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Yeaxaembie yumamenu!

Mepen BamMu ovepegHoOW HoMep Hawero xypHana. Mo yxe
CNOXUBLLENCA Tpaauuumn B Hero BkNoveHa bonblasa nogbopka craren
COTpyaHMKOB Hay4HO-nccnegoBaTenbCKOro MHCTUTYTa CUCTEMHbIX
nccnegosaHuin Poccunckon Akagemum Hayk (HUMCU PAH).

CtaTbu nocBsileHbl pe3ynbTaTaM HayYHbIX UCCNeLOoBaHUN
n paspaboTkam WHCTUTYTa, Pa3BUTUIO MNPUKNALHOIO NPOrpamMMHOro
obecneyeHnst N CO30aHUI0 HOBbIX 3NTIEMEHTOB BbIYUCTIUTENBHON TEXHUKW.
B HuXx onucbiBakTCs HOBble NoAxoAbl U MeTOoAbl, NporpamMmbl
n komnnekcol, co3gaBsaemole B8 HUMCU PAH . CnegyeTr oTMETUTb, YTO
npegnoxeHHole paboTbl alT nNpeacTaBrieHne Nullb O HEKOTOPbIX
HanpaBneHusiX Hay4YHbIX UCCNeaoBaHUN UHCTUTYTA.

Bonbloe BHMMaHve B 3TOM HOMepe yAensieTcs Budyanusauuu,
Bepudukaumm mogenen cuctem, CO3[aHUK BUPTyarbHbIX MoAeneu
CMOXHbIX TEXHUYECKNX n3genuin, obecneveHunio 6e3onacHon NOAroToOBKM
nepcoHana, KoHUuenTyarnbHOMY MOLENMPOBaHUIO.

Kpome TOro, B 4aHHOM BbINyCKe XXypHana onybnukoBaHbl paboThbl
no npo6rnemam aBToMaTu3auum NPOEKTUPOBAHUA, UCCIEefOBaHUN
B 00racT MCKYCCTBEHHOrO MHTESeKTa, nporpammMHoro obecnevyeHus,
TPEHaXepHbIX 1 0byyarLwmx CUCTEM, a Takke Kacawluecs Apyrux
aKkTyanbHbIX BONPOCOB.

MpusTHOro Bam 0OOWEHUA C HawuM XypHanom. XXaem OT3biBOB
N NOXenaHun.

Hay4Hble pedakmopbi

B.H. PewemHukos, 0.¢h-M.H, rpogheccop
H.A. CemeHos, 0.m.H, npogheccop
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BHuMaHHI0 2aBTOPOB

MextyHapoaHbIH sxypHaI «IIporpaMMHBIE IPOIYKTHI M CHCTEMbD» ITyOINKyeT MaTepHalIbl HAYYHOTO M HAYYHO-IPAaKTHIECKOTO
XapakTepa Mo HOBbBIM HHPOPMAaIMOHHBIM TEXHOJIOTHSIM, PE3yJIbTaThl aKaJIEMUUECKUX 1 OTPACIIEBBIX UCCIIeI0BaHUI B 00J1aCTH HC-
MIOJIb30BAHUSI CPEACTB BHIUUCIUTENLHON TeXHUKHU. [IpakTHKYIOTCS BBIIYCKH TEMAaTHUYECKUX HOMEPOB IO NCKYCCTBEHHOMY MHTEII-
JIEKTY, CHCTEMaM aBTOMAaTH3UPOBAHHOTO MPOCKTUPOBAHUS, 110 TEXHOJIOTUAM pa3pabOTKU MPOTPaMMHBIX CPEJICTB U CUCTEMaM 3a-
IIATHI, a TaKKe CIEIUATU3NPOBAHHBIE BBHITYCKH, TOCBAIICHHbIE HAyYHBIM HCCIECJOBAaHUSAM M Pa3padOTKaM OTIEIBbHBIX BY30B,
HWMW, Hay4HBIX OpraHU3ayi.

Pemenuem Ipe3uanyma Bricuieit arrecranmonnoi komuccun (BAK) Munucrepcrsa o6pa3oBanust U Hayku PO MexayHapo-
HBIN xypHa «[IporpaMMHBIe IPOYKTHI U CUCTEMBI» BHECEH B [lepeueHp BeAYyIIUX pelieH3UPyEeMbIX HaYUHBIX KYPHAJIOB U U3/1a-
HUIi, B KOTOPBIX JOJDKHBI OBITH OITyOJIMKOBaHBI OCHOBHBIE HaYYHBIE PE3YJIbTAaThl JUCCEPTAlMi Ha COMCKaHHWE YYEHBIX CTeleHeit
KaHIUIaTa v JOKTOpa HayK.

Wudopmarust 06 onyOJIMKOBaHHBIX CTAThsX 110 YCTAHOBICHHOH opMe peryisipHo mpenocraBiseTcs B cucteMy Poccuiickoro
uHzekca HayyHoro nutupoBanus (PUHLL), B CrossRef u B ipyrue 6a3sl U 371€KTpOHHBIC OMOITHOTEKH.

YcaoBus my0JauKkanuu

K paccMoTpeHHI0 MPUHUMAIOTCS paHee HUT/E He OMyOIMKOBAaHHBIE MaTePHANBI, COOTBETCTBYIOLINE TEMAaTHKE JKypHaa
(cmerraymzanus 05.13.XX — MHpopmMaTiKa, BEIYUCITUTEIbHAS TEXHHKA M YIIPABJICHUE) 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 1o/mpkHBI ObITH HaOpaHbl B penakrope dpopmyn Word (Microsoft Equation unun MathType).
O0beM cTaThl BMECTe ¢ WuTIocTpaimsaMu — He MeHee 10 000 3HakoB. JluarpamMMsbl, CXeMbl, TpaMKH TOJDKHBI OBITH JOCTYITHBIMU
Juis pegakruposanus (Word, Visio, Excel). Bee wimoctpanuu i nonurpaduueckoro BOCIPOU3BENCHUs IPEJCTABIAIOTCS B
yepHo-0eoM BapuaHTe. L{BeTHbIe, TOHHPOBaHHbBIE, OTCKAHHMPOBAHHBIE, HE MOUISKAIIIE PeAaKTHPOBAaHMIO cpencTBamu Word pu-
CYHKH U 9KpaHHbIe (OPMBI CIEAyeT NPUCHUIATH B XOPOILEM KauecTBe IJIs UX JAONOIHUTEIBHOIO pa3MeIleHUs Ha caiiTe xKypHaia B
MaKeTe CTaThH ¢ JOCTYHoM Mo ccbuike. ([lyOnmkanus MaTepuaioB ¢ MCHOJNB30BaHUEM THUIEPTEKCTa, rpaQyKy, ayauo-, BHIEO-,
HPOTPaMMHBIX CPEICTB M JIP. BO3MOXKHA B 3JIEKTPOHHOM HM3IaHHMHU «IIporpaMMHbIC HMPOAYKTHI, CHCTEMBI W AITOPHTMBD), CalT
WWW.SWSYS-web.ru.) 3aroJIoBOK J0JDKEH OBITh MH)OPMAaTHBHBIM; COKPAIICHHUS, a TaK)Ke TEPMHHOJIOTHIO y3KOH TEeMaTUKHU XkKeja-
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 JIUTEePaTyphl, HATMYHE KOTOPOTro 0053aTeNIbHO, IOJDKEH BKII0YaTh He MeHee 10 myHK-
TOB.

Heo6xomuMbl Takxke cojliepKareibHasi CTpYKTYpUpoBaHHas aHHOTanus (He MeHee 200 cioB), kimodeBbie cioBa (7—10) u
unzaekc Y/IK. Ha3panue crarby, aHHOTAIMS U KJIIOYEBBIC CIIOBA JIOJDKHBI OBITH NMEPEBEICHBI HA aHIVIMICKUN S3bIK (MAIIUHHBIH
TIepeBOJT HEIOMYCTHM ), a (paMIIIK aBTOPOB, Ha3BaHUS U FOPHIMIECKHUE a[peca OpraHu3aluii (eciii HeT 0QUIHaNIBLHOTO TIepeBoIa),
IpUCTaTeHHbIE CIIUCKU JIUTEPATYPhl — TPAHCIUTEpUpoBaHb! 1o cranaapty BGN/PCGN.

BwMmecre co cTaThell cieyeT mpuciaTh COMPOBOANTENFHOE MHCHMO-PEKOMEH/IAINIO B IPOM3BOIBHOM (opMe, SKCIIepTHOE
3aKII0YEHHE, JTMLIEH3UOHHOE COIVIallleHNe, a TAaKXkKe CBeAEHUs 00 aBTopax: (aMumius, UMs, OTYECTBO, HA3BAaHUE U IOPUIUYECKUIM
ajipec OpraHM3allyy, JODKHOCTh, YIeHbIe CTENeHb U 3BaHHe (€CIM eCTh), KOHTAaKTHBIN Tele(OH, 3JIeKTPOHHBIH agpec, MOYTOBbIN
azipec Ui OTIPaBKU OECIUIATHOTO aBTOPCKOT0 K3EMIUIAPA JKypHaa.

IMopsinok peneH3UPOBAHMS

Bce crarby, nocTynaronye B peakiuio (COOTBETCTBYIOIINE TEMaTHKE M O(OPMIICHHBIE COTJIACHO TPEOOBAHUM K ITyOIIH-
KaIun), MOJyIeXaT 0053aTeIbHOMY PELICH3UPOBAHHUIO B TE€UEHHE MECSLA ¢ MOMEHTA MTOCTYIUICHHUSI.

B penakuuu ecth yCTOSBIINIICS KOJUIEKTUB PELIEH3EHTOB, CPEI KOTOPBIX YWIEHBI MEKAYHAPOJHON peIKOJUIEIHH JKypHaa,
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(Pedepanvhulii HayuHelll ueHmp HayuHo-uccnedoeamensbCkuli UHCMUMym CUCMEeMHbIX UCCe008aHUL
PAH (DHI[ HUHCH PAH), Haxumoeckuii npocn., 36, kopn. 1, 2. Mockea, 117218, Poccust)

B crartpe paccmarpuBaroTcs 0COOEHHOCTH pa3pabOTKH BEICOKOIIPOU3BOUTENHHOIO MUKPOIIPOIIECCOPA IS CO3JaHUS [0~
BEpEHHBIX chcTeM. [IpON3BOAMTEIBEHOCTE MUKPOIIPOLIECCOPa ONPEEIIeTCsl TPOU3BOIUTELHOCTRIO SIIPA WITH KOJTUIECTBOM
OJTHOBPEMECHHO BBIMOIHSIONIMXCS OIEpaliMii 1 BpEMEHEM JIOCTYIa K HaMsITH. BO3MOXHOCTh MCIOJIB30BaHNST MHKPOIIPOLIEC-
copa JUIsl CO3/1aHus JIOBEPEHHBIX CUCTEM OCHOBBIBACTCS Ha MCIOJIb30BAHUM B €I0 COCTaBE OJIOKOB M Y3JIOB COOCTBEHHOI pas-
paboTKH.

IIpon3BoAUTETBPHOCTD SIIPAa MUKPOIPOLECCOPA ONPEAEIACTCS B OCHOBHOM TPEMSI XapaKTEPUCTHKAMU: TAKTOBOH 4acTOTOH
MHUKPOIIPOLIECCOPA, YACTOTON CIIEOBAHUS UHCTPYKIMM M KOJMUECTBOM OIEpaluil, BBITOJHAEMBIX OJHON MHCTpYKUMEn. s
Mukpomnporneccopa 1890BM118 3Tu XxapakTepuCTUKU B OOJBIIMHCTBE CIyYaeB ONTUMH3UPYIOTCA IO ITAPAMETPY COOTHOILICHHUS
MPOU3BOAUTEIBHOCTH M HOTpeOsieMoit MOITHOCTH. [10BhIIIIEHNEe TAKTOBOI YaCTOTHI JOCTUTAETCs 3a CUET UCTIOIb30BAHUS 3a-
Ka3HOTO IPOEKTUPOBAHUS KPUTHYHBIX JUIsl OBICTPOICUCTBHSI OJI0KOB M ONTHMU3ALIMHK JUTHHEI KOHBeHepa. YacToTa clenoBaHus
MHCTPYKIMH YBEIMYMBACTCS ITyTEM UCIIOJIb30BAHMS TAKHX alllIapaTHBIX PELISHHH, KaK CyIepCcKalsipHOE NCIIOTHEHHE HHCTPYK-
Ui, IpesicKa3aHKe MepexoI0B U peIBapuTeIbHAs OAKAaYKa JAaHHBIX B KAII-IaMATH. Peann3anus apuh)MeTHIeCKOro Conpo-
1eccopa, OpHEHTUPOBAHHOTO HA 331241 IM(PPOBOH 00pabOTKH CHTHAJIOB, TO3BOJISIET TIOBBICUTD YNCIIO OIEPAIUi, BBIOIHSIE-
MBIX OJHOH KoMaH/0ii. [IoBbIIEHNE TPOM3BOAUTENHHOCTH TIOJICUCTEMBI TAMSATH PACCMAaTPHBACTCSI B CTAThe C TOUKH 3PEHUS
CHMMETPHUYHOTO HOCTYIIA K MaMATH AT ABYXBSIEPHOTO MHUKpoTporeccopa. OIicaH MOAXO0/ K peann3ani KOTePEeHTHOCTH B
K3II-MTAMSTH TIPOIIECCOPHBIX SIEP.

Oco0oe BHIMaHHUE yJEIEHO CPEACTBAM IOBBIMICHHS 0€30MacHOCTH B MUKPOIIPOIECCOPE, KOTOPBIE MpeIHA3HAUCHBI IS
CO3/IaHMs Ha €0 OCHOBE JIOBEPEHHBIX CHCTEM. PaccMOTpEeHbI anapaTHble pelieHus A1 TOBEPEHHO 3arpy3KH OleparjioHHOI
CHCTEMBI U H30JIMPOBAHHOTO AOCTYyIA K namaty. /it obecrieueHns JOBepeHHO! 3arpy3KH MpeiiaraeTcs HCIoIb30BaTh HAKPH-
CTaJIbHOE NOCTOSHHOE 3alOMUHAIOLIEE YCTPOMCTBO M OAHOKPATHO MPOrPaMMHPYEMY0 MaMsTh, COAEprKaliue 0e30MacHsIit
HayaJbHBII 3arpy34uK, a TAKKe KIIOYU JUIS TIPOBEPKH MOAIKMCEH onepanmoHHON cucteMbl. K cpencTBaM H30JMpOBaHHOTO
JIOCTyIIa OTHOCHTCSI PACCMOTPEHHBIH B CTaThe KOHTPOJUIEP AOCTYIIA K aMSTH, peaTn30BaHHBIN B MUKporponeccope. [Ipemmo-
JKEHBI TEPCIIEKTUBHBIEC HANPABJICHHUS MOBBIIICHNS OE30ITACHOCTH CHCTEM Ha KpHCTAJUIe JUIS CO3/aHMUs JOBEPEHHBIX CHCTEM Ha
OCHOBE MHKpoIporieccopoB pazpadotkn @HL HUVCU PAH.

Knirouessle cnosa: dosepennvie cucmemvl, cucmema Ha KpUcmaiie, apXumexmypa MUKponpoyeccopd, conpoyeccop.

OnHOM W3 OCHOBHBIX MPOOJeM (YHKIIMOHUPOBA-
HHUSI COBPEMEHHBIX BBICOKOIPOU3BOUTEIBHBIX BbI-
YHCIIUTENbHBIX CHCTEM SIBISICTCS 3all[UTa OT HECAHK-
UOHUPOBAHHOTO JOCTyIA. HecaHKIMOHUPOBAHHBIH
J0CTYyIl K BBIYHMCIIMTEILHON CHUCTEME BO3MOJKEH H3-3a
HaJIMYusA B MUKPOIIPOIECCOPEC HEOIIMCAHHBIX aIapar-
HBIX CPEJICTB — 3aKJIaJ0K, KOTOPhIE MOT'YT OBITH 3aJ0-
JKEHBI KaK IIpH NMPOEKTUPOBAHUHU, TaK U B IPOLECCE
npou3BoAcTBa. K HECAaHKIMOHUPOBAHHOMY JOCTYILY
MOT'YT ONPUBECTU OTCYTCTBHE 3allTUThHI ITPOTPaMMBI 3a-
TPY34HKa, a TAKXKE pa3IMIHOro poja ataku Ha [10, He
KOHTPOJHMpYyeMbIe ammnaparypoid. Pactymmue TpeboBa-
HUS K YBEIHUYCHHUIO MPOHM3BOIUTEIBHOCTH BEIyT K
YCIIO)KHEHHIO MHKPOIIPOIIECCOPOB, a B PE3yJIbTaTe
K MHOTOKPaTHOMY YCJIOXHEHHUIO TOMCKA BO3MOYKHBIX
OmMOOK WM 3aKIaJ0K B Yy)KOM Tpoekre. PereHue
poOJIEeMbI — B HCIIOJIB30BAaHUH MHKPOIIPOIIECCOPOB U
TTO coGcTBeHHOM Pa3pabOTKH CO BCTPOCHHBIMH CPE/I-
CTBaMHU MOBbIIIeHHUS Oe30macHoCTH. V3-3a CI0KHOCTH
MPOEKTOB BO3HUKAIOT CaMbl€ Pa3IMYHbIC OLIHMOKH B CO-
BPEMEHHBIX MUKPOIPOLIECCOPaxX, BKIHOYAst MUKPOIPO-
1eccopsl MUPOBBIX THnepoB. CobctBennoe [10 n mo-

HOE BJIaJICHHE MPOSKTOM MHKpOMpoIeccopa B 0OOb-
IIMHCTBE CITy4aeB MO3BOJISIFOT ITAPHPOBATEH ITH OIINO-
KH TIPOTPaMMHBIMHU CPEICTBAMH.

OCco0OCHHO OCTPO BOIPOC 0E30MaCHOCTH CTOUT B
0aHKOBCKOH cdepe, MPOMBIIUIEHHOCTH M Ha TpaHC-
nopre. Xakepckue aTakd MOryT IpPHUBECTH K Cy-
IMECTBEHHBIM AOCHEXKHBIM TIOTEPAM, ISKOJOTMYECKUM
OeICTBISAM MM K MPEKPAIICHHIO ITATHOTO (DyHKIIHO-
HHAPOBAaHUA TPAHCIIOPTA M IPOMBILIJIEHHBIX IIPEAIPHUS-
Tiit. JJ1g Takoro pojia MpUMEHEHUH CO3/1at0TCs J0Be-
peHHble BbruucnuTensHsle cucreMel. B CIIA xpure-
pUi OLEHKH JIOBEPEHHBIX KOMIIBIOTEPHBIX CHCTEM
olpeziesieH  cTaHgapToM MUHHCTEpCTBa OOOPOHBI
CLIA (Department of Defense Trusted Computer Sys-
tem Evaluation Criteria, TCSEC, DoD 5200.28-STD,
December 26, 1985), donee u3BecTHBIM Kak «OpaH-
JKeBast KHUTay». JIaHHBIA CTaHAAPT MOIYYHIT MEXKTyHa-
pOIHOE IPU3HAHKE M OKa3ajl CHIBHOE BIUSHHE Ha I10-
cIemyronye pa3padboTKy B 001acTi HHPOPMAITMOHHOM
Oe3omacHocTH. HeBo3MOXXHO co3maTh  abCONIOTHO
0e30TMacHyI0 OT NMPOHUKHOBEHHUs (JIOBEPEHHYIO) CH-
CTeMy, TIO3TOMY B CTaHJApTE MPEIIOKEHO OLIEHNBATH
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JUIIb ee cTeneHb AoBepud. Ilox nmoBepeHHOU cucTe-
MOH MOHMMAETCsl CHCTeMa, UCIOJb3YIOIas armapar-
HBIC U IIPOTPaMMHBIE CPEJCTBA ISl 0OECTICUEHHS Of1-
HOBpPEMEHHOU 00paboTKu MH(OpMAIK pa3HBIX KaTe-
TOPH CEKPEeTHOCTH TPYINOW TMoik30BaTene 0e3
HapyIIeHUs TpaB JOCTyma. B craHmapTte 3amo0XeHBI
YPOBEHb TapaHTUPOBAHHOCTH, MOJOTYETHOCTD, JOBE-
pEHHAsI BRIYHCIIUTENbHAS 0a3a, MOHHUTODP OOpaIlIeHuH,
aapo Oe3omacHocTy, nepumerp OesomacHocTH. beso-
MAaCHOCTb U JIOBEPEHHOCTh OLIEHUBAIOTCS 10 YPOBHIO
YIpaBJICHUsI TOCTYIOM K HMH(popManuu u obecrieye-
HHIO KOH(UICHINAIBHOCTH U LIEJIOCTHOCTH.

B Poccun B Hacrosiiee BpeMst OTCYTCTBYIOT KpH-
TEpUH OLICHKU IOBEPEHHBIX KOMIBIOTEPHBIX CHUCTEM.
JloBepeHHBIE BBIUMCIUTEIBHBIE CHCTEMBI IIPEIIIOJA-
TafoT HUCIIOJIb30BAHUE TOJIBKO OTEYECTBEHHBIX KOMIIO-
HEHT, BKJIF0Uas AneMeHTHY0 6a3y u [10. [TocranoBme-
HueM npasutenbeTBa PO ot 09.08.2016 r. Ne 764 BBe-
JICHBI TIOHATHSI HHTETPAIEHON CXEMBI IIEPBOTO YPOBHS,
KOT/1a MHKpOCXeMa pa3paboTaHa ¥ IPON3BEIeHA HAJIO-
TOBBIM PE3UJCHTOM CTpaH-uleHoB EBpa3uiickoro sxo-
HOMUYECKOTO CO103a, U MHTETPAJIbHOI CXeMBI BTOPOTO
YPOBHS, KOT/Ia INPOEKTUPOBaHWUE M pa3paboTka, a
TaKKe HCHBITAHUS WHTErpajbHOW CXEeMbl IpPOU3BeE-
JICHBI 9THM ke pe3uzieHToM. [Ipu oTcyTcTBUM ApYyruX
KPHUTEPHEB OICHKH JOBEPEHHOCTH €€ CTETIEHb MOXKHO
TaKOKEe OIPENEIATH MO CTENIEHN «OTEYECTBEHHOCTH».

OCHOBHBIM KOMIIOHEHTOM JIOBEPEHHOW CHCTEMBI
sigercss Mukponpoueccop. B ®HIL HUMCU PAH
pa3paboTka MHKPOIPOLECCOPOB SIBISETCS OIHUM H3
OCHOBHBIX HAlpaBJICHWH, B MHCTHUTYTE pa3padaTbiBa-
IOTCSI M CEpUITHO BBIITyCKAIOTCA 64-pa3psiiHbIe MUKPO-
nporueccopsl ¢ apxutekrypoidr KOMJINB64, nogo6Hoii
apxurexktype MIPS64 [1].

ITpon3BOIUTENHFHOCTh MHUKPOTIPOLIECCOPA OTIpesie-
JSeTCs TPOM3BOJIUTEIBHOCTBIO fAIpa WM KOJHYe-
CTBOM OJIHOBPEMEHHO BBIMOJHSIOMUXCS ONepanuii u
BpPEMEHEM JI0CTyTa K TaMsATH. B HacTosmee Bpemst 10-
CTYN K TaMSTH Il OONBIIMHCTBA 3a]ad CTAHOBUTCS
Y3KUM MECTOM M B HaMOOJIBIIEH CTETIEHH OTpeeseT
MPOU3BOIUTENEHOCTh. CyIIECTBYIOT JiBa CHIOCO0a 110-
BBILIEHUSI IPOU3BOIUTEIBHOCTH:

— apXWTEKTYpHBIE PEIICHHs, TI03BOJIIONINE yBE-
JUYUTh KOJMYECTBO OJHOBPEMEHHO BBINOJIHIEMBIX
MHCTPYKIHUI U CKPBITh IPOCTOM, CBSI3aHHBIE C IPOMa-
XaMH B K3IL-TIaMSITH;

—  ONTUMH3ALHS OJCUCTEMbI TAMSITH.

B cBoto ouepens, 1 mepBOro crocoda UCHonb3y-
I0TCS CIIEAYIOIINE YTH YBEIUUCHHUS TPOM3BOANUTEIb-
HOCTH:

— BHeEOYepeJHOe HCIOoJIHeHHe HHCTpyKiui (Out-
of-Order, O00);

— wMyneTHTpenoBas TexHojorus (Multithread-
ing);

— WCIOJIb30BaHUE MHOTOSJEPHOCTH.

B coBpeMEHHBIX MHKPOIPOLECCOPaxX pa3BUBACTCS
TEXHOJIOTHSI TIEPEYTOPSAOUCHHS HE 3aBUCSIIUX APYT
OT Apyra MHCTPYKIUH AJISI MAKCHMAJIbHOTO ITOBBIIIE-
HUsA 9P PeKTUBHOCTH pacnapaiuienuBanus. Takue mpo-
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LIECCOPbI HA3bIBAIOTCSA IPOLIECCOpaMM C BHeOuUepen-
HBIM  WCIIONHEHWEM  MHCTpyKuui  (out-of-order
processors). TexHHKa NepeymopsAouYeHHUsS HHCTPYK-
IIMH 3aMevaTenbHa TeM, YTO PE3KO 0CIalIsIeT HeraTHB-
HBIE 3 (GEKTH OT MEIJICHHOW ONEepaTHBHOMN NaMATH U
OT HAJIMYHSI 3aBUCUMBIX IIEMIOYEK HHCTPYKIMHU. [iis Ta-
KX TIPOIECCOPOB POCT MPOU3BOIUTEIBHOCTH IPH
HaJIMYUH JIByX OJHOBPEMEHHO BBITIOJIHSCMBIX HH-
cTpykiumii cocrasister 1,8—1,9 pasa, nnda tpex —2,5-2,8
paza. OJHAaKO TakHe MPOLECCOPHl CYIIECTBEHHO
YCIIOXKHSIOTCSL M PE3KO BO3pAcTaeT MoTpedieHHe sapa.

JlpyruM pemieHueM IMOBBIICHUS TTPOU3BOJUTEINb-
HOCTH SIBJISIETCSl HCIOJIB30BaHUE MYJIBTUTPEIOBOM
TEXHOJIOTHH, alllapaTHO MOJAepKUBaromiei 3¢ dek-
THUBHOE BHINTOJTHEHUE HECKOMBKUX TpeaoB (thread) mms
Kaxgoro siapa. Tpen — 3T0 MUHUMAbHBIN amnmapat-
HBII QyHKIMOHAIBHBIA OJIOK MUKpOIIpoLeccopa, Mo-
JIep>)KUBAEMBI ONIEPallMOHHON CHCTEMON U MCIOJIb3Y-
oIt 001IIMe Pecypehl ¢ APYTUMH TpeaaMu (K31I-Ta-
MSTb, PETUCTPBI).

Jlns BcTpamBaeMbIX HpuUMeHEHHH Oonee 3¢ dek-
TUBHBIM II0 TI0Ka3aTeNll0 «IIPOU3BOJUTEILHOCTB/TIO-
TpebisieMasi MOIIHOCTBY SIBISICTCS YBEJIMUYCHUE YUCIIa
saaep.

C TOYKM 3pEHUS] ONTUMH3ALUH IOJCUCTEMBI MHa-
MSTH HCIIOJIB3YIOTCS MHOTOYPOBHEBBIC KIII-TIAMATH,
CHMMETPHYHBIH TOCTYH K OOIIEeH MaMsITH, MEXaHU3MBI
MPEIBBIOOPOK M MHOTOYpOBHEBas Oydepuzamus [2].

B pazpabareiBaeMOM BBICOKOTIPOM3BOANTEIHLHOM
Mukponporueccope 1890BM118 i noBsieHus npo-
M3BOJUTEIFHOCTH U BO3MOXKHOCTH CO3/IaHHS IOBEPEH-
HBIX CHCTEM NPHMEHEHa MHOTOSIEPHOCTh M ONTHMH-
3UpOBaHa IOJICHCTEMA TTaMSITH.

JaHHbIil npolieccop SIBISIETCS JIBYXBSACPHBIM U
CO3/1aH M0 NMpoeKTHO HopMe 28 HM. OnTUMH3anus ap-
XUTEKTYpBl sJ[pa MHKPOIPOLIECCOPOB OCYIIECTBIIS-
JIach 10 MapaMeTpy «IPOU3BOAUTEIbHOCTB/TIOTPEOIIs-
eMasi MOIIHOCTbY.

BaxseimM napaMeTpoM SBISIETCS MPOHU3BOJIH-
TENBHOCTh BBIYHCIHMTENBHBIX cHCTeM. B pabote [3]

N
MMPOU3BOAUTCIBHOCTD MPCJCTABJICHA KaK — %

[Iporpamma
N T T
X e TP 1por = Bpems paboter CPU,
N, N IIporpamma
e Nuwer YUCJIO BBINOJHEHHBIX WHCTPYKIUN 3a

Bpems paboTsl Mukpotnporieccopa (CPU); Nyyux — uucio
IIUKIJIOB MUKPOIIPOIIECCOpa TMPHU BBHIMOJHEHUH TIPO-
TPaMMBI; Tppor — BPEMSI BEITIOITHEHHSI TPOTPaMMEI.

Kak BumnuM, Mpou3BOIUTENHHOCTD 3aBUCUT OT TPEX
XapaKTePUCTUK — TAKTOBOM 4acTOTHI, YACTOTHI CIEH0-
BaHUS MHCTPYKLUUN U KOJIMYECTBA ONEPALU, BBIIOJ-
HSIEMBIX 32 OJIHY MHCTpYyKUuIo. bonee Toro, Bpems pa-
6otel CPU B paBHOI CTEIIEHU 3aBHCUT OT Ka)XIOH U3
Hux: yBenumdeHue Ha 10 % omHOW maeT oOmmid mpu-
poct Takke Ha 10 %.

YactoTa MUKpOTpoIieccopa 3aBUCUT OT TEXHOJO-
THUHU U3TOTOBJICHUS, KOJTMYECTBO HHCTPYKIIMMA 32 TAKT —
OT apXHUTEKTYpPhl MHKpPOMPOIECCOpa, a KOIMYECTBO
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orepauuii B ”HCTPYKLUHU — OT CUCTEMBI KOMaH/I U TeX-
HOJIOTMM KoMImianuu. Kaxaslit u3 3Tux napamerpos
CJIOKHO M3MECHHTH W30JMPOBAHHO OT OCTANBHBIX, I10-
CKOJIBKY OCHOBHBIE TEXHOJIOTHH, OTIPEACIISIONINE Kax-
IYI0 XapaKTEPHCTHKY, B3aNMO3aBHCUMBIL: JJIHHA KOH-
Beliepa BIUSET HA YacCTOTY, KOJIMYECTBO UHCTPYKILIMM,
BBITIOJTHAEMBIX 3a TaKT, BIMSIET HA JUIMHY KOHBeHepa.
PaccmoTpuM yBenuueHHe 3HaYEHUM BCEX TPEX KOMIIO-
HEHT Ha IIpuMepe Mukponpoueccopa 1890BM118.

Taxmosas yacmoma. Kax O6bU10 cCKa3aHoO BBIIIIE, Ya-
CTOTa BO MHOTOM OIpEAEIseTCs TEXHOJIOTHEH Tpou3-
BOJICTBA. Pacuer 4acToThl pyHKIMOHUPOBAHUS MUKPO-
nporeccopa 1890BM118 npu HopmansHON Temmepa-
Type okpykaromei cpensl mia TexHosorun KMOII
28 uMm npouecc HPC+ nokasan BO3MOXHOCTh AOCTH-
skeHus yactoTsl 1,5 I'Th. OnHako 1u1st XyALero cydas
(tremmepatypa — 60 °C nnmm +125 °C), MUHAMaIEHOTO
HaINpsDKEHUs TUTAaHKUS M XY/IIETo mporecca 6e3 mpu-
HSTHUS CIICIUANBHBIX MEpP 4acTOTa MHUKpPOIPOIECccCopa
nagaet 10 700 MI'u. J{ns moBBIILIEHUS YaCTOThI pa3pa-
60TaHa MeTOJUKa, TIO3BOJIMBIIAS TTOYTH yIBOHUThH Ya-
ctoty. Ha nepBoM 1mare onpenenstorcs Haubdoee Kpu-
TUYHBIE K 3ajep)KkaM Onoku. B simpe Mukpormnpoiec-
copa 3To OJIOK TpaHCISILUK BUPTYaJbHBIX apecoB B
¢usnueckue (TLB), peructpoBslii Gaiiin u KIII-IaMsITh
nepBoro ypoBHs. CootBeTcTBeHHO O10KM TLB, peru-
CTpoBbIe (alinbl M KAIII-MAMATH HEPBOTO YPOBHA
CIPOEKTHPOBAHBI IIOJIHOCTHIO 3aKa3HbIM 00pazom. O0-
IIENPU3HAHHON METOJMKON TOBBIIEHUS YacTOTHI
MHKpOIIpoIIeccopa sBISETCS YAJIMHCHHE KOHBelepa.
B mpocreimmx MHUKpOKOHTpOJIepax IIyOMHA KOH-
Beiepa coctaBisia 1-3 craguu. J{Is HEKOTOPHBIX CO-
BPEMEHHBIX MHKPOIPOIIECCOPOB ITyOMHA KOHBelepa
nocturaeT 40. OqHAKO IpH MIPEPBIBAHIX U Iepexo1ax
KOHBelep pa3pyIIaeTcst ¥ MPOU3BOAUTENBHOCTE COOT-
BEeTCTBEHHO manaeT. OcoOeHHO 3TO KPUTUYHO IS
BCTpauBaeMbIX NIpUMEeHEHUN. MIMEHHO nIo3TOMY B s1-
pax KOMJIMIB64 wucnonp3yeTcsi MUHHUMAlbHO BO3-
MOXHas ITyOuHa KoHBelepa. st paccMarpuBaeMoro
sapa 1890BM118 rinyOmna koHBeiepa COCTaBISET
7 craguii. COanaHCUPOBAHHBIA 7-CTaAMWHBIA KOH-
Beifep MO3BOJISIET IOCTHYD YaCTOTHI ()YHKIIHOHHPOBA-
Hus sapa 1,5 T,

C TOYKH 3peHHs HMOACHCTEMBI MMaMATH Ha 4acTOTY
MHKpPOIIPOIIECCOpPa OKa3bIBaeT BIUSHHUE KAII-NAMSThH
BTOPOTO ypOBHA. bonbine muromany maMaTé IpUBO-
JAT K 3aMETHBIM Napa3uTHBIM 3HAYEHUSIM U COOTBET-
CTBYIOLINM 3ajiepkKaM. ONTHMAaIbHBIM BapHAHTOM C
TOUKHU 3pPEHUS BPEMEHH JIOCTYIA U pa3mepa Juid 28 HM
KMOII TexHon0rnueckoro mnpoiecca ornpenesaeH pas-
mep 512 KO craHmapTHOH KdHI-IaMATH BTOPOTO
YpOBHS AJisl 7-CTalUHHOrO KOHBeWepa, He BIUSIOLIUI
Ha OpIcTpoieiicTBIE MUKpOIIpOLIEccopa.

Crnenyromeii Mepoil NOBBIIIEHHUS] YacTOThl MHK-
pomporeccopa SIBISIETCS HCIIONB30BAHHE METOIUKH
MPOEKTUPOBAHUS, PACCMOTPEHHOH B pabotax [4, 5].
CuHTEe3 MUKPOCXEMBI HAYHHAETCSI C HAYalIbHOTO 3Tara
pa3pabOTKM MOJEIN MHUKPOCXEMBI, YTO MO3BOJISIET HA
paHHEM JTare OINpEACsITh Haubojee Y3KHE MecTa

MPOEKTa, BBIIENISATH OJIOKH Pa3HOTO OBICTPOICHCTBYS 1
ONTUMU3UPOBATE MOJENb MHUKpocxeMbl. Co3paroTcs
cnennanbHeie  ckpuntel CAIIP mms oOHapyxeHwms
HanboJiee KPUTHYHBIX ITyTeH, pa3pabaTHIBAIOTCS II0-
MIOJTHUTENNbHBIE OMONMMOTEYHBIE 3JEMEHTHl K CyIIe-
CTByIOIIEH OWOIMOTEKEe, ITO3BOJIONINE YBEIUIHUTH
OpIcTpoeiicTBHE TIpoeKTa. [Ipu HEOOXOIUMOCTH OCY-
IIECTBIIICTCS. pPyYHAs PACCTAHOBKA W/WIK Pa3BOIKa
Hanbonee KPUTHYHBIX MO OBICTPOAEHCTBUIO OJIOKOB B
COOTBETCTBHH C pa3pabOTaHHOW METOAUKOM.

Yacmoma cnedosanusa uncmpyxyuil. MuKporpo-
neccop 1890BMI118 sBngercs cynepcKaaspHbIM
RISC-muxponpoueccopom. CynepcKaasipHOCTb — 3TO
CIIOCOOHOCTH BBINOJHEHUSI HECKOJBKHX HMHCTPYKIHMN
3a oauH TakT. B Mukpomnpoueccope 1890BM118 Bo3-
MOJKHO OJTHOBPEMCHHOE BBHITIOJTHEHHUE JBYX HHCTPYK-
uui. UccaenoBanus nokasaiu, 4yTo JdajibHEHIIEE yBe-
JUYEHUE YHCIa OJHOBPEMEHHO BHITIONHAEMBIX WH-
CTPYKIMHA TPUBOAWT K 3aMETHOMY VYCIIOKXHECHUIO H
YBEJIIMYCHUIO TOTPEOIIEMOl MOIMHOCTH, B TO XK€
BpeMsl IPOU3BOIUTEIHHOCTh PacTeT HeJIMHEHHO.

Jlnist IByX OJTHOBPEMEHHO BBITIOJIHAEMBIX HHCTPYK-
IUH TPOU3BOAUTENHHOCTD siipa 1890BM118 pacrter B
1,2—1,5 pa3a B 3aBUCUMOCTHU OT 3aJ1a4yH, JJIs TPEX WUH-
crpykimii — B 1,5-1,8 pa3a. bosiee 3 hexkTuBHBIM sB-
JSETCS CO3/aHUEe MHOTOSIICPHOM CHCTEMBI Ha KpH-
cTare.

Bo03MOXHOCTE OJJTHOBPEMEHHOTO BBITOJHEHUS MH-
CTPYKIMIA BO MHOTOM TIOZJICPKUBACTCS MEXaHHU3MOM
MpeJCcKa3aHus MEePEX0J0B U CHEKYJIATHBHBIM BBITION-
HeHueM MHCTpYKIMi [6]. CyTh MeTO1a 3aKITI0YaeTCs B
MIPOTHO3MPOBAHWN HANpPaBJIEHUS BETBJICHUS IIPO-
rpaMMBI U Hadajie BRIOJTHEHUS MPEIIoIaraeMbIX oIe-
pauuii 10 NOATBEPkKACHUA YCiI0BUs epexona. I1oBbl-
meHne 3PpQEeKTUBHOCTH TAHHOTO METOJla aKTyalbHO
Juist Jioboro coBpemenHoro RISC-mukpormporieccopa.
OTO 00BSICHSETCSI TeM, 4TO B OOBIYHBIX HpOrpamMMax
nopsaaka 20 % MHCTPYKUMI SIBISIIOTCS KOMaHIaMH
BETBJICHUS, KOTOPHIE B IPOCTEHUIIINX CITyJasx peaansa-
UK OJI0Ka BBIOOPKH WHCTPYKIHU MPHUBOIAT K OCTa-
HOBKE KOHBeHepa. ba3oBble MOAXOABI K MEXaHU3MY
Npe/ICKa3aHusl BETBJIECHUS OAMHAKOBBIC JUISI BCEX
RISC-mMuKpompo1eccopoB — 3T0 CTaTHIECKOE U TNHA-
MHYECKO€ TPEICKA3aHUs BETBICHNA. TOYHOCTH Ipea-
CKazaHUs IIEPEXOJ0B B COBPEMEHHBIX MpOIeccopax
npesbimaer 90 %. B paHHMX MHKpOIpoIieccopax
KOM/IMB64 ncrnonb30Bagoch CTaTHUECKOE MpeacKa-
3aHKe BeTBIeHNUS. MccnenoBanns moka3anu, 9To ONTH-
MaJIbHBIM C TOYKHU 3PEHUS CIIO’KHOCTH (IUIOMIAN U T10-
TpeOIIsIeMOH MOIITHOCTH) M JOCTH)KEHHST BEPOSITHOCTH
npezckasanus (mopsiaka 90 %) sBisercs TUHAMHYe-
CKO€ NpEeACKa3aHUEe C OrpaHHUYEHUEM Ouepeqy Mpea-
CKa3aHMH YeTHIPbMS 3aITUCSIMU 1 aJITOPUTMOM BEIOOpa
Npe/ICKa3aHus 1o JIByXYPOBHEBOH cxeme. JTOT BapH-
aHT peanu3oBad B sape 1890BM118.

Konuuecmeo onepayuii, évinonnaemvix 00HOI
uncmpykyuei. CymecTBeHHOE MOBHIIICHIE ITPOU3BO-
JTUTETHHOCTH BBIACIICHHBIX 3a7a4 JOCTUTACTCS 32 CUET
CO3/IaHUs  CIICIMATM3UPOBAHHBIX  COIPOIECCOPOB.
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B mukpomnponeccop 1890BM118 Berpoen comporec-
cop CPV, opueHtupoBanHbIii Ha 00pabOTKy M300pa-
JKEHU# M curHayioB [7]. BerauciaurensHbIH OJOK BEK-
TOPHOTO COTIPOIECCOpa MO3BOISIET BHITOMHATE OTepa-
LMY OIMHAPHOM U JBOMHON TOUYHOCTU HaJ] BEKTOPAMHU
mmpuHO 128 paspsmoB. IInkoBas npoW3BOIUTEIH-
HOCTB JIOCTHTAETCS IIPH UCTIOJIF30BaHUN KOMaH] KOM-
IUIEKCHOTO yMHOKEHHSI C TIpHOABICHWEM W BBHIYH-
TaHMEM TpeThero omepania («babouka @Dypwe») u
coctaBisgeT 3a TakT 10 BeLIECTBEHHBIX ONEparyi
JIBOMHOIM ToyHOCTH WM 20 BEIIECTBEHHBIX OIepa-
uuit oquHapHoit TounoctH. Compoueccop CPV moxet
porpaMMHupoBaThcs Ha si3bikax Cu u accemOuepa.

[TpoBeneHHbIe HCClENOBaHUS ITPOU3BOAUTEIBHO-
CTHU IpoToTUIa Mukpomnpoueccopa 1890BM118 noka-
3aJTl, YTO MO MPOU3BOAUTEIFHOCTH OH IPUOIIIDKACTCS
K coBpemeHHoMy Out-of-Order Mukpomporeccopy
XLP316 ¢pupmer Broadcom.

Jus oneHkn wcmonk3oBanuch Tectsl CoreMark u
SciMark2. Tect CoreMark Obu1 pa3paboTaH KOHCOP-
muymoMm EEMBC (Embedded Microprocessor Bench-
mark Consortium). Tect CoreMark Bbruuncisier nmpous-
BOJIMTENILHOCTD sIJIpa MHUKPOIIPOLIECCOPA, BBITOIHSIS
OTHOCHTEJIFHO MPOCTOMN KOJI, OAHAKO 3TOT KOJ| UCTIOIb-
3yeT oOIIMe NPaKTUYECKH JUIsi BCEX IPHIIOKEHUMH
CTPYKTYPBI JaHHBIX U adrOpuUTMEL. J{71s1 TecTa BEIOpaHa
TaKasi pearn3aius, YT00bl Bce BRIYUCICHUS (A UX UTO-
TOBBIC 3HAYCHUS) TPOU3BOIUIACH HEITOCPEICTBCHHO B
mpoIiecce BEHITOJHEHUS IPOTPaMMBL, YTO IPEIOTBpa-
[IaeT WCKIIOYEHHE KOJAa TPH ONTHMHU3AIUH B TIPO-
1ecce KOMIMIIBIIUH. Pe3ynbpTraTel paboThl BCEX TECTOB
CBEPSIIOTCS C ITATIOHHBIMH.

B cocras tecra CoreMark BXoasT pa3in4HbIe BbI-
YHUCIIUTEJIbHBIE aJITOPUTMbI, XapaKTEPHBIE JIJISI MUKPO-
MPOLIECCOPOB JUIsl BCTPaUBAEMBIX CHCTEM, B TOM YHCIIE

— onepayuu ¢ mampuyamu, Takue Kak yMHOXe-
HHE MaTpHIIbl Ha KOHCTAHTY, BEKTOP WIIK JPYT'YIO MaT-
pUILy; TaKKe MPOU3BOIUTCS MPOBEPKA TAHHBIX B HTO-
TOBOW MaTpHULE;

—  copmuposKka CRUCKos; IPUMEHSIETCS IS OTIpe-
JIeTICHUs] TOTO, KaK OBICTPO ITPOIIECCOP MOJKET MOJy-
YHUTH JAHHBIE W3 MaMATH JUIl CKaHUPOBAHUS CITHCKA;
€CITH CIIMCKU OOJIbIIIE TOCTYITHOM KAII-NAMSITH, TO TIPH
nux 0bpaboTke mpoBepsercs U 3pPeKTHBHOCTH NOCH-
CTEMBI K3II-MIAMSITH;

— onepayuu nepexilOYeHUs KOHEYHO020 dA8Mmo-
Mama; KOHEYHBI aBTOMAT TECTUPYET BXOJHYIO
CTPOKY, 4TOOBI OINPEAEINTb, SBISIOTCS JIM BXOIHBIE
JAHHBIC YWCIIOM, W MPWHHAMAET cocTosHue invalid,
€CIIH TO HE YMCJIO; ISl HPOBEPKH MPABHIBHOCTH Olle-
panuu B Tecte CoreMark moacunThIBaeTCst, CKOJIBKO
pa3 ObUTO MPOHAEHO KaXkKA0€ COCTOSHHE;

— nodcuem KOHMPOJbHLIX CYMM; OCYIIECTBIIS-
eTcst mojcdeT 16-OMTHOrO HUKIMYECKOTO H30BITOY-
Horo koaa (CRC) Ha 0CHOBE JTaHHBIX, COMEPIKAITUXCS
B DJIEMEHTAX CIIHICKA.

PesynpraTr Tecta cocraBun 3 309 urepamnuii B ce-
KyHAy a1t Mukporporneccopa XLP316 u 2 705 urepa-
U B CeKyHIy s IMPOTOTHIIAa MHKPOIIPOIeccopa
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1890BM118. O6a mukpormporieccopa QyHKIIHOHHUPO-
Banu Ha yactote 1 ['T.

Eme omauM pemnpe3eHTaTHBHBEIM Ha0OPOM TECTOB
MIPOM3BOTUTEIHHOCTH MHKPOIIPOIIECCOPOB  SIBISCTCS
Tect SciMark2. DTo MOIIHBIA OJHOIIOTOYHBINH TECT
(MHTCHCUBHBIC HAYYHBIC BBIYHCIICHHS), ITOKA3bIBAIO-
UK TTPOU3BOAUTEIFHOCTh OTHOTO SIApa MHUKPOIPO-
reccopa B Mmeraguoncax (Mflops). TecTsl HammcaHbI
Ha si3pike C 1 BxoiT B coctaB Phoronix Test Suite.

Tectbl npousBoguTensHocTH SciMark2 paspabo-
TaHbl HalMOHAaNbHBIM MHCTUTYTOM CTaHIApTH3aLUH
CIIA (NIST) nnst uaMepeHHs: NPOU3BOJUTEIHEHOCTH
MaTeMaTHYECKUX BBIUYUCIICHUH U SBISIOTCS O0IIEenpH-
3HAHHBIM TAKETOM.

[TakeT cOCTOUT U3 ST BEIYUCIUTEIBHBIX SICP.

e Fast Fourier Transform (FFT), BeImOJIHSIOICE
OTHOMEpHOE TpsiMoe TpeoOpazoBanne Dypre s
2712 (2720) KOMIUIEKCHBIX YHCEN. DTO SAIPO UCTOIb-
3yeT KOMIUIEKCHYI0 apU(METHKy, IepecTaHOBKU
OHUTOB, HEKOHCTAHTHBIE CCHIJIKU HA MMaMATh U TPUTOHO-
merpudeckue GpyHnkuuu. [lepas yacth sixpa nponsBo-
JUT oOpaieHue OuToB (03 U3MEPEHus ), BTOpas — Tpe-
oyembie N log(N) BeIYHCICHHH.

e Jacobi Successive Over-relaxation (SOR). Oto
METOJl TIOCIIe/IOBaTeIbHON CBepXpernakcanuu Skodwu,
peaTM3yOMMA TUIIHIHBIE MATTEPHBI JOCTyIMa K IIa-
MSTH, CBOUCTBCHHBIC AJIS1 KOHEYHO-Pa3HOCTHBIX METO-
JIOB, TaKMX KaK pPEHICHWE IBYXMEPHOTO YpaBHCHHS
Jlarmmaca ¢ orpanmyenusmu dupuxie. Sapo padoraet
Ha ceTkax pasmepom 100x100 u 1 000x1 000 cooTseT-
CTBEHHO.

e Monte Carlo integration, Beraucisitoriee npu-
OmmkeHHOe 3HadyeHue uucia Ilu orneHkod momann
4eTBepTH Kpyra mMetosnoM Monte-Kapmo. Anropurm
BBIOMpAET CiTyyaiiHble TOUKH Ha KBaApaTe U POBEpsieT
UX TPUHAIUISKHOCT KPYyTy paanyca 1. Sapo ncnois-
3yeT reHepaTophl CIyYalHBIX YHCEN, CHHXPOHU30BaH-
HbIE METO/IbI, BKJI/IbIBAHHE (QYHKIIMH.

e Sparse matrix multiply — ymHoxeHue paspe-
JKCHHBIX MaTpPHII, HCIIOIB3YIOIIee HECTPYKTYPHUPOBaH-
HBIE MaTpPUIIBI B CKaTOM (opmare. ITO SApO UCIIONb-
3yeT KOCBEHHYIO aJ[pecalllio U HEPEeryJIpHbI JOCTyI
K MaMSITH.

e Dense LU matrix factorization, maxopsmiee
LU-pa3noxxeHre IUTIOTHOM MaTpHUIBI. AJNTOPHTM HC-
nons3yeT nuHeiHble aapa (BLAS) u omepammu Han
TUIOTHBIMH MaTpPHUI[AMHU.

UYuncneHHBIE 3HAYEHUS MPOM3BOIUTEIBHOCTH, MO-
Jy4eHHBIE TIOCJIE 3aITyCKa IATH BBIYUCIUTENBHBIX Te-
CTOB, YCPEIHSIOTCS,, B UTOT€ BBIJAETCS OJHA OLIEHKa
MPOU3BOJUTENLHOCTH, KOTOpast Has3biBaeTcs Compo-
site Score.

PesynbraTt Tecra mns mukpomnponeccopa XLP316
cocrasui 181,7 Mduorica, 1t IPOTOTHIIA MUKPOIIPO-
neccopa 1890BM118 — 149,5 Mdnonca. CpaBHenue
MPOM3BOIWIOCE TPH YacTOTe (PYHKIMOHHUPOBAHUS
1 ITm.

Muxkpomnporieccop 1890BM118 sBusercss cucre-
Moit Ha kpuctayuie. MaTerpanus GyHKIui MUKPOTIPO-
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1eccopa U CUCTEMHOI0 KOHTPOJUIEpa Ha OJHOM KpH-
CTaJUle U CO3JJaHHe CUCTEM Ha KpHCTaljle IPUBOAAT He
TOJBKO K IOBBIIICHHUIO HAaJIS)KHOCTH CHCTEMBI U yMEHbB-
IICHUIO €€ TabapuTOB B CHIIY COKPAIICHHUS YHCIa KOM-
MOHEHT, HO M K YBEJIHYCHHIO MPOHM3BOIUTEIHHOCTH
BCEH CUCTEMBI.

CrnenyromuM (akTOPOM MOBBIMIEHUS IIPOU3BO-
TUTETHHOCTH BBIYUCIUTEIBHBIX CHCTEM  SIBIISCTCS
OpraHu3alys MoJACHCTEeMBl MaMATd B 1enoM. Oco-
OeHHO BaXKHA 3ajjaya IMOBBIIIEHUS CKOPOCTH OOMeEHa
naaHbiME ¢ O3Y 1u1s 3a1a4 ¢ OOJIBIIMMHE 00BEeMaMU
JIAaHHBIX, HE MO3BOJIIOIINMH (PPEKTUBHO HCIOIb30-
BaTh KAILI-MAaMATh. B Takux ciaydasx yCKOpEHHE BO3-
MOYHO MPEXKJIE BCET0 3a CUET BBEACHUS IPEBHIOOPOK,
YBEJIMYCHUS YaCTOTHl M IIMPHWHEI MaMATH. B IBYyXb-
siepHoM  MUKporpoueccope 1890BM118 peanuzy-
ercsi 64-paspsiIHBI KaHajd MaMsATH C YacTOTOM [0
1000/2000 MI'u. [IBa TpOILECCOPHBIX sApa W OOIIHIA
CHUCTEMHBIH KOHTPOJIEP 0O BEANHEHBI IO CXEME C CHUM-
METPUYHBIM JOCTYHOM K obmieit mamstu O3V (apxu-
Tektypa SMP). OTkito4eHne cpeicTB KOI'€peHTHOTO
JIOCTyIIa K MaMSITH JaeT BO3MOXKHOCTh HCIIOJIb30BaTh
JBYXBSJICPHBIH MUKPOIIPOLIECCOP B PEKUME aCUMMET-
pHUYHOrO JocTyna K mamstu (apxurekrypa AMP) c
pa3feneHueM ee MeXy sSapamMu. DTO MO3BOJISET pac-
IIUPHUTH 00J1aCTh MPUMEHEHHU MUKPOIIPOIleccopa: pH
HEKOTOPOM CHIKCHUH HAJICKHOCTH TOOUTHCS MaKCH-
MAJIEHOTO YBEIHMYCHHUS MMPOU3BOAUTEIEHOCTH WU T10-
BBIIIICHHUS HAJIC)KHOCTH BBIYMCIHTEIBHON CUCTEMBI B
[EJIOM 32 CYET aIlapaTHOTO pa3IesICHIS MaMsITH.

Apxutekrypa SMP npenssBisier psa TpeboBaHHN
K pa3pabaTbIBa€MOi CHCTEME, HallpaBJICHHBIX Ha 00ec-
MeYeHUE IeJIOCTHOCTH MAHHBIX IPU CHUMMETPHYHOM
JIOCTyIIE K MaMSATH B MHOTOSIIEPHON CHCTeMe U B3au-
MOJICUCTBHUE MpOILeCCOpHBIX siaep. K Takum TpebGoBa-
HUSIM MOXHO OTHECTH KOTE€PEHTHOCTh KJII-NaMSTH
MIPOIIECCOPHBIX A/ep, MOAJEPKKY aTOMapHBIX OIepa-
U 9TeHHe—MOAU(DUKAIIUA—3aINUCh, MEXIIPOIIECCOP-
HBIC TIPEPHIBAHMS.

B paspabatpiBaecMOili cucTeMe Ha KpHCTaiuie 00-
MK CUCTEMHBIH KOHTPOJIIEp 00ecrednBaeT J0CTYII K
O3V i KaXkA0ro MHKpPONPOLIECCOPHOTO sapa, a
TaKXe MMOJKIF0UYeHHE epu(eprifHBIX yCTpOHcTB. Jns
obMeHna nanHHbIMH Mexay O3V, MuKpomporeccop-
HBIMH SiZ[paMH ¥ KOHTPOJUIEPOM TePH(EPHITHBIX
yCcTpoiicTB ucnonb3yercs mmaa AMBA AXI.

IIpobnema obecredeHHUsT MEIOCTHOCTH JaHHBIX
pyu OOMEHE TaHHBIMHU BHYTPH CHCTEMBI HAa KPHUCTAJLIe
MOXET BO3HUKHYTbH B TOM Cllyyae, KOIrJa OAMH W3
YYaCTHHKOB OOMEHa JIaHHBIMHU TOJIy4YaeT JOCTYII K He
caMoil mocienHed Konuu JaHHBIX. [IpuunHOi 3TOMY
MOT'YT CTaTh K3LIMpYyeMble OOpaleHus Uisl 3aliCH 1
YTeHHUs 0T 00ouX sinep K maHHbM B O3Y 1o ouHaKo-
BOMY ajipecy (K OIHOH CTPOKE K3II-NIaMsTH), a TaKXkKe
obparnieHre oT nepudepuitHOro yCTporcTBa K 00JacTH
MaMSTH, KOTIASA KOTOPOH y)Ke COMEPKHUTCS B KAII-Ta-
MSTH OJHOTO WIIM 000UX sIep.

Takum 006pazoM, pazpabOTKy MPOTOKOJIA KOTEPEHT-
HOCTH JUISI CHCTEMBI Ha KPHUCTaJUIE MOXHO YCJIOBHO

pa3zeNuTh Ha JIBE 33/1a41 — pean3alys CpesIcTB obec-
MEeYeHUs] KOTEPEHTHOTO 0OMEHa JTaHHBIMH MEXAY Si1-
paMu U peanu3anusi KOTepeHTHOTO BBOAA/BBIBOJIA IS
nepuepruiHBIX yCTPOHCTB.

B kauecTBe MPOTOKOIA KOTEPEHTHOCTH UIS MEX-
MPOLIECCOPHOTO  OOMEHa IIHPOKO  HCIOIB3YeTCs
npotokosn MOESI. Ilo cpaBHeHUIO ¢ 6a30BBIM IIPOTO-
kosioMm MSI 0H I03BOJIIET YMEHBIIUTD YUCIIO 0Opare-
HUH B K31I-amMATh Apyroro sapa. Kpome toro, nepe-
Jlada MOAN(HUIUPOBAHHOMN CTPOKH KILI-AMSTH MOKET
OCYILIECTBJIATECS HANPSIMYIO MEXAY SApaMH, a He ITy-
TeM 3anucu/4reHus ctpoku B O3Y. Obecneuenue Ko-
TepEeHTHOTO  BBOJA/BBIBOAA Ul  NEpUEPUIHHBIX
YCTPONCTB JOCTHUTAETCs 3a CYET MPOBEPKU HAIUYHA
CTPOKH C aJIpecoM, 110 KOTOPOMY IIPOMCXOANT oOpare-
HHE OT Mepu(epUitHOTO yCTPOWCTBA, B KOII-NAMATH
OJTHOTO WJIM 000UX siziep. 3ampoc Ha MPOCITyINBaHHE
(snooping) K3MI-MTaMATH CONEPKUT HU3NIECKUN ampec
oOpalneHus1, MpU3HaK 3alUCH/YTEHHS U IPU3HAK TOTO,
YTO 00BEM 3aIHMCHIBAEMBIX JAHHBIX MEHbIIE ITHPUHBI
cTpoku K3m-namsatu. OTBET Ha npociymuBaHue Gpop-
MHUpPYETCS O OKOHYAHHHM COOTBETCTBYIOLIETO Jei-
ctBus. Ilpu mpomaxe 3ampoca Ha NPOCTYIIMBAaHHUE B
K311l OTBET nepuepuitHOMy YCTPOICTBY BblaeTcs 0e3
BBITIOJIHEHUS JOTIOJHUTENbHBIX JEHCTBUM.

CyIIecTBEHHBIM ~ HEJJOCTATKOM  TIPOCITYIINBAHMS
saep npu obpamennn B O3Y or mepudepuifHOro
YCTpOMCTBa SBJISIETCS MOTEPS MPOU3BOAUTEIBHOCTH
Kak JUIs Si7Iep — W3-3a MMOCTOSHHBIX 00paIleHNH B K31I-
MaMsTh, TaK ¥ A1 OOMEHa JaHHBIMH MEXJIY YCTpOii-
ctBoM 1 O3V u3-3a 0)KMJaHUSI OTBETA U3 KALI-NaMSITH
JUIA KaXJIOTO CETMEHTa JaHHBIX Pa3MEPOM CO CTPOKY
K3II-MTaMSITH.

Pemenunem 3To#t mpoOIeMbl MOXKET CTaTh HATUIUE
B CHCTEMHOM KOHTpoJuIepe OJ0Ka, Ha3hIBaeMOI0 TH-
peKTopHel U cojepikaiero HHGOPMaIHIo O HATUYUH
B K3III-IIAMATH KaXKJOTO siipa CTPOKH € aipecoM obpa-
meHus. JIFo0o# 3ampoc CTpPOKH OT TepuepuitHOrO
YCTPOMCTBA Ha 3alKCh WINM YTCHHWE IOCTYIACeT B JIU-
pexropuro. Ou3nUecKuil azpec 3ampoca MpoBepsieTCs
Ha COBMNAJICHUE C aAPeCcaMy, XPaHAIUMUCS B TUPEKTO-
puu. IIpu BeISIBIEHNH COBNAJCHUS 3aIIPOC HA MPOCIIY-
IIMBaHUE OTHPABIIETCS B TO PO, B KAII-TIAMATH KO-
TOPOTO OOHAPYKEH ajipec 3ampoca oT nepudepruitHoro
ycrpotictBa. Eciin coBmazeHne He OOHapy»XeHO, 3a-
IIPOC Ha MPOCITYIINBaHKE B KAII-NAMSThH sAep HE OT-
mpaBisieTcs, a mepudepuitHoe ycTpoicTBO MoTydaeT
paspelieHne Ha MPOAOoJDKeHNE Mepeaayy JaHHbIX. Ta-
Kasi TUPEKTOpUSl CHIDKAeT Harpy3Ky Ha KdII-IaMsTh
spa, IOCKOJIbKY B HE€ MOMaAaloT TOIBKO 3alPOChl Ha
MPOCIIyIINBAHUE 10 aJpecaM, HUINYNE KOTOPbIX MOA-
TBEpXKJEHO nupekTopueid. Kpome Toro, oreeT 06 ot-
CYTCTBUH CTPOKH C aJI[pecOM OOpAILEHUS OT JUPEKTO-
PHH IPUXOAUT B NieprdepHuitHoe ycTpOHCTBO ObICTpEE,
YeM OT K3II-TIaMsITH, COKPAIlas TAKKM 00pa3oM BpeMs,
3aTpaynBacMOE Ha IPOCITyIINBAHHE.

BaxHbIM CBOWCTBOM pa3pabaThIBa€MbIX MHUKPO-
MPOLIECCOPOB ABIAETCS BO3MOXKHOCTD CO3AaHUS JJOBE-
PEHHBIX CHCTEM Ha MX OCHOBE.
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OTedecTBEHHbIE MHKPOIPOLECCOPHI [UISI OTBET-
CTBEHHOTO MPUMEHEHHS JOJDKHBI ITOJIIEPIKUBATH Opra-
HHU3ALHUIO JOBEPEHHON CPEAbl HCIIOIHEHUS, TapaHTH-
pyoIEl 3aJI0)KEHHYI0 YCTOHYMBOCTh K IOIBITKaM
B3JIOMa BCE€Hl cucTeMbl. Ecnu OpuUHATE KpuUTEpUi
OIICHKH AY(PQPEKTHBHOCTH TAKOW 3alIUIICHHOCTH CH-
CTEMBI 33 BPEMS M KOJMIECTBO YCIOBHBIX CIUHUI], KO-
TOpPBIE TOTOB HOTPATUTh 3JI0YMBIIUICHHUK HA MPEOIO0-
JICHUE 3alUThl, TO PECYpPC CUCTEMBI MOXXHO CUHMTATh
YCJIOBHO HAJEXKHBIM IIPH YCJIIOBHH, YTO CHCTEMa IO-
TOBa TPOTHBOCTOSITH B3JIOMY JIOCTaTOYHOE KOJINYe-
CTBO BPEMEHH, B TEYEHUE KOTOPOTO 3JI0YMBIIUICHHUK
OTKa)KeTCs OT MOIBITOK B3sioMa. [Ipu npoexktupoBanun
Mmukporpoueccopa 1890BM118 ocoboe BHHMaHHE
OBLIO YZEIEHO MOBHIMICHNIO OE30MaCHOCTH, B OCHOBY
Yero JIETJI apXUTEKTYPHBIE PELICHUS I IPHHAMAaEMBbIe
elle Ha CTaAWW IMPOCKTUPOBAHUS, W HCIOJIb3yEeMbIe
B I10. Ha ocnoBe mukpomnponeccopa 1890BMI118
CTaHOBUTCS BO3MOXHBIM KOMIUICKCHBIH MOAXOJ K
MOCTPOCHHIO CHCTEMBI, yCTOHYMBOH K B3JIOMY, TIO3BO-
JSIFOLIel pa3BepHYTh IPOrpaMMHO-ANIapaTHBI KOM-
TUIEKC JOBEPEHHOW Cpesbl UCMONHEHUS, 3()deKTHB-
HOCTb OpraHu3anuun KOTOpOfI OrpaHUYMBACTCA JIMIIb
PaCY€THBIM CITMCKOM y}I3BHMOCTCI>i U IMOTCHIIMAJIbHBIX
aTak, NPOTUBOCTOSTH KOTOPBIM CIIOCOOHAa CHCTEMa.
B mukpomponeccopax peann3oBaHBl TaKHUE ammapart-
HBIC PEICHUS 1] HOBBIICHHSI 0€30IIACHOCTH CHCTEM,
KaK OpraHu3alus JOBEPEHHON 3arpy3KH ONEpalfoH-
HOHM CHCTEMBI, NCTIOJIb30BaHUE BTOPOTO SApa JJIsl KOH-
Tposisi 0e301acHOCTH, TOJIMTHKA H30JIMPOBAHHOTO
JoCTyna K namsati. PaccMoTpuM 3TH anmapartHsle pe-
HICHU.

JloBepeHHas 3arpy3ka MHKpPOIIpOIleccopa CTaHO-
BUTCSI BO3MOKHOM IIpyU UCIIOJIb30BAHWU HAKpHUCTAJIb-
Horo II3Y, B xoTopoe pa3paboTYMKOM ammapaTypsl
3aIUChIBAIOTCS  (uiarn KOH(Urypaluu JOBEpEeHHOM
3arpy3Ky M X3II-KJIIOYH MIPOBEPKH 3arpy’kaeMoi ore-
pauuoHHO# cuctemsl. B HakpuctansHoe [13Y Ha sTane
MPOU3BOJICTBA MUKPOCXEMBI 3aIIMCHIBACTCS 3aTrPy34HK
MIEpBOTO YPOBHsI, KOTOPBIN NpoBepsieT U(POBYIO MO-
MHCh 3arpy3drka BTOPOTO YPOBHS, HaXOJSIIErocs B
OCHOBHOHM TaMATH, W JaeT pa3pellieHHe Ha ero 3a-
rpy3ky. Cxema 3arpy3ku onepanuoHHON CHCTEMBI TIPU
3TOM NPUMEPHO CIEAYIOImas.

Ilocme BxIIOUEHUS TUTAHUS WA II0 CUrHaiy
copoca (Reset) MUKpOCXEMBI MUKPOTIPOIIECCOP HAYH-
HaeT WCIOJHITh HHCTPYKIMHU II0 ajipecam, OToOpaxa-
eMBIM Ha HakpucTansHoe 113V,

W3 nakpucranssoro I13Y 3amyckaercs 3arpy3uuk
MIEpBOTO YPOBHSI, KOTOPBIH KONMUPYET HEOOXOIUMBIN
Koz nporpamMmMsl B O3V Mukpomnpoueccopa.

Kon, cxonupoBanusii B O3V, BBINOJHSAET MpPO-
BEpKYy LU(PPOBOH NOANUCH 3arpy3dvka BTOPOTO
YPOBHS, B Ciydae YCIEHIHOW NMPOBEPKH 3arpyxaeTrcs
OTIepalMOHHAas CHCTEMA.

Hakpucranproe [13Y (ROM) npencrasiseT codoit
KIlaccudeckoe sHepronezasucumoe [13Y, koTopoe co-
3/1a€TCsl HA TPOM3BOJCTBE B IIPOILIECCE BHIPALTHMBAHUS
ocHOBHOTO Kpuctayuia. Jlanaeie B [13Y Takxke 3amuchl-
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BAIOTCSl HA CTaJUM MPOU3BOACTBA U MOCJIE ITOTO HE
MOryT OBITH Iepe3anucansl. B npouecce paboTsl cu-
cTeMbl Ha kpuctaiuie [13Y 1ocTymHO TOIBKO I 9Te-
HUS JaHHBIX. BBUAY TOTO, YTO JaHHBIE B IAMATh 3aIlU-
CBIBAIOTCS PU POU3BOACTBE, HECAHKLIMOHUPOBAHHAS
3alKCh B HEE HEBO3MOXKHA. B oTinMune OT OTAEIBHBIX
MukpocxeM I3V, koTOpble WHTETPUPYIOTCS HA CH-
CTEMHYIO IJIATy OTAEIbHO, HEBO3MOXKEH U MOJJIOT Ha-
kpuctanbHo#t 113V, yTo rapanTupyeT AOCTOBEPHOCTH
conepxkamuxcs B [13Y naHHBIX.

B coBokynHocTu ¢ HakpuctansHbM 113V mnga go-
BEPUTENBHON 3arpy3KH ONEPALUOHHOW CHCTEMBI MO-
JKeT HUCIOJIb30BaThCS OJHOKPATHO MpOrpaMMHUpyeMas
namste XPM (Extra Permanent Memory).

[Mamsare XPM, nocTpoeHHas B 6a3uce CTaHAapTHOH
KMOII-noruku, sBAsSETCS OJHOKPATHO 3alMChIBac-
Moil. HesanporpammupoBaHHasi namsTh COIEPKUT B
cebe mornueckne «0». B ocHOBe pm3ukm mpomecca 3a-
IIUCH B YEHKY HNaMATH JIOTUYECKOUN «1» JEXUT NpHUH-
U TIPOOOS TTOI3aTBOPHOTO OKHCIIAa TPAH3UCTOPA BBI-
COKHM HalpspKeHHEM, MOTy4aeMbIM CXeMOW HaKaukd
HaIpsKEHUs WK OTACNIbHOW JTMHUEH, BBIBEJICHHON Ha
BBICOKOE HamnpspkeHue. 3anaTeHToBaHHeIH NVM (non-
volatile memory) MexaHU3M rapaHTHPYET MOJIHYIO 3a-
IIMIIEHHOCTH JaHHBIX. B CBA3M ¢ 3TUM 1aHHAs TaMATh
MOXET HaXOJHWTh NPUMEHEHHE B OOJACTH 3allUThI
nHpopManuu. B cucTtemMax Ha KpUCTalie OHA MOXKET
HCIIOJIb30BATHCS AJISl XPAaHEHUS BAXKHBIX JaHHBIX, IPO-
LIMBOK U T.II.

Bropoe sapo Mukponpouneccopa MOXXeT HCIOIb30-
BaThCSI KaK MOHHUTOP 0e30macHOCTH (THUIIEPBU30D),
OCYILECTBJIAT MEPEeXBaT IOJO3PUTEIBHON AaKTHB-
HOCTH Ha OCHOBE METPHK (BPEMCHHBIX, TOBEICHYC-
CKHX), OOHapyXeHHE HeIONMyCTUMOW KOH(HTrypamun
YCTPOMCTB, MPOYUCTKY KAII-NIAMSITH U COXpaHEHHUE TO-
YeK BOCCTAHOBJICHHS IOCie cO0sl.

W3ommpoBaHHEI JOCTYI K MaMATH Ui miepude-
PHUMHBIX YCTPOWCTB TMOKO HACTPAUBAETCS C IIOMOIIIBIO
OJToKa 3aIKUTHl COBMECTHOTO TOCTYIA K Hel. [laHHBIH
60k (MPU) mo3Bossier Ha anmapaTHOM YPOBHE pea-
JIM30BaTh IMOJIMTUKY H30JMPOBAHHOIO JOCTYIA K Ia-
Mt cuctembl. Mcnonb3zoBanue MPU B mukpomnpo-
neccope 1890BM118 npemaer ux ycTOWYHMBBIMH,
Ha/Ie)KHBIMH M B HEKOTOPBIX CIydasx Oojiee H6e3omac-
HBIMH, NPEMATCTBYS 3a7adaM MPUIOKEHUS MOTY4YHUTh
HEXKEJTaTeNbHBIN TOCTYTI K CTEKY WM 00JIaCTH ITaMsTH,
WK TOBPEIUTh CTEK U MaMsTh JAaHHBIX, HCIOJIb3Yye-
MbIe npyrumu 3amgadamu. MPU mo3Bomsier n3bexats
pPacIpoCTPaHEHHBIX aTaK, HANpPAaBICHHBIX Ha MHOPUY
KOH(HTypaIuy WIH KPUTUICCKUX JaHHBIX, TPHHAIJIC-
KaIIX IPYroMy IpOIeccy.

Bnok nmeer crexyrommue BO3SMOKHOCTH:

— OIpeJieNIeHHe TpaHMIl OKHA JOCTyNa YCTpOH-
CTBa K CUCTEMHOM NMaMsITu;

— OIpeJeNieHNe THUIA ONEePaLuu JOCTyNa K OKHY,
YTEHHUE W/WIIN 3aIUCh;

— peructpbl Uil KOHTPOJsS OIIMOOK JOCTYyHa
YCTPOMCTB K MaMSITH;

— (opmupoBaHue TpepbIBaHUS MPHU OIIHOKE J0-
CTyIa K OKHY.
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3a KaXAbIM «MacTep»-yCTPOUCTBOM 3aKpemsIeHO
CBOE OKHO JOCTyIa B CUCTEMHYIO HaMsTh, OKHO JI0-
CTYITHO II0 YTEHHUIO W/WHK 10 3amucu. Ecinm B KoHH-
TYPaIIOHHOM PETHCTPE OKHA OMTHI IOCTyIa HE yCTa-
HOBJICHBI, a/[peCHOE OKHO HeXocTymnHO. IIpu obpamie-
HUH K NaMATH TPOBEPAIOTCS HAYAJIbHBIA M KOHEYHBIN
azpeca OKHa, THUN Oleparu (YTeHue/3amuch). Ecim
azipec oOpamieHUss He NPUHAIJICKUT TPAHUIAM OKHA
WIM TUI ONEpalyy 3ampelieH, BhICTaBisieTcsl Qiar
OLIMOKM OKHa, aJpec M aTpHOyTHl OOpalleHUs 3aIlH-
CBIBAIOTCSI B YNPABIAIOLINE PETUCTPhl U BBI3BIBACTCS
npepeiBanue. Ilociie KOHGUrypanuu yHpaBIISOIINX
peructpoB MPU BO3MO>XHa OJHOKpaTHas 3aIuCh
6uta, 3ampenaronero nocjaeyne N3MEHeHHUs KOH-
(urypammonHsIx peructpos MPU.

MO3KHO BBIIEIHTH Ba OCHOBHBIX NEPCIEKTHBHBIX
HaIlpaBJICHUs TOBBIMICHNS OE30MAaCHOCTH CHCTEM Ha
KpHCTaJle Ha 0a3e OTEUECTBEHHBIX MHKPOIPOIECCO-
POB: Ha OCHOBE CPEJICTB BUPTyalU3allid U HA OCHOBE
JIOBEpeHHOW cpensl ucnonHeHns. Konnemnmust 6e3o-
MIaCHOCTH Ha OCHOBE BHUPTYaJU3UPOBAHHOIN CHCTEMBI
6asupyercss HA OCHOBE MHUHMMHU3AIIUH MOTCHIHAIBEHO
YS3BUMBIX YYacCTKOB KOJa IIyTeM H3O0JIIUN HeJoBe-
PEHHOI OIEpPallMOHHON CUCTEMBI B BUPTYalbHOW Ma-
IIMHE C ITOMOUIBIO IPOTPaMMHO-aIIIAPaTHBIX CPENICTB.
Kpome cBOIHCTB H30IMPOBAaHHOCTH  JTOBEPEHHOM
cpelsl, BUPTyaIu3alys MO3BOJSET OCYHIECTBIATE KIIO-
HUPOBAHUE, PE3EPBHOE KOMMPOBAHUE U OTKAT BUPTY-
albHOW MAIUHBI, 3TO TMOBBIMAET HAJIEKHOCTb CH-
CTEMBI, UTO TAaKXe aKTyallbHO B CEPBEPHBIX MPUIIOKE-
HusAx. O0a HampaBiIeHNS B3aNMOCBSI3aHbI U HAXOIATCS
B IUIOCKOCTH pa3pabOTKM ammapaTHO-IPOrpPaMMHBIX
cpencts. Pa3paboTka IByX HampaBlI€HHH UMEET mepe-
CEeKaloIuecs: YacTh B 00JacTH ammapaTHBIX CPEACTB
3aLIMTHI TAMSTH U Spa MUKPOIIPOLECCOpa, Tak, 00JIb-
IIMHCTBO COBPEMEHHBIX apXUTEKTyp MHKPOIIPOIEeC-
COpOB MOJACPKUBAIOT PEXUM BHPTYAIH3aLUN OIle-
pallMOHHOM cHCTeMBI. AmnmapaTHas HOJJAEp)KKa HH-
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(pacTpyKTypbl JOBEPEHHOI'O PEXHUMa HCIOIHEHHS
NPWIOKEHUH 0€3 MOAJIepKKH BHUPTyalH3aluK M03BO-
JSIET OTHOCHUTENBHO YHPOCTHTH ApPXUTEKTYpPy 3alll-
IIEHHOM CHCTEMBI, OTHAKO HE M30aBIsIET OT MPOrpam-
MHO-aMIapaTHOH 9acTy, 9TO B YHUBEPCAILHOM CITydae
MIPeICTaBIsIeT COO0W MOHHUTOP COOBITHH, pealn30BaH-
HBIIl HA OCHOBHOM MJIM OTAEIHHOM MHUKPOIIPOIIECCOP-
HOM siIIpe.

Bce omucaHHbIe anmaparHble pPeIeHHs JUIsl TOBbI-
HIEHUS POU3BOIUTEIBHOCTH U 0€30MaCHOCTH ITpHUMe-
HSIOTCS B OJIOKaX MUKPOIIPOIIECCOPOB, pa3padaThiBae-
Meix B @HI[ HUMCH PAH, uto mo3BoisieT CTPOUTh
Ha UX OCHOBE JIOBEPEHHBIE BEICOKOIIPOU3BOAUTEIIEHBIE
CHCTEMBI.
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Abstract. This article considers the problems of developing a high-performance microprocessor for trusted computing

systems.

Microprocessor performance is determined by core capacity or a number of stages, which may be in execution simultane-
ously, and memory access time. Microprocessor applicability to create trusted systems is based on using self-made blocks and

nodes.
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Microprocessor core performance is determined by three characteristics: clock frequency, operations per instruction, in-
struction rate. For 1890VM118 microprocessor these characteristics were optimized by performance/power parameter. Clock
frequency increasing is achieved using custom development of timing critical blocks and pipeline length optimization. Hard-
ware solutions, such as superscalar instruction execution, branch prediction and preliminary data load in cache memory, in-
crease instruction rate. Implementation of the arithmetic co-processor focused on digital signal processing tasks allows increas-
ing the number of operations per instruction. The paper considers increasing memory subsystem performance in terms of sym-
metric memory access for a dual-core microprocessor. It also describes the approach to implementing cache coherence in
processor cores.

The authors pay special attention to increasing the security level in microprocessor for trusted computing systems. They
consider hardware solutions for operating system trusted boot and isolated memory access. To ensure trusted boot the authors
suggest using on-chip ROM and one-time-programmable memory containing a secured bootloader and the keys to verify the
signatures of an operating system. Isolated access solutions include a memory access controller discussed in the article and
implemented inside a microprocessor. The paper proposes prospective solutions for creating trusted systems based on micro-
processors by NIISI RAS.

Keywords: trusted systems, System-on-a-Chip, microprocessor architecture, co-processor.
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BOCITPOH3BEZEHHE BHAEOJAHHBIX BI;IUCOKOﬁ' 9YETKOCTH
B BHPTYAABHOH TPEXMEPHOH CPE/E
HMHTAIITHOHHO-TPEHA>KEPHBIX CHCTEM

A.M. I'uayurmos, nayumslii compyorux, algts@inbox.ru;

K.A. MampoceHKo, k.m.n., pyxogodumens Llenmpa, kirillam@ya.ru
(Llenmp susyanusayui U CNYmHUKO8bLX UHGPOPMALUOHHBLX mexHooeuli PHI] HUHCH PAH,
Haxumosckuil npocn., 36, kopn. 1, 2. Mockea, 117218, Poccusi)

B cratbe npuBoxsTCs paspaboTaHHBIE METOABI BOCIPOU3BEICHHS BHIEOMATEPHUAIOB BBICOKOH UETKOCTH B TMOJACHCTEME
BU3YalIH3aI[1 TPEHAXKEPHO-00YyJAIOIINX CUCTEM.

TpenakepHO-00yUaroIINe CUCTEMBI, KaK IIPABHUIIO, COJEPKAT 3HAUNTEIHHOE KOJTUIECTBO PA3HOPOAHBIX HH(OPMAIIMOHHBIX
pecypcoB. OcoOblil HHTEpec IPEICTaBIIOT TaKue BUIBI ayJMOBU3yaIbHOH yueOHOI HH(pOopManny, KaKk JTHHAMUYECKHe Ipa-
(hUKM pa3BUTHS POLECCOB, MILTIOCTPATHBHEIC MaTepHaibl H3yJ4aeMbIX 00BEKTOB, TPEXMEPHbBIE MOETH 00BEKTOB U X YACTeH,
Ppe3yabTaThl paboThl MOJEIMPYIONINX KOMILIEKCOB B (hopMe BHIe000pa30B ¢ COXpaHEHHEM YIPaBIIEMOCTH IIPHIIOKSHNUS, BU-
neomarepuaisl. [TogcucremMa Bu3yanu3anuu o0ecreurBaeT 0TOOPaXKEHUE PE3yJIbTATOB MOJCIUPOBAHHS BHEIIHEH Cpenbl U
00BEKTa YIIPaBICHUS C TOMOLIBIO YCTPOUCTB 0TOOpakeHHs nHpopMarun. OToOpakeHre BUACOMATEPHATIOB B BUPTYaIbHOM
TPEXMEPHOH CIIEHE ABIIAETCS OJHUM U3 TPEOOBAHUH K TPEHAKEPHO-00YIAIOMUM CHCTEMAaM.

Bocmpoussenenue BuaeomaTepuaioB BHYTPU BUPTYaJbHONW TPEXMEPHOM CLIEHBI SIBISIETCSA CIOKHOM 3a/adei, Tak Kak
HEOOXOJMMO yIHUTHIBATh TaKUe (DaKTOPHI, KAK IPOU3BOJUTEIHHOCTD MOACHCTEMBI BU3YalH3allMy U TIPOU3BOAUTEIFHOCT BH-
neokaptsl. [logcucremMa BU3yanu3anud IOJDKHA 00ECIIEYNBaTh OTOOpaKEHHE TPEXMEPHOM CLEHBI C MPUEMIIEMOI 4acTOTOH
Ka/IpoB (He MeHee 25 KaJpoB B CEKYHY) U IIPH 3TOM OBITh CIOCOOHOW pearupoBaTh Ha BHEIIHHE BO3JCHCTBHS, B TOM YHCIIE
Ha U3MEHEHHMs TapaMeTPOB TPEXMEPHOI CIIEHBI WITH 3aTrpy3KY JIONOIHUTEIHHBIX 00BEKTOB.

Jnst oToOpakeHusT HECKOJIBKUX BUIEOMATEPHAIIOB BEICOKOH YETKOCTH B BUPTYalIbHOU TPEXMEPHOM CIIeHEe aBTOpaMH ObL1a
pa3paboTaHa U pealn30BaHa apXUTEKTypa JeKoepa KaJpoB BUIe0. APXUTEKTypa BKIIFOYAET eKOIep BUIEO, B KOTOPOM IIpO-
HCXOJUT JIEKOAUPOBAHNE BHEO- U ayANOIAKETOB; MOACUCTEMY BOCIPOU3BEACHUS JEKOAUPOBAHHOTO 3BYKA; YIPABIISIONIYIO
CTPYKTYPY, HEOOXOJUMYIO ISl 3aITyCKa BUJIE0, TTay3bl BOCIIPOU3BE/ICHNS, BRICTABICHUSI TPOMKOCTH BOCTIPOM3BOIIMOTO BHJIEO
U T.J.; HHTepdeiic B3aNMOAEHCTBHS C ABMKKOM, HEOOXOIUMBIH IJ1s1 OOHOBIICHUS BUIEOKAIPOB.

Kniouesvle cnoga: mpenasicepro-obyuaiowue cucmemslt, CUCmema 8U3yam3ayu, 6U0eoMamepuabl, mpexanicep, peHoe-

PpUuHe, 8Udeo, oekooep.

YBenuueHne 4nciia TeXHHIeCKUX CUCTEM U TTOBbI-
IIEHWE WX CJIO0XXKHOCTH NPHBOJIAT K HEOOXOAMMOCTH
CO3/JaHUS HOBBIX BHUIOB TEXHUYECKUX CPEJICTB 00yUe-
HUA. OZHUM W3 TakUX CPEJCTB SBISIIOTCSA MpeHa-
arcepro-ooyuarowue cucmemsi (TOC). [TomoOHBIE cH-
CTEMBI HE3aMEHUMBI B TEX OTPAcisX, IJe OUIHMOKH Ipr
00y4eHNH Ha peasbHbIX 00BEKTaX MOTYT NPHUBECTH K
HEraTUBHBIM TIOCIIE/ICTBUSIM, a UX YCTPAaHEHUE — K 3Ha-
YUTENbHBIM (DMHAHCOBBIM 3aTpaTaM: B BOGHHOM JIeie,
MeJUIIMHE, aTOMHOHN SHEPreTHKe, aBUAIlH 1 KOCMOCE.
W3 aToro criefyer akTyajdbHOCTh 3a/[a4d OCTPOCHHUSI
copemenHbIx TOC.

IToxn TOC oneparopa crodicHoOU mexHuuecKou cu-
cmemvr (CTC) Oynem MOHUMATh TEXHHYECKOE CpE-
CTBO JUISl TIOATOTOBKHM OIIEPATOPOB B €IMHOM HH(OP-
MalMOHHOM OKpYXKEHWH, OTBeuaroniee TpeOOBaHMAIM
METOJIUK ITOJITOTOBKH, CO3/IAI0IIEe YCIOBHS JJIsI OITY-
YeHWsI 3HAaHWH, HABBIKOB M YMEHUH, peau3ylolee Mo-
JIellb TAKHX CHCTEM M o0ecrieunBaroliee KOHTPOIIb Hajl
JEUCTBUAMH 00y4aeMoro, a TakKe JUis HpPOBEICHUsI
uccienoBanmii [ 1, 2].

Kak npasuno, TOC comeprkaT 3HAUUTEIEHOE KOJTH-
4eCTBO MH(QOPMAIMOHHBIX pecypcoB. OcoOblif MHTe-
pec NpEeACTaBISIIOT TaKHe BUIBI ayJHOBH3YaJbHOM
yueOHON mHpOpManuy, Kak IMHAMHUYECKUE TpaduKH
PasBUTHUsI NPOLIECCOB, WILIIOCTPATHBHBIC MaTEpHAJIBI
M3y4aeMbIX OOBEKTOB, TPEXMEpHBIE MOJAEIN OOBEK-
TOB M MX YacTei, pe3ynbTaTsl paboThl MOJEIMPYIO-

IMX KOMILIEKCOB B popMe BU1e000pa3oB ¢ coXpaHe-
HUEM YIPaBIISIEMOCTH INPHUIIOKEHUS, BHIEOMaTepUa-
el [3].

IMoncucrema Bu3yanu3annu oOecHeyMBAET OTOO-
pakeHHe pe3ylbTaTOB MOJENUPOBAHMS BHEIIHEH
cpenbl 1 00BEKTa yNPaBIEHHs C TIOMOIIBIO YCTPOHCTB
otobpakenns nHGopMarm. OToOpaXkeHre pasHOPO-
HBIX BUJEOMAaTEPUAIIOB B BUPTYaJIbHOU TpeXMepHOU
crieHe — oiHO U3 TpeboBanuit k TOC.

Bocnpowussenenne BuaeomMaTepraioB BHYTPH BUP-
TyaJIbHON TPEXMEPHOHN CLEHbl SBISIETCS CIIOKHOU
3a/auei, Tak Kak HEOOXOIMMO yIUTHIBATh TaKkue (ax-
TOpBI, KaK MPOU3BOAUTENBHOCTh MOJICUCTEMBI BU3Yya-
JU3alMY U IPOU3BOAUTENBHOCTD BUeoKapThl. [Toacu-
cTeMa BH3yallM3alluK JIOJDKHA o0ecrieuynuBaTh 0TOOpa-
JKEHHE TPEXMEPHON CLEHBI ¢ MPUEMIIEMON 4acTOTOM
KaJpoB (He MeHee 25 KaJpoB B CEKYHIY) U IIPH 3TOM
OBITH CIIOCOOHOM pearnpoBaTh Ha BHEILIHWE BO3JEH-
CTBHSI, B TOM YHCJIC HAa U3MEHEHHS MMapaMeTpOB TPeX-
MEpPHOM CIICHBI WJIM 3aTPy3Ky JOMOTHUTEIBHBIX 00B-
eKTOB. [[y1st 0TOOpakeHUsI HECKOJIBKUX BHIeOMaTepHa-
JIOB BBICOKOW YETKOCTH B BUPTYaJbHOM TPEXMEPHOI
CIleHe aBTOpaMu Oblia pa3paboTaHa U peain30BaHa ap-
XUTEKTypa JEKOAepa KaJpoB BHUAEO, a Il obecrede-
HUS TpeOyeMOW INPOM3BOANUTEIBHOCTH IOJCHCTEMBI
BU3yaIM3allid NPU OTOOpPaKCHWH BHIEOMATEPHAIIOB
BBICOKOM YETKOCTH — METO/IbI IEpeiayl JaHHBIX B BU-
JICONaMsITh.
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Jexonep BuaAeOIaHHBIX

CrpykTypa Bumeodaiina — KOHTeHHep ¢ 00IIel HH-
(hopmarmeii 0 ero comep>KUMOM (KOJIMIECTBO BHIIEO- H
ayIUOINIOTOKOB, HAMUHEe CYOTHUTPOB, HHPOPMAIUSI O
paszenax, MeTaJaHHbIC — HA3BaHHUE, T0J] CO3/IaHMs, aB-
TOp ¥ T.A.) M PA3NAYHBIX MOTOKAaX WH(popMaImu (BH-
JIe0, ayauo, CyOTUTpHl W T.O.). HekoTopsle KOHTEH-
HEpBI OMYCKAalOT HCIOIb30BaHNE TOJIBKO ONpeeIeH-
HBIX KOJIEpOB Uil TpeACTaBieHHs WH(opManum.
Haunbonee nmomynsapubimu sieisiioress AVI, OGV, MP4,
MKV, MOV, WMV.

B GoxpmMHCTBE KOHTEHHEPOB JaHHBIE MPEICTaB-
JSIFOTCSL B BUJIE NMAKETOB (B HEKOTOPHIX (popmarax —
kycku (chunks) mmu cermeHTH (segments)). [lakeTs
XpaHAT 3aKOJUPOBAaHHYIO MH(OpManuio onpenesieH-
HOTO THIIAa — BHIEO, AyJUO WIH CYOTHUTPBI U T.H.
B GonpmmHcTBe BUaeodaitioB KOJMYECTBO ayaHomNa-
KETOB 3HAYMTEIFHO MEHBIIE KOJINYECTBA BHUACONAKE-
TOB — MpHONM3UTENBHO 75 % BHAeomakeToB u 25 %
ayJMOIIAKETOB. B 3aBUCUMOCTH OT THUIIa KOHTEHHEpa U
HCIIONIB3YEMOTI0  KOJepa pacloJIOKEHHE IaKeTOB
BHYTPH KOHTEIfHEpa MOXKET OBITh Pa3HBIM. 3a4acTyIO
MaKeThl PACIIONIOKEHBI B BHJE IOCIEI0BATEIbHOCTU
ouepesiell MakeTOB PAa3HOTO THIA, HAIIPUMEpP, OKOJIO
20 BU/IEONIAKETOB, PACIIOIOKEHHBIX TIOAPSII, 3aTEM He-
CKOJIBKO ayAHMOTIaKEeTOB, ITOCIIE KOTOPBIX CHOBA MOAPSI
pacrosnoxeHsl 0Koso 20 BHIEONAKETOB.

[TakeTsr XpaHsT B ceOe ONMpEAEIEHHBIH CErMEeHT
ayano- Wi BuaeonHpopManuu. B 6osbmmHCTBE CIity-
YyaeB B BUJICONIAKETE XPAHUTCS LEJIBIH BUAECOKA P, HO B
HEKOTOPHIX hopmMarax OJ1H BHIEOKAIP MOXKET COCTO-
ATh U3 HECKOJIBKHX TAaKeTOB. JTO OOYCIIOBIEHO TEM,
Kak KoJep coxpaHseT MHPOPMAIMIO O BHACOKalpe.
Hampumep, B popmare MPEG 2 npucyrtcTByroT TpH
THIA KaJpoOB: HE3aBUCHMO CXKaTble KaJapbl (I-kaapsl),
KaJpbl, CXaTble C HCIOJb30BAaHHEM IIpEACKa3aHUs
JBIDKCHUS B OJTHOM HanpasyieHuH (P-kaapsr), n kaapsl,
CXKaTble C MCIOJIb30BAHUEM IPEICKa3aHUs JIBIKCHUS
B ZByX HampasieHusx (B-kaapsr). CooTBercTByronme
TpyIBI KaApoB OT OAHOrO [-Kaxpa 1o apyroro obpa-
3yrotT GOP (group of pictures) rpymmy xanpos [4].

B nakerax, Kpome 3aKOJIMPOBaHHBIX JAHHBIX U WH-
(hopmarmy o pasmMepe U THIIE TaHHBIX TaHHOTO MTaKeTa,
NPUCYTCTBYET MHPOPMAIMS O BPEMEHH, KOIJa Heoo-
XOJMMO JEKOAMPOBATH JAHHBIA MakeT (TociemoBa-
TENILHOCTH JIEKOJIMPOBAHUSI TIAKETOB), U BPEMEHH, KO-
r1a JeKOJUpOBaHHAS WHQOpManus IOJDKHA OBITH
0TOOpaKeHa MITM BOCIIPOHU3BEICHA.

AynuonHpopmarys Bueodaiina MoxeT ObITh 3a-
KOJIMPOBaHa B Pa3NM4HbIX (opmarax ckaTus, TaKHUX
kak MP3, AAC, AC3, WMA u T.4. /{151 KOppeKTHOTO
BOCIIPOM3BEACHHS ayJHOMH(POPMALMH HEoOX0IuMO
3HaTh KOJHMYECTBO KaHAJIOB (MOHO-, cTepeo-, 5.1, 7.1
U T.J.) U 9acTOTy AucKperu3anuu. [locie nexoguposa-
HHUS 3BYKOBOTO TIaKeTa [EKOAWPOBAHHBIC JaHHBIC
npencrapisorces B Gopmare PCM (pulse code modu-
lation, MMITYJIbCHO-KOJIOBasi MOAYJISAIMS) W Tiepena-
I0TCS 3ByKOBOHW KapTe I BOCIPOU3BEACHUS 3ByKa.
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Pa3paboTanHast apxuTeKTypa rpaduuecKoi moacu-
CTEMBI TI03BOJISIET IEKOJMPOBATh U OTOOpaXKaTh OHO-
BPEMEHHO HECKOJbKO BHIECO BBICOKOW YETKOCTH B
TpexmepHoi creHe. COCTaB apXUTEKTYphI: IEKOAEP
BUJICO, B KOTOPOM IMPOUCXOAUT IEKOJUPOBAHUE BH-
JIeO- M ayUOIAKETOB; MOJICHUCTEMa BOCITPOU3BEICHUSI
JICKOJMPOBAHHOTO 3BYKa; YIPABJISIONIAs CTPYKTYypa,
HeoOXoauMast JIIs 3aIycKa BH/IE0, ay3bl BOCIIPOU3BE-
JICHUS], BBICTABJICHUSI TPOMKOCTH BOCHPOU3BOJUMOTO
BUJIEO U T.JI.; UHTEP(EHC B3aUMOACHCTBUS C JIBUKKOM,
HEOOXOUMBIH U1l OOHOBJICHHUS BUJICOKAIPOB; HHTEP-
(hetic ynpasieHus rpa@uIecKoil moICUCTEMON.

O01mmas cxema paboTHI AeKo/iepa IpeICTaBIeHa Ha
PHCYHKE.
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OTaenbHbI NoTok 06paboTku

Obwas cxema pabomul dexodepa guoeoghaiiia

A general operation scheme of a video file decoder

Jlexonep COCTOWT W3 YETHIPEX HE3aBUCHUMBIX Ya-
cTel:

— ONOK yIpaBleHHS, OCYIIECTBISIFOIINI 3aITycCK,
OCTaHOBKY, a Takke 00paboTKy OmMOOK B ciIydae MX
BO3HHUKHOBEHHSI;

— OJIOK MoJNTy4eHHsl MaKeToB u3 (aiiia Ui BHell-
HEero HCTOYHHKA, UX JEeMYJbTUILUIEKCHpOBaHUe (Ipu
HEOOXOJIMMOCTH) W COPTUPOBKA BUAEO- U ayIHOIaKe-
TOB 10 COOTBETCTBYIOIMM O4YEPEIsIM;

— OJIOK JIEKOAMPOBAHUS BUICONAKETOB;

— OJIOK JeKOAMPOBAHUS ayIMOIaKETOB.

Jns kaxzmoro oTtoOpaxkaeMoro BHeoMaTepHuaia
COo3/J1aeTcs CBOM HK3eMILIIp iekoepa. Bo Bpemst nHu-
[MaJIM3alK JIEKOJiepa CUYMTHIBAIOTCS BCE HEOOXO.H-
MBIE IIapaMeTphl 0 BUIEO]aiiiie, TAKUE KaK KOJEKH, UC-
MOJIb3yeMbIe JJISI CXKATHUsSI BUIECO- U ayAHOUH(OpMa-
I[1H, KOJIMYECTBO 3BYKOBBIX U BUACOMOTOKOB B (aiiie,
IIMpYHA ¥ BBICOTA (pa3perieHne) BUAeo0, KOJIUIECTBO
KaHaJIOB 3ByKa U T.1.

Pasmernenne makeToB B (haiiie MOXKET pa3IudaThCs
B 3aBHCHMOCTH OT (opmara Bujpeodaina, cienona-
TEJILHO, CJIOXKHO TPEJICKa3aTh, B KAKOM IOpsiAKE OyayT
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CJIeZI0BaTh BUJEO- U AyAUONAKEThl. TO MOXKET NPHUBE-
CTH K CUTYAI[lH, KOTJIa OYepelb BUICOIAKETOB 3aII0JI-
HEHa, a oYepelnpb ayJuOINaKeTOB ITycTa. Y3HATh THII
CIIEIYIOIIETO TAaKeTa HEBO3MOXKHO IO €ro YTEHWUS.
Ecnu cnepyrommil BUAEONAKET OKaXETCs 3aKOAUPO-
BaHHBIM BHICOKAIPOM, HEOOXOIMMO JTHOO TOMECTHTD
STOT MaKeT B O4Yepelb BUICOMAKETOB, TO €CTh IIPEBHI-
CUTH 3aJaHHBIC PAMKH OYEpEeIH, OO yNAIHUThH €ro,
4TO MPHUBEMCT K apTedhakTaM Ha KOHEYHOM HU300paxe-
HUY I TPOMYIICHHBIM KaJpaM U PhIBKAM BOCIIPOM3-
BOJUMOTO BUco. J{JIst penieHus 3o npo0ieMbl Obuia
co3/laHa TPeThsl O4Yepeslb NMAaKeTOB, B KOTOPYIO IOMe-
IIAFOTCS MAKeThl Pa3IMYHOrO THIA W3 BUACOdaiina,
a3aTeM COPTUPYIOTCS 10 TUILY NakeTa (ayIuo- Ui BH-
JIeonakeT) B oxHy w3 ouepeneil. CopTupoBka ocy-
mectrisercs mo meroxy FIFO («mepssrit Bomien, mep-
BBIH BBIIIICI»).

Buneonexonep mpoBepseT HATMIHE TAKETOB B O4e-
penu BUACOMAKETOB U PpH 0OHAPYKEHUH 3a0HpaeT ma-
KeT U3 Havaya ouepenn. [Ipomecc AeKoAUPOBaHUS BH-
JIeoNaKkeTa COCTOUT U3 JBYX 3TAIlOB — AEKOAMPOBaHUE
nakera ¥ npeoOpa3oBaHUe JEKOJUPOBAHHOTO Kajpa B
HeoOXouMYI0 IIBeTOBYIO Mojeib. [Tocne nekoampo-
BaHMs U MPeoOpa30BaHus B APYTYIO LIBETOBYIO MOJIENb
KaJp ToMelaeTcs B ouepenb ACKOAUPOBAHHBIX Kaj-
POB. AHAJIOTHYHO ayIUOACKOIEp MPOBEPSCT HAIHINE
MAKETOB B OYEPeH U MPH OOHAPYKCHUU EKOTUPYET
MepBhIiA MmakeT w3 odepemu. [locie mexoampoBaHUs
3ByKOBBIC JnaHHBIE B popmare PCM momemarorcs B
ouepelb IeKOJUPOBAHHBIX 3BYKOBBIX TaHHBIX.

Tak kak TmoACHCTEMa BU3yalM3allMd IPUHIMACT
HU300paXKeHHs TOJIBKO B I[BeTOBOM Mojenu BGRA, mo-
clle JIeKOJMPOBaHUs BHIEOKaAp OyAeT npeoOpa3oBaH
B 9Ty IIBETOBYIO Mojielib. [[BeToBast Mogens BGRA BbI-
OpaHa HecIy4aiiHO: OOJBIIUHCTBO (hOPMATOB U300pa-
JKEHUH 1 0oJIbIast 4aCcTh 000PYNOBAHUS XPAHST H300-
paxenus B popmate BGRA. [1pu ucnonb3oBanuu apy-
THX [BETOBBIX MOJIENICH Ha IIEHTPaIbHOM IIPOIIECCOPE
OCYILIECTBIIIETCS ~ MpeoOpa3oBaHUE  HCIOIB3yeMOn
nBetoBoi Monenu B moneilb BGRA. Tak kak irob6oe
JHIITHEE MPeoOpa3oBaHUE CHIKACT MPOU3BOIUTEIIH-
HOCTh TpapUUECKOi TOACHUCTEMEBI, HCIIOJIF30BAHHE
nBeToBoil Mojienn BGRA sBnsiercst onTuMaabHBIM.

IIpouecc nexoaupoBanus pecypcoeMkuid. Hampu-
Mep, IeKOIUPOBAHNE OJHOTO BHICOIIAKETa C pa3pere-
HieM 3 860x2 160 (4K) na nponeccope Intel Core i7
3 I'T'g 3agumaet ot 10 go 20 Mc 6e3 MCIIOIB30BaAHUS
CICIHUATM3UPOBAHHBIX AMIAPaTHBIX CPEICTB, TaKHX
kak Intel QuickSync [5]. JlekogupoBaHue makeTa 3BY-
KOBBIX AHHBIX 3aHUMAET 3HAYMTEIIBHO MEHBIIIE Bpe-
menu (0,5-2 Mc), HO, eciu OJJHOBPEMEHHO JE€KOIUPY-
€TCsI 3BYK JIJISl HECKOJIBKHX BOCIIPOU3BOJIUMBIX BUJICO,
9TO MOXKET CEPhE3HO CHHU3MTH NPOM3BOAUTEIBHOCTD.
CKOpOCTh IMONTyYeHHs IMaKeTOB M3 BUaeodaiiia orpa-
HUYUBACTCA NPOU3BOJUTEIBHOCTBIO CLCHEMbl XPaHe-
nus oannwix (CX]1), 9TO, B CBOIO OYEpeib, BIHUACT HA
MPOM3BOIUTEIHHOCTh TOACHCTEMBI  BH3YaJIM3aAIlNH.
3amepKKN TPOUCXOMIST, €CIA B MOMEHT CUHTHIBAHUS
naketoB u3 Buaeodaiina CXJI oOpabaTeiBana apyrue

KOMaH bl MO0 (aiin sBisicsS (pparMEeHTUPOBAHHBIM,
yro 3acraBinsier CXJ[ uckarb ¢QparMeHTBl JaHHOTO
(hatina. [ mpeoqoneHns mpooiieM ¢ IPOU3BOINTENb-
HOCTBIO OBblJIa UCTIOI30BaHA MHOTOIIOTOYHOCTb.

Bce OTOKH BBITTONHSIOTCS B aipeCHOM MPOCTPAH-
CTBE Ipolecca. BeImomHAOMuICS NpoLecc UMEeT Kak
MHHUMYM OJIMH (TJ1aBHBIN) noTok. I[IpumeHnenne MHO-
TOITOTOYHOCTH Hanbojee 3¢ peKTUBHO MPH MCIIONB30-
BaHMU MHOTOSJIEpHBIX IpolrieccopoB. Ha omHosaep-
HBIX Tpoleccopax MHOTOMOTOYHOE —IPHIIOKEHHE
Takoke Oyner paboraTh, HO MOBBILIECHUE MPOU3BOIU-
TEJILHOCTH OyJIeT He3HAYMTEJIbHBIM; BO3MOXHO JaXKe
CHIDKEHHUE TPOU3BOIMTENILHOCTH, €CIM pa3Hble I10-
TOKH OJHOTO Tpoliecca BBIIOJHAIOT PECypcoeMKue
onepauuu [6].

XOTs MHOTOIIOTOYHOCTh CIIOCOOHA CYIIECTBEHHO
MOBBICUTB ITPOU3BOANTEIBHOCTD IPUIIOKEHUS, TIPUME-
HSTB €€ CIIeLyeT C OCTOPOKHOCThIO. BHenpenne MHO-
TOMOTOYHOCTH CYIIECTBEHHO MOBBIIIAET CIO0XXHOCTD
CaMoT0 NMPHIIOKEHHUS U €TO OTJIA/IKH, a TIPH HEKOPPEKT-
HOM HCIIOJIb30BaHUU MOXKET NMPHUBECTU K TaKMM HpO-
OieMam, Kak «COCTOSHME TOHKH» (Korja pabora cu-
CTEMBI 3aBHCHUT OT TOTO, B KAKOM IOPSIJIKE BBIIOJIHS-
IOTCSl 4aCTH KOJia) U B3aHUMHas OJIOKMPOBKA IOTOKOB
(HECKOJIBKO MOTOKOB HAaXOATCS B COCTOSIHMM OECKO-
HEYHOTO OXXHAAHUS PECypCOB, 3aHATBIX CaMUMH
STHMH MOTOKaMH), a TAKXKe K TPYAHOCTSIM IIpH 0oOpa-
00TKe OMMOOK (MCKITFOYCHAN ) BHYTPH TIPIUIOKCHHUS.

Ha nanHbIil MOMEHT KaXkiasi He3aBHCHUMas 4YacTb
JIEKoJIepa, KpoMe OJIoKa yIpaBieHus, paboTaeT B cO0-
CTBEHHOM ITOTOKE. MHOTOIIOTOYHOCTb MO3BOJISIET 3Ha-
YUTEIBHO TIOBBICUTh MPOM3BOAUTEIBHOCTh TI0/ICH-
CTeMBI JICKOJMPOBAHUS IMPH HCIIOJIB30BAHHUH MHOTO-
saepHoro mporeccopa. OmHaKoO MJaHHBIH IOIXOX
MMEeT M CBOM HexocTarku. [Ipu BocmpousBeneHHH
3HAYUTEIHHOTO KOJMUYECTBA BHICOMATEPHAIOB OIHO-
BPEMEHHO OyZIeT CO3/]aHO OOJIBIIOE KOJIMYECTBO MOTO-
KOB, IIPEBBIIIAIONIEEe KOJTUIECTBO JOCTYITHBIX MPOLEC-
COPHBIX siiep (Hampumep, A MATH OJHOBPEMEHHO
BOCIIPOM3BOMMBIX BHIEO Oyaer co3maHo 15 moro-
KoB). B T0 e Bpems, yeM OoJbIlle TOTOKOB paboTaloT,
TEM Yallle OTIepallMOHHAast CHCTEMa JI0JDKHA BBITIOIHSATD
KOHTEKCTHOE TIePEKIII0UeHNE, B TeUEHHE KOTOPOTO Te-
Kymuii oOpabaThiBaeMblii TIOTOK MPHOCTAHABIMBACT
CBOIO PaboTY, COXpaHsieTcs Bcsi nH(OopMaIns o BbIIOJI-
HSEMBIX OIEepalrsiX U JIAHHBIX, a 3aTeM YIIpaBJICHHE
nepeaaeTcst [pyroMy MoToKy win npomeccy. Kaxmnoe
MEepPEeKIII0YEHIE BBITIOJIHIACTCS B TEUEHHE ONpe/IesieH-
HOTO BpPEMEHH, KOTOPOE€ MOXHO OBUIO OBl HCIIOJNb-
30Bath IS AekoanpoBanus. COOTBETCTBEHHO, B OIIpe-
JISTICHHBIE MOMEHT JJ00aBJIEHHE HOBBIX IIOTOKOB HE
MOBBICHUT, & CHU3UT OOIIYI0 TPOM3BOANTEIBHOCTD IPH-
noxxeHus [7]. Tak kak KakIIblil U3 HTOTOKOB BBIMOJIHSET
pecypcoeMKue Omepaniy, MOXXEeT BO3SHUKHYTh CHUTYa-
¥, KOTA VIS OJHOTO M3 BOCIIPOM3BOANMBIX BHIEO-
MaTepHuajoB TpeOyeTcsi 0TOOPa3uTh CIEAYIONIUi BH-
JIeOKap, KOTOPHIH erre He ObUT MeKoaupoBaH. Brrxo-
JIOM U3 ITaHHOH CUTyalluy MOKET OBITh HCIIOJIb30BAHHUE
ITyJ1a TIOTOKOB.
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ITyn MOTOKOB — 3TO CTPYKTYpa, CoepIKaiias B ceoe
OMpEeIeICHHOE KOJIMYECTBO MIOTOKOB 00paboTKH, 00ec-
MIEYNBAIOIIAsl IPHUEM 33a7ad 00paOOTKH OT YIPaBIISIO-
el mporpaMMbl U MX PaCIpelelieHHe M0 MOTOKaM.
3a4acTyio KOJIMYECTBO MOTOKOB B IIylie 3aJacTcs Ha
OCHOBE MH(OPMAIIMU O KOJUYECTBE JOCTYIHBIX sIIep
nporeccopa Jisk UCIOJIb30BAHUSI BCEX TOCTYITHBIX BbI-
YHCIIUTEIbHBIX MOIHOCTEH Mpoleccopa 1 CHHKEHHS
HAKJIAJHBIX PAacXOJ0B HAa KOHTCKCTHOC MEPEKIIYe-
Hue. Haubosee coBepllieHHBIC peain3aliy MyJIoB Mo-
TOKOB TT03BOJISIOT MEPEPacIpe/IeNIATh MOCTABICHHBIC B
00paboOTKy 3a7ayll MEKAY MOTOKAMH JUIsl paBHOMEP-
HOW 3arpy3Ku IpoueccopHbIX siaep [8].

HpI/IMCHI/ITeJ'H)HO K JCKOAMPOBAHUIO OaHHBIX HC-
MOJIb30BAHUE IIyJia MMOTOKOB MO3BOJHUT 0OJiee PaBHO-
MEpHO PACIpEeNsATh HATPY3KY MPH OJHOBPEMEHHOM
00paboTKe HECKOJMbKHX BHCOMATEPUATIOB U TaKHM
00pa3oM TOTOBHTh [EKOAMPOBAHHBIC TAHHBIC IS
OOJIBIIETO YHKCIIa OJHOBPEMEHHO BOCIPOHM3BOJANMBIX
BU/ICOMATEPUAIIOB, Y€M TP HCIOJIb30BAHUH OTICIb-
HBIX IIOTOKOB ISl KaXXA0H 4acTu AeKOAepa.

Oo0HoBJIEHUE BUAEOMATEPHAJIOB
B MOJACHCTEME BU3YaJIH3aINU

3arpy3ka HOBBIX KaapoB BHaeoMmarepuana (BU-
JICOTEKCTYpbI) B IOJCHUCTEME BM3YyaJIM3allUH OCY-
IIECTBIIAETCS] B OCHOBHOM IIOTOKE MPOrpaMMBI (TIOTOKE
pernepunra). Kaxasiit kaap HOACHCTEMBI BU3yaln3a-
[IUU TIPOBEPSIETCS HA HEOOXOAMMOCTH OOHOBIIEHUS BU-
JICOTEKCTYPBI B TPEXMEpHO# ciieHe. Eciiu oOHOBIICHHE
TpebyeTcsi, TO BUAEOKaaAp OepeTcss U3 odepean KO-
JTUPOBAHHBIX KAJPOB W TOMEIIACTCS B IIAMATH BU-
JICOKAPTHI B KAYECTBE TEKCTYPHI, KOTOPasi MOKET OBITH
HaJIO’KEHa Ha IIOBEPXHOCTH JIF000T0 TPEXMEPHOTO 00h-
ekta [9].

[Ipu 3amycke BHIEO CO3MaeTCs IMycTas TEKCTypa C
pa3MepaMu BHICOKapa, KOTOpask 3aTeM MPHUMEHICTCS
K MaTepHaisy TpexMepHOro obbekTa (Marepuan o0b-
eKTa OIpeleNnseT, Kakue TEKCTYphl W IIeHJepsl Hc-
MOJIB3yeT MaHHBIN TpeXMepHbIi 00BekT). [lepen mpu-
MEHEHHEM HOBOW TEKCTYPHI K MaTepPHAaIy IPOUCXOIHUT
pe3epBHOE KOIMPOBAHUE CTAPOTO MaTepHaa A BO3-
MOXHOCTH BO3BPAIIEHUsI K UICXOAHBIM TEKCTypaM 00b-
€KTa IOocJ€ OKOHYaHUS BOCIPOU3BEACHHS BUJEO.
Taxoke JUI1 TIOBBINICHUS! TPOW3BOJUTENLHOCTH HC-
MOJB3YIOTCSl JIBa TaK Ha3bIBAEMBIX INHKCEILHBIX Oy-
(epa. OHM IPUMEHSIOTCS AJIsI XPaHEHUS TMKCENIBHBIX
JIAHHBIX (TEKCTYpPbI) B BUJICONAMSTH 1 TI03BOJISIOT 3HA-
YUTEIHHO CHU3WTH BPEMEHHBIE 3aTpaThl Ha 0OHOBIIE-
HHE BHICOTEKCTYPHI B ITOJICHCTeMe BU3yanu3anun. Ko-
JIUYECTBO UCTIONB3yEMbIX MUKCEIbHBIX Oy(hepoB ObLIO
Mo00paHO TaKUM 00pa3oM, YTOOBI MOTYIHTH JIydIIIee
COOTHOIIIEHHE 00BeMa HCIIONb3YeMOi OIepaTUBHON
MIAMSTH U BEIMYHUHBI 3a7ICPKKH IIPH OTOOPaKEHUH Jie-
KOJIMPOBaHHBIX BHJCOKAPOB.

[Ipu ncnonp30BaHNM cTaHAAPTHOW (PyHKIMOHAIB-
HOCTH MOJICHCTEMBl BU3yaJM3alUH ISl OOHOBIICHUS
TEKCTyp B BHJCONAMAITH CHaydaJla U3 BHAEOKaJpa B
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MPOMEXXYTOYHBIH MacCUB KOIHMPYIOTCS JaHHBIE, a 3a-
TEM U3 IIPOMEKYTOUHOT'O MacCHBa MTOMEIIAIOTCS B TEK-
ctypy. IIpn oOHOBIEHMH TEKCTYypHl B BHICOMAMSTH
CHaJajJa MPOUCXOAMT BBIICICHHE HOBOTO MECTA ITOX
JAHHBIC W TOJBKO IIOTOM KONHMPOBaHHE NAHHBIX W3
MPOMEXXYTOYHOTO MacCHBa B BUAEONMAMATh. Bce omm-
CaHHBIC BBIIIE JCHCTBUS BHIMOIHSIIOTCS IEHTPATbHBIM
MPOLIECCOPOM, UTO 3HAUUTEIBHO CHIDKACT IIPONU3BOIH-
TENILHOCTh TOJICUCTEMBI BU3yasu3auuu. Hampumep,
npu BocrpousBeneHnu FullHD-sumeo (1 920x1 080)
BpeMsi KOIIMPOBAHUS JaHHBIX M3 BUICOKApa B IIpOMe-
JKYTOUHBIH MacCHUB COCTaBJISIET MPHOIM3UTEIHHO
3—4 Mc, a 0OHOBJIEHHE TEKCTYPBI U3 IPOMEKYTOYHOTO
MaccuBa B BUJICONAMSTH — OT 5 /10 8 MC.

[MpenmymiecTBO MUKCEIBHBIX OydhepoB COCTOMUT B
TOM, YTO 3aTpaThl MPOIECCOPHOTO BPEMEHH HEOOXO-
JIUMBI TOJIBKO Ha ITOMeIIeHre nHpopManuu B Oydep, a
0OHOBIICHHE TEKCTYpHI U3 Oydepa MPOUCXOIUT MpaK-
THYECKH MTHOBEHHO (okoi1o 0.1 Mc) 3a cueT Toro, 94To
00paboTKa nepeMeIeHns JaHHBIX N3 MHUKCENBHOTOo Oy-
(epa B TekcTypy Boziaraercs Ha Buaeokapty [10]. Tak
Kak orneparusi OOHOBJICHUS TEKCTYPBI U3 MUKCEIBHOIO
Oydepa sBisieTCS aCMHXPOHHOM, BBIMIOJIHAETCS OHA
OueHb OBICTPO, B TO BpeMs KaK orepanus 0OHOBJICHHUS
nHdopmanum B nUKcenbHOM Oydepe MOXKeT BbI3BATh
CHUHXPOHH3ALIMIO MIPOLIeccopa U BUIEOKAPTHI, YTO NPH-
BeJIeT K 3aaepikkaM. Takke BUIEOKapTe Mmocie 0OHOB-
JICHUsI IUKCEJILHOTO Oydepa MOXKeT IIOHAaI00NThCS He-
KOTOpOE BpeMsl [Tl 00paOOTKH MOJTYYSHHBIX TaHHBIX.
ITosToMy ITpn OOHOBIIEHUH TEKCTYPHI cpasy mocie 00-
HOBJICHUSI NUKCEIBHOro Oydepa MOXET BO3HHUKHYTH
3agepkka. Eciam ke NpoM3BOAMTH OOHOBIICHHWE BH-
JICOTEKCTYPBI TIepes 3arpy3KoH HOBBIX JaHHBIX, 3TO
JIacT BUJIEOKapTe OoJIbIIe BpeMeHH Ha 00paboTKy AaH-
HBIX MUKCEIBHOTO Oydepa.

ITpu BocIpoM3BEIEHUH OJTHOTO BHJIEO C pa3pere-
HUEeM BILIOTH 70 1 920x1 080 (FullHD) B moacucteme
BH3yalU3aIi JHUO0 HECKONBKHX BHAEO C paspele-
HUeM He BoIe 720x576 (576p, SD) BpeMs reHeparyn
OJTHOTO KaJipa He npeBbitnaet 40 Mc (B 3aBUCIMOCTH OT
anmapatHo# wiatgopmsl). OTHAKO TPU OJTHOBPEMEH-
HOM BOCHPOMW3BE/ICHUN HECKOJBKHX BHJEO BBICOKOW
YEeTKOCTH HaOIoJaeTcss 3HAYNTEIBHOE YBEINYEHHE
BpPEMEHHU Te€HEpalNK Kajapa MOJCUCTEMON BH3yasln3a-
12078

Bo Bpems paboTsl Hal perieHHeM poOIEMBI ITPo-
W3BOJUTEILHOCTH TIPU OJHOBPEMEHHOM BOCIIPOM3BE-
JICHUH BHJIEOMATEpUAJIOB BBICOKOH YETKOCTH OBLIO
pa3zpaboTaHO HECKOJIBKO METOI0B. B iepBoM paszpabo-
TQaHHOM METO/IC HOBBIE JEKOJAUPOBAHHbBIE KaJPbl KO-
MUPOBATIUCH B IHUKCENbHBIE Oy(epsl B OTACIEHOM
MOTOKE, B TO BpeMs KaK UX Iepejiaya B MaMsTh BH-
JIEOKapThI OCYIIECTBIISIIACH B OCHOBHOM MOTOKE BH3Y-
anm3anuu. OHAKO JaHHBIA MeTOoJ| ceOs He omnpaBal,
TaK Kak y3KMM MECTOM OBbIJIO HE BPeMs KOITUPOBAHUS
nH(opManuK B OrepaTHBHON IaMSTH, a epeayda HO-
BBIX JIaHHBIX B NAMSITh BHJCOKApPTHI.

Bropoii MeTol OCHOBBIBAICS Ha HMCIOJIb30BAHUH
€IMHOTO THKCeIbHOro Oydepa, KOTOPHIH comepkan
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OBl KaJpbl BCEX BOCIPOM3BOAMMBIX BHJeo. [Ipenmy-
IIECTBO JJAHHOTO METO/a B OIHOKPATHOM OOHOBJIEHUH
MIKCeNBHOT0 Oydepa s BceX BOCIPOU3BOINMEBIX BH-
JeoMaTepuaioB Bo BpeMs umepayuu yuxkia (VL) 06-
paboTku moacucTeMbl Bu3yanu3anun. OIHaKko y HEero
0OHApPYXWIINCh W CYIIECTBCHHBIC HEJOCTATKH: HE0O-
XOANMOCTb COXPAaHATh NPEABIAYIINE BHICOKAAPBHI,
9TOOBI M30eKaTh PACCHHXPOHU3AINH BUACO U ayaHo;
CJIOYKHOCTB peaIi3aluyl JUHAMHYECKOTO PAaCIIUPEHHs
Y yMEHBIICHHs TUKCeNbHOTo Oydepa mpu 100aBineHnn
WIN YAaJeHUH BHAEO B XOJe pabOoThl HPHIIOKEHHUS.
JlaHHBIIT METOJT TaK)Ke HE CMOT IIPEIOCTaBUTh HEOOXO-
JUMBIH YPOBEHB MPOU3BOJMTEILHOCTH TIPH OOHOBIIE-
HHH HECKOJIbKHX BHUIEOMAaTECPHAIOB.

Merto/, MO3BONMBIIMI MOIYYHUTH TPEOYEMYFO Ipo-
W3BOJUTEIBHOCTD NPHU OJHOBPEMEHHOM BOCIIPOH3BE-
JICHUH BUICOMATEPHAIIOB BHICOKOH YETKOCTH, Oa3upy-
eTcsl Ha MOCTPOCHHUH OYePEeaN BOCIIPOM3BOANMBIX BH-
JIe0 Ha OCHOBE BECOBBIX KO (PHIINEHTOB.

Kaxnomy BueomMareprary mpu BOCIPOU3BEACHUH
MPUCBAUBAIOTCS /(B BUIa BECOBBIX KOA(PPHUIIMCHTOB:
K03 GULIKEHT pa3penraromieil crocoOHOCTH BHIEO
u koo unment BeinonHsAemoil onepaunu. Koapdu-
IUEHT pas3pellaroleil CHOCOOHOCTH ONpeneseTcs
OJIVH pa3 IpH 3aIlyCKe BHJCOMAaTepHrala U OCHOBaH Ha
pa3pemeHny BUACO: NMpH Oosiee HU3KOM pa3pelIeHUH
3Ha4eHHe K03()(UIMEeHTa YBEINIHNBAETCS, a P OoJiee
BBICOKOM YMEHBIIAETCS. DTO CBA3aHO C TEM, YTO BH-
Jeomarepuai ¢ 6osee BEICOKAM pa3pelieHrneM oopada-
TBIBAETCS JI0JIblIE, YeM ¢ Oosnee Hu3kuM. Ha maHHbIH
MOMEHT KO3((HUIHNEHT MOXET MPUHUMATh TPH pas-
JIUYHBIX 3HaYeHUs: 8 (BBICOKHI MPUOPUTET OOHOBIIE-
HUs), 4 (cpennuil npuoputeT 0O6HOBICHUS), 0 (HU3KUH
npuoputer). Harpumep, Bugeomarepuaiy ¢ paspenia-
fomel crocoOHocThI0 10 720x576 Oymer MpHCBOCH
BBICOKHH TIPHOPUTET OOHOBIICHUS, C Pa3peIIeHUEM 10
1 280x720 — cpenguuid, ¢ pa3pelICeHUEM BBILIE — HU3-
KHil.

Koa¢dduuuneHT BBHINONHAEMOH omepanyu orpese-
JISIeTCs 3aHOBO TPH Ka)K/IOM OOHOBJICHUH BHJieOMaTe-
puanoB B cucreme. KoadduimeHnty nprucBauBaercs
3HaUCHME, ONpEIENIONIee Olepaltio, koTopas Oyaer
BBINIOJIHEHA Ha CIEQYIOIed HTepaluu IHKIa 00-
pabOTKH TOJACUCTEMBl BU3yanu3aluud. MoryTt ObITh
MPUCBOEHBI CIeyIoIue 3HaYeHus: 3 (OOHOBIICHNE BU-
JIEOTEKCTYPHI), 2 (0OHOBIIEHNE BUICOTEKCTYPHI U TIHK-
cenpHOTO Oydepa), 1 (0OHOBIEHHE TMHKCENBHOTO OY-
tdepa), 0 (uckmroueHne BUAEO U3 00pabOTKM). 3HAUE-
Hue 0 koapPuIHeHTy IpHUCBaNBAETCS B CIydae, KOTAa
Ha cnenyromeit UL moacucteMbl BU3yanu3alu BU-
JIEOTEKCTypa He TpeOyeT OOHOBJICHHS, a BCE MUKCEIhb-
Hble Oy(epHhl 3aII0JIHEHBI.

3HaueHHs1 KO3 (HUIMEHTOB 1M0100paHbl TAKUM 00-
pasom, 4TOOBI TpeobiagaommM Obul K03 duImeHT
pasperaromniel cnocoOHOCTH BUJIEO, TaK KaK paspere-
HHE BHJeoMarepuana B OOJIbIICH CTENEHU BIIMSET Ha
MPOU3BOUTENBEHOCTD, YEM MOPSIIOK BBIITOJHEHUS OTle-
pamuii. Cnucok OOHOBISIEMBIX BHICOMATEPHAIIOB
onpenensercs Ha kaxaon NI moncucremsr Bu3yanu-

3aru. Ha ocHoBe ko3¢ dunmenTa pasperaroneii cro-
COOHOCTH BU/I€0 M KO PHUIIUEHTA BBIOIHAEMOMH Ore-
panuu onpeaensieTcs O3UIHs BHAEO B CIIMCKE 0OHOB-
nenust. [Ipu mepBoM 0OHOBIEHNH BUAECOMATEPHAIIOB B
CHCTEME TIOPSAIAOK OOHOBIICHUS ONPEEIAETCS TOIBKO
Mo KO3 UIHEHTY pa3pemaronmell CiocoOOHOCTH BH-
JIe0, a KOX(QPHUINESHTY BBHITIOTHIEMOW OTepaliuil IpH-
CBOCHO BBICIICe 3HAUYCHHE 3 (OOHOBJICHHE BHIICOTEK-
CTYpBI).

Pa3paboTaHHbIi MeTOJ OTOOpa)KeHUsI BUIEOMATe-
pHAJIOB BBICOKOI Y€TKOCTHU MO3BOJISET OJJHOBPEMEHHO
BOCIIPOU3BOAUTEL HECKOJBKO BUJIEO B BEICOKOM pazpe-
meHny. Ha TecToBoM 000py/10BaHNM CPEAHETO Kiacca
OJTHOBPEMEHHO BOCIPOHM3BOIMIOCH IO TPEX BHUIEOMa-
TepuasioB B pazpewieHuu 4K wiu 1o 6 B pazpelieHun
FullHD ¢ coxpanennem ymnpasmsemoctd TOC u ga-
CTOTBI KaJIpOB MOACUCTEMBI BU3yaIn3alii Ha YPOBHE
30 xagpoB B cekyHAy. Ilpu ynydiieHun annapaTHOro
o0ecrieueHns] yBEINYNBACTCS KOJIMYECTBO OIHOBpE-
MEHHO BOCIIPOM3BOANMBIX BUAECOMATECPHAIOB HIIH I10-
SIBJISIETCS. BO3MOYKHOCTB MUCIIOJIb30BaHHS BUJIEO € OOJIb-
M paspemesueM (5K, 8K).

3akiaouenue

3amada pa3pabotku TOC sBIsIeTCS KOMIUICKCHOR U
TpeOyeT pemeHus psifa CONMyTCTBYIOIIMX 3ajad, B
YacTHOCTH, 3a]1a4 00pabOTKN M BU3yaJM3aluK BHICO-
naHHbIX. IlpenmymectBom ucnons3zoBanusi B TOC
TakuX MH()OPMAIMOHHBIX PECYpCOB, KaKk BHJEOMare-
PpHAIbI, SBISETCS BO3MOXKHOCTD BU3yaIN3alM1 KaK pe-
AJbHBIX, TAK ¥ MOJICJIUPYEMBIX IIPOLIECCOB. 3a CUeT 01~
HOBPEMEHHOI'0 BOCIIPOU3BEICHHSI MOTYT ObITh 0OTOOpa-
KEHBI TIapaJUIETIFHO BBIMOJIHAEMBIE IIPOIIECCH MITH XKe
OJIMH TIPOIlecC C Pa3lUYHBIX pakypcoB. Pa3paboran-
HBIf METOJl BOCIHPOHM3BENEHHUS BHIEOMATEPHAJIOB B
BUPTYaJIbHOW TPEXMEPHOH CLIEHE Ha OCHOBE BECOBBIX
Ko3puuueHToB s (HOPMHUPOBAHUS MOPSAKAa 00-
HOBJIGHHSI TIO3BOJIIET OIHOBPEMEHHO OTOOpakaTh
HECKOJIbKO BHAeo B paspemennu 4K ¢ coxpaneHnem
TpebyeMoii MPON3BOUTEIILHOCTH TTOJICHCTEMBI BU3Ya-
m3anuu. [lnanupyercs nanbHeliee pa3BUTUE pa3pa-
00TaHHOTO METOZa, B YaCTHOCTH, IIPUMEHEHHE ITyJia
MIOTOKOB M OTKa3 OT I[BETOBOTO IpeoOpa3oBaHUs Ha
IpoIieccope B MOJIB3Y MPEoOpa30BaHMs C HCIIOIB30BA-
HUEM MOIIHOCTEH BUIEOKapT.

Paboma evinonnsemcs npu noooepoicke PODU,
epanm Ne 17-07-00169.
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HIGH RESOLUTION VIDEO PLAYBACK IN VIRTUAL 3D ENVIRONMENT
IN TRAINING SIMULATION SYSTEMS

A.M. Giatsintov !, Research Associate, giatsintov@niisi.ras.ru
K.A. Mamrosenko !, Ph.D. (Engineering), Head of Department, mamrosenko_k@niisi.ras.ru

I'Center of Visualization and Satellite Information Technologies SRISA, Nakhimovsky Ave. 36/1, Moscow, 117218, Russian
Federation

Abstract. The article describes the developed methods of high-resolution video playback in a visualization subsystem of
training simulation systems (TSS). Usually TSS have a number of heterogeneous data resources. The following resource types
are of interest for personnel training: dynamic process development charts; graphic materials of studied objects; 3D models of
objects and their parts; simulation results in a video form; video records. Visualization subsystem provides rendering simulation
results of environment and dynamic objects, and displaying the rendered image using display devices. Displaying videos in
virtual 3D scenes is one of the requirements for TSS.

Displaying videos inside a virtual 3D scene is a complex task, as many factors should be taken in account, such as perfor-
mance of a video card and a visualization subsystem (renderer). A renderer should visualize a 3D scene with acceptable frame
rate (not less than 25 frames per second) and respond to commands, such as a 3D scene transformation or new objects loading.

The authors have developed and implemented a new decoder architecture in order to display several high definition videos
in a virtual 3D scene. The architecture includes the following components: a decoder that decompresses audio and video pack-
ets; an audio playback system; a control module that allows starting, stopping playback, setting volume, etc.; an interface that
interacts with a visualization subsystem, which is required for updating video images.

Keywords: training simulation systems, visualization system, video, video material, trainer, rendering, decoder.
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MOIEAHPOBAHHE PACIIPEAEAEHHS IIOTEHI[HAAA
B ABYX3ATBOPHOM IIOAEBOM HAHOTPAH3HCTOPE
CO CTPYKTYPOH KPEMHHI HA H30ASITOPE
C ACHMMETPHYHBIM 3ATBOPOM

H.B. Macansckuii, x.¢.-m.H., 3a8. cekmopom, volkov@niisi.ras.ru
(Pedepanvhulii HayuHelll ueHmp HayuHo-uccnedosamensbckuli uHCMuUmMym CUCmemHbIX UCCe008aHUL
PAH (@HI[ HHUHCH PAH), Haxumosckuil npocn., 36, kopn. 1, 2. Mockea, 117218, Poccust)

PaccmarpuBatotcs ananutHdeckas 2D-Moesb pacnpenesieHus OTeHIHa a U BRITEKAOIIas U3 Hee MOeIb IIOPOrOBOTO
HAIpPSOKEHUs JUTs1 TOHKOTJICHOYHOTO JABYX3aTBOPHOTO MOJIEBOr0 HAHOTPAH3UCTOPA CO CTPYKTYPOU KPEeMHHUIT Ha H30IsTOpE C
(hpoHTaTBHBIM 3aTBOPOM U3 [IBYX MOCIIEIOBATENFHO COSANHEHHBIX MATEPHAIIOB C pa3Hoi paboTo# Beixoaa. Mccaeq0BaHbI mo-
BeJleHHe MOTCHIMAIA B TPAH3UCTOPHBIX CTPYKTYpax B 00JIACTH AJIHMH 3aTBOPOB MeHee 50 HM, ero 3aBUCHMOCTH OT CMEILCHHU
Ha CTOKE JUTs pa3JINYHbIX KOH(QUrypanuii GpoHTaIBHOTO 3aTBOPA.

TlonyueHHBIE pe3ynbTaThl OJHO3HAYHO MOKA3bIBAIOT, YTO NMPUMEHEHHE JIBYX MAaTEPHAJIOB C pa3HOi pabOTOH BEIXOIa BO
(hpoHTATIBHOM 3aTBOPE MPHBOIUT K 3()(HEKTHUBHOMY ITOJIaBJICHUIO KOPOTKOKAHAIBHBIX 3()(EKTOB U3-3a CTYNIEHYATOH (HYHKINU
B IIpo¢uiie NOTeHINala Ha TpaHuIe pa3/iena AByX MaTepranoB. CIBHT ITOJI0KEHHS IIOBEPXHOCTHOH IO3UIIUH MUHIMYMa I10-
BEPXHOCTHOTO MOTEHIIMATA HE3HAYUTENICH C YBEIMICHHEM CMEIICHUH cTOKa. I[IMKOBOE AIIEKTPUIECKOe TI0Jie Y CTOKA 3HAYH-
TENBHO CHIYKAETCSI 110 CPABHEHHIO C aHATOTHYHOW TPAH3UCTOPHOU CTPYKTYPOM, HO C OJJHOPOAHBIM ()POHTATBLHBIM 3aTBOPOM.
OHOBPEMEHHO MPOTHO3UPYIOTCS JOCTIKEHHE 00Jiee BHICOKOH aKTHBHOW MEXAIEKTPOIHOM MPOBOAMMOCTH U YMEHBILICHUE
MOAMOPOTrOBOM YTEUKH IO CPABHEHHUIO C KIACCHYECKMMH JABYX3aTBOPHBIMH MOJIEBHIMA HAHOTPAH3UCTOPAMH CO CTPYKTYPOi
KpPEMHUI Ha M30JI1TOpe B 00JIACTH JUIMH 3aTBOPOB MeHee 50 HM.

OTIMYNTENEHBIMU CBOWCTBAMH HCCIIEYEMBIX CTPYKTYP SIBISIFOTCS CYIIECTBEHHOE CHIDKEHHE TTHKA JISKTPHIECKOTO MOJIS
Ha rpaHune padoyas 00J1acTh—CTOK, YMEHBILICHUE Napa3suTHHIX 3()(EeKTOB MOPOroBOro HanpspKeHus. Pe3ynpTaTsl Monenmpo-
BaHUS XOPOIIO COINIACYIOTCSI ¢ JaHHBIMH BBIYMCIHMTEIBHOTO SKCIIEPUMEHTA, TTOJyIeHHBIMH IIPH IIOMOLIH KOMMEPYECKH J10-
cTynHoro nporpamMmuoro nakera ATLAS, npeana3sHaueHHOTO U1l MOAEIUPOBAHHUS CIIOKHBIX TPAH3UCTOPHBIX CTPYKTYP.

Takum 00pa3oM, MPUMEHEHHE ABYX MATEPUAIOB C pa3Hoi paboToi BhIX0/a BO ()POHTATBHOM 3aTBOPE ABYX3aTBOPHBIX
MOJIEBBIX HAHOTPAH3UCTOPOB CO CTPYKTYPOH KPEMHHUI HA H30JIITOPE YIY4IIAeT UX KITIOUEBbIe IIMEKTPODUIMIECKIE XapaKTe-
PHCTHKH 110 CPaBHEHHIO C [BYX3aTBOPHBIMH TIOJICBBIMHU TPAH3UCTOPAMH C OJHOPOIAHBIM (PPOHTATIBLHBIM 3aTBOPOM U C 00BEM-
HBIMH aHAJIOTAMHU.

Knrwuesvie cnosa: osyxzameopuwiti KHU KMOII-nanompanszucmop, 2D-ypasuenue Ilyaccona, acummempuunvlii ¢ppoH-

manvHblil 3ameop, pacnpedeﬂenue nomernyuada, nopocoeoe HanpssceHue.

JIByX3aTBOpHBIEC MOJEBBIE TPAH3UCTOPHI CO CTPYK-
Typoit kpemnuii na uzonrsmope (KHN) ansroTcs oueHb
MEePCIEKTUBHONW apXUTEKTypol Iyl (U3HYECKU TIpe-
nenmsHOrO MactmrabupoBanuss KHU KMOII-nanoTeX-
HOJIOTHH (KOMHIEMEHMAPHAsS T02UKA HA MPAH3UCTNO-
Pax Memani-oKcuo-noiynpo8ooHUK) B OCHOBHOM H3-32
MX OTHOCUTENIHOM MPOCTOTHI U TEXHOJIOTHYHOCTH [1].
OHM Takke OTIMYAIOTCA PACHIMPEHHON BO3MOXKHO-
CTBIO ONITUMH3AIINH JIEKTPO(PU3NIECKHUX TapaMeTPOB,
MOBBIIIEHHON YCTOMYMBOCTBIO K JE€rpafallMOHHBIM
a¢ddexraM, BBICOKOW aKTHBHOW MEXDIEKTPOTHOM
MIPOBOIUMOCTBIO — 3TO IPEBOCXOTHBIE OTIIINH JIJISI TIPO-
JIOJDKEHUS yTITyOJICHHBIX TEOPETHYECKUX M IKCIEePH-
MEHTAJIbHBIX UCCIIEI0BAaHUN YCTPONUCTB C TAKOM apXu-
TexkTypoil [2—5]. OnHON U3 3HAYMMBIX KOHCTPYKIHUHA
SBIISIIOTCSL  aCUMMETpU4YHble AByx3aTBopHele KHI
KMOII-nanotpan3uctopsl. OHU NOMYJISPHBI, TaK Kak
o0ecreuynBaloT BO3MOKHOCTD YIIPABIICHUS IIOPOTOBBIM
HaNpsDKEHUEM B OTIMYUE OT CUMMETPHUYHBIX JBYX3a-
tBOopHBIX KHU KMOII-Tpan3uctopos [5-10].

IToBBICUTE 3 (EKTHBHOCTD MTOJABICHUS KOPOMKO-
kananvHuix 3¢ppexmos (KKD) mpusBana HOBasi TpaH-
3UCTOpHAst CTpyKTypa — aAByx3arBopubii KHU
KMOII-TpaH3ucTop ¢ acUMMETPHUYHBIM 3aTBOPOM
[1, 5, 11, 12]. B nanHoi#i cTpyKType GpOHTANBHBIN 3a-
TBOpP COCTOUT M3 JBYX IOCJIEOBAaTEIbHO COEIUHEH-

HBIX MaTepHuaioB M1 u M2 ¢ pa3nuuaeiMH paboTaMu
BbIXoja. Takast KOHQUrypaus u3-3a CKadKka MOTEHIH-
aja Ha IpaHUIle COTPUKOCHOBEHUS JIByX MaTepHajoB
Oynet obOecrieunBaTh OTHOBPEMEHHOE YBEINICHHE aK-
THUBHOM MEX3JIEKTPOIHON MPOBOANMOCTH H TI0JIaBJIe-
nue KKD mno cpaBHenuto ¢ aByx3aTBopHeiM KHU
KMOII-TpaH3ucTopoM ¢ 3aTBOPOM U3 OAHOTO MATEPH-
ana. [IpeanonoxuTensHO, B paccMaTpUBaEMOi CTPYK-
Type MUK IEKTPHUECKOT0 MO Ha Kparo pabodeit 00-
JIACTH Y CTOKa OyJeT yMEHBINAThCS, YTO BICYET POCT
YCPEAHEHHOTO 3JIEKTPHUUYECKOTO MOJIS MO 3aTBOPOM.
OTO TONOXUTENBPHO CKa3bIBAETCS HA IIOJBHXHOCTH
HocuTenei [4], o0yciIoBIMBaeT MHHHUMH3AIHIO BO3-
MOXHOCTH BJIHSHHS JIOKaJM30BAHHBIX 3apsiioB Ha
MPOBOAMMOCTE TpaH3ucTopa [13], yBemuuuBaer 3¢-
(heKTHBHOCTH YHIpaBJICHHS! IPU MOMOILIM 3aTBOpa 00-
el IpOBOAUMOCTBIO TpaH3ucTopa. CTymneH4aTsli
npoduie pacnpeseneHus MOBEPXHOCTHOTO MOTEHIH-
ajia rapaHTHPYeT 3KpaHNPOBaHUE 00JIACTH KaHaJa 10/
MmarepuasioM M1 co CTOpPOHBI UCTOKAa OT W3MEHEHHS
nmoteHnuaiga Ha crtoke [5, 12]. IMocnme mocTrkeHHs
TPaH3UCTOPOM PEXHMMa HACBILICHUS 00/1acTh 1O Ma-
TepruasioM M2 Tmoriomaer Jo0oe JOMOJHUTEIHHOE
HaIpsKEHNUE CTOK—HCTOK H, CJIEI0BATENbHO, 00/1acTh
mox M1 ckpbITa OT BO3MOXHBIX H3MEHEHHUH TOTEHITH-
aja Ha ctoke [2, 3, 9].
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Lens nanHoW paboOTHI B TOM, 4TOOBI CO3/1aTh aHa-
mutndeckylo  2D-mopens  aByxsarBopHoro KHU
KMOII-nanotpaH3ucTopa ¢ GpOHTATEHBIM 3aTBOPOM,
COCTOSIIIMM M3 JBYX ITOCIIEOBATEIBHO COEANHEHHBIX
MatepuanoB M1 u M2 ¢ pa3nu4HsIMH pabOTaMH BbI-
XO/a, Hd OCHOBE aHAJTMTHYECKOTO PEIICHUS ABYXMEp-
Horo ypaBHeHus [lyaccona. Ha ocHoBanum pazpabo-
TaHHOM aHAIUTUYECKOW MOIEIM I paclpenciaeHUs
MOBEPXHOCTHOTO NOTEHIMaNa chopMynupoBarh aHa-
JUTUYECKYI0 MOJENIb MOPOroBOro HampsbkeHus. [l
UCCIeIOBaHUs CIIeU(UKN TTOBEJICHNS TIOTEHIHaNa B
CTPYKTYpax B 00JIaCcTH JJIMH 3aTBOpPOB MeHee 50 HM
YHCJIEHHO HCCIIEIOBAHBI €r0 3aBUCUMOCTH OT CMelIe-
HUI Ha CTOKE JUIsA Pa3lInYHbIX KOH(Urypauuii ¢hpoH-
TaJIbHOTO 3aTBOpa. Pe3ynbTaTbl MOJEIHPOBAHUS XO-
pOIIIO COTNIAcyIOTCSl C JaHHBIMH BBIYHCIHTEIHHOTO
9KCIIEPUMEHTA, ITOJIyICHHBIMH TIPH IIOMOIIY KOMMep-
YECKU JOCTYyHHOro mnporpammHoro makera ATLAS,
MpeHa3HAYEHHOTO Ul MOJECIUPOBAHUS  CIOKHBIX
TPaH3UCTOPHBIX CTPYKTYp [14]. OgHOBpEMEHHO Npe-
CKa3aHbl JOCTHXKEHHE OoJiee BBICOKOH aKTMBHOM Mex-
JIEKTPOAHON MPOBOAMMOCTH U YMEHBIICHHE IOIIO-
pPOTOBOIl YTEUKH IO CPaBHEHUIO C KJIACCHUECKUMHU
neyx3aTBopHeiME KHM KMOII-HaHoTpaH3uCcTOpamMu
B 001acTH JIMH 3aTBOPOB MeHee 50 HM. OTIMYUTEb-
HBIMH CBOWCTBAMH HCCIIETYEMBIX CTPYKTYP SIBISIOTCS
CYIIIECTBEHHOE CHIDKEHHUE THKA 3JICKTPUIECKOTO TOJIS
Ha TpaHHIe pabodasi 00JIACThb—CTOK, YMEHBIICHUE d(-
(hekra roll-off (pe3koro cmaga) mMOPOroBOro HarpspKe-
Hus u DIBL-addekTa.

IIporoTun ycTpPOiicTBAa M MOCTAHOBKA 32124

OyHKIIMOHANBHAs cxema JByx3aTBopHoro KHU
KMOII-Tpan3uctopa ¢ (GpoHTAIBHBIM 3aTBOPOM, BbI-
[IOJIHEHHBIM U3 JBYX PAa3HbIX MaTEpUAJIOB, IPUBEACHA
Ha pucyHke 1. @pOHTAIBHEIN 3aTBOP COCTOUT M3 JABYX

4 Jo 5
2 Uds
0:0 '
| RS
s |7Y D
\\
|/ — 3
-
Ug

Puc. 1. Cxema osyxzameopnoco KHU
KMOII-mpanszucmopa ¢ ¢pponmansusiym 3ameopom u3
08yx mamepuanos: 1 — kpemuuesas pabouas obnacmo,

2 — no03ameopHulil OKUCeNl PPOHMANLHOLO 3amopa,
3 — noodzameopmulil okucen obpamnoeo 3amopa, 4 — vacme
@poumanvrozo 3ameopa MI, 5 — uacme hponmansvrozo
3ameopa M2

Fig. 1. The scheme of dual-gate SOI CMOS transistor
with double-material front gate
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COeIMHEHHBIX MaTepuaioB M1 (p(+)-nonuxkpemMHus) u
M2 (n(+)-monukpemuust) ¢ pimHOM L m Ly cooTBer-
ctBeHHO. [Ipn 3TOM BEIMONHSAETCS yenoBue Ly + Ly =
= Lg, Tme Ly — mummHa 3aTBOpa (MK ANHHA pabodeid 00-
nmactr). OOpaTHBINA (HIKHHUK) 3aTBOP BBHINIONHEH W3
n(+)-TOMUKPEMHHUS.

PaccMoTpuM KBa3MKIIaCCHYECKYIO 3amady (B npu-
onuscenuu 3aps0oeoeo pasoenenus (I13P)) maxoxme-
HHSI PaBHOBECHOT'O pacIpe/ieieHHs IIOTEHIINaNa B pac-
cmarpuBaemoit KHH-ctpyktype [15]. Ot™MeTuM, uTto
BO3MOXXHOCTh HCHOJb30BaHusl mnpuodmmkenus [13P
O3HaYaeT TaKKe W BHIOOp Hayaia OTcyeTa MOTeHIHa-
ma ¢@. B obmiem ciygae HEOOXOQMMO pemaTb caMoco-
IJIACOBAHHYIO 3aJady, CBS3aHHYIO C HaXOXICHHUEM
pactmipeneneHus moTeHImana ¢(X, y), kotopoe Oymer
BJIMSITH U Ha paclpe/ielieHue 3apsi0B B paboueii oba-
cTH TpaH3ucropa. Ilonaras, 4To KOHUECHTpAIMS JIETH-
poBaHus pabodeil 061acTH TPAaH3UCTOPA IIOCTOSTHHA 10
BceMy ee 00beMy, U ipeHeOperast BIUsIHAEM (QUKCHPO-
BaHHBIX OKHCHBIX 3apsJJOB Ha JJICKTPOCTATHKY KaHala,
pacipeseneHre MOTEeHINala B KPEMHHEBOW TOHKOM
paboueii obmacTu B pesxxume craboif HHBEPCUU MOXKET
ObITh 3anmcano B Buae 2D-ypaBrenus [lyaccona:

o’ (X, % o(X, N
(P(Zy)+ (p(zy):q A )
OX oy €

rae J — 3apsia aeKTpoHa; (X, Y) — moteHuan B pado-
4eii 00J1aCTH TPAH3UCTOPA; € — AMIICKTPHUCCKAsI TIPO-
HUIIAeMOCTh pabodueit o0xactu; Nao — KOHIEHTpamus
JeTUpoBaHuA padodeii obmactu [7].

Jst pernenwst (1) UCTIONB3YIOTCS CEAYIOIINE Tpa-
HUYHBIC YCIIOBUS:

00|, =9, (%),

€
&(Ug _UFB _(P(X)) =&

0X

99(X, Y)|

oy 7

i&(ug -U FB (P(ths)) = _85 %| y=tg * (2)

0X

¢(0,y)= Ubi )

(P(Lgs y)=Uy +Ug,
r7ae @f(X) — TOBEpXHOCTHBINA MOTEHIIUAN; Eox — JAUIJICK-
TpU4ecKas MPOHUIAEMOCTh MOJA3aTBOPHOTO OKHCIA;
tox — TONIIIMHA NOA3aTBOPHOTO OKMcna; Uy — Hampsixe-
HUe Ha 3arBopax; Urg — HampspkeHHE IUIOCKUX 30H;
Upbi — BCTpoeHHasI pa3HOCTh MOTEHINAJNOB; ts — TO-
mmHa pabodeit obmactu TpanzucTopa; Ugs — Hampsoke-
HHUE CTOK—HUCTOK.

Pacnipeneneane moTeHIWasa B BEPTHKAIHEHOM
HaNpaBI€HUH, TO €CTh €ro Y-3aBHCHMOCTB, MOXET
OBITH aNMPOKCHMHMPOBAHO ClleAyIOUIel napadosnye-
ckoil QyHKuMeH, 060CHOBaHKE KOTOPOH ISl MOJHO-
cteto  obemnenHpix KHUM  KMOII-TpaH3ucTOopoB
MOJKHO IIPEACTaBUTh TaK:

oY) = a,(x)y", 3)

rae am(X) — Npou3BOJLHBIE KOA(DMUIIUEHTHI, 3aBUCS-
IIMe TOJIBKO OT X [6].
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Mertoa pemienust

IlockonbKky B paccMaTpuBaeMON TPaH3UCTOPHOU
CTPYKType (PpOHTANBHBII 3aTBOP COCTOUT U3 BYX pa3-
JWYHBIX MaTEPHAJIOB C pa3sHbIMU paboTaMM BBIXOJA,
(hpoHTaNBHBIE HANPSDKEHHS IUIOCKAX 30H Ui 00ja-
creii [ u 11 (cm. puc. 1) Ha ppoHTaTBHOM 3aTBOpE Oy IyT
Pa3IMYHBIMH, HX MOXHO HPEICTABUTH B BUIC

u :(DMSJ_(XSi

FB_I

Eg )
24
2q e

u UFBfII = CDMSJI - (s

Eg
+—+0¢:), 4
2q
/i€ Y(si — CPOJCTBO 3JIEKTPOHA B KpeMHuu; Eq — 3ampe-
meHHast 3oHa kpemHus npu 300 K; ¢oF — ypoBeHs

N KT
®epmu, rae ¢ = ¢, In—* (@, = — — TeMI0BOH MO-
n, q
tenuuan; T— Temneparypa; K — koncTtanta Bonpumana;
Ni — cOOCTBEHHAs KOHIIEHTPALUs HOCUTENEH ).
Tak kak Ha (DPOHTATILHOM 3aTBOPE €CTh JBE 00/1a-
CTH, pacrpeeNeHye NOTeHIHAaNa I KaxI0i MoKeT

OBITH 3aITMCaHO aHAJIOTHYHO (3) B BHIIE

o (x,y)=a"(x)+a (0y+al (x)y*

opu 0<x<L, u 0<y<t,, %)
o (xy)=al" () +a" (y+al’ (xy’

mpu L, <x<L u 0<y<t, (6)

e ¢ (x,y) u ¢"(X,y) — norenmman noj o6aacTs-
Mmu [ u Il cooTBETCTBEHHO U KOA(PPHUIIUEHTEI ai“)(x) -
npousBosbHble GyHKImK, TAe 1 =0, 1,21 j=1 IL

YpaBuenue Ilyaccona pemaercss pa3fenbHO st
JBYX obnacteil ppoHTaIbHOTrO 3aTBOpa C UCIIOJIH30Ba-
HHEM CIIEYIOIINX TPAHUYHBIX YCIOBHUH.

1. DaexTpuyeckoe moJe Ha rpaHuIle GpPOHTATBHBIN
3aTBOP—OKHCEJ HETIPEPHIBHO JUIsl 00enX o0acTei:

)
°X(U ~ul) - (p<f')(x)):_85M|

t, =0
S[))(
U, U -0

t W (x) = ¢

80" (x,
S%L:O (7)

rae ¢!’ (x) u ¢ (X) — MoBEPXHOCTHBIH MOTEHIMAT
o oosactamu I u I cooTBeTCTBEHHO; t; — TOJNIIIMHA
M0/I3aTBOPHOT0 OKHMCIIA (PPOHTATBLHOTO 3aTBOPA.

2. DreKTpUdecKoe TMoJie Ha TpaHuIle 0OpaTHBIN 3a-
TBOP—OKCH W OOpaTHBIA KaHall HEMPEepPhIBHO IS

0boux MaTepuanaoB Ha (PPOHTATIHLHOM 3aTBOPE:

Eox 0" (%,
t_(Ug Fap — P(X,t5)) = u|y:ts 5

b

Eox 29" (x,y)
U U =000t ) = —6s =— = (9)

b
rze ty — ToNIIKMHA [T0J3aTBOPHOI0 OKHKCIa 00paTHOTO
3aTBopa; Urpp — HampsDKEHHUE MIOCKUX 30H Ha 00paT-
HOM 3aTBOpE, TaKOE JKe, YTO U Ha (POHTAIBLHOM [UIs
obmactm II.

3. IloBepXHOCTHBI MOTEHIMA Ha IOBEPXHOCTH
JIBYX DPa3HOPOAHBIX MaTepualioB 3aTBOpa Ha (pOH-
TaJbHOM 3aTBOPE HEIIPEPHIBHBIN:

(L0 =" (L,0). (€))

4. DneKTprUIecKoe Mmojie Ha MOBEPXHOCTH IBYX Ma-
TepUajioB PPOHTAIBHOTO 3aTBOPA HEMPEPBIBHO:

0" Y| _ 2™ (xy) (10)
ox |"h ox  hT

5. INoTennman Ha Kpato pabodeii obmacTu co CTo-
POHEBI HCTOKA:

(P(I)(an)zubi» (11)

%) — KOHTaKTHas PasHOCTb I0-

N
rie U, = ¢, In(—2

I
TEHI[MAJIOB U3-3a PA3HOCTH KOHIICHTPAIUI JIeTUpOBa-
HUs pabouei o0macT 1 obmacTeil CTOKa M UCTOKA, TIe
Nds — KOHIIEHTpAIHsI JETUPOBAHUS OOJIACTH CTOKA U
HCTOKA.
6. IMorennman Ha Kpato pabodei 00IacTH O CTO-
POHBI CTOKA!

0" (L, y)=U, +U,, (12)

rie Ugs — IpUiIokeHHOE HaNpsHKEHHE MEXY CTOKOM U
HCTOKOM (HampspKEHUE MUTAHMA).

Bripaxxenns mist koapduureHToB B (5) 1 (6) omnpe-
JIEIIIOTCS TOACTaHOBKOI pemrenuit (5)—(6) B (1); mc-
MOJB3ys TpaHu4HbIe yenoBus (7)—(12), mx MOXKHO 3a-
MHCaTh B BHJIC

a(l)(x) (P(J)(X))

— (@ (x)-U, +Ud), (13)
8S
al’ () +a’ (0, +al’ (0t

i
aV(x) =

= (Pb(X),

rre C, = — eMKOCTh (DPOHTAJBHOTO 3aTBOPA,
j=LI1L

Jduddepenunpys perrenue (3) mo y ¢ yuerom (13),
NoJTy4aeM BbIpaxkeHHe s ax(X):

c.C
—(C, +C, +— 9 (x)
ad (x) = s
> ) (C, +2C,)t;
(14)
C (1+C—b)(u ~Uih+C,U, Uy
+ : ,
(C, +2C5)t;
rae C, = =~ —eMkocTh paboueii obnacty; C, = o _

S tb
€MKOCTh 00paTHOro 3atBopa, j = I, IL.

Jns onpeneneHns TOBEPXHOCTHOTO IOTEHIMANA
HEOOXOIMMO peIuTh ypaBHeHue IlyaccoHa Ha rpa-
aute Si—Si0;, KOTOpoe MOXKHO TPECTaBUTH, HAIIPH-
Mep, Uit oosacTu I B Bune

del" (0

dXz (I)(X) (|) (15)
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cf Cf
I-—+)
CS Cb
TIe o = 2—C s
t2(1+2—-2
s ( Cb)
C
-ul —f+—
2( )(Cb CS) 5 Ug_U'(JB')
(0N - - .
C C
s t.(1+2=5 t2(1+2=%
s ( Cb) s ( Cb)
PeHIeHI/IeM JAHHOI'O ypaBHeHI/ISI MOKET 61>ITL CJIc-
IYIOLIEE BBIpaXKEHUE:

0 = AV exp(y/H+ A" exp(-y/H-1"¢,", (16)
|

s
(04

rac I - XapaKTCpuUCTUICCKasd JJIMHa

L
AV = (U +Ug 0" Uy~ ) exp(——) -

Lg
| 1 I‘II eXp(_ T)
(0} = 0} cosh(=11) —————.
(1-exp(-2-*)

L
AV = (U, -IPel")-(U,, +U, —|2<p<0”>)exp(—|—g)+

exp(— %)
L
(1-exp(-2 Tg))

Hus obmactu 1l ypaBHenme IlyaccoHa MOXKHO
MPEJCTaBUTH B BUJIE

+H2 ()" —o!") cosh(—- L =)

a2 (x
L9700 = g, (a7
dx
c, C
Uy —Ug )+ )
(II) qNA ’ e Cb CS
rae @, -2 c -
&s t(1+2=5
s Cb)
U, -ug
L Col
t§(1+2c—s)

b
Pemenne ypaBuenus (17) mo amamormu c (16)
MOYHO MPEJICTABUTH B BUJIE

oy = /\””eXp(Y/l)+A§”)eXp( y/MH-Pey, (18)

e A = Af”eXp( )+ ((p(” ® ),

A" = A exp(— ) (<p<” o).

IMoporoBoe HanpsiKeHHe

B kBasmkiaccuyeckoM HPUOIMKEHHH HOPOTOBOE
Harnpsbkenue Uy nByx3atBopaoro KHM KMOII-tpan-
3UCTOpPAa COOTBETCTBYET TAKOMY 3aTBOPHOMY HaIpsi-
JKEHMIO, IIPU KOTOPOM CYyMMa 3JIEKTPOHHON MIOTHOCTH
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Ha (pPOHTAILHOI W OOpaTHOM MOBEPXHOCTSAX PaBHsI-
€TCsl MUKOBOM IUIOTHOCTH JIETHPOBaHMs paboueii oba-
ctu [7]. B o0mmeM ciryuae aHaIUTHIECKOE BBIPAKCHHE
st Uy BBITEKAeT M3 BBIPAXCHUS TSI MUHUMAIBHOTO
3HaYeHHUS (POHTAIHHOTO ITOBEPXHOCTHOTO ITOTCHIIU-

a [9-11]. Jna paccmaTpuBaeMoil HAHOTPAH3UCTOP-
HOW CTPYKTYPBI MOXXHO CHENaTh HEKOTOPHIE YIIPOIIe-
HUS C YIETOM CHMMETPHYHOCTH CTPYKTYPHI M OJTUHA-
KOBOTO HanpspkeHus: Ug, MPUIIOKEHHOTO K 3aTBOpPaM.
Tornma Beipaxkenne Uy B JUIMHHOKaHAIBHOM Clly4ae
JUISL UCCIIEAYEMOH CTPYKTYpHI OCHOBBIBAETCSI Ha W3-
BECTHOM 3aBUCHMOCTH PacIpeelIeHNs TOTEHIHala OT
HarpsDKeHUS Ha 3aTBOpax TpaH3ucTopa. B moporosom
peKUME TIEPBOHAYAILHO WHBEPCHOHHBINA CJIOH cdop-
MHUpPOBaH Ha BHYTPEHHEH MOBEPXHOCTH 00PaTHOTO 3a-
TBOpa N+ MOJMKPUCTAIUINIECKOTO KpeMmHusA. Pacmpe-
JICIICHIE TIOTCHITHAIIA TOT/1a U3MEHACTCS JTMHEHHO, B TO
BpeMs Kak (ppOHTaNEHBIA TOBEPXHOCTHBIH ITOTESHITHAI
¢ukcuposan. [locme 3TOro MHBEPCHOHHBIN CIIOW Ha
BHYTPCHHEH IMOBEPXHOCTH (PPOHTAILHOTO p+ MOJH-
KPHUCTAJUTMUECKOTO KpeMHHUsI chopMHpOBaH, pacmpe-
JICNICHUE TIOTCHIIMANIA B paboyeit 00JIacTH CTa0UIIN3HU-
PYETCA U MOAACPIKUBACTCA HAIPSIXKEHUEM, TPUITOKECH-
HBIM K obOoumM 3atBopam [9]. B paccmarpuBaemoit
HAHOTPaH3UCTOPHOM CTPYKType B 00IleM cirydae ma-
pametpsl i 1 tp 11 PpOHTATEHOTO M 00PAaTHOTO 3aTBO-
POB, KOTOpBIC SIBIISIOTCS TOJIIMHAMH TI03aTBOPHOTO
OKHCTIa, MOTYT OBITH Pa3IMYHBIMH. JTO TPUBOIUT K
TOMY, YTO JaHHAs CTPYKTypa XapaKTePHU3YeTCs IBYyMs
Pa3IMIHBIMHA TTOPOTOBBIMU HANPSHKCHHUSAMH, KOTOpEIC
CBsI3aHBI ¢ (DPOHTAITBFHBIM U 0OPaTHBIM 3aTBOPAMH CO-
OTBETCTBEHHO [5]. Omnupasch Ha U3JI0KEHHOE TTPHUOITH-
JKCHUE, BBIPAKCHUE IJIA MMOPOTOBOI0 HANPSHHXKEHUA Ha
(hpoHTaTHLHOM M 0OpPaTHOM 3aTBOpaX B NTMHHOKAHATIb-
HOM cJIydyae UMeeT BUJ

Q 4C, 1 1
Uy p =Ugg +20; +—- (1+(P1 0. )(K+a)+
4C et +t
o, In(o, -— = A FB>
Qs g, (t, +1,)+t
U,  =U% +20, +
4C 11 4c, ) (19)
+Q—S T+, — || —+— [+, In| o, — |,
QS 4CS Cf QS
rne Ui b — IOpOroBoe HampspKeHHE A 00paTHOTO
3atBOpa; Ui  — moporoBoe HampspkeHue aist GppoH-

tanpHOro 3atBopa; Qs = QNats — mpumecHbIl (ak-

. o €
LENTOPHBIN) 3aps paboueil obnacTu; & = —> — OT-
€

ox
HOIICHUE  JHUAJICKTPHUYCCKIX
AU =U|(:IE: _UI(ZIE?
TUTOCKHX 30H.

B 1yiMHHOKaHAIBEHOM CiIyvae MPUMECHBIH 3apsia Qs
UTpacT 3aMEeTHYI0 pOJIb B TOBEIACHHU IIOPOTOBOTO
HanpspkeHus [7]. Bapeupyst ypoBeHb JIeTUpOBaHHMS pa-
Ooueit 06IacTH, MOXHO B HEKOTOPOW CTETICHU YIIPaB-
JATh BENWYMHOW TOPOTOBOrO HampspkeHus. OmHako

MIPOHULIAEMOCTEN

— pasHUIa MKy HAPSKCHUAMA
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JUISl TOHKOTUIGHOYHBIX KOPOTKOKaHAJIbHBIX YCTPOUCTB
BIIMSTHUEM JIaHHOTO 3apsja Ha IOpPOTOBBIC HarpshKe-
HUS MokHO mnpeHeOpeus [10]. Jms KHU KMOII-
HaHOTPAH3UCTOPOB C HHU3KOJIETMPOBAaHHON paboueit
001acThIO 3TO MPHONIKEHHWE TPUBOIUT K CIETYIO-
nieMy ypaBHeHuto Ilyaccona:

'(%,y) , Go(x%.Y)
ox’ oy’

0. (20)

Jns pemennst (20) ucmosb3yrorcsi mapadonnye-
CKO€ MpUOJIIKEHNE AJIsl pacrpe/iesieHns IOTeHIraa,
aHaJIOTM4HOEe BhIpaXeHUsM (5) u (6), U rpaHUYHBIE
ycnoBus (7)—(12). CABUT MOPOrOBOTO HATIPSIKEHHUSI U3-
3a KKO mns neyx3arBopHoro KHI1 KMOII-HaHOTpaH-
3MCTOPa C COCTaBHBIM (DPOHTAILHBIM 3aTBOPOM IO
AHAJIOTHH C [9] MOXKHO MPENCTaBUTh TAK:

L
AU, =2,Ju U, exp(- ——), @1
2g tot,
AU
rge u, =U, -U, -uy +—FtB ,
2(1+——2-)
2g,t,

L L

| Uy +Ug —U, —U)sinh(Ch) +u, sinh(=2)
u =—
2

cosh(%) sinh(%) + sinh(%) cosh(%)

Torpa B o01ieM citydae BBIpaKEHHUE JUI IIOPOro-
BOro HampspkeHHs aByx3arBopHoro KHU KMOII-
HAHOTPaH3UCTOPA C COCTAaBHBIM (PPOHTANBHBIM 3aTBO-
POM HMEET CIeIYyIOINil BUA:

Un = Uthflong - Uth, (22)

rae Ut long MOKeT OBITh WM Uth1, mitit Uy, YpaBHeHue
(22) mpumenumo He BO Bcex ciydasx. Ilpocroit Bua
MONPABKM MOPOTOBOTO  HAIPSHKEHHUsI  00YCIIOBIICH
npeanongoxenneM, uro Ly u Ly HecwisHO pasnmya-
totcs. [Ipu 3HaunTenpHOM OoTNMYMK 3HaueHUH Liu Ly
UCKaXKaeTcs CBA3b MEXAY (QPOHTAIbHBIM W 0OpaT-
HBIMH 3aTBOPaMM, YTO NMPUBOJHUT K HUBEIMPOBAHUIO
a¢¢ekra roll-off moporosoro Hanpspkerus. C ygeTom
3TOTO MbI BBOJIUM MTOTIPABOYHBIH KO3 HUIIMEHT, IMITH-
pHUUYECKOe BBIpaXEHUE AT KOTOPOTO SBISIETCS 0000-
[IEHHEM pe3yIbTaTOB OOJBIIOTO YMCIIA PACYETOB, BHI-
MOJTHEHHBIX NpH oMoty nporpammsl ATLAS:
|L| -L n |
0=1-—, (23)
pL,

I7ie p — MOJrOHOYHBII MapaMeTp, KOTOPBIH 3aBUCHT OT
oTHOIIEeHHs Liu Ly 1 o01mielt amuHbI paboueit 00acTy.
HyxHo otmernts, uToO, ecim L = Ly, To 6 = 1. Ilpn
YMEHBIICHNH JUTHHBI paboueii 06JacTi 1 MOCTOSTHHOM
orHomennn L m Ly addexr roll-off moporosoro
HAIpPSDKCHUSI TIPOSIBIISIETCS, XOTS MEHEe BBIPaXKEHO,
4YeM B CiIy4ae Kiaccuieckoro asyx3atBopHoro KHU
KMOII-tpan3uctopa. CyiiecTBeHHbIE OTIUYHS B 1O-
POrOBOM HANpsHKCHUM HAYMHAIOT BO3HHUKATH IIPHU-
MEpHO B cy0uanazoHe JUMH paboder obmactu 50 HM
npu otHouenuu Lium Ly 3:1 (wim 1:3). OueBnaHo, 4TO

Takye TOIOJIOTUM BPSAJ JIU HPEACTABIAIOT HpaKTHYe-
CKHMii MHTEepec B CHUIIy HE3HAYUTEIHLHOrO BJIUAHMS Ha
XapaKTePUCTHKH HAHOTPAH3UCTOPHBIX CTPYKTYp. Ilo-
5TOMY 3aKJIIOUUTENbHOE BhipaskeHue aaa Up umeeT
BHI

Uth = Uth_tong — OAU. (24)

Pe3yabTaThl MOeIMPOBAHMS

Jns MOJENnbHBIX pPAcdyeToB BHIOPaH MPOTOTHI
JIByX3aTBOPHOTO IOJIHOCThIO obenHenHoro KHU
KMOII-HaHOTpaH3ucTOpa ¢ (POHTAIBHBIM 3aTBOPOM
U3 JBYX MaTepHaJoB C pa3HOW paboTol BBIXOZA
(bpoHTanbHBIH 3aTBOP I (OPMHUPOBAHUS OOIACTEH
I u II ¢ pabotoit Bexona 4,17 3B u 5,25 3B cootser-
CTBEHHO). TEXHOJOTWYECKHE IapaMeTphl TpPaH3H-
CTOpa, OTBEYAOLINE COBPEMEHHBIM TPEOOBAHUSM, Ta-
KOBBL: Lg = 50 HM, ts = 10 HM, tf = 2,0 HM, th= 2,0 HM,
Na= 1x10"7 cm?3, Ngs= 5x10%° cm™3.

Ha pucyske 2a npruBeeHb! pe3yabTaThl MOAEINPO-
BaHMS paCIpeneNeHNs] (POHTATHHOTO IOBEPXHOCT-
HOTO IIOTEHIMaja BHOJb pabodel obmacTu AByX3a-
TBOpHOTO TONHOCTEI0 obOemneHHoro KHUM KMOII-
HAHOTPAH3UCTOpa C (PPOHTAIBHBIM 3aTBOPOM U3 JBYX
MaTepualoB ¢ pa3Hoii paboToi Beixoaa. J{iauHbl 00a-
cTell ¢ pa3Hoil paboTOM BBIXO/a PaBHBI U COCTABIISIOT
MOJIOBUHY 0OIIel IIuHbI paboueit obnactu. Ciemyer
OTMETHTH, YTO NOBEPXHOCTHBIH MOTEHIMAT B IIEHTpe
Ha TpaHMIEe KOHTaKTa IByX oOyacTeil mpeacraBisieT
CTyNeHYaTyIo (YHKIMIO HAa OBEpPXHOCTH. M3-3a 3TOM
CTyIeHYaTON (PYHKIUU OOJNACTH ¢ OoJbInei paboToi
BbIxoja (00macts M1) hpoHTAaTBHOTO 3aTBOpPaA CKPHITA
OT U3MEHEHUH MOTEeHIMaNa Ha cToke. TakuMm obpazom,
cTyneHdaTas QYHKIHS MOJABISET BIUSHHUE DIICKTPH-
YEeCKOT'0 I10JIs, BBI3BAHHOI'O TOTEHIIMAIOM MEX]y HC-
TOKOM M CTOKOM (HaNpspKEHHEM MUTaHUSA) B 001aCTH
M1, u, ciegoBaTeIbHO, HET HUKAKOTO CYIIECTBEHHOTO
W3MEHEHHs B IOBEPXHOCTHOM TMoTeHImane nox Ml
IIPY YBEIMYEHUH CMEIICHUS CTOKa. DTO 03HAYAET, YTO
HanpsKeHHE Ha CTOKE MMEeT OYeHb HE3HAuHTENbHOe
BJIUSIHME Ha TOK CTOKa rocie HacwimeHus [10], koTo-
PBIii, B CBOIO OYepe/ib, 3HAUUTEIHLHO YMEHBIIAET MPO-
BoIMMOCTh cToka M 3¢p¢exr DIBL mis nByx3arBop-
Horo mnonHocthio obennenHoro KHU KMOII-naHo-
TpaH3UCTOpa C PPOHTAIBHBIM 3aTBOPOM M3 JABYX Mate-
pHaJIOB ¢ pa3HOW PabOTON BRIXOJA.

Ha pucynke 26 nmpuBeneHB! pe3ysbTaThl pacyeToB
pacmpenieneHust (GPOHTATBHOTO TTOBEPXHOCTHOTO TIO-
TEHIIMaNa BIOJIb pabodeid 0OJacTH Ml Pa3IAIHBIX
koMOuHanwmii nnuH Ly u Ly. V3 mpencTaBieHHBIX pe-
3yJIbTAaTOB CIIEIYET, YTO BO BTOPOM CIydae HET HHKa-
KOTO U3MEHEHUS B IOBEPXHOCTHOM INOTEHIUAIE, HO B
MIEpBOM Cilydae I0JI0)KEHHEe MUHMMYyMa IOBEPXHOCT-
HOTO NOTEHIMaia, Jexamero noax M1, cmemaercs k
UCTOKY, TaK Kak napamerp LiymeHbmaercs. 310 BbI-
HYXXJaeT NHK 3JEKTPUYECKOro nosis B paboueld 00-
JacTH cMemarkest Oosnpuie K UcToky. OqHaKko Xapax-
TEPHBIH BHJ JIEKTPUYECKOTO IIONSI OCTACTCS HEU3-
MeHHBIM. Kpome TOro, MUHHMyMBI MOBEPXHOCTHOTO
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Puc. 2. Pacnpedenenusi hpoHmansHo20 NOBEPXHOCMHO20 NOMEHYUANLA 8001b padoyell 0o1acmu:
a) npu paznvix Hanpsiicenusx numanus, 20e 1 —Ugs= 1B, 2—Ugs= 0,75 B, 3 —Udas=0,5 B;
6) npu pasuvix omuowenusx Liu Lu, 20e I —Li: Lu=1:2,2-Li: Ln=1:1,3-Li: Lu=2:1

Fig. 2. Front surface potential distribution along the workspace

0)

MOTEHIMANa ISl 3THX TPEX CIIy4aeB PasIHYaArOTCS.
3TO MPOUCXOIUT MIOTOMY, YTO, TIOCKOJIBKY L|yBemman-
BAeTCsl, YacTh pabodeil 00IacTH, KOTOPOH ympaBisieT
(hpoHTaNBHEIN 3aTBOP ¢ Oonbmiel paboToil BRIXOHA,
TOXE yBEIHYNBACTCS.

Ha pucynke 3 mpencraBiieHbl pe3yibTaThl pacue-
TOB HANPSDKEHHOCTH 3JIEKTPUYECKOTO I0JIsl BAOJb pa-
Ooueit obmactn nByx3arBopHeix KHU KMOII-Hano-
TPaH3MCTOPOB C pa3HbIM THIIOM (POHTAJIBHOTO 3a-
TBOpa: C OJHOPOJHBIM M acUMMeTpH4HbIM. [Ipupona
3JIEKTPUYECKOTO MOJISI AT IBYX TPAH3UCTOPOB OJIMHA-
KoBas. bimke K CTOKY HampsHKeHHOCTh HOJIS PE3KO
Bo3pacraeT. Tak, Ha IMOCIEAHUX JIECATH MPOLEHTaX
JUTMHBI OHO BO3pacTaeT B J(Ba pa3a. TeM He MeHee, KaKk
BUJIHO M3 PHCYHKA, IIMKOBOE 3JIEKTPUYECKOE I0JIE Y
Kpass paboueil 00JacTH CO CTOPOHBI CTOKA TPaH3M-
CTOpa C acHMMMETPHYHBIM 3aTBOPOM 3HAUHUTENIHHO
MeHbIIe (IPaKTUYEeCKH B 2,5 pasa), 4eM AJIs TpaH3H-
CTOpa C OTHOPOHBIM 3aTBOPOM, M3-32 HCIIOJIB30BAHUS
MaTepuaia 3aTBopa ¢ 0oJjiee HU3KOH paboTOl BBIXOAA,
geM MaTepHajl 3aTBOpa y MCTOKa. I3-3a ckadka mo-
BEPXHOCTHOTO TIOTEeHIMana JByx3arBopHoro KHU
KMOII-naHoTpaH3uCTOpa C PPOHTATEHEIM 3aTBOPOM,

3,00
2,50 1 ‘
7/
2,00 1 ’
/
/
1,50 ,
/
1,00 - ,
d
rd
0,50 1 PR
-
0,00 === ‘ ‘
0,600 0,700 0,800 0,900 1,000 1,100

Puc. 3. Pacnpedenenue s1eKmpuieckozo nons 60071b
paboueti oonacmu y cmoxa npu Ug = 0,1 B, Uds = 0,5 B,
20e 1 — osyxzameopnwiii KHU KMOII-nanompansucmop ¢
@dpoHmanvHbLM 3aMBOPOM € 08YM MAMEPUANAMU C PA3-
Hotl pabomoil ebixooa u Li=Ln, 2 — o0viunsiti cummempuy-
nutil 0gyxsameopnviii KHU KMOII-nanompan3sucmop

Fig. 3. Electrical field distribution along the drain
workspace when Ug =0,1 B, Uds=0,5B
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COCTOSIIIMM M3 ABYX MaTEpHAIOB C pa3HOW paboToi
BBIX0/12, IIMKOBOE 3JIEKTPUIECKOE MI0JI€ CTOPOHBI CTOKA
CYIIIECTBEHHO CHIDKACTCS, YTO MO3BOJISIET JOCTHraTh
OJTHOBPEMEHHOTO IIOJABJICHUS KAaK KOPOTKOKAHAIIb-
HbIX 3¢ dekToB, Tak u dddekra ropsUNX HOCHTE-
neit [12].

3aBUCHUMOCTH NOPOTOBOT0 HAMPSKEHUS OT JJIHHBI
3arBopa /i nByx3aTBopHoro KHM KMOII-naHOTpaH-
3UCTOpa C aCHMMETPHYHBIM ()POHTAIBLHBIM 3aTBOPOM
JUISl pa3iIMYHBIX COOTHOUIeHUH Li/Ly moka3ana Ha pu-
cynke 4a. Crnegyer ormetuts, yTo KK3 BO Beex ciy-
Yasx SIBISAIOTCS CEPbE3HBIM IPENSTCTBHEM IIPH Mac-
MTa0MPOBAaHUM JUIMHBI pabodelt obmactu. HambGonee
CHIIBHO 3TO TposiBiseTcs Juist ciaydast Li:Ly = 1:2, xo-
rzia BiusiHAEe obimact M1 Ha pacnpesneneHue MOTEH-
I[1aja HeCYIIECTBEHHO, YTO OTPa)XKEHO Ha PHUCYHKe 3
(mwxHsIst kpuBast). C yBeJIHYEHHEM MPOTSHKEHHOCTH
obnactu M1 Bnusaue sddekra roll-off ymenbmaercs.
3asucumocts Uth(LQ) crmaxkuBaercs. B mpenensHoM
ClIydae OTKJIOHEHHE OPOrOBOTO HAIPSKEHUS COCTaB-
nsiet 82 MB u 61 MB mns otHomenns Lily = 1:1 u
Li:Lir =2:1 cooTBeTcTBEHHO.

Ha pucynke 40 mpuBeneHbl pe3yabTaThl MOJIEINH-
poBanus 3aBucumoctu DIBL-3¢dexra ot amunbl pa-
6oueit 0OsacTH MccieayeMOoro NpoOTOTHIA TIPH Pa3HBIX
otHomeHusx Li:Ly. Bennmauna DIBL Beruncsiercs kak
PasHOCTh MEXJy NOPOTOBBIM HAINpsyKEHUEM P BbI-
cokoM Hanpsbkennu crok-uctok (UM = 0,5 B) u mo-

POTOBBIM HAIIPSAKCHUEM TIPU HHU3KOM HANPSKCHUN

h_

crok-—nctok (U

0,05 B). cxoas u3 COOTHOIIEHUH
(21) u (24) BeIpaxkenue st DIBL mMoxHO 3ammcaTh B

Buge DIBL = 20(yJu, (UM, U)

L
Uy (U ), (U })) exp(————=).
, lza,tstf

W3 pe3ynpTaToB MOICTHPOBAHUS CIEIYET, 9TO Be-
muarHa DIBL pe3ko Bo3pacTaeT mpu MacITabupoBa-
HUW JIUHBI pabodeld o0jacTH Ha4YWHAS MPUMEPHO C
40 um. IIpu aTOM oTHOMIEHUE UTHH obnacteit Ly u Ly
OKa3bIBAE€T BJIMSHUE HAa BeauuuHy napamerpa DIBL.
‘YMenbienue amuHel obiactu I1 ¢ MeHbIe# paboToit
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Puc. 4. 3asucumocmu: a) Uth u 6) DIBL s¢pghexma om onunvt 3ameopa Lg, 20e 1 —Li= Ly, 2 —Li:Lin=2:1,
3-LiLu=1:2
Fig. 4. Dependencies: a) Uth and 6) DIBL effect on a gate length Lg

BBIX0/1a IPUBOJNT K CHIDKCHUIO SKPAaHUPOBKH CTOKA H,
KaK CJeJICTBUE, K pocTy Bennuuubl DIBL, a Takxe cka-
3BIBACTCA Ha YNPABISIEMOCTH M aKTHBHOI MeX>3Jek-
TPOJHOU IPOBOJUMOCTH TPaH3UCTOPHOH CTPYKTYPHI.
B 10 ke Bpems npu Oonbiux UIMHAX pabouei obma-
ctu 3¢ dext DIBL He3HaUUTENBHBII TPH JTFOOBIX OTHO-
menusax Ly u L.

3akiaroueHue

Pa3pabotansl 2D-aHanuTuueckas MOJACIb pacmpe-
JIeNIeHHsI TIOTEHIHaNa M BBITEKAIOmas U3 Hee MOJENb
MOPOTOBOTO  HANPSIKEHUS IS  TOHKOIUIEHOYHOT'O
neyx3atBopHoro KHW KMOII-nanoTpan3uctopa c
(hpOHTATIBHBIM 3aTBOPOM M3 JABYX IOCIIEAOBATEIHHO
COCIMTHEHHBIX MaTepPHaJIOB C pa3HOi paboTo BEIXOA.
HccnenoBansl noBeeHWE NOTEHIMANA B TPAH3UCTOP-
HBIX CTPYKTypax B OOJIACTH [UIMH 3aTBOPOB MEHeEe
50 HM, €ro 3aBUCUMOCTH OT CMEIICHUH Ha CTOKE JJIs
pa3IMIHBIX KOHQUTrypanuid (pOHTAIHFHOTO 3aTBOpA.
ITony4yeHHble pe3yibTaThl OJJHO3HAYHO IMOKAa3bIBAIOT,
YTO MPUMEHEHHE JABYX MaTepUaOB ¢ pa3HoW paboToii
BBIX0/1a BO (DPOHTAILHOM 3aTBOPE MPUBOIHT K 3P dek-
TUBHOMY MOZABJICHUIO KOPOTKOKAHAIIBHBIX (P (PEKTOB
U3-3a CTyNeH4YaToi (yHKIMHU B Mpoduiie MOTeHIHaa
Ha TpaHUIle pa3jerna IByX MarepuanoB. CIBHT MOJIO-
KEHUS TTOBEPXHOCTHOHM MO3WUIMH MUHHUMYyMa IOBEpPX-
HOCTHOTO MOTEHIMAlla HE3HAUUTENIEH C YBEIUUCHUEM
cMmenieHui croka. [IMKOBOe aJieKTpUYecKoe MoJie y
CTOKa 3HAUUTEIbHO CHUXKAETCS MO CPAaBHEHHUIO C aHa-
JIOTUYHOM TPAH3UCTOPHOU CTPYKTYPOM, HO C OJJHOPOI-
HBIM (pOHTAIBHBIM 3aTBOpOM. IIpesackazaHbl gocTH-
XKeHne OoJiee BBICOKOW aKTHBHOM MEX3JIEKTPOIHON
MIPOBOIUMOCTH M YMEHBIIICHHE TIOATIOPOTOBO YTEUKU
M0 CPAaBHEHHWIO C KIACCHYECKHUMH IBYX3aTBOPHBIMH
KHN KMOII-HaHOTpaH3UCTOpaMH B OOJIACTH JIJTUH
3aTBOpoB MeHee 50 HM. OTIMYUTENHHBIMH CBOW-
CTBAMH HCCIIEAYEMBIX CTPYKTYp SBISIOTCS CyIIe-
CTBEHHOE CHIDKCHHMEM IHKa JICKTPUYECKOro MOJs Ha
rpanuie padboyeil 00J1aCTH M CTOKA, yMEHbLICHHE (-
(exra roll-off (pe3koro crnaaa) HOporoBoro HampsKe-
Hus u DIBL-a¢dexra. Pesynbratel MogenupoBaHus
XOPOULIO COIJIACYIOTCSI C JAaHHBIMU BBIYMCIUTEIBHOTO
SKCHEPUMEHTA, KOTOPBIE OJIy4eHbI IPU TOMOIIHU KOM-

MEpPYECKH  JOCTYNHOIO  MPOrpaMMHOIO  MaKeTa
ATLAS, npeaHa3Hau€HHOro Uil MOJEIHPOBAHUS
CIIO’KHBIX TPaH3UCTOPHBIX CTPYKTYyp. Takum obpazom,
NPUMEHEHHE IBYX MaTepPHUaJIOB C pa3HOW paboTOM BbI-
Xo/1a BO (ppoHTaNBHOM 3aTBOpE AByXx3aTBOpHBIX KHU
KMOII-HaHOTPaH3UCTOPOB yIy4IIaeT UX KIIOUeBBIE
ANMEKTPOPU3NUECKHE XaPAKTEPUCTUKH 110 CPABHEHHIO
C JBYX3aTBOPHBIMHU IOJIEBBIMU TPAH3UCTOPAaMH C OA-
HOPOJIHBIM (PPOHTAIBHBIM 3aTBOPOM U C 00BEMHBIMHU
aHaIlOTaMH.
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POTENTIAL DISTRIBUTION SIMULATION FOR A DUAL-GATE FIELD SILICON ON INSULATOR
NANOTRANSISTOR WITH AN ASYMMETRIC GATE

N.V. Masalsky !, Ph.D. (Phisics and Mathematics), Head of Sector, volkov@niisi.ras.ru

! Federal State Institution "Scientific Research Institute for System Analysis of the Russian Academy of Sciences"
(SRISA RAS), Nakhimovsky Ave. 36/1, Moscow, 117218, Russian Federation

Abstract. The paper considers a 2D analytical model of potential distribution and a following threshold voltage model for
a thin-film dual-gate field nanotransistor with "silicon-on-insulator" structure with a front gate from two sequentially connected
materials with different work function. It also investigates potential behavior in transistor structures in the field of gate lengths
less than 50 nanometers, its dependence on drain offsets for different configurations of a frontal gate.

The received results show that using two materials with different work function in a frontal gate leads to effective suppres-
sion of short-channel effects due to a step function in a potential profile on the boundary of two materials. The shift of a surface
line of a surface potential minimum is insignificant with increasing drain biases. The peak electric field at a drain considerably
decreases in comparison with similar transistor structure but with a uniform frontal gate. At the same time, it is predicted to be
a higher active interelectrode conductance and reduction of subthreshold leak in comparison with classical two-gate field na-
notransistors with structure "silicon-on-insulator” in the gate lengths less than 50 nanometers.

The distinctive properties of the researched structures are essential lowering of an electrical field peak on boundary of a
working area and a drain, reduction of parasitic effects of threshold voltage. The simulation results are in good agreement with
experiment data received by means of commercially available software package ATLAS intended for simulation of complex
transistor structures.

Thus, using two materials with different work function in a front gate of dual-gate field nanotransistors with the structure
"silicon-on-insulator" improves their key electrophysical characteristics in comparison with dual-gate field transistors with a
uniform front gate and volume analogues.

Keywords: dual-gate SOI CMOS nanotransistor, 2D Poisson equation, asymmetric front gate, potential distribution,
threshold voltage.
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MHOTIO®YHKIIHOHAABHBIH ITPOrPAMMHBIH KOMITAEKC
TEITAOBOI'O ITPOEKTHPOBAHHA SAEKTPOHHBIX CHCTEM:
TPEBOBAHHS K APXHTEKTYPE H $YHKIITHOHAABHBIM
BO3MOX>XXHOCTAM MOAEAHPOBAHHA

A.T". Madepa, 3.m.n., npocpeccop, sas. omdenom, agmprof@mail.ru;

B.H. PeuwwemHuKos, d.¢g.-m.H., npogheccop, rvn_@mail.ru
(Llenmp susyaiuzayuu U CNYMmMHUKO8bIX UHPOPMALUOHHBIX mexHonozuli PHI[ HUHCH PAH,
Haxumosckuii npocn., 36, kopn. 1, 2. Mockea, 117218, Poccust)

PaccMOTpeHBI KOHLCTIIIMH MAaTEMAaTHYECKOTO M KOMITBFOTCPHOTO MOJICITUPOBAHHS, TTOJI0KECHHBIC B OCHOBY Pa3paboTKU U
CO3/1aHUs MHOTO()YHKI[HOHAIBHOTO MPOTPAMMHOT0 KOMILIEKCA ISl TEIIOBOTO MPOSKTHPOBAHHMS CIIOKHBIX JICKTPOHHBIX CH-
creM. [Toka3aHbl MPUHIUITHATIBHBIC HEOCTATKY 3apYOSIKHBIX IPOTPAMMHBIX KOMILICKCOB TEIIOBOTO IIPOSKTHPOBAHMUS, KOTO-
pbIe He MO3BOJLSIIOT UCIIOI30BATh MX B MPAKTHKE MPOSKTUPOBAHHS U CO3AHUSI KOHKYPEHTOCIIOCOOHBIX AIEKTPOHHBIX CUCTEM.

B cratbe 060cHOBaHbBI TPeOOBaHUS K MHOTOQYHKIIHOHAIEHOMY [IPOrPAMMHOMY KOMILICKCY [UIsl a[[eKBAaTHOTO IIPOEKTHPO-
BaHU TEIUIOBBIX MIPOLIECCOB M TEMIIEPATYPHBIX PACIPE/IeIeHHI B JIEKTPOHHBIX CHCTEMaX B YCIOBUAX (YHKIHOHUPOBAHHS H
9KCIUTyaTalliu, MPUOIKEHHBIX K PEabHBIM, @ UMEHHO: TIPOrPaMMHBINA KOMIUICKC JHODKEH 00ECIeuHBaTh BO3ZMOKHOCTh MO-
JICITUPOBATH TEILIOBBIC MIPOLIECCHI B AICKTPOHHBIX CHCTEMAX, SBIISFOLINECS HEMHEHHBIMHU, HECTALIMOHAPHBIMH, TPEXMEPHBIMH,
HHTEPBAJIbHO-CTOXaCTHYCCKUMH, & TAKIKE YUUTHIBATh BIUSHHE TCIIOBOM 0OpaTHOM CBsI3U, 0COOCHHOCTH KOHCTPYKLIMH U MOH-
Ta)ka SJIECMEHTOB B 3JIEKTPOHHOI CHCTEME, BO3/ICHCTBIE IeCTa0HIN3HPYIOIINX MEXaHHUECKHX, KINMATHYECKHX H PaJHallHOH-
HBIX ()aKTOPOB.

ApXuTeKTypa MHOTO(YHKIIMOHAIFHOTO IPOrPaMMHOT0 KOMILIEKCa J0JDKHA BKJIIOYATh BHICOKOI(P(EKTUBHOE MaTeMaTH-
YEeCKOEe BBIYHUCIHUTEIHHOE S/IPO, PA3BUTYIO CEPBUCHYIO MOJIB30BATEIBCKYIO 000I0UKY, OTBEUAOIIYIO COBPEMEHHBIM TpeboBa-
HHSIM K CJIOKHBIM [IPOTPAaMMHBIM KOMIUTeKcaM u cuctemaM. CepBUCHasi 000JI04Ka, B CBOIO O4Yepeb, JOJDKHA 0OeceynBaTh
BU3YaIbHYIO, HATSAAHYIO U yIOOHYO Uil BOCIPUATHS (HOPMY 3a/laHHsl HCXOAHBIX JAaHHBIX B BH/E LIBETHBIX H300paXKeHMUit
TEMIIEPaTyPHbIX PACIIPECICHU U APYrUX TEIUIOBBIX XapaKTEPUCTHK HA PA3IMYHBIX HEPAPXUUECKHX YPOBHSIX.

[IporpaMmHEIii KOMIUTEKC peanu3yetcs B cpeae Microsoft Visual Studio, ob6ecnieurBarorieii 00beKTHO-OPUEHTUPOBAHHBIH
MOAXO0/1, Ha sI3BIKE BBICOKOTO ypoBHs C#, O/ yrpaBieHHeM ceMelcTBa onepannoHHbIX cucteM Microsoft Windows. Moayiib-
HOCTb apXHUTEKTYPbI M03BOJSIET 3PPEKTHUBHO PACHIUPATH BOSMOXKHOCTH M MOISPHU3AIMIO TPOTPAMMHOTO KOMILIEKCa.

Kniouesnle cnosa: npozpammiblii KOMRIEKC, IAEKMPOHHASL CUCIeMd, MENI08As MOOelb, MAMEeMAMUYECKAsi MOOeLb, MeM-

nepamypHoe pacnpeoeineHue, CHoXacmuieckutl, meniogas 06pamHas cesasb, decmadurusupyowue Gaxmopboi.

[paxTuka cozmanus snexmponnsix cucmem (InC),
NpefHa3sHAYeHHBIX ISl SKCIUTyaTallid B YCIIOBHSIX
BO3JICHCTBHS TEIIOBBIX, MEXaHUYECKNX, BUOPAIIMOH-
HBIX, XUMHYECKHUX, PAJAHUAIIOHHBIX U KOCMHYECKHX
(hakTOPOB M IKCTPEMANbHBIX MapaMeTPOB OKPYXKaro-
IIUX CPeJ, MPEIbBIAET )KECTKHE TPEOOBAHNUS K CUCTE-
MaM aBTOMaTH3UPOBAaHHOTO MpoekTupoBanus I1C no
BCEM BHJaM JECTaOMIM3UPYIONINX Bo3aeiicTBHi. TeH-
JICHINSA K Y)KECTOUYCHHUIO 1 MOBBIIIEHUIO TPeOOBaHUH K
cucTeMaM aBTOMAaTH3MPOBAHHOIO IPOEKTHPOBAHUS
O1nC u snementoB OnC JUKTYET, B CBOIO OUEpE/b, MO-
BBIIICHHE KaK YPOBHS aJ€KBAaTHOCTH MaTeMaTuhde-
CKOT'0 ¥ KOMIBIOTEPHOro MojenupoBanus IiC, Tak u
MHOTO(]YHKIIMOHAJILHOCTH TIPOEKTHpOBaHus. Paspa-
00TKa MHOCOPYHKYUOHATLHO2O NPOSPAMMHOZO KOM-
nrekca (M®IIK) aBTOMaTH3UPOBAHHOTO IMPOEKTHPO-
BaHUs DyC SBISETCS] KPUTHUECKNA BaXKHOU IS co3/1a-
HHUSL HOBBIX KOHKypeHTOocTmocoOHbIX InC. IIpm stom
co3ganue oreuecTBeHHbIX M®IIK ans mpoexkrtuposa-
Hust OnC 0COOEHHO aKTyaJlbHO Ha COBPEMEHHOM
JTare, TMOCKOJIBKY OOECIeurBaeT pelIeHHe BayKHEH-
1Iei 3a71a4y 0 MMIIOPTO3aMEIECHHIO 1 UMITIOPTO0E30-
nacHoctu I10.

Cpenu necrabumusupyromux BosaehcTBuin D1C
OJTHMM M3 HamOoJiee BaXKHBIX M 3HAUUTEIBHBIX SBIIS-
eTcsl TEIJIOBOE BO3JCHCTBHE, IOCKOJBKY OOibIIas
gacTh MOIIHOCTH (o 98 %), moTpebnsemoit B mpo-

necce ¢pyHKunoHUpoBaHUs D1C, HEOOPaTUMO JHCCH-
MUPYETCS B TEIUIOTY, MIPUBOASIIYIO K CAMOPa3OTrPEBY
aneMeHToB U Bceid DnC B nenom. B cuny 3HaunTens-
HOM 3aBUCHMOCTH DJIEKTPHUECKUX IMapaMeTpOB dJie-
MeHTOB OC OT TeMIeparypbl OJIHOBPEMEHHOE BO3-
JieficTBHe Kak caMopasorpesa dmeMeHToB JiC, Tak U
MOBBIIIEHHBIX TEMIIEPATYP OKPYKAIOIIEH CPebl MPH-
BOJIMT K BEICOKHM YPOBHSIM TEMIIEPATyPhI B DJIEMEHTaX
Y K TAKUM HEXeJIaTeIbHBIM MTOCIIEICTBUSAM, KaK BBIXO]I
xapaktepucTuk DiC 3a npeaesnsl I0NyCTUMBIX 3Haue-
HHH, moTepsi paboTocroCOOHOCTH, CHIXKEHUE OBICTPO-
JIEUCTBUS, HAJEKHOCTH, MTOMEXO3AIIUIICHHOCTH, HE-
BBITIOJTHEHUE TTOCTABJICHHOH 3a7aun. Bo3HuKaromue B
OnC TemrepaTypHbIe pactpeeeHus 00yCIOBIHBAIOT
MOSIBIICHHE MHOYKECTBA IPYTUX dPPEKTOB pa3THIHON
(u3nueckoil MpUpPOABI, HAMPUMEpP, BO3HUKHOBEHHE
TEPMOMEXaHUUECKUX HANPSHKEHUH B KOHCTPYKITUH
OnC, npUBOAIINX K KOPOOJICHUSAM, AePOpMaIiu, OT-
CJIAaMBAHWIO KOHCTPYKTUBHBIX 3J1eMeHTOB DJIC, Hampu-
Mep, K OTPBHIBY IIaPUKOBBIX BBIBOJOB B KOpITycax
BGA, xopoOJICHHIO U OTCIIAUBAHUIO CIIOCB H TOKOBE-
IyIIUX JUHUM B CJIOSX MHOTOCJIOWHOM Me4aTHOM
IUIAThI, Je(OPMUPOBAHUIO KOHCTPYKTHBHBIX 3JICMCH-
TOB KpeIIeHusl U MOHTaxa u np. [1-3].

Takum 00pa3oM, TEIUIOBBIC BO3ICHCTBUS TNPU
dyakuuonupoBanun  I1C  SBISAIOTCS  PEIIAOLIIMHE
OTPaHUYUTENbHBIMU (AKTOpPAMH HA ITYTH CO3IaHHS
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KOHKYpeHTOCHOCoOHBIX 11C, a HeaJeKBaTHOE TEILIOo-
Boe IpoektupoBanue DiaC NPUBOAUT K OLIMOKAM MpH
pa3pabotke OnC, 00ycIoBIHBast HECOOTBETCTBHE Ma-
pameTpoB m xapakrepuctuk OinC tpedyembmM B T3
3HaueHusAM. [loaTomy BaxkHelIeH 3a1aueil npu co3a-
HHUH HOBBIX KOHKYPEHTOCIIOCOOHBIX D1C, yCTOWIMBHIX
K ZeCTaOMIM3UPYIOIINM BO3ICHCTBHSAM, SBIISICTCS pPa3-
paborka MOIIK mms mennogozo npoexmuposarus
9nC (TII OnC).

MOIIK TIT 3aC npeanasHadyeH st 00CCICYCHUS
pa3paboTunKoB 371eMeHTOB 1 D1C B 11€II0M BBICOKO3 (-
(heKTUBHBIM, aJICKBATHBIM PEAbHOCTH, C Pa3BUTON
TMOJIB30BATEIILCKON 000JI0UKOH MHCTPYMEHTOM, IMPea-
Ha3HAUCHHBIM AJIS MPOBEACHUS BCECTOPOHHEIO MHO-
TOBaPHAHTHOTO MAaTEMaTHYECKOTO U KOMITBIOTEPHOTO
MOJICIIUPOBAHMSA TEIUIOBBIX MIPOIECCOB M TEMIIEpaTyp-
HBIX pacnpeneneHuii B 2nC.

HeobOxomuMo OTMETHTH, YTO CYIISCTBYIOIIHE B
HacTosIIee BpeMs B 3apyOeKHBIX KOMITAHUSAX HpO-
epammuvie komnaexcol (IIK) mist TETmoBBIX pacdeToB
9nC (Beta Soft, TGM Thermal Analysis & Electronic
System Cooling, SINDA, Ansys, FLOTHERM wu npy-
r'He, BKIII04as OT/IeNIbHbIE TEIIOBBIC MOTYJIH, BCTPOCH-
ueie B paznuunsie CAD/CAM/CAE) uMmeroT cienyro-
M€ Cepbe3HbIe CUCTEMHBIE HEJOCTATKH, HE MO3BOJIS-
IOLME UCNOJb30BaTh X B npaktuke TII OnC, B Tom
YHCIIC U OTEYECTBEHHOM.

e MeTOoABl U MOJENH, KaK U MaTeMaTHIECKUE H
KOMITBIOTEPHBIC BBIYUCIUTEIBHBIC ANTOPUTMBI, 3aII0-
JKeHHbIe B 3apyOexHbix 1K, Hemomp3oBaTenro Hews-
BECTHBI U HE PACKPBIBAIOTCS, YTO HE MO3BOJISIET CYAUTH
00 MX aJeKBaTHOCTH, BAJHIHOCTH U PEIEBAHTHOCTH.
OtcyrcTBre nHbOpMalu 00 00JaCTH U JAWAra3oHe
MIPUMEHUMOCTH MOJieNeil, 3a710KEHHBIX B KOHKPETHOM
[TK, cBeneHuii 0 MaTeMaTUYECKUX MOJECIIAX, METOIax
pemieHns ypaBHEHUI MaTeMaTHYECKUX MOJENeH, uc-
nonb3yeMbix B AanHoM 1K, He mozBossier pa3padbot-
YUKaM HOBOM TEXHUKHU JNOBepATh nosydaembiM B [1K
pe3yabTaTaM M BEIBOJAM U OPHEHTHPOBATHCS HA HUX
npu co3gaHuu HOBbIX DiC.

e Copneprxaluecs 10 YMOJIYaHHIO B 3apyOEiKHBIX
IIK ¢u3nveckre u KOHCTPYKIUOHHBIC TapaMeTphl H
XapaKTepUCTHKH MaTEPHUAIIOB, JIEMEHTHON 0a3bl, KOH-
cTpykimii D11C MOITHOCTHIO TPHUBA3AHBI K 3apyO0eKHBIM
TEXHOJIOTHSIM, KOHKPETHBIM KOMITAHUSIM, KOHCTPYK-
[USIM M [IPUHATBIM CTaHIapTaM, KOTOPBIC HEIpUMe-
HUMBI K OT€YECTBEHHBIM MaTepHaiaM, TeXHOJIOTHSIM,
KOHCTPYKLIMSAM H CTaHIApTaM.

e bubnnorexu 351eMeHTOB (MUKPOCXEM, JIEKTPO-
U paJMO3JIEMEHTOB), «BIIUTHIC» B CTPYKTYPY 3apy-
oexnbIx [1K, HemoCTyMHBI TSt aHAIH3a CIICUATICTAM
0 TETUIO0OMEHY M pa3paboT4nKaM 3JIEMEHTHOH 0a3bl
91nC, a UX CylUeCTBEHHOE OTJINYME OT OTEUECTBEHHOM
HOMEHKJIATYPHI 3NIeMeHTOB DiC JIeaeT ux HempuMme-
HUMBIMH B OT€YECTBEHHOU MPAKTHKE TEIIOBOTO IIPO-
EKTHUPOBAHHUS.

e MHOroQyHKIMOHAIEHOCTh 3apyOexkHbIx ITK
BO MHOTOM OTPaHHWYCHA BONPEKH ACKIAPHUPYEMBIM B
HUX BO3MOXKHOCTSIM H 3a9aCTYI0 HE COOTBETCTBYET pe-

368

albHOM MpPaKTHUKE MpU TONBITKAX UX MPUMEHEHHUs K
pacueTaM TEIJIOBBIX NPOLECCOB B KOHKPETHBIX KOH-
crpykmusax OnC. Tak, B 3apy0exnbix [IK oTcyTcTBYyeT
Takasl BaXKHasl JUI a/leKBaTHOTO TEIUIOBOTO aHAIN3a
OnC BO3MOKHOCTB, KaK MOAEIHPOBAHNE TEMIIEPATyp-
HBIX pAaclpeieieHuil B MHOTOCIOMHON Ie4yaTHOM
mrate DM, B KOTOpOW Ha CETOHALIHUN JEHb MOXKET
HACYHUTHIBATHCS 00JIee HECKOJIBKHUX JIECSATKOB Pa3HO-
poxnsix cnoeB. Hanpumep, B IIK Beta Soft xonnue-
CTBO CJIOEB B IIEUaTHOM IIaTe HE MPEBOCXOAMT TPeX, a
B Jpyrux 3apyoexHssix [IK nmeercst BO3MOXHOCTb 3a-
JlaHUA TOJIBKO OJHOTO YCPEJHEHHOTO CJIOf, MpUYEeM
METOJ NPHUBEICHUS MHOXECTBA CIOEB K OJHOMY HE
MIPUBOJUTCSL.

e B 3apy6exnbix [IK oTcyTcTBYIOT (BOTIpEeKH Jie-
KJIapalysiM) TPUHIUIHAIBHO BayKHBIE BO3MOXKHOCTH,
KOTOpBIE HEOOXOANMO YUHUTHIBATh NPH TEIUIOBOM IIPO-
exTrpoBaHny D1C, a IMCHHO MOJICTTMPOBaHNE

— TeMIEepaTypHbIX pacnpenencHuid B OnC npu
HHTEPBAJIbHO-CTOXaCTHUECKOW  HEONpeAeIeHHOCTH
TEIUIOBBIX, JIEKTPUYECKUX M KOHCTPYKTHBHBIX Hapa-
METPOB U XapakTepucTuk D1C U cTOXacTUYECKOH He-
OIPENEICHHOCTH YCJIOBUH peaJbHONl OKpy:Karouien
Cpensl;

— TEIJIOBO¥M 0OpaTHOM CBS3HM, OCOOCHHO CHIIBHO
nposBisoeicss B sneMeHTax OnC ¢ MOBBILLIEHHOM
MOIIHOCTBIO IOTPEOJICHNS, AECTAONIN3NPYIOIIIX BO3-
JIEUCTBUAX W DSKCTPEMAJBHBIX OKPYXAIOUIUX YyCIIO-
BUSIX.

[TpuBeneHHBIE CHCTEMHBIE HEAOCTATKH 3apyOexk-
HbeIX [IK He mMO3BONAIOT pekoMeHIoBaTh MX K 0e3-
YCIIOBHOMY IIPUMEHEHHUIO B IPAKTHKE TEILIOBOTO MPO-
ektupoBanus IJC U UX DJIEMEHTOB, YTO HapsIAy C pe-
meHneM npoOiembl umnoprosamenienus [10  emie
6oJbIIIe MOBBIMIAET AKTYaJlbHOCTh Pa3pabOTKU H CO-
3nanus otedecTBeHHBIX M®DIIK s TemoBoro mpoex-
tupoBanus DiC.

TpeboBanus K GyHKIHOHATBHBIM
B0O3MOKkHOCTAM MoaeaupoBanuss MPIIK TII DaC

PazpabareiBaembrii MOIIK TIT 91C nomxken yno-
BJIETBOPSTH ONPE/ICIIEHHBIM TPEOOBaHUSIM U 00J1a1aTh
CIIeYIONMMH  (YHKIMOHAIBHBIMUA  BO3MOXHOCTSIMU
[4] (cM. pucyHOK).

e Mojien1poBaTh TEIUIOBbIE PEXHUMBI M TeMIlepa-
TypHBIE pacnpenaeneHus B JnC Ha pa3iUuHbIX nepap-
XMYECKUX YPOBHSIX, COJEPIKaIINX

— oanemeHTH O1C (MHKPOCXEMBI, IIEKTPO- U pa-
JTMORJIEMEHTHI) — 1-i ypOBeHB;

— 9JIGKTPOHHBIE MOJYJIH, BKJFOYAIOI[HEe MHOIO-
CIIOIHYIO TIEYaTHYIO IUIATy, YCTAHOBJICHHBIC Ha HEH
MHUKPOCXEMBI, 3JIEKTPO- U PAJHOJIEMEHTBI, TEIIO0T-
BOJIbl, CUCTEMY OXJIQXK/ACHHS AJIEKTPOHHBIX MOJIYJIEH,
KOHCTPYKTHBHBIE DJIEMEHTHI KPEIUICHHS M MOHTa)a
3JEKTPOHHBIX MOLyJel — 2- ypOBEHB;

— ma”enb (010K, CyOOJIOK M T.II. 1O PA3IMYHOM
TEPMHHOJIOTHH), OOBEAMHSIOMAs HECKOJIBKO 3JIEK-
TPOHHBIX MOJyJIeH BMECTE C KOHCTPYKTHBHBIMH 3JI€-
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Mogaynb nH$ opmaLy OHHOro
obecneyveHus

B/l TennoBbIx NapameTpos
1 XapaKTepucTnk 3nC 1 anemeHT 08
Ha MepapxmMyecKnx ypoBHAX

B/], 31eKT pryeckux napameT pos
1 XapakTepucTuk I1C 1 anemeHToB
Ha MepapxmMyecKnx ypoBHAX

B/l KoHUIypaLmum 1 Tonosorum
KOHCTPYKLMI INC 1 anemeHToB
Ha nepapxM4ecKmnx ypoBHAX

b/ napametpos
1 KOHCTPYKLMIA TEM/100TBOA0B
1 cuctem oxnaxkaeHus InC
Ha MepapxXMYECcKnX ypOoBHAX

B/l ctatncrnyecknx
mep (MO u CKO) 3/1eKT puyeckux
M TENN0BbIX NapaMeT poB
M XapaKTepucTuK anemeHTos I1C
Ha MepapxXMyYecKnX ypoBHAX

b/l napametpos
KOHCTPYKLMIA INC Ha ve papxmie CKUX
YPOBHAX

b/ napametpos
OKpyKatoLLelt cpeabl
M TennoHocuTenen BHyTpu 31C
Ha MepapxMyecKnx ypoBHAX

Mogay/ib KOMMbIOTEPHOTO
MOZE/IMPOBaHNA
B CTALMOHAPHOM
M HECTaUM OHAPHOM peXnmax

Moaynb MoaennpoBaHua
napamerpos

»

|  ;AeTepMUHUPOBAHHbIX TENNOBbIX

pexxnmo INC Ha MepapXUYecKmxX
YPOBHSAX

Moaynb MoaenupoBaHua
WHT €pBa/IbHO-CTOXaCTU4E CKUX

»
#1 napameTtpos TenoBbIxX pexxmmos InC
Ha MepapXUYecKmx ypoBHAX

Moay b MoaenupoBaHua
WHT € Ba/IbHO-CTOXACTU4E CKUX

» o

| TemnepaTypHbIX pacnpeseneHnii InC

1 NapameTPOB TEMNIOBOTO PEKMMA
31C Ha Ve papXuue CKMX YPOBHAX

Moaynb MoaennpoBaHma Ten10son

> obpatHoii casn AnC
Ha MepapXMUECKMX YPOBHAX

Moaynb mogennposaHua
MHT €pBa/IbHO-CTOXACTU4E CKUX
TemnepaTypHbIX pacnpeseneHuit InC

»- 1 napameTpoB TensoBoro pexuma
3nC € y4eTOM BAMAHUA TEMT0BOM
06paTHO CBA3M Ha MepapXUYECKUX
YPOBHAX

Mogynb pesynbratos
KOMMbIOTEPHOTO
MOAENNPOBaHUs.

CepsucHan o6onouka

Mogaynb NnpeacraBieHnA pe3ynbTaTos
MOAENMPOBaHNA
AeTe PMUHUPOBAHHbIX TENIOBbIX
pexxunmoB INC Ha epapXUYecKmxX
YPOBHSAX

Moy nb NnpeacraBaeHNA pe3ynbTaTos
MOAENUPOBAHUA UHTE PBANIbHO-
CTOXaCTMHECKUX TEMNOoBbIX PeXXMmoB
9nC Ha MepapXmnyecKMX YPOBHAX

Moaynb npeacrasneHna
1 BU3YaNM3aLLMM Pe3yIbTaToB
MOZENUPOBaAHUA UHTE PBANIbHO-
CTOXaCTUYE CKUX TeMNePaTyPHbIX
pacnpegeneHnii 3nC 1 napameTpos
Tennosoro pexkuma InC Ha
NepapxUYecKmx ypoB HAX

Moy nb NpeacraBneHUs pesynbTaTos
MOZAENUPOBAHVA TEM/IOBOTO PEXMUMA
Npv HaNV4UK TEMI0BOM 06paTHOM
cBA3n InC Ha nepapxmyecKkmux
YPOBHAX

Moaynb npeacrtasneHuns
1 BU3YaNM3aLLMmM Pe3yNbTaToB
MOAENUPOBaAHNA UHTE PBAIbHO-
CTOXaCTUYE CKUX TEMMEPATYPHBIX
pacnpeaenenuii 3nC u TensosBoro
pexuma InC c yueTom BAMAHMA
Tennosoi obpaTHOMN CBA3U Ha
NepapxmUYecKmx ypoB HAX

MaTtemaTtuyeckoe BblYMCINTENBbHOE AL PO

!

Mopaynb 3agaHMA M KOHTPOb KOPPEKTHOCTM UCXOAHbIX AaH HbIX

at various hierarchical levels

MOOy]lea}l apxumexkmypa MHOZO(i)yHKL{uOHaﬂbHOZO npocpamMmHo2co Komnjiekca 015l Menylo8o2o npPoOeKmupoeaHust
DJIEKMPOHHBLX CUCEM HA PA3TUYHBbIX UePpAPXUHUECKUX YPOBHAX

A modular architecture of multifunctional software for electronic system thermal design

MEHTaMH KpEIUIEHHS W MOHTaXka, CHUCTEMy HWHTEep-
(heiica, TEIIOOTBOIBI U CHCTEMY OXJIAXKICHHS MAaHEIN
— 3-i1 ypoBeHb;

— CTOHKYy, B COCTaB KOTOPOH BXOJST HECKOJIBKO
HaHeseH, 3IeMEHThl KOHCTPYKIMU KPEIUIEHUSI U MOH-
Taka IaHeNeH B CTOWKe, cucTeMa HHTepdelica 1 oxJia-
JKICHUS CTOMKHU — 4-i ypOBEHb.

ITpu stom B M®IIK TII D5nC gomkna ObITh 00ec-
IedeHa BO3MOXKHOCTh MOJCIHPOBAHUS BCEX KOH-
CTPYKTHBHBIX W (PH3MYECKUX OCOOCHHOCTEH 3JIeMeH-
ToB OnC u Bcelt OnC B 1EIOM IIPU UX U3TOTOBIECHUH,
YCTaHOBKE, MOHTaXe M KCILTyaTallii BO BCEM JlMara-
30HE J1eCTa0MIN3UPYIOINX BO3ICHCTBYIOMNX (aKTo-
poB. [IpuHIMIHATBEHO BaXKHOH 111 a/IEKBAaTHOTO MOJIe-
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JIMPOBAHUS TEMJIOBBIX IPOLIECCOB B MHOTOCIONHBIX
MeYaTHBIX MJIaTax SBISIETCS BO3MOXKHOCTh yUeTa BCEro
MHO)KECTBA Pa3sHOPOJHBIX B TEIUIO(PHU3NIECKOM OTHO-
IIEHUH CIIOEB IIIATHI.

e YYUTHIBATh HEJIUHCHHBIM, JIUHAMHUYECKHH H
TpPEeXMEpHBIN XapaKTep TETUIOBBIX IpoIeccos [3, 5, 6],
pas3BuBaromuxcs B D1C, CIOKHBIN XapaKTep TerIo00-
MeHa Mexxy aneMeHTamMu OnC, a Takxke pazHOPOI-
HOCTh KOHCTPYKTHBHBIX M TEIIO(GH3MUECKHUX Mapa-
METPOB 3JIEMEHTOB Ha PAa3IMYHBIX HEPAPXUIECCKUX
ypoBHsx OnC.

e OOmanaTth BO3MOXKHOCTHIO MOJCIHPOBAHUS TEIl-
JIOBBIX PEXXMMOB U Iporieccos B D1C ¢ yueToM Tero-
BO¥ 00paTHOM CBSI3M, 3aKITIOYAOIICICS BO B3aUMOBIIH-
SIHUU U B3aUMOJICHICTBUU IEKTPHUUECKUX U TEIUIOBBIX
MPOIIECCOB Ha Pa3lWYHBIX HEPapXUYECKUX YPOBHIX
OnC Mexay coboii, KOTopasi BO3HUKAET B CUITY 3HAUH-
TENBHOHM 3aBUCHMOCTH 3JIEKTPHYECKUX IapaMeTPOB H
MOTpeOIIeMO 3JIeMEHTaMH MOIITHOCTH [7] OT Temme-
paTypsl, a TEMIEPaTypsl 3JIEMEHTOB — OT M3MEHEHUS
MOIITHOCTEH NOTpeOieHus eMeHToB [8—12]. [Tpuuem
TerioBast oOpaTtHast cBs3b B D1C MOXKET OBITh Kak Io-
JIO’)KUTENIbHOM, TaK U OTpULaTeNbHON. B nepBom ciy-
qae, eClIi He MPUHATH CIeLUaIbHBIE MEpHI M0 OXJa-
xaennto DnC, OyzaeT HaOII0IaThCs JTaBUHOOOPA3HbIH
POCT MOIIHOCTH MOTPEOJICHUS U TEMIIEPaTyphl, BeIy-
IMH K TepEeropaHuio 3JIeMEeHTa, BO BTOPOM — CHMXKe-
HHE MOIIHOCTH MOTPEOICHUS C POCTOM TeMIIEPaTyphl
IIPY OTHOBPEMEHHOM ITaJIeHUH OBICTPOICHCTBHS.

e YUuTBIBATh HHTEPBAIBLHO-CTOXAaCTUYECKUM Xa-
pakTep TEIUIOBBIX mporieccoB B DnC, KOTOPHIH 00y-
CJIOBIIMBAETCS CTATHCTHYECKHM  TEXHOJIOTHYECKHM
pa3bpocoM TEIUIOBBIX, EKTPUUECKHX M KOHCTPYK-
TUBHBIX TapameTpoB D1nC, a TaKkKe CIydaifHbIM Xapakx-
TEpOM NapaMeTPOB OKPYIKAIOIIEH CpeIbl H/NIN TETII0-
HOCHTEJICH (TeMIiepaTypsl, CKOPOCTH ¥ HAIPaBJICHHS
JIBIDKEHUSI CPEe/Ibl, BIQXKHOCTH, INIOTHOCTH) B CHCTEME
oxnaxaeHust O1C [5, 6, 13] Ha pa3IUIHBIX Hepapxu-
gecKux ypoBHIX OnC.

e MogenupoBats TermnoBoi pexum InC npu Hanu-
YUH B3aUMHO-00YCIIOBIMBAIONIMX I(PPEKTOB, TaKUX
KaK TeruioBast oOpaTHasi CBSI3b, HHTEPBAJIHHO-CTO-
XaCTUYECKHH pa3dpoc TEIUIOBBIX M AJIEKTPUIECKHX ITa-
pameTrpoB OnC, BO3IEHCTBHE IeCTAOMIN3UPYIONINX
MEXaHNYECKHX, KJINMATHUYECKHX M PaJnaliOHHBIX
(axTOpOB.

e YUYUTHIBATh BJIMSHUE BHEIIHUX TEIUIOBBIX BO3-
JefcTBUI Ha TemoBble pexuMbl OIC CO CTOPOHBI
OKpYXarOIIMX TEXHUUECKUX cucTeM [2, 14].

e Apxutektypa M®IIK TII DaC npomkna co-
JiepkaTh BBICOKOA((EKTHBHOE MaTeMaTH4ecKOe BBI-
YUCIUTEIBHOE PO, & TAKKE PA3BUTYIO CEPBUCHYIO
MOJIF30BATENBCKYI0 000JI0UKY, OTBEYAIONIYIO COBpE-
MCHHBIM TpPEOOBAaHUSIM K CIOXXHBIM IPOTPaMMHBIM
KoMIuiekcam u cuctemam [15-18]. CepsucHas 06o0-
J0YKa JOJDKHA OOecrednBaTh BHU3YalbHYIO, Harjsaf-
HYI0O ¥ yIOOHYIO JUIS BOCHPHSITHS (QOpMY 3aJaHUS
UCXOAHBIX JaHHBIX, MPEICTaBICHHUS ITOJYyYEHHBIX
pe3ynabTaTOB U BU3yaIM3allUI0 PE3YyIbTaTOB B BUJE
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LBETHBIX M300paXEHUH H30TEPM TEMIIEPATYPHBIX pac-
IpefeneHUH U IpYruxX TEIUIOBBIX XapakTepucTuk DinC
Ha Pa3IMIHBIX HEPAPXUIECKUX YPOBHAX.
PaspabareiBaemelii B Hactosmiee Bpems B OHIJ
HUVCU PAH nporpammusiii kommiekc M®IIK TII
OnC peammzyercs B cpene Microsoft Visual Studio,
obecneunBaromeii 00beKTHO-OPHEHTHPOBAHHBINA TIOA-
XOJ] Ha SI3bIKE BBICOKOTO YpoBHsI C#, 101 yIIpaBIeHHEM
ceMeiicTBa  ONEpalMoOHHBIX  cucteM  Microsoft
Windows. IlpumeHeHne 00BEKTHO-OPUEHTUPOBAH-
Horo moaxona odecneunBact M®IIK BeicOKyO CTe-
MIeHb MOJYJIFHOCTH OJlarojapsi TakuM CBOMCTBaM, Kak
MHKAICYJISALUS, TOJMMOP(U3M U TO3/1HEE CBSI3bIBA-
Hue. MonynsHOCTh apxutekTypsl MOIIK mo3sosser
3¢ GEKTUBHO pacIIUPsITh BO3MOKHOCTH M MOJICPHHU3H-
pOBaTh NPOTPaMMHBIM KOMIUIEKC, OKa3bIBasi MHHH-
MaJlbHOE BJIMSIHHAE Ha PabOTOCIIOCOOHOCTh CHCTEMBI B
IIETIOM, YTO COOTBETCTBYET OCHOBHBIM 0a30BBIM IIPUH-
IIUIIaM TIOCTPOCHHS COBPEMEHHBIX MPOTPAaMMHBIX KOM-
IUICKCOB 1 00ECTICUNBACT CO3/IaHNEe HAJISKHOTO U 3(-
(heKTHBHOTO KOMILJIEKCA MOJICITUPOBAHUSL.

TensioBble 1 MaTeMaTHYeCKHE MO/IETN
TeNJIOBLIX NponeccoB B JiC

MarematiuