOJIb30BAHUS TEXHHYE-
CKUX CPEJCTB, OJICKAIINX 3aIUTE;

— Cco3/1aHHe M IpUMEHEeHHe WH(POPMAIMOHHBIX U
ABTOMATH3MPOBAHHBIX CHUCTEM YIPABICHHS B 3allH-
IIIEHHOM HCTIOJIHEHHH.

AHanu3 CyIIHOCTH M COJICPKaHUS HOPMATHUBHBIX
MpaBOBBIX akTOB Poccuiickoit @enepanun B ob6mactu
HHPOPMAIMOHHOM 0€301TacHOCTH (3aIIUTHI HHpOpMa-
IIUH) TO3BOJII C(HOPMYITHPOBATH PABOBYIO MOJIEIH
HHPOPMAIMOHHOM 0€301TacHOCTH (3aIIUTHI HHpOpMa-
un) [10], koTopas gaeT OoJee MOTHOE MOHATHUE Mpa-
BOBOI OCHOBBI 3alITUTH HHPOpMAIUH (puc. 2).

IIpaBoBas Moaens HHPOPMAITMOHHOHN Oe30TacHO-
cTH (3amuThl HHPOPMAIIUN) TIO3BOJISET MPEACTABUTH
001aCTh JESATEIBHOCTH OPTaHW3alliil U €€ yJIacTHH-
KOB, ITPABOBBIC OTHOIICHHUS, BO3HUKAIOIINE TTPH BOC-
npusatan (cbope), 00paboTke, XpaHEHNH, TIepeade u
YHUYTOXEHUH U JPYTHX ACHCTBUSIX, IPOU3BOIUMBIX C
nHpopmanmei.

Takum o6pazom, HHPOpPMAIMOHHAsT 6E€3011aCHOCTh
SIBIISICTCS. COCTAaBHOM YacThIO OOIICH M HAIMOHAIBHOM
0€3011acHOCTH 1 OXBaTHIBAET Bee Chepbl IesITENEHOCTH
rocyllapCTBa, TPaXKIaHUHA, & TAKXKE Pa3THYHBIX Opra-
Hu3anui u 6usneca [11, 12].
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Abstract. The paper considers the problems of information security (data protection) in the context of information as a
strategic resource of any state, a productive force and an expensive commodity. One of the state activities to solve these prob-
lems is the legal regulation of this area.

Since information security is an integral part of the overall and national security with its content based on the Constitution
of'the Russian Federation, as well as on the core documents, the article identifies the levels of security of the Russian Federation.

Security is defined as a condition of protection of the vital interests of an individual, society and the state from internal and
external threats. Therefore the paper gives the definition of “vital interests” arising from the definition of “security”.

The authors formulate the most important purposes for ensuring information security of the Russian Federation.

The paper specifies the directions of ensuring the information security of the Russian Federation, as well as organizational
and technical measures to protect information in the national information and telecommunication systems.

The article presents the developed legal model for ensuring information security. The model reveals the objects of infor-
mation security that may be under different kinds of influences, such as personal data; various technical means; software;
information and technical systems involved in sensing, processing, storage and transmission of information (data); documents
(paper, electronic); radiation; substances.

There is a conclusion that information security is an integral part of the overall and national security and covers all spheres
of activities of the state, citizens, as well as various organizations and businesses.

Keywords: information, information security, data protection, information sphere, legal model.
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B nanHoii paboTe uccienyeTcs 3alUIIeHHOCTh CHCTEM JJICKTPOHHBIX TUIATeXel. AKTyaJbHOCTh UCCIEeIOBaHUs 00yCI0B-
JICHA TIOCTOSIHHBIM POCTOM KOJIMYECTBA MPECTYILICHAN B cepe IMEKTPOHHBIX IDIATEKEH, UTO MONTBEPKIACTCS OPHUITUATBHON
cratucTukoi. [1omp30BaTENsIM CHCTEM BIICKTPOHHBIX TUIATEXKE HEOOXO0JAUMO HMETh TPEICTABICHUE O 3allUIICHHOCTH ITUX
CHCTEM, CIIIOBATENILHO, H O 3allIUIIICHHOCTH CBOMX JICHE)KHBIX CPEIICTB, XPAHSIIUXCS B HAX.

B mpornecce paboThl paccMaTpUBAIKCh Pa3HOOOPA3HBIC CUCTEMBI AJICKTPOHHBIX MJIATEKEH, MPOAHATU3UPOBAHBI CIIOCOOBI
1 METOJIbI, 00eCIIeUnBaroIre 0€30IaCHOCTh CHCTEM, BBISBICHBI HEAOCTATKH U JOCTOMHCTBA CIIOCOOO0B K METOIOB UX 3aIlIUTHI,
oTIpeeNICHbl KPUTEPUH U TIOAKPUTEPHH OLCHKH 3AIIUIIEHHOCTH, a U KaKJO0T0 U3 MMOJKPUTEPUEB ONPEAEIICHO 3HaYeHHE 10~

Kazaressi 0e301acHOCTH B IMPOLEHTAaX.

Ha ocHoBaHNM 3Ha4eHMii MoKa3aTesneil OblIa MPOM3BEIcHa OIICHKA 3aIIUIIEHHOCTH CHUCTEM 3JIEKTPOHHBIX IIaTeXel, 94To
IMO3BOJISIET CJIE€TIATh BHIBOJBI O CTCIIEHH 3al[UIIEHHOCTH KaXKIOM U3 HUX.
HccnenoBanue mo3BossIeT AaTh OLEHKY 3allUINCHHOCTH HanOoJIee MOMYJIAPHBIX CHCTEM JIICKTPOHHBIX IIATEXKEH Ha Tep-

putopuu Poccuiickoit denepanuu u ctpan CHI'.

Knrouesvle cnosa: cucmema OJIEKMPOHHbBIX nﬂameolced, BﬂeKmpoHHbllZ niameosic, 31€KmpoHHble ()eHqu, 3auUUeHHoCcnb
cucmembsl 3JIeKmpOHHbIX nﬂameofceﬁ, MOOUNbHBL cepeuc cucmembopl 31eKmpOHHbIX nﬂameofced, HeMobunbHbLI cepeuc cucmembol

O1eKMPOHHbIX nﬂameofceﬁ, Kapmo4Hdas niamedicHas cucmema.

WHudopmaTnzanms cOBpeMEHHOTO 00IecTBa HECEeT
B ce0c Kak MO3UTHBHOE, TaK M HETaTHBHOE HAYaJo.
B cBsi3u ¢ MaccoBoit koMnbroTepU3anueit HHpopMaIm-
OHHBIX TIPOIIECCOB, YBEJINYEHUEM LIEHHOCTH U 3HAYH-
MOCTH HH(DOPMAIIMOHHBIX PECYpPCOB TMepea  o0re-
CTBOM BCTaeT ocTpas npobiemMa 3amuTsl HHopMauu
1 MIEPCOHATM3UPOBAHHBIX JAHHBIX, KOTOPBIE IUPKYJIIH-
PYIOT B BAXXHBIX HH(POPMAIMOHHBIX CHCTEMaX, TO €CTh
MpefoTBpalIieHie MOIU(DUITMPOBAHHNS, YAAJICHUS H 110-
XHIIEHUS JJIsl UCTIOJIb30BAaHMsI B KPUMHMHAJIBHBIX Iie-
TISIX.

Cucmema snexmponnvix naamediceti (COII) — 3to
TEXHOJIOTHsI (€CIM TOBOPUTH O pealn3alyd, TO cep-
BHUC), TIPEJCTABIAIONIAasg COOOH COBOKYIIHOCTH METO-
JI0B, JIOTOBOPEHHOCTEN U MOJITEXHOJIOTMI U MO3BOJIS-
IOIIas MPOU3BOIUTH PAcCUeThl MEXIy KOHTpareHTaMu
o cetaM nepenaun gaHHbIX [ 1]. COII BXoaaT B chepy
3JIEKTPOHHOW KOMMepLHH. B Hacrosiiee Bpems rias-
HOM yrpo30i [Uisl 3J1EKTPOHHOW KOMMEDPLIMH SIBJISIOTCA
npecTyrieHus B cpepe MHOOPMALMOHHBIX TEXHOJIO-
rui, wm kubepnpectynHocts [2]. [IpornBonpasHble
JISWCTBHS B 00JIACTH CHUCTEM BJICKTPOHHBIX IIATEKEH
MOT'YT HIOBJICYb 3a CO00i HapyleHus B pabore DBM u
npusecti COII, GaHK, a BIIOCIEACTBIH U PHIHOYHYIO
9KOHOMHUKY K Kpaxy. [IpoGiiemaMu 3amiThl JaHHBIX B
COII, B TOM YrCIie SIEKTPOHHBIX TIATEXEH, pa3paboT-
KOl COBPEMEHHBIX TEXHHYECKHX M KIMEHTCKUX
CPEICTB 3aIIUTHI, @ TAK)KE YCOBEPIICHCTBOBAHUEM aH-
TUBUPYCHBIX CHCTEM CETOJHS 3aHMMAIOTCS MHOTHE
OTEYECTBEHHBIE M WHOCTPAHHBIC CHEIMAIMCTHI (CM.
[3, 4] u np.), a Taxoke KpynHbsle komnanuu: Eset Soft-
ware Ltd, Kaspersky AntiVirus [5] u MHOTHE npyrue.
CylecTByeT 3HaUUTENbHOE KOINYECTBO HAYUHBIX UC-
CJIC/IOBAaHUH U MPAKTUYECKUX Pa3padOTOK, CBSI3aHHbBIX
¢ 3amuroi COII, ogHako B CHITy IOCTOSHHOTO Pa3BH-
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TSI TEXHOJIOTHH BO3HMKAIOT HOBBIC IIPOOJIEMBI, KOTO-
pBIe HEOOXOAMMO pemaTh HOBBIME criocobamu [6].

o 3anumensocTsio COII moHMMaeTCst COBOKYTI-
HOCTh TEXHHUYECKUX M KIMEHTCKHUX CPEACTB 3alUTHI,
obecreynBaromux TpeOyeMblii YpOBEHb 0O€30MacHO-
cTH. B HacTosAmMit MOMEHT cpescTBa Kpunrorpadude-
CKOM M TEXHUYECKOM 3alUTHI €1IE HE UMEIOT JUIUTEb-
HOM HCTOPHM YCIICIIHOW JSKCIUTyaTalliu W Oe3orac-
HOCTBb (IOAJIeTIKa, XUIIeHHE, N3MEHEHHE HOMUHAIA) He
MOJTBEPKIICHa IMUPOKUM obOpamenuem [2]. Teope-
THYECKH BO3MOXKHBI XHWIIEHMS 3JIEKTPOHHBIX JICHET
MOCPEACTBOM HHHOBAIIMOHHBIX METOJIOB B CHIIY HEZO-
CTAaTOYHOW 3PENOCTH TEXHOJOTuH 3amuThl [4]. AKTy-
aNbHOCTh JAHHOTO HCCIEJOBAaHUS IOATBEPKICHA
odpunmansHoil cratuctukoil. Ilo mamneiMm MBJI, B
2013 rony 3apeructpupoBano Oonee 11 Thicsu mpe-
CTYIUIEHHUH B c(epe 3JeKTPOHHBIX TUTATeXeEH, a K cepe-
nuHe 2014 romga — 6osee 7 Thicsd [7]. [lo mpuBeaeHHON
CTaTUCTHKE MOXHO CYJUTH O TOM, YTO KOJMYECTBO
NpEeCTYyIJIEHUH B cepe IICKTPOHHBIX IIIaTeKel pac-
TET ¢ KaXJbIM FoJIOM. DTO O3HAYaeT, YTO ONEPaTOPhI
COII He TopomsTCcs CO3/1aBaThb U BBOAUTH HOBBIE Me-
TOJIBI 1 CIIOCOOBI 3aIIUTHI TIIATEXEH, a I0JIb30BaATEISIM
HEoOX0/IMMO caMuM BBIOMpaTh Hanbosee Oe30macHbIe
COII muist onnatel TOBapOB U YCIIYT.

COII mompa3aenstoTcss Ha MOOWIBHBIE CEPBHCHI
(mprnoxxenust COII 111 MOOMIIBHBIX YCTPOICTB) U He-
MoOmieHBIe (Opay3epusie COIl, mpunoxenns COII
i I1K). ITo Bumam ormmater COII moapasaensior Ha
KapTOYHBIE IUIATS)KHBIE CHCTEMBI M OIEPaTOpPhI dJIEK-
TPOHHBIX JCHET.

[TnatexHple OUTIO3BI — CUMOMO3 KapTOYHBIX IUIa-
TEXHBIX CHCTEM M OIEepaTopoB IM(POBOH HAIMYHO-
ctu. Takue cucTeMsl NMO3BOJSAIOT COBEPIIATh IMPAKTHU-
4EeCKM BCE€ BO3MOXKHBIE TPAH3AaKLMU B paMKaX OJHOU
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Tabauya 1
Kpurtepuu u nogkpurepun 6€30nacHocTu (MX 0c00EHHOCTH)
Table 1
Safety criteria and sub-criteria (their features)
3navenue
Kputepnu u nogkputepnn 6e30nacHOCTH (UX 0COOEHHOCTH) noKasarteJist
fe3onacHocru, %0
1) IMepBuunasi 3ammra akkayura CIII
1. 3amuTa aKkayHTa naponeM (Kpurepuii 1)
Hannune mapoiist akkayHTa 10
HapexxHocts naposs MuHuMaIbHbIH naposib 1 cumMBoII 0
MuHUMAaNBHEI] Tapoib 5-6 CHMBOJIOB 5
MuHUMAaNBHEIH Tapoib 8 CHMBOJIOB 10
Hannuue nomn. ycinoBui (crew. CUMBOJIbI, OYKBbI BEPXHETO 5
peructpa, mmdpsl)
Hasinuue cTpoKu HaJISKHOCTH MApOJIs 2
Orpannyenue cpoka neiictus naposst COIT 3
2. Hcnonp3oBaHue 0€30IMacHOTO COeMHEHNs ¢ BeO-callToM (KpuTepHii 2)
Bezonacuocts SSL-coenuuenns He ucnonb3yercst SSL-mmdposanue 0
Ipumensiercs SSL-mu¢ppoBanue, HO €CTh HEe3aIHIIICHHBIH 3
KOHTEHT, IPE/ICTAaBISIIOIIHIl CEPhE3HYI0 OACHOCTD
IMpumensiercs SSL-mmdpoBanue, HO OOHApYKEeH HE3aIUIICHHBIH 5
KOHTEHT
HUcnons3yercs SSL-mudpoBanue (6€30MacHOE COSTHUHEHHE) 10
Hcnonp3yemslii IpOTOKOIT C nporokoiom TLS 1.1 5
C nporokosiom TLS 1.2 10
2) Be3omacHocTh npu apTopusauuu B COII
TonTBepxaenue Bxoaa ¢ HOMOIIBI0 MOOMIBHOTO| MOOMIBHEII Tenehon
tenedona, cepeuca E-num win e-mail Cepsic E-num
(xkputepuii 3) -
E-mail
3) ABTOpH3aIMs ¢ IOMOLIBIO TEXHHYECKHX HACTPOEK
1. BosmoxHOCT orpannueHns goctymna no IP-anpecy (kputepwii 4) 5
2. Berimaua nepconanbpHOro nudposoro ceprudukara mist gocryna B COII (kpurepuit 5) 5
4) ToaTBepikaeHHe ONEPAIHIi ¢ KOIIEIbLKOM A0NOTHHTEIbHBIM MAp0JieM
TonTeepxnenue onepanuii (kpuTepwHii 6) C momompro SMS npuckuiaemMoe Ha Mo6. TeedoH mim e-mail 5
C nomopio ceprcoB E-num, Google Authenticator 5
WM JPYTHMU HOJO0HBIMU CHCTEMaMK
C MOMOIIIBIO JOTIOJHUTEIFHOTO IATEXHOTO HapoJist 5
5) JlonoHuTEIbHbIE CIOCOOBI M METO/IbI, 00eceYHBaloIHe Ge30MACHOCTD JeHEKHBIX CPEICTB
BosmoxkHOCTh npHBsi3ku nouthl/Tenedona k COI1 nomonuuTtensHo (kputepuii 7) 3
1. B03MOXHOCTE BEIITyCKa HIIM IPHOOPETEHHST BUPTYaIbHON KapThl ¢ KOPOTKUM CPOKOM JICHCTBHS H JINMHTOM 3
cpencTB (kputepwii 8)
2. Haymuue uieHTH(UKAINY C TOATBEPXKICHUEM IOKYMEHTAMH T0JIb30BaTeNs (KpuTepuii 9) 3
3. Hcnonp3oBaHHE CEKPETHBIX BOITPOCOB MIIM CEKPETHOTO clioBa (kpuTepwii 10) 3
4. OrpaHHYCHHE CECCHU — aBTOMATHYECKUIT BBIXOJ M3 CHCTEMBI [0 HCTCYCHUH BPEMEHH HEAaKTUBHOCTH 3
nosb3oBarens (kputepuit 11)
6) Undopmammonubie crnocodbl odecneyennsi 6e30mMacHOCTH
1. Undopmuposanue nons3oBatens no SMS miu e-mail 06 onepanusix, HPOBOJUMBIX C SJIEKTPOHHBIM KOIIEIEKOM 3
(xpuTtepuii 12)
2. Hammune sxypHana nocemenuit nons3zoarenem COIT (xputepwit 13) 3
3. Hammdne MHCTpYKIMHA M peKOMeHAaNui o 6e3omacHocTH st osk3oBateneit COIT (kpurepuii 14) 3
4. Hanmuue ciryx0b1 nognepxku (kputepuii 15)| Io tenepony 3
Yepes Gopmy oOpaTHOI CBsi3H W e-mail 2

cucteMbl. bonbmuacTBo COII MOXKHO OTHECTH K IILIIO-
3aM, HO 00bIuHO Kaxkgas COII BelgenseT OCHOBHOM
THII DJIEKTPOHHBIX I1aTexen [3].

B xopme paboThI ObLT IPOBEICH aHAIN3 CIIOCOOOB U
METOIOB 3aIUTHl MOOWJIBHBIX H HEMOOWIBHBIX CEPBH-
coB COII, takux xak mporokonsl SSL m SET [1],
obweauaennblii mpotokon SSL u SET, CVV2- u
CVK2-xom, mpoBepka anpeca Adress Verification
Service, omHOo(akTOpHAS M NBYX(QaKTOpHAsS aBTOpU3a-
IUs, DJCKTPOHHBIE CEePTUGHUKATHI TOJIB30BATEINS,

E-num, snexTpoHHbIi TOKeH, npussska [P, 6nomerpu-
YecKue JlaHHbIe U ap. [8].

AHanu3 3amuTel MOOMITEHBIX cepBucoB COII moka-
3aJ1, 9TO y OOJBIINHCTBA METOIOB ¥ CIOCOOOB 3aIIIUTHI
BBISIBJICHBI HEJJOCTATKU U YA3BUMOCTHU, KOTOpPbIE JAIOT
BO3MOYKHOCTH JKHIIEHUS JACHE)KHBIX CPEACTB IOJIB30-
Batensd. OgHAKO 3aKOHOAATENbHBIE M TEXHUYCCKHE
MEpHI [0 OTPaHMYCHHIO TUIATE)KEH HE TO3BOJISIOT T10-
XUTHUTh C IOMOIILI0 MOOWITBHBIX cepBrcoB COIT kpyr-
HBIE ICHE)KHBIE CPE/ICTRA.
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Taxoke ObIT IPOBEZEH aHAM3 3AIMUTH HEMOOHIIb-
HbIX cepBucoB COI1. OH nokasai, 4To y HeMOOMIIBEHBIX
CEpPBHUCOB CYIIECTBYET OOJIBIIOE KOJMYECTBO Pa3HBIX
METOJIOB 3aIUTHI ¥ TOJIBKO ITOJIOBHHA M3 HUX UMEIOT
HEJIOCTATK! M ySA3BUMOCTH. DTO MO3BOJIAET UCIIONIB30-
BaTh HEMOOWJIBHBIE CEPBHCH Kak Oe30IacHOE Cpe-
CTBO IUIATEXKEH, OJTHAKO NMEHHO 4epPe3 HUX 37I0yMBIII-
JICHHUKA KpaxyT KPYIHBIE NeHEXHbIe cpeacTBa [9].
HccnenoBanue npoBoaunock Ha cepBucax COII, B
YaCTHOCTH, T€X, KOTOPBIE UCIIOB3YIOT B 000pPOTE IMU-
TUPOBAHHBIEC ANEKTPOHHBIE AEHBIU U HE OTHOCSTCA K
MHTEpHET-OaHKMHIaM.

B npornecce paboThl ObUIH ONpeeneHbl KPUTEPUH
U TOAKPUTEpUH OIeHKH 3amuuieHHoctn COII
(tabn. 1). Eciam kakoit-ro MeTo min criocod 6e3omac-
HOCTH OTCYTCTBYET, 3HaU€HHE 0E30IIacCHOCTH JJaHHOTO
kpurepust Oyzner pasHo 0 %. B cymme Bce kputepun
nmaroT omeHKy OezomacHoctd 100 %. Omenka 3amu-
IIEHHOCTH CHCTEMBI 3aBHCHUT OT KOJIWYECTBa HaOpaH-
HBIX mporeHToB u3 100. Omenka A (OTIWYHO) — OT
90 % (BKIIIOYMTENBHO) U BBIIIIE, OIIeHKa B (xopomo) —
o1 80 % (BxmounTenbHo) 10 90 %, onenka C (ymose-
TBOpUTENsHO) — oT 70 % (BKItOuMTENBHO) 10 80 %,
oneHka F (HEyJOBIETBOPUTENIBHO) — Pe3yIbTaThl Me-
Hee 70 %.

Bcero Briieneno 15 xpurepueB 6€30MacHOCTH, OHA
pa3OuTEl HAa 6 TpPyNH IO CTEHNEHH Oe30MacHOCTH.
Hamnpumep, B nepBoii noArpynme nepBbiii KpuTepun —

3allUTa aKKayHTa MapoJieM, IJe MOAKPUTEPUSIMU BbI-
CTYMAIOT HaJUYUE Mapoiisi, HaIeKHOCTh Mapoiisi (To
€CTh MUHUMAJbHBIA Mapojib HauumHaerca oT 1, 5, 8
CHMBOJIOB, HEOOXOIUMO JI BBOAUTH JOMOTHUTEIEHBIC
CHUMBOJIBI), HallM9We CTPOKH HANEKHOCTH TIapoJd,
OTpaHUYEHUE CpPOKAa JEHCTBHA MApoJii CHCTEMOM
(HammpuMep HECKOIBKO MecsAIeB). BTopbiM kpuTepreM
B TPYIIIE SBIISIETCS HCIIONB30BaHHE OE30MIACHOTO CO-
CJIMHCHUSI BEO-CAiTOM, TJIe TIOJKPUTCPUSMU SBISFOTCS
6e3omacHocTh SSL-coemuHeHus (TO eCTh HUCIMOJIB3Y-
etcst i1 SSL-mmpoBaHye U €CTh JIM HE3aIIUIICHHBIN
KOHTCHT Ha BEO-CTpaHUIIC), BTOPBIM IMOJKPUTEPHEM
sBIIeTCA ucnonb3yemslit mporokon (TLS 1.1 nmn 1.2,
B KOTOPOM HE MHCIOJB3yIOTCA HeOe30IacHble ajro-
PUTMEI (P POBAHU).

Jis nccnemoBaHus OBUIH B3SATH 12 CHCTEM dJeK-
TPOHHBIX IUIATEXKEH, MMEIOMNUX WHTEepdeiic Ha pyc-
CKOM SI3BIKE W HaXOJMAIIUXCS B JOMEHHOH 30He RU
[10]. 3To 00yCIIOBIIEHO TEM, YTO UMCHHO 3TH CHCTEMBI
IOJT TIPUIICIIOM Y 3JIOYMBIIUICHHIKOB H3-32 OOJBIIIOTO
KOJIMYEeCTBa I0JIb30BaTeNeld. BpIOOp 3THX cHcTeM
HEMaJIOBaXXEH JUIS PANOBBIX IMOJIb30BaTENeH, TaKk Kak
Ka)KIbIil 4eJIOBeK XOYeT UMETh HauboJee 3allMIIeH-
HbI HMHCTPYMEHT 3JICKTPOHHBIX IulaTexeil. Pe3yib-
TaThl UCCIICOBAHMS TIPEJICTABICHBI B TabuLEe 2.

HccnenoBanue mokasajo, uro jgumb ase COII —
WebMoney 1 OKPAY — UMEIOT OLIEHKY «XOPOIIO»
(B). Beero tpu COIT (VISA QIWI-komenek, PayPal,

Tabauya 2
3alMIIEHHOCTh CUCTEM JIEKTPOHHBIX IJIaTe:xel
Table 2
Security of electronic payment systems
Kpurepuii
3amura (Be3zonac-| ABTopu3sa- | [loaTBep- JlonosHuTeAbHBIE Hudopmanu- | Ouenka,
AKKAayHTa| HOCTH |LUA C MOMO-| KIACHHE CIoco0bl MeETOABbI OHHBIC CIIO- (CyMMa IOoKa-
Ne fele) 1 | COII na- | npy aB- |IIbI0 TeXHH-|ONepanuii co0bI o0ecne- | 3areJieit
poJiem TOpUu3a- YECKHUX C KomeJib- qyeHus 0e30-
M1 B HaCTPOEK KOM J0I11. MaCHOCTH
[6C) 1] napoJjiemMm
1 2 3 4 5 6 71819101112 (13| 14 | 15
1 VISAQIWE | o7 ho0 | 0 | 0 | o s |3[3]3lo0]3]3]o|l3]6] c-76%
IKOIIICJICK
o luaexc. 18 (15| 0 0| 0 5 3(0(3/3]0(|3[3[3]6]| F-62%
JleHbru
3 |WebMoney 15 | 20 0 5 5 5 31313 3 3 313 3 6 B-80 %
4 |PayPal 25 120 0 0 0 5 31013 3 3 310 3 6 C-74%
5 |RBK Money | 18 | 20 0 5 0 5 3101313 (3 3101 3 6 C-72%
6  |Rapida online| 10 | 20 0 0 0 5 313131013 31010 6 F-56%
7  [Dnexcuer 10 | 8 0 0 0 5 3101313 (3 31010 6 F-44%
8  |[Wallet One 15 | 20 0 0 0 5 310131013 313 0 6 F-61%
g [Comepay-ko- oo | s | 0] o 5 olo|3|/o|3[3]|0]0]| 6] F-5%
ICJICK
10 i:geer"‘ome' 20 [15] 5 0] o 5 |3|0(33|3|3[3[0|6]| F-69%
11 |OKPAY 25120 5 5 0 3 313 3 313 3 B-82%
12 [MoneyMail 10 | 15 0 0 0 3 0 F-48%
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RBK Money) mnomydmsiu OLEHKY «YZOBJIETBOPH-
tensHO» (C). Bee octanpupie COI1 nomyuunu oneHky
HEYZIOBJIETBOPUTENLHO, Cpeau HUX U SHnekc.JleHpru.
st mpoBeneHUs 3IEKTPOHHBIX IIJIaTEKEH MOXKHO pe-
KOMEHJOBaTh ucmoib3oBaTth COII, momyunBme
OLICHKY «yJOBJIETBOPUTEIHHO)» H BBIIIE, HO NIPH yCIIO-
BUH, YTO IOJB30BATENb OyIET CIEI0BAaTh HWHCTPYK-
M U pexkoMeraanusam COI1, HesaMmeTnTeTsHO pea-
THPOBAaTh Ha TOAO3PHUTENbHbIE NEHCTBUS CO CBOUM
JJIEKTPOHHBIM KOIIEJIBKOM W COO0O0Iate 00 3TOM B
cnyx0y nognepxkku COI1, KOTOpyr OH UCTIONB3YET.
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Abstract. The article investigates security of electronic payment systems. The relevance of this study is confirmed by the
official statistics, which shows the increase of the number of crimes in the field of electronic payments year by year. Therefore,
users of these systems need to be aware of the security of electronic payment systems, consequently, about the security of their

money stored in these systems.

The work considers a variety of electronic payment systems, analyzes the ways and methods of ensuring the security of
electronic payment systems, identifies advantages and disadvantages of techniques and methods of electronic payment system
protection, the criteria and sub-criteria for evaluation of electronic payment system security, and determines value security

index in percentage terms for each sub-criteria.

Based on the values of the indicators the authors assessed security of electronic payment systems and received an overall
assessment for each electronic payment system. Based on the assessment, the paper shows some conclusions about the degree

of security of an electronic payment system.

This study demonstrates the assessment of security of the most popular electronic payment systems in the Russian Federa-

tion and CIS countries.

Keywords: electronic payment systems, electronic payment, e-money, security, electronic payment systems, mobile ser-
vice electronic payment system, no mobile service electronic payment systems, card payment system.
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ITPOrPAMMHBIH KOMIIAEKC [IAd H3MEPEHHA BPEMEHH
AYTHO-MOTOPHBIX PEAKIIHH OIIEPATOPOB CHCTEM YIIPABAEHHA
XHMHKO-TEXHOAOIHYECKHMH ITPOLIECCAMH

O.A. Axpemuuxr, d.m.n., doyenm; M.H. Basynes, acnuparm, bazulevivan@gmail.com
(Teepckoii 2zocydapcmeeHHblil mexHUUeCKull yHugepcumem,
Hab. Agp. HukumuHa, 22, 2. Teepw, 170026, Poccust)

Bpemsi ceHCOpHO-MOTOPHOM peakluy ONepaTopa sBISETCs] OCHOBOI Ts BEIOOpa MOJIeneil mpecTaBaeHus HHPOPMALIUH 1
CTpaTEeTHN YNPABIECHUS XHUMHKO-TEXHOJIOTMYECKUM IIPOLIECCOM HAa OCHOBE MHHHUMH3ALUH TOTEPh B XOJE UEIOBEKO-MaIINH-
Horo B3auMo/eicTeus. [llupokoe mpuMeHeHHe 3BYKOBBIX CUTHAIIOB [U1sl QOPMUPOBaHHUs COOOIICHNUIT aBapUITHON U MpeayIpe-
JUTEIBHON CHTHANM3AIMH AUKTYEeT HEOOXOAUMOCTh pa3pabOTKH METOIOB M CPEICTB KOHTPOJIS BPEMEHHU ayJHO-MOTOPHBIX
peaxIuii.

B crarbe paccMaTpuBaroTCs CTPYKTYpa, GYHKIOHAIBHBIE XapaKTEePHCTUKH H OCHOBHBIE COCTABIIIOIINE POIPAMMHOTO
KOMILIEKca ATl U3MEPEHHs BpeMEHH NPOCTHIX ayANO-MOTOPHBIX peakltii olepaTopa CUCTeMsbI ynpasieHus. Mcxons us kou-
LMY CTPYKTYPHOTO IIPOTrPaMMHUPOBAHUS ISl pean3aliii KOMIUIeKca BEIOHparoTest cpectBa cpensl Delphi. OnmckiBatotest
THITBI 3KPaHHBIX (JOPM IPOrPaMMHOT0 KOMIUIEKCA M BO3MOXKHBIE JEHCTBHS OIlepaTopa C NX MCIIOJIb30BaHUEM.

B kxauecTBe HacTpOEUHBIX MApaMETPOB KOMILIEKCA MpeUIaraeTcs HCIOIb30BaTh THII 3BYKOBOTO CHTHAJA, HHTEPBAIl Bpe-
MEHH, OIPEIeIISIONINI MOMEHT NIPEABIBICHHS CUTHANIA, YHUCIIO TIPEIbIBICHUN CUTHANA, & B KAUECTBE CTUMYJIOB IIPU H3Mepe-
HHU — TOHAIBHBIE CUTHAJIBI PAa3HOI 4acTOTHI. B X0/1e M3MepeHns 3aM0NHAI0TCS ¥ HCHOoNb3yloTcs BJ] 3ByKOBBIX CHTHAJIOB, OTIe-
paTopoB U pe3yabTaTOB U3MEPEHHUI.

IIpeanonaraercst npuMeHeHNE TPOrPAMMHOT0 KOMILIEKCa JUISl pa0OTHI B COCTAaBE CHCTEMBI YIIPABICHUS! XUMHKO-TEXHOJIO-
ruyeckuM npoueccoM. Komieke MoXKeT paccMaTpUBaTbhCs KaKk HHCTPYMEHT UL KOCBEHHOM OLIGHKU COCTOSIHUS LIEHTPaJIbHON
HEepBHOH cucteMsl onepatopa. OCHOBOM nepeayu pe3yabTaTOB U3MEPEHUs APYTUM IIPOTPAMMHBIM CHCTEMaM SIBJISETCS CO-
XpaHeHHe pe3yabTaToB B popmarax *.cds u *.txt.

Pesynprars! anpoOariy KOMIIIEKCa MOKa3bIBAIOT, YTO XapaKTep BIMSHUS COBOKYITHOCTH BHEUTHHX (hAaKTOPOB HA BPEMsI

ayAno-MOTOPHOH PEeaKIiy OIepaTopa HOCUT MYJIbTHIUIMKAaTUBHBIN XapakTep.
Kniouessle cnosa: 38yxosoii cuenan, pems, onepamop, npocpamMmHulli KOMIAEKC, PeaKkyusl.

OYHKIIMOHUPOBAHHE OIIEPATOpa B COCTaBE CUCTEM
yIpaBJICHUS U KOHTPOJIS CTAHOBUTCA BCE OoJIee Xapak-
TEPHBIM AJIs1 COBPEMEHHOr0 npou3Bojactsa [1]. B mox-
crucreMax oroBemieHus u curHanusanuu B ACY xu-
MHUKO-TEXHOJOTUIECKUMU H OUOTEXHOJIOTHUECKHUMHU
MpOIIECCaMU IIMPOKO HMCTIOIB3YIOTCSI 3BYKOBBIE CHUT-
Hanbl. X mpumeHeHue nns GopMupoBaHHus cooOIe-
HUU aBapuUiHON U NPEAYIPEIUTENBHON CUTHAIN3ALUN
00yCIIOBJIEHO TeM, YTO BpPEMs pEaKIUu YeloBeKa
Ha 3BYKOBOW CHTHall MEHBIIIE BPEMEHH pPEakIuu Ha
TAaKTIWIIFHOE pa3[paKCHHE W BOCHPHUATHE 3BYyKa B
MEHBIIEH CTENeHU 3aBUCUT OT IOJIOKEHHS TOJIOBBI
omiepaTopa, 4eM IpH MCIOJb30BAaHUM 3PUTEIHHOIO
aHanuzatopa. Kpome Toro, ucrnosnb3oBaHue 3BYKOBBIX
CUTHAJIOB TII03BOJIICT CHHU3HUTh HH()OPMAIIOHHYIO
CJIOXHOCTH TIaHeINlel orepaTopa.

JlarHBIE COOOpaKEHUS SBIAIOTCSA MPEIATIOCHUIKON
JUTSI ICTIONTB30BAHUS JIOTIOTHUTENLHBIX 0OpaTHBIX CBSI-
3eil B ACY, 00ycOBIMBAIOMINX MEpeaady B CUCTEMY
ynpaBiieHus HHHOPMAIIUK O XapaKTEPUCTHUKAX OTepa-
TOpa Kak COCTaBISIONIETO KOMIIOHEHTa CHCTEMBI.
Bpemst oTkiMka oneparopa Ha U3BMEHEHUSI B CUCTEME
YIOpaBJIEHUS] U YIPaBISIEMOM IMPOLIECCE MOMKET KOC-
BEHHO OLIEHUBATHCS 10 BPEMEHHU MPOCTBIX CEHCOPHO-
MOTOPHBIX PEaKIHUil oreparopa Ha IMPOrpaMMHO (op-
MHUpPYEMBIC pa3IpakKuTeNn (B HAIIEM CIydae — BpeMs
MPOCTO# ayJauO-MOTOPHOHM peakiuu MpHu cpadaThiBa-
HUH 3BYKOBOW CHUTHAITN3AIINH).

MeTton perucTpanuy CEHCOPHO-MOTOPHBIX peak-
Ui Onmarogapsi MPOCTOTE W MHPOPMATUBHOCTH WC-
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MOJb3YETCs ISl U3Y4EHHUs] KOTHUTHUBHBIX MPOLECCOB,
OLICHKH (DYHKIMOHAJIBHOTO COCTOSIHHSI LIEHTPATbHOU
HEPBHOM CUCTEMBI, CEHCOPHOM YyBCTBUTEIBHOCTH [2].
Ilox BpeMeHEM CEHCOPHO-MOTOPHON PEAKLMU MOHH-
MAalOT HHTEPBAJ BPEMEHHU MEXIY MOSBICHUEM CUTHANA
Y OTBETHOH peakiuei, KOTOphIil OrpeesisieTcsi CKOpo-
CTSIMM BO30Y>KAEHHUS PELENTOpa W MOCBUIKH BO3HHK-
IIET0 MMIYyJbCca B YyBCTBUTENBHBIN IIGHTp, Mepepa-
OOTKM CHUTHaJa B IIEHTPAJIbHON HEPBHOW CHCTEME,
MPUHATHS PELICHUS O pearnpoBaHNM Ha CUTHAJI, TIepe-
JladMl CUTHaJIA K Havdally JeWcTBHA 10 3¢ QepeHTHBIM
BOJIOKHAaM, Pa3BUTHS BO30Y>KAEHHS B MBIIILE U TIpe-
0J/I0JICHUS MHEPLIMU YacTH Tena [2].

Bpems peakunu oTpaxxaeT ypoBeHb Hecrienupuye-
CKOH M crenuduyeckod axkTHBAlMM LEHTPAIbHOU
HEPBHOM CUCTEMBI ollepaTopa. BpemeHHbIe U TOYHOCT-
HBIE TIOKa3aTeN CEHCOPHO-MOTOPHOW PEaKINH SIB-
JSIOTCS  OTHOCHTENBHO ITOCTOSIHHBIM — CBOMCTBOM
9eJI0BeKa Ha MPOTSHKEHWH OMPEICTICHHBIX OTPE3KOB
OHTOTEHE3a M MOTYT paccMaTpUBaThCs Kak HH(OpMa-
THUBHBIC TOKa3aTeNd (DYHKIIMOHAIFHOTO COCTOSHHS
LEHTpaJIbHON HEPBHOII cucTeMsl [3]. Manoe Bpems pe-
aKIUM OTPaKaeT BBICOKOE KaueCTBO HEWPOHAIbHOU
AKTHBHOCTH B aCCOLMATHUBHBIX 30HAX NpPEQpPOHTAIb-
HOW KOPBI TOJIOBHOTO MO3ra OIeparopa, OTBETCTBEH-
HBIX HE TOJIBKO 33 aHAJIU3 CEHCOPHBIX CUTHAJOB, HO U
3a OpPraHU3aLUI0 MOTOPHBIX PEAKLUI B OTBET HA HUX.
JKenatenbHbIM SBIISIETCSI KOHTPOJb COXPAaHEHHs 3Ha-
YEHHsI BPEMEHU ayAHO-MOTOPHOM PEAaKIMU OllepaTopa
ACY B omnpeieIecHHOM OHTOTEHE30M U OITBITOM OTiepa-
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TOpa AUana30He MPHU 3aJJaHHOM YPOBHE aKyCTHYECKOrO
¥ MH(OPMALMOHHOTO NIYMOB. DTHUM 00YCIIOBJIEHA aK-
TyalbHOCTh Pa3pabOTKH IPOrPaMMHOTO KOMILIEKCA
JUIT U3MEPEHHs BPEMEHHU ayJHO-MOTOPHBIX PEaKIUil
omeparopoB ACY. Ilpexamonaraercs, 9T0 KOMIUIEKC
Oyzmer ucronms3oBarbes ¢ 10 xorkperHoit ACY xu-
MHKO-TE€XHOJIOTHYECKIM IIPOLECCOM MapalIeNbHO C
BBITIOJTHEHUEM ONEpaTOPOM CBOHMX pabounx (yHKUIHH
B IITaTHOM pPEXHUME.

MHOXeCTBO  (YHKIIMOHAIBHBIX XapaKTEPUCTHK
KOMILJIEKCa ONpeessieTcs: BEIpaXKEHHEM 110 METOIHKE,
Npe/II0KEHHOM TP UCCIIEJOBAaHUH NICUXO(U3HOIIOTH-
YEeCKOTO COCTOSIHUS YeJIOBEeKa B Ipoliecce 00ydeHHUS:
F = {X1, X2, X3, X4, X5, X6, X7}, rne X1 — knacc 00b-
€KTa M CUCTEMBI yIIPaBIeHHS; X2 — BO3MOXKHOCTb JTU-
CTaHIIMOHHOTO KOHTPOJISI COCTOSIHUS omeparopa; X3 —
BO3MOKHOCTb MPOBEICHUS TECTHPOBAHUS MHAWBUY-
JIBHO U B TpyMIle; X4 — HATMYNE TOKYMEHTAIIH JUTS
YCTaHOBKH, HACTPOHKHN KOMIUIEKCA U MIPOBEICHUS W3-
MepeHnif; X5 — XapakTepHCTHKU TECTOB, MO0 KOTOPBIM
MIPOBOJIUTCA TECTHPOBAHHE, U PEKOMEHIAllUU IO UX
BBIOODY; X6 — CBOMCTBA ammapaTHbIX cpencTs; X7 —xa-
PaKTEPUCTUKU U OCOOEHHOCTH MPOTrPaMMHBIX IPHJIIO-
JKeHuH [4].

Ha ocHoBe aHann3a MHOecTBa (pyHKIIMOHAIBHBIX
XapaKTEePUCTHUK TPOTPAMMHBIM KOMIUIEKC A KOH-
TPOJISt BpEMEHH ayANO-MOTOPHBIX PEakIMii oneparopa
MOXHO ONPEIENNTh KaK CTallMOHAPHBIH, JHAarHOCTH-
yeckuid, (QyHKIHOHUpyomui B cocraBe ACY, wuc-
MOJIB3YEMBIH JUIs1 HEIIPEPBIBHOT'O MOHUTOPHHTA COCTO-
SIHUSI HEPBHOM CHCTEMBI oniepaTtopa. [Inmanupyercs, 4ro
KOCBEHHBIM TOJIOKHUTENBHBIM () (PEeKTOM OT BHEIpe-
HHUSl paccMaTpHBaeMOro KOMIUIEKca OyaeT cokpa-
IIEHHE BPEMEHU MPOCKTHPOBAHUSI HHTepdeiicoB
HMI-cucrtem. IlocranoBka 3aauu KOHTPOJIL COCTOS-
HUSl LEHTPAJIbHOW HEPBHOM CHUCTEMbI pa3paboTdnka
MIPOTPAMMHBIX NPHJIOKEHUH MPH HCTIOJIB30BaHUM CH-
CTEM aBTOMATH3MPOBAHHOTO IPOCKTUPOBAHUS CBSI-
3aHa ¢ HEOOXOANMOCTBIO TPUMEHEHHS TEXHOJIOTHH HC-
MOJIb30BAHUSI CHCTEMHBIX OHMOJIMOTEK NpH COKparle-
HUM BPEMEHU NPOEKTUPOBaHHUs [5].

Komnnekc co3naBancs UCX0s U3 ONbITAa IPOEKTH-
POBaHUS M HKCIUTyaTaIlH MIPOTPAMMHBIX CHCTEM IS
MeINKO-OMOJIOTHYIEeCKUX HuccienoBanuid [6, 7]. BeI-
MIOJTHEHHBIE Pa0OTHI BKIIFOYATN pa3paboTKy METOANKH
TECTHPOBAHUS ISl ONPEACTCHUS BPEMEHH IPOCTOH
ayJauo-MOTOPHOI peaknny, BEIOOp MOAETIH B TOCTPOe-
Hue b/ 3ByKOBBIX CUTHAJIOB (CTUMYJIOB), TIPOSKTHPO-
BaHUE MPOrPaMMHBIX MOAYNEH AN U3MEPEHHs Bpe-
MEHHM PEaKLUH, XPaHEHUs pe3yIbTaTOB TECTUPOBAHMUS,
BBIBOJIa TIOJTy4YeHHOH MH(OpManuy Ha MOHUTOP M CO-
XpaHeHUs JaHHBIX U3MEPEHHs B apXUBHBIX (aiiiax.

IIpu packpeiTum nepedHst KOOPAUHAT, ONIPEEIIIO-
IIMX XapaKTepUCTUKy TectoB (X5), monaraem, 4yTo u3-
MEepeHHe IPOBOANTCA Ha paboyeM MecTe U TpeOyeT He
6onee 0,2 % pabouero BpeMeHH, YHCIO (a3 TECTHPO-
BaHMS — JIB€, KOJINYECTBO TECTOB — OJIUH, OTCYTCTBYET
MapauieIbHOE U3MEPEHHUE 3IEKTPOPHU3NOIOTHIECKUX
MOKa3aTesel, TPy BOZHUKHOBEHUH Ha 00BEKTE yIpaB-

JICHUSI HELITaTHOW CUTYalluK IIpoLiecC n3MepeHus 0J10-
KUpPYEeTCsL.

O06o0meHHas CTPYKTypa IIPOTPaMMHOTO KOM-
iekca (puc. 1) mpexycMaTpuBaeT HaJIH4IUE, TOMAMO
annapaTHOTO M HPOTPaMMHOTO, OPTraHW3AIIOHHOTO
obecrieueHnsI B BHIE OKYMEHTALUH, ONHCHIBAIOLICH
METOUKY U3MEPEHNUS BPEMEHH PEaKIny (KOOPANHATHI
X4 m X5 MHOXecTBa (PYHKIIMOHAIBHBIX XapaKTepH-
CTHK KOMIUIeKca). B nmepBo# ¢asze TecTHpoBaHUS BbI-
6upaetcs ctumya u3 b/l 3ByKOBBIX CHTHAJIOB, JUIS KO-
TOPOTO IO pe3yiabTaTaM U3MEPEHUsI BpeMEHHU IIPOCTOH
ayJMO-MOTOPHOW PEakKIMH B CEPHUU MOCIIENOBATEIb-
HBIX HW3MEPEHUIl cpeaHee BpeMs peaklUu MHHH-
manbHO. [lepBast aza BBINONHSIETCS OJHOKPATHO Tie-
pell HayaJloM NPOM3BOACTBCHHOTO NWKJIA WIH ITIOCIE
nepexoza 00bEKTa U CUCTEMBI YIIPABICHUS U3 HELITAT-
HOTO B OOBIYHBIHN pexnM QyHKIHOHMpOBaHMsA. Bropas
(haza TeCTHPOBaHMS CBA3aHA C MEPUOJMUECCKAM H3ME-
pPEHHEM BPEMEHH PEeakIuu B XoJe paboTkl oneparopa
MIPU HCIIOJIB30BAHUH OMPEJICIICHHOTO B XOAE IEPBOH
¢da3pl THHA cTHMYyJa. BpIOOp mepuonma u3MepeHHs
ompenensieTcs  CBOWCTBAaMM  IIOCNIELOBATENbHOCTH
CpeaHux 3HAYCHHI BPEMCHH pCaKluu, MojrydacMbIiX B
KQKIOU CEPUU U3MEPEHUM.

A\
Oneparop “
—* Tectuposanue JlokymeHTarms
Pesynbratsl N BI
TECTHPOBAHHS »  TCCTHPOBAHHS
A,
ba Onpenenenne
—1 3BYKOBBIX HalMEHbIIIETo
CTHMYJIOB BPEMEHH PEaKIun
» Bribop cTumyna [«
|
[

Puc. 1. Cmpykmypa npozpammno2o Komniexkca

Fig. 1. A software package structure

YacroTa ¥ aMIUIUTya 3BYKOBOTO IaBIICHHUS CTH-
MyJia HACTPaUBAIOTCS OIEPaTOPOM IIPH BBHIOOPE THIIA
cTuMyla. B kadecTBe CTHMYyIa UCTIONB3YETCS TOHATb-
HBI CHUTHAJl U3 MHOXECTBa CUTHajoB b/l 3BYyKOBBIX
ctumydoB ¢ gactotoii 300, 500, 1 000 I'n. [Ipu Be1GOpe
4acTOThl yuuThiBatoTCs TpeboBanus [OCT 21786-76,
COTJIACHO KOTOPBIM B Ka4e€CTBE CHUTHAJIOB aBAPUUHOU
CUTHAITM3allM UCTIOJB3YIOTCS CHUTHAIBI YacTOTOW OT
800 mo 5 000 TI'r; ¢ 3BykoBBIM gaBiieHueM 90—100 nb,
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a JUId CUTHAJOB INpeayNpeAnTeIbHON CHTHAIM3aALIH
IPUMEHSIOTCA cUrHaisl ¢ yactoToit 400-800 I'n 1 3By-
koBBIM naBieHneM 80-90 nb.

3BYKOBOW CTHMYJ MOXET BO3HHKATh JH0O B
ycTpoHcTBe akycTrdeckor curHanmzanuu ACY, mubo
B TOJIOBHBIX Tele(oHaxX, KOTOPBIMH KOMIUIEKTYETCS
KOMITBIOTEp orepaTopa. MOMEHT HPENbSIBICHUS CTH-
MyJia 3afaeTcsi C HCIONb30BAaHUEM MOJICITHPOBAHUSA
MICEBIOCTYYaltHON MOCIeI0BATENBHOCTH C PaBHOMED-
HBIM 3aKOHOM pacrtipeneieHus [8].

[Ipu cpaBauTEensHOM ananmze cpexa Delphi ¢pupmer
Borland u Visual Studio ¢dupmer Microsoft mis paspa-
00TKM KOMIUIEKCa BBIOOD cliesiad B 1moib3y Delphi, ko-
TOpast NOAJCPKUBAET KOHIEIIIHMIO CTPYKTYPHOT'O MPO-
rpaMMHUpPOBaHUs HA BCTPOCHHOM B Hee si3bike Object
Pascal. Beibop Obi1 00YCIOBICH HATHYUEM IIOJHOTO
Ha0bOpa TUIOB TaHHBIX U BO3MOXXHOCTBIO aBTOMATHYE-
CKOTO CO3IaHHsI IIPOEKTAa, BKIIOYAIOIIETO B ceds
(haiinbl pa3HbIX TUIIOB.

TpeboBanus K ammapaTHOMy OOECIICUEHHIO IPO-
TPaMMHOI'O KOMIUIEKCA MPENyCMaTpUBAIOT HAJMYUC
KoMmrbproTepa Ha 0aze Pentium I 100 MI'm ¢ RAM
16 M6, c pa3pemenueM 3kpana He MeHee 800 Ha 600
TOYEK, C YCTAaHOBJICHHOW 3BYKOBOW KapToOH, CIoco0-
HOM o0ecreuuTh BoCHpou3BeneHue (GaioB Tuma
* wav. JKenatenbHO HanM4ue NEPCOHATHHOTO KOMITb-
orepa Ha 0aze Pentium IV (Celeron) 1 700 MI'1t ¢
RAM 256 MO, ¢ pa3pemenuem skpana 1 024 Ha 768
TOYEK.

Jns  QyHKIMOHMPOBaHWA NPOTPAMMHOTO KOM-
TUIeKCa He0OX0/IMMa YCTaHOBKA OJJHOHM U3 OTEPAIHOH-
HbIx cucteM Windows NT 4.0 SP5 u Beie.

Jlyist ureHust 1 TeHepaiin (aiioB pe3yabTaToB U3-
Mmepenusi B popmate *.xls Heooxoaumo 10 MS Office
(Excel) 97 u Bbl1LE.

Ha nepBbie Bepcun MporpaMMHOT0O KOMILIEKCA 110-
Jy4eHbl CBHUJETENbCTBA Ha MporpamMmsl Uit OBM.

B nmaHHBIX BepCHAX HCHONB3YIOTCA 12 BHYTPCHHUX
MIPOrpaMMHBIX MOAYJEH U | BCTPOCHHBIN B YCTaHOB-
LMK BHEUTHUN MOJyJb. Bee moydueHHbIe TaHHbIe pe-
3yJIbTaTOB U3MEPEHUsI apXUBUpYIOTCa B BJl B TEKCTO-
BoM (aiine ¢ pacumperneM *.cds ¢ BO3MOXKHOCTBIO
COXpaHEeHHS B BHAE *.tXt M mepeHoca AaHHBIX B TaO-
smiel Excel.

PesynbTaT m3mepenus koaupyeres B Buae 7 =< N,
BP, BT>, rne N — HOMep NPOBOAMMOrO M3MEPEHUS;
BP — Bpems peakuu TeCTUPYEMOro, Mc; BT — Bpems u
Jara TpoBeleHusl TecTupoBaHust (cM. http://www.
swsys.ru/uploaded/image/2017 _2/2017-2-dop/2.jpg).

HactpoeunbiMu mapaMeTpamMu KOMILUIEKCA IPH
MIPOBEJICHUN HM3MEPEHUS SIBISIOTCS YHUCIO TPEIbsIB-
JICHUsI CTUMYJIA (9UCIIO MMOBTOPEHUH) U TPAHUIBI UH-
TepBajla BPEMEHH MEXAY MOCICIOBATEIBHBIM IIOSB-
JICHWEM 3BYKOBBIX CHUTHAIIOB, B IpeIeaX KOTOPOTO
CIIydaitHBIM 00pa3oM ¢dopMupyeTcs Bpemsl Mogadu
aKyCTHYEeCKOTO TOHAJIFHOTO CHTHAaja OmepaTopy (CM.
http://www.swsys.ru/uploaded/image/2017 2/2017-2-
dop/3.jpg). Bpems momaum ompenensercsi Ha OCHOBE
reHeparopa ICeBAOCTyYalHbIX YHCEN ¢ HCIOJIh30Ba-
HHEM PaBHOMEPHOT'0 3aKOHA pacHpeeCHHs.

Pe3ynbTaThl U3MEpeHUs! OTPaKaloTCs B BUJIE IBYX
CBSI3aHHBIX TaOmuIl, sABIsfOMXCs yacThio b/l Tectu-
poBanwus. IlepBas Tabauma otoOpaxaeT TabOeIbHBIN
Homep omepartopa, ®.M.0O., mary poxaeHus, moi, a
BTOpas — BpeMs PEaKIUU U BpeMs H3MEpEeHHs (CM.
http://www.swsys.ru/uploaded/image/2017_2/2017-2-
dop/4.jpg).

Ampobanus ¥ BepubHUKaIHs IPOrPaMMHOTO KOM-
IUIeKCca TOKa3ajH, YTO CPEeJHHE 3HAUCHHUS BPEMEHH
MPOCTO ayIno-MOTOPHOM peakiuy olepaTopa Ha
ONHCAHHbIE BBIIIE CTUMYJBI B OJHOW CEpUH H3Mepe-
HUS TIPY TIOBTOPEHUU U3MEPEHMI €XEIHEBHO B TeUe-
HHE Mecslla MOXKHO PacCMaTpUBaTh Kak BEIOOPOUHYIO
peanu3anuio 3HaueHNH KBa3UCTAllMOHAPHOTO CIIydaii-

Ln(x)
6,05
. Oenb 1 AeHb 2 . OeHb 3
5,95 [E N [TTH | —1
59 |
5,85
58
5,75
57 ] ] L ) v v
5,65 I
56
00 N ANOWOUMOMNS =01 ANODOUMONT T NNDWOMOINTT 00! AN o < - 0
HNNmﬂ'LﬂLﬁLDI\I\OOO\O\OHNNm#wmm\DI\OOO\G\OHHNMMthDLDI\OOw
= = e A A e e H AN AN NN AN NN NN N NN
Puc. 2. @pazmenm svibopounoii pearuzayuu rozapugma epemenu (Ln(X)) npocmoii ayouo-momoproti peakyuu
onepamopa npu anpobayuu NPoSPAMMHO20 KOMNIEKCA
Fig. 2. A fragment of selected time log implementation (Ln(x)) of operator’s simple audio motor reaction
when testing a software package
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HOTO TpolLiecca ¢ JOTHOPMaJIbHBIM 3aKOHOM pacIpeie-
neHust (puc. 2). OTO TOBOPHUT O MYJIbTHILIHKATHBHOM
XapakTepe BO3ACHCTBUS BHEITHUX (DaKTOPOB Ha BPEMS
MIPOCTOH ayAno-MOTOpHOW peakmnuu omnepartopa ACY
XIUMHKO-TEXHOJIIOTHIECKAM TIporieccoM. [IpmamHBI 1
3HAYNMOCTh ydeTa BaprnabeapbHOCTH TI0Ka3aTelei Bpe-
MEHH PEaKIHH TP HUCCIICAOBAHMUIX HE paccMaTpHBa-
JIVCB.

s onpenenennst yno0cTBa paboThI onepaTopa ¢
KOMILICKCOM TIPU MPUMEHEHUH KiTaBUaTypbl Microsoft
Natural Ergonomic Keyboard 4000v1.0, BctpoeHHO#
aynuokaptel GIGABYTE AMP-UP, ronoBHbIX Tene-
(dhonoB Hama Insomnia H-51828 Obuin ipoBeicHE! pa-
OOTHI 1O OIleHKE yJI0O0CTBa IOJIB30BAHUSA B COOTBET-
ctBuu ¢ tpedoBarusmu I'OCT P UCO/MOK 9126-93.
B pesynbTare ycTaHOBIICHO, UTO HHTEP(EHC UMEET I10-
JIOXKUTENBHYIO OIICHKY yI00CTBA MOJIH30BAHUS.

B xome pa®oThl ¢ KOMIIEKCOM OIIEpPaTop OTKPHI-
BaeT IATh YKPaHHBIX MeHIO ((hopMm). B rmaBHOM MeHIO
OCYILIECTBILIIOTCS Tepexonpl B MeHI0 ba3a maHHBIX,
TectupoBanue, Pesynpratel TectupoBanus, HMudop-
Manus o nporpamme. @opma baza qaHHbIX IpenocTas-
JseT AOoCTyI K b/l oneparopoB U pe3ysbTaTOB M3MeE-
peHus BpeMeHHU peakuuu oneparopa. @opma Tectupo-
BaHHE IpeJHA3HaueHa JUI1 HACTPOMKM MapaMeTpoB
MpoBeIeHNs TecTa. B Heil BRIOMpaeTcst THIT 3BYKOBOTO
CUTHAJIA, YCTAHABJIHMBAIOTCS YHCIIO M HHTEPBAI IOBTO-
peHus curHana. B Xoze mocieroBaTebHOTO HaXKaTHS
BEIOpaHHOW (PYHKIIMOHATBFHOW KIIABHINK HAa KIaBHa-
Type ¢ UCTIOJIE30BAaHIEM JaHHOW (POPMBI OCYIIIECTBIIS-
eTcst camo m3MepeHne. Oukcanus pe3ynbTaToB H3Me-
peHus o0ecrieynBaeTCsl HakaTHeM KHONKH Pe3ynbrart.
B meHi0 Pe3yibTaThl TECTUPOBAHHS OTOOPAKAIOTCS
pe3yabpTaThl MPOBEIEHHOTO H3MepeHHs. Pe3ynbTarsl
MOYKHO COXPaHUTh B TEKCTOBOM (opmare minu/u B BJ1.
®opma Nudopmanus o nporpaMmme ColepKuT B cede
WHCTPYKIINH 10 paboTe C MPOrPaMMHBIM KOMILIEKCOM.

Pacyer cpemHero TpPOTHO3HPYEMOTO BpPEMEHU
ayJIU0-MOTOPHOM peakIiy OIepaTopa MOXKHO IPOBe-
CTH Ha OCHOBE OTIPEJIeJICHUS aHTIwIoTapudma, moiayda-
€MOro 10 MOJIEJIM aBTOPErPECCUN TPETHETO MOPSIKa
OT JIoTapu(MOB CpPEeIHUX PE3yNHTATOB HU3MEPCHUIA B
OlHOHM cepuu HaOmropeHwid. [[ns ompeneneHus mo-
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PSIKa aBTOPErPecCUU UCIOJIB30BANCS MOAXOA, Mpen-
JIOKEHHBIH B [9]. B kauecTBe OCHOBBI IS Pa3pabOTKH
MaTeMaTHYECKOT0 00ecreueHns IPOTHO3MPOBAHMS
MHTETPATbHON XapaKTEPUCTHKH (yHKIMOHATHHOTO
COCTOSIHUSI HEPBHOHM CHCTEMBI IO ITAHHBIM BPEMEHHU
ayI0-MOTOPHOM PEAKIMU MOXET HCIIOIb30BAThCS
Metoauka u3 [10]. Bpems ayamo-MOTOpHOH peaxiin
ABIISIETCA OJHOM M3 COCTABISIOIIUX U OLEHKH IICH-
XOMOTOpHUKH OIepaTopa U BbIOOpa CTpaTeruu yrpas-
JICHU XUMHUKO-TEXHOJOIMYECKUM IPOLIECCOM Ha OC-
HOBE MUHHMMU3ALUH NTOTEPH B XOJI€ YEIOBEKO-MAaIlINH-
HOTO B3aUMOJIEUCTBUS.

Pa3paboTaHHbIi NPOrpaMMHBIH KOMIUIEKC MOXKET
BBICTYIIUTh B Kaue€CTBE MPOTOTHNA CEpPUIHONU paspa-
6otku 1O u1g moxydeHHs: U POTHO3MPOBAHMUS Olle-
HOK COCTOSIHUS LIEHTPAIbHOM HEPBHOW CHCTEMBI OIE-
paropa npu QyHKIIHOHUpOoBaHUHU B coctaBe ACY.
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A SOFTWARE PACKAGE TO MEASURE TIME OF AUDIO MOTOR REACTION
OF CHEMICAL TECHNOLOGICAL PROCESS CONTROL SYSTEM OPERATORS
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Abstract. Time of the operator’s sensory-motor response is a basis for choosing models of information representation and
the strategy of chemical and technological process control to minimize losses during human-computer interaction. Sound signal
application for forming messages of abnormal and preventive alarms leads to the need of development of methods and moni-

toring aids of audio-motor response time.
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The paper considers the structure, functional characteristics and the main components of a software packege for measuring
simple audio motor reaction time of a control system operator. According to the structural programming conception, Delphi
means are selected to implement the complex. The paper describes screen forms types of the program complex and possible
operator actions to use the forms.

As complex set-up parameters it is offered to use a type of a sound signal; time interval defining the moment of signal
appearance; a number of signal presentations. The different frequency tone signals are used as incentives for measurement.
Databases of sound signals, operators and measurement results are filled and used during measurement.

The software package might be applied to operate as a part of a control system of chemical and technological process. The
package may be considered as a tool for indirect estimation of the status of the operator’s central nervous system. A basis of
measurement results transfer to other program systems is saving results as *.cds and *.txt.

The package approbation results show that the nature of influence of external factor set on operator’s audio motor reaction
time has a multiplicative character.

Keywords: audio signal, time, operator, software package, reaction.
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O ITPOrPAMME MOAEAHPOBAHHA Y3AOBbIX IIEH
HA S3AEKTPO3SHEPIHFIO

8./1. Xanunos, k.m.n., doyenm, HauanrsHuk omdena, elmanxalilov2010@mail. ru
(AzepbatiorkaHcKUull HAYUHO-UCCTIe008aMENbCKUT U NPOEKMHO-U3bICKAMEAbCKUT UHCMUmym
aHepeemuku, ys. 3apoabu I'acarbera, 94, 2. Baxy, A31012, AzepbaiioraH)

B ycnoBusix pedpopm cucTeMBl 251eKTpOCHAOKEHHS pa3HBIX CTPaH, B TOM ducie A3epOaiikaHa, OsSBHIACH BO3MOXHOCTD
HCIIOTb30BaHMS BO30OHOBISIEMBIX HCTOYHHUKOB JIEKTPOIHEPTHH B SJIEKTPHUECKON CeTH. AKTyaIbHBIMHA CTalld UCCIIEOBaHM,
OCHOBaHHBIE Ha IIPOCIIEKUBAHUY ITOTOKOB MOITHOCTH. [10SIBIITNCE HCCIIeJOBAaHUS MPOCIISKUBAHIS MOITHOCTH «3€JIEHBIX) I'e-
HEPaTOPOB U MOIIHOCTH HCKAKEHUH HCTOYHHKOB FAPMOHHK.

Toprosist 37eKTPOIHEPTHEH HA ONTOBOM PHIHKE OCYIIECTBIISICTCS C HCTIOIb30BAHUEM TAKUX MEXaHU3MOB, KaK PHIHOK Ha
CYTKH BHepe], 6anaHCUPYIOIIUH PBIHOK, PEIHOK PETyIHPYEMBIX JOTOBOPOB, CBOOOAHBIE JOTOBOPA KyIIIH-IIPOAAXKHU IIEKTPO-
SHEpTHN.

PaznnyHas CTOMMOCTB JIEKTPOIHEPTHH Y Pa3HBIX OCTABIIMKOB 00YCIOBHIIA aKTYaIbHOCTD 331a41 OIPeJIeTICHHS Y3JIOBBIX
IIeH. Y3JI0BBIE LIEHbI OIPEIEISIOT CTOMMOCTh €ANHHUIIBI 3JIEKTPOIHEPTHH, TIOKYIIAeMOH B y3JIe, U BKIIFOYAIOT B Ce0sl MapriHab-
HYIO IIeHy OaJaHCHPYIOILEro y3ia, IOTepH B JMHUH DIIEKTPOIepeadn, LeHy OrpaHHueHHN JIMHUU JekTponepenayn. s
pacuera 3THX COCTaBILIOIIUX TpeOyercs coorBercTByromee [10.

PazpaboTtan anropuT™ A1 MOJETMPOBAHUS Y3JIOBBIX LIeH Ha PhIHKE AJIeKTpodHeprur. OH pean30BaH B BHE IPOrPaMMEI
B cpene MATLAB. PaboTociocoOHOCTh TpOrpaMMbl IPOBEpEHa Ha Pa3INUHBIX TECTOBBIX CXEMax.

IIpuBenensl pe3yabTaThl pacueToB Y3JI0BBIX IIEH HA IIPUMEPE CEMUY3JI0BOM TECTOBON CXEMBI JIEKTPUUECKOMN CETH.

Kniouesvie cnosa: puinok snekmposmepauil, y3108ble YeHvl, MOOeIUposanue, di2opumm, aKmusHas MOWHOCHb, PUKMuUG-

Hule y3avl, ukmuenvle semsu, MATLAB.

B ycnoBusax mpopomkaromuxcsi pehopM OTpacin
3NEKTPOCHA0KEHHS TTOSIBUIACH BO3MOXHOCTD IS 1N~
POKOTO BKJIIOYEHHUS! BO300HOBIISIEMBIX HCTOYHHUKOB
anexmposuepeuu (33) B anexTpuueckon cetu. Cramu
aKTyalbHBIMH HCCIIEJOBaHUS, OCHOBAaHHBIE Ha IIPOCIIE-
JKUBaHHU MIOTOKOB MOIIHOCTH. B mocnennue rogst no-
SIBIISTIOTCSI UCCIEOBAHUS 110 OTCJICKMBAHUIO MOIIHO-
CTH «3€JICHBIX» FeHEePaTOPOB U MOIITHOCTH HCKAKCHUH
HMCTOYHHUKOB FapMOHMK. [l perieHus 3a1a4u aapec-
HOCTH MOUIHOCTEH Halllld IPUMEHEHUE MATPUYHBII
oAX0, pa3BUThIM buanexom, v Moaxo/1, OCHOBaHHbBIN
Ha NMpUMeHeHn: Teopuu rpados [1-3].

Kax TtoBap DD sBisieTcss mpeaMETOM KYIUIU-TIPO-
naxu. Topropisg 93 Ha ONTOBOM PHIHKE OCYIIECTBIIS-
€TCsl C UCHOJIb30BAaHUEM TAaKHX PBHIHOYHBIX MEXAHU3-
MOB, KaK PBHIHOK Ha CyTKH BIEpell, OalaHCHPYIOIUH
PBIHOK, PBIHOK PEryJIHPYEMbIX JOTOBOPOB, CBOOOIHBIE
JIOTOBOPBI KYIUTU-TIpOJaxu [4, 5].

PrIHOK Ha CYTKH BHEpenR — 3TO ayKIHMOH LIEHOBBIX
3asiBOK Ha MPOAAXy M MOKYNKy D3, MPOBOANMBIN Ha
KaX/IbIi 9ac 3a CyTKH 10 (aKTHIECKOW MoCcTaBKU D3.
B pamkax TOproBiM Ha pPHIHKE Ha CYTKH BIIepex TO-
CTaBIIMKM W IOKYIIATENH IIOJAIOT IICHOBBIC 3asBKU
KOMMEPYECKOMY OIepaTopy, B KOTOPBIX YKa3bIBaloT,
Kakoi o0beM DD B KakoW 4ac M MO KakoW IIeHEe OHU
TOTOBBI IOCTABUTh WU KYIIUTh COOTBETCTBEHHO.

KoHkypeHTHOMY pBIHKY NpHCYyIIEe 3a01aroBpeMeH-
HOE IJTAaHNPOBAaHUE PEKUMOB PaOOTHI TEHEPHUPYIOLIETO
000pyIOBaHUS TPOHM3BOJUTENCH DD, YTO CBA3AHO C
HEBO3MOXKHOCTBIO €IMHOBPEMEHHOTO BBOJA B pabOTy
3TOro 00OpynOBaHHUA. B0O3MOXHOCTH MITaHUPOBAHUSA
Ha PBIHKE HAa CYTKH BIIEPE]l COOTBETCTBYET BPEMEHHU
IyCKa FeHEPUPYIOLIET0 000py10BaHHUS.

Banancupyromuii pplHOK — PBIHOK OTKJIIOHEHUW B
peanbHOM BpemeHu. Ha GanaHcupyrorniemM pelHKe Mpo-

UCXOANT KyIULA-TIpojaka o0beMoB D3, moTpebieH-
HBIX CBEPX IUIAHOBBIX 00BEMOB MM HE MTOTPEOICHHBIX
OTHOCHTEJIFHO TIJIAHOBBIX 0OBEMOB.

OCOOCHHOCTBIO OaTaHCUPYIOWIETO PhIHKA DD sB-
JSIeTCs TO, YTO HA HEM HE OmIpenelsieTcsi coctaB 000-
pyznoBanusi. OCHOBHOH 3a/1a4€ii 3TOr0 PHIHKA SBIISIETCS
ONTHUMAJIFHOE 3KOHOMHYECKOE M TEXHOJOTHMYEeCKOoe
nojepkanue 6amanca 30.

Ha sHepretndyeckux pbhIHKax MHUpa HauOoJblIee
pacnpocTpaHeHHe MOTyYMIN JBE€ OCHOBHBIE MOMIEIH:
IyJ U IByCTOPOHHUE KOHTpakTHl. [lyn yaime ucnois-
3yeTcsl Ha ONEPAaTHBHBIX PHIHKAX U PBIHKaX Ha CYTKH
BIEpell, a ABOMHOW KOHTPAKT — IPU JIOITOCPOUHBIX
KOHTpaKTax (0T HEEH A0 HeCKOIBKUX JeT) [4, 5].

OnTuMu3anMoHHast MoJeJb pbIHKAa JJ

Lenesast pyHKIHS (CONMATBLHOE OIArOCOCTOSIHUE)
pBhIHKa DD UMEET BUJL
— B OJJHOCTOPOHHEM ayKIIHOHE:

n m
min} ¢, P, ; max} ¢, P, ; €))
= -1
— B IBYXCTOPOHHEM ayKIHOHE:
max{z ¢y, Py, —2.¢, Py } 2)
i=1 =1

ITpu 3TOM Y4MTHIBAIOTCS OAlaHCOBBIE OTpaHHYe-
HUS aKTUBHOM M pEaKTUBHON MOIIHOCTH B y3Jax, ce-
TEBBIC OTPAHMUYCHUS, TO €CTh OTPAHUUCHHUS IIEPETOKOB
AKTHBHOW MOIITHOCTH 10 KOHTPOJIUPYEMBIM CEUCHUSIM,
a TaKk)Ke OTPAaHUYCHHMS Ha IUANa30H U3MEHEHHS ONTH-
MU3UpPYEMBIX IIepeMeHHBbIX [6—10]:

ZR;+ZPQ—Z'°C=0a ZQij+ng_chzoy
i g c i g c

333



Tpozpammuvie npodykmel u cucmemsl / Software & Systems

2 (30) 2017

R™ <2 R <R™, 0<P <R™, 0<Q <Q",

ijes
max min max
0<P <P™, U™ <U, <U™, rne d - norpebue-
HHEE B y371¢; § — reHepanus; Cy — y3I0Bas LEHA 110~
KYIKH aKTHBHOH MOWHOCTH; Cgy  — y3710Bas LCHA
]

MIPOIaXKH aKTHBHOM MOIITHOCTH; Pgi — Y370BO€ TIOTpeO-
JIEHUE aKTUBHOM MOIIHOCTH; Pgi — y3J10Basi TeHepanus
AaKTHBHOW MOIIHOCTH; N, M — KOJMYECTBO 3asBOK Ha
MPOU3BOJICTBO M MOTPEOJICHNE aKTUBHON MOIIHOCTH;
Uj — y3moBoe Hampspkenue; Pij u Qjj — mepeToku Momi-
HOCTH U3 y3J1a | B y3€e1 | 110 BETBH IJ; S — KOHTpOJIUpYe-
MBI€ CEUCHHSI.

B 0aHOCTOPOHHUX ayKIIMOHAX MPUCYTCTBYIOT OT-
JIeTIbHbIE COCTABIISIONIHE LIeIeBON (DYHKIUH U LIeIeBast
(yHKIMS TIpencTaBieHa KOMIIOHEHTaMHM, COOTBET-
CTBYIOILIVMH IICHOBBIM 3asBKaM IPOJABIIOB MU IOKY-
naTesen.

KomMepueckne OTHOIICHUS B 21€KMpodHepemu-
yeckux cucmemax (3IC) IPUBOIAT K HEOOXOIMMOCTH
HCTIONb30BaHMS (PMHAHCOBO-TEXHOJIOTHYECKHX MOJIC-
Jed CcHcTeM Uil YCIEMHOTO (YHKIMOHHUPOBAHHS
JIEKTPO’HEPreTHYeCKoi oTpaciu. B 3Tux Momersax
paccMaTpUBaIOTCS HE TOJIBKO TEXHOJIOTHUECKUE Iepe-
MEHHbIE, onuchIBatomue pexxuM DOC, cBS3bIBAIOIINE
9TH NEpEeMEHHbIE OTPAHUYEHUS B BHJIC PAaBEHCTB U He-
PaBEHCTB, HO M NIEpEMEHHbIE, YUUTHIBAIONIINE (pUHAH-
coBbIe (haKTOPBI M ypaBHEHUs] (PMHAHCOBBIX OaAJIaHCOB,
CBSI3BIBAIONINE 3TH INepeMeHHble. DUHAHCOBO-TEXHO-
noruueckue mMonean I9C MO3BOJSIIOT UMUTHPOBATh
noBenerre DDC B pa3IMIHBIX (PHHAHCOBBIX U TEXHO-
JIOTMYECKUX CUTyanusix. JJaHHbIE MOJICITN HCIIOIb3YIOT
nHpopManuio 00 aJpecHOCTH T'eHepalud NEepeTOKOB
MOIIIHOCTH U Harpysoxk [6, 7].

MaremaTu4eckue MoJeJau Y3J/I0BBIX LICH

BaxueitmMu GUHaHCOBBIMH I10KA3aTENSIMH SIBJISI-
IOTCSI y3JIOBBIE LIEHBI, OHH OTPa’KalOT CTOMMOCTh €[TH-
HUIBI D0, MoKynaeMoi B y3ie. Cpean MoCBSIIEHHBIX
Y3JIOBBIM IICHaM paboT cienyer oTMeTuTh [6—10].

VY310BBIE LIEHBI ONPEAEIISAIOT CTOMMOCTD €IMHUIIBI
33, nokynaemoii B y3ie, 1 BKIIOYAIOT B ce0sl Mapru-
HaJIbHYIO IIeHy OallaHCHPYIOIETO y3i1a, IOTepH B JIH-
HUM DJEKTponepefaud, IEHy OrpaHHMYeHUH IUHHUU
ANIeKTponepenayn. Pacyer 3THX COCTaBIAIONIMX Tpe-
OyeT pa3paboTku cooTBeTcTBYIOMIEero 110.

B [6] nns momydeHus! y3IOBBIX IIEH HCIIOJIb30BAHbI
(brHAHCOBO-TEXHONOTHUYECKHE MoIeH. B [7] y3moBbIe
CPEIHEB3BEIICHHBIE IEHBI I B3aUMOPACUYETOB IIO-
Tpebureneit u mpousBoguTeNed 9D pacCUUTHIBAIOTCS
Ha OCHOBE aJIFOPUTMOB OIIPEEIICHHs] CPEAHEB3BELLICH-
HBIX LIEH 110 3a()UKCUPOBAHHBIM ITIOTOKaM OO M IIEHO-
BBIM 3aBKaM HCTOYHUKOB. AHAJIU3UPYETCAd UyBCTBH-
TEJIBHOCTD Y3JIOBBIX IIEH K LIEHOBBIM 3asBKaM U U3Me-
HEHUSAM IEPETOKOB.

B [8] nns MomenupoBaHus pblHKa OO HNPUMEHEH
MeXaHu3M ayknuoHa. [Tocie oTdopa Hanbosee SKOHO-
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MUYHBIX T€HEPUPYIOUIUX MOIIHOCTE mpu cobitofe-
HHUH BCEX OrpaHWYeHHH (OpPMHUpPYETCs TBOHCTBEHHAs
3a/1aya JIMHEHHOT0 MporpaMMupoBanus. B pesynbrare
pEIIeHNs STOH 3a1a4d ONPEIENIIIOTCS CTOMMOCTD J0-
CTHUTHYTHIX OTPAHWICHUH 110 CBS3SM H y3JIOBBIC IICHBL.
Ha ocHOBaHUM 3THX JaHHBIX M C YIETOM IMPABHI IIPH-
HATHA PEUICHUS MOXKHO NpOaHANH3UpoBaTh 3ddek-
TUBHOCTH TIOIa4YH YYaCTHUKOM IIEHOBBIX 3asBOK.

B [9] mpennoxena cucreMa MHTErpaabHBIX TOKa3a-
Telel pPasHUIBI Y3JIOBBIX LIEH, BKIIOUAIOINAsi CTOU-
MOCTHBIE, IEHOBBIE U (u3nueckue nokaszarenu. [Ipex-
JIOXKEHHAsl CUCTEMa I03BOJISIET KOJIMYECTBEHHO Olle-
HUTH BIUsHUE pexxuMoB DOC Ha pa3HHUIly LIEH B y3Jax
IIPU pEIIeHHH ONTHMHU3AIMOHHON 3aJa4dll OMNTOBOIO
pBIHKa 203.

B [10] Ha npumepe TECTOBOH HOEBATHY3JIOBOU
cxembl DOC paccMaTpuBaeTCs BIUSHUE H3MEHEHMS
LIEHOBBIX 3afBOK MPOM3BOAMTENEH DD Ha y3J0BbIE
LeHBl s motpebutenei. [IponsBoasTess aHanu3 1o-
JMYYCHHBIX PE3yNbTaTOB U WX 00o0OmeHne. B maHHOM
paboTe y3JI0BbIE LIEHBI ONPEAEISIOTCSI COBMECTHOM pe-
anu3alnueil MeTo0B JIMHEMHOTO U HEJTMHEHHOTO Ipo-
IrpaMMHpPOBaHUS C NPHUMEHEHHEM METOAa Heolpese-
JIEHHbIX MHOUTeNeH Jlarpanxa.

B [11] pa3paborana maremaruyeckas MoJejb, B
KOTOPOH peKHMHBIC OTpaHUYCHHS YIUTBIBAIOTCS Me-
tonom Jlarpamxka, a MOTEPH — C HCIOJIH30BAHUEM
R-cxembI 1 K03 HUIIEHTOB TOKOPACIIPEICICHHS.

MateMaTHdeCcKie MOZIETH Y3JIOBBIX IIEH MOTYT
OBITh HCIIONH30BAHHI B KayecTBE WH(POPMAMUOHHOU
MOJIICPKKH TSI CHCTEMHOTO OTIepaTopa, aIMAHUCTPa-
TOpa TOProBOI CUCTEMbI. YYAaCTHUKH PbIHKA, UCIIOJIb-
3ys y3JI0BBIE ILIEHBI, MOJYYEHHBIE C MOMOIIBIO 3THUX
MoJjiesIell, MOTYT IIPAaBUJIIBHO BBIOPATh CTPATETHIO I10-
BeZIeHUs Ha pbIHKe. Kpome 3Toro, y31moBble 1ieHbI 00ec-
MEYNBAIOT aJIEKBAaTHOE paclpe/ieNieHue miaTel 3a 20,
ITpu 3ToM IOTpeOUTEINB IIIATUT NPOMOPIIMOHAIIBHO 3a-
TpaTaM Ha BEIPabOTKY HOTpeOIeHHOH uM D3.

B nanHo#t ctatbe paccMaTpHUBAIOTCS MaTPUYHBINA
NTOPUTM U TIPOTPaMMa JIJIsi MOJCITUPOBAHUS Y3IIOBBIX
LEH C BO3MOXKHOCTBIO CTBIKOBKH C IPOrPaMMOM MOTO-
KOpacnpeaeIeH s WIN OLEHUBAHUS COCTOSTHUS.

MopeMpoBaHne B pe3yJbTaThl PACYETOB
Y3JI0BBIX LeH

OCHOBy MaTpUIHOI0 METO/a COCTABJIACT YpaBHC-
HHC

Gi(R)+2.¢;P; =¢-Ry+¢ - 2Py, Q)

i=1,...,n

B nmanHOM ypaBHEHHH TEpBOE CllaraeMoe B JICBOU
Y4acTH — 3aTpaThl HAa IPONU3BOJICTBO MOIIHOCTH Py, BTO-
poe ciaraeMoe — 3aTpaThl Ha TOKYNKY II€PETOKOB
MotHocTH Pji B i-if y3en u3 y3moB j mo nene ¢j [6, 7].
[TepBoe cimaraemoe B IipaBoii 4aCTH — BbIPYYKa OT IPO-
naxu Harpy3ku Ppi B y3me i, BTopoe — BBIpydYKa OT
TIPOJIKH TIEPETOKOB MOITHOCTH Pjj M3 y31a | 1o 1eHe
MPOAAXKH Cij.
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Fig. 1. The program for nodal prices modeling

£.12 98

oY & AY ¥
| vsens 0475ye Jyaens 157ye

n % Col 2

Crenyer oTMeTHTB, YTO Uil ydera morepb APjj B
BETBH I— IleHA ¢j YBEIMYHMBACTCS 10 3HAYCHHSA Cij,

Ciji

OmpezieNsieMol M3 yCIOBHs C; = , rme Pji =
=Pjj + APj;.

B marpuuHoit popme ypaBHEeHHE (3) MOXKHO TIpe-
CTaBUTb B BUJIE

Ac=G, @)
rne G — [[eHOBasI 3asiBKa FEHEPATOPOB MIIM UX PACXOJ-
Hbl€ XapaKTEePUCTUKH; C — Y3JIOBbIE LIeHbI. J{naroHanb-
HBIE JJIEMEHTBI MAaTpHuLbl A TIPEACTaBIAIOT CcOOOH
CYMMY Harpy3KkH B y3JI€ ¢ OTXOSIIUMH TIOTOKaMH:

K
Ai = Plt,f + Z Pij 4 (5)
j=1

rae K — gucno y3710B, B KOTOpPBIE TEKYT MOTOKH MOIII-
HOCTH 13 y37a i. HeinaroHanbHbIMH 3JIEeMEHTAMH MaT-
pHULBI A SIBISIOTCS] BTEKAIOIINE B y3€J IOTOKU MOIIIHO-
CTH:

Aij =—P;i. (6)

PaspaboTaH anroputm A MOAETHPOBAHUS Y3II0-
BBIX II€H, COCTOSIINI U3 IIIECTH 3TAIOB.

1. Pacuer ycTaHOBUBIIErOCsl peXKHMa CETH.

2. Tlepemaua HEoOXO0aMMOM MHpOpMANUU 00 y3-
JIaxX ¥ BETBSAX B MPOTPaMMY Y3JIOBBIX IICH.

3. dopMmupoBaHHE MATPHI[ Y3JIOBBIX HHBEKLUN
MOIIHOCTH, TOTOKOB MOIIIHOCTH.

4. ®opmupoBaHue (HUKTUBHBIX Y3JIOB U (PHKTHB-
HBIX BETBEH.

5. ®opMHUpPOBAHHE MATPHUIIBI TOTOKOB MOIIHOCTH.

6. OrmpeneneHne y3IOBBIX LIEH.

Pa3paboTaHHBIN aITrOpUTM peaau30BaH B BHIE
MATLAB-nporpammsr (puc. 1). laaHbIe 0 y371aM U
BETBSIM, a TAaKXe Pe3yJbTaThl pacueTa YCTaHOBHBIIIE-
roCsl peXKMMa CXEMbI IIPUBEICHBI B Ta0uax 1 u 2 co-
OTBETCTBEHHO.

Tabauya 1

Hcxoanble 1aHHbIEe CeMHY3JI0BOJ cXeMbl (110 y3J1am)
Table 1
Initial data for 7-node scheme (note data)

l‘i‘;i’g;:z;zn Harpy3ka I'enepauus
VUG s | Pa | Qi | Pr | Q
(0.e.) | (rpan.) | (MBT) |(MBAp) | (MBT) [(MBAp)
1 1.05 6.4 127.54 18.02
2 1.04 4.13 40 20 |187.19 | 46.02
3 0.99 | -0.34 110 40
4 1 -0.2 80 30 50 14.57
5 1.01 | -1.17 130 40
6 1.04 2.75 200 0 |200.17 -6.58
7 1.04 0 200 0 (200.49 38.64
Tabauya 2
Hcxonnble 1aHHbIE CeMUY3J10BOM cXeMbl (110 BETBSIM)
Table 2
Initial data for 7-node scheme (branch data)
Homep BeTBH Ot y31a K y3ay Pij, MBT
1 1 2 73.4
2 1 3 54.1
3 2 3 48
4 2 4 46.5
5 2 5 83.2
6 2 6 422
7 3 4 -9.8
8 4 5 6
9 7 5 424
10 6 7 42.4

PaboTocmoco6HOCTS MporpaMMBbl MPOBEpeHa Ha
pa3mmunbix TecToBeIXx cxemax IEEE. Ha pucynke 2
n300pakeHa ceMHy3jIoBas TecToBas cxema [12].
B Tabnuie 3 mpuBeACHBI pe3yNbTaThl pacdyera y3Jio-
BBIX IICH.
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Puc. 2. Tecmosas cemuysnosas cxema

Fig. 2. 7-node test scheme

PSR- P duxTuBHBIC BeTBH
Puc. 3. Tecmosas cxema nocie dobasnenuss QUKMuHvIX
V37108 U gemsell

Fig. 3. The test scheme after adding fictitious nodes
and branches

B xoze pabothl mporpamma aBTOMaTHYeCKH (Gop-
MHPYET CIUCKU (UKTUBHBIX Y3JI0B U (PUKTHBHBIX BET-
Bell [UIA OJy9YeHNs YNCTOl renepannu. Ha pucynke 3
MIpHUBEIICHA TECTOBAas CXeMa Iocie Jo0aBiIeHus (Puk-
THUBHBIX y37I0B 1 BeTBeil. Kak BuanM, kx y3mam 2, 4, 6 u
7 nobGasistoTcsl (PUKTUBHBIE BETBH. B pesynbraTe Ta-
KOTO IpeoOpa3oBaHus reHepanys B y3nax 2, 4, 6 u 7
MprUCcBOEHA (UKTUBHBEIM y31maMm 8, 9, 10 u 11. B Ta6-
muue 4 naHa uHGOPMAIMS 110 BETBSIM MOCJIE OKOHYA-
HUS pacyeToB. BriieneHnas yacte B Tabmunax 2 u 3
COOTBETCTBYET (PMKTUBHBIM y3JIaM M BETBSIM COOTBET-
CTBEHHO.

Tabauya 4

HNndopmanus no BeTBsiM nocjie OKOHYAHUS PacyeToB
Table 4

The information on branches after calculations
Homep BeTBH Ot y31a K y3ay Pij

1 1 2 73.4

2 1 3 54.1

3 2 3 48

4 2 4 48.5

5 2 5 83.2

6 2 6 42.2

7 3 4 -9.8

8 4 5 6

9 7 5 42.4

10 6 7 42.4

11 8 2 187.19

12 9 4 50

13 10 6 200

14 11 7 200

Tabauya 3
HN3meHeHue y3/10BBIX 1IeH B X0/1e pacyeTa
Table 3
Nodal price changes during calculation

Ho- Hcxonnasi y3- | Y3ioBas HeHa
Mmep Preno, | Prew, JloBas 1eHa nocJie pacyera
MBt | MBT

y3Ji1a (y.e.) (y.e.)

1 | 127.54 [127.54 2.5 2.5

2 | 187.19 0 3 2.85

3 0 0 0 2.79

4 50 0 4 3.52

5 0 0 0 2.59

6 | 200.17 0 2 2.15

7 1200.49 0 1.8 1.86

8 - 187.19 - 3

9 - 50 - 4

10 - 200 - 2

11 - 200 - 1.8
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Pe3yJ'H)TaTI)I Pacy€TOB Y3JIOBBIX IICH IMOKAa3bIBAIOT,
9TO0 B pa3HbIX y3nax DDC o0pa3yroTcsl pasHble Y3I0-
BbI€ IE€HbI, KOTOPBIEC MOTYT 6BITI> HCIOJIB30BaHbl B PbI-
HOYHBIX YCIIOBHSIX MPU IEHOBBIX 3asBKaX.

BriBoabI

B crarbe ommcaHbl pazpabOTaHHBIE AITOPUTM H
nporpamma B cpene MATLAB 11 MoAEeTUPOBaHHS y3-
JIOBBIX 1IEH HA OCHOBE MaTpU4yHOro noaxoxa. Ha npu-
Mepe CEMHY3JIOBOM CXEMBI DJIEKTPUUECKOH CETH IPO-
BEJICHBI pacyeThl y3JIOBBIX LieH. Pe3ynbTaTsl pacueTos
0 pa3paboTaHHON MporpaMMe MOTYT OBITH HCITOIB30-
BaHBI B PEIHOYHBIX YCIOBUAX IPH LIEHOBBIX 3asBKaXx.
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ON MODELING OF ELECTRICITY NODAL PRICES
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Abstract. In terms of power supply system reforms in various countries, including Azerbaijan, there is a possibility of
using renewable energy sources in the electrical network. Relevant studies began to trace the power of “green” power generators

and harmonic distortion sources.

Electrical energy trading on the wholesale market uses market mechanisms, such as a day-ahead market, a balancing mar-
ket, a market of regulated contracts, and free electricity sale and purchase agreements.

As generating stations and other suppliers have variable cost of electricity, this fact leads to solving the relevant problem
of determining nodal prices. Nodal prices show a electricity unit cost purchased in a node. Each node price includes such
components as a marginal price of a balancing node, losses in transmission lines, power line price restrictions. Calculation of
these components requires development of the appropriate software.

The paper describes the developed algorithm for simulation of nodal prices. This algorithm is implemented as a program
in MATLAB system to determine nodal prices in the electricity market. The software efficiency is tested at different test
schemes. In particular, this article presents the results of nodal price calculations using the example of 7-node test scheme of

electrical network.

Keywords: electricity market, nodal prices, modeling, algorithm, active power, fictitious nodes, fictitious branches,

MATLAB.
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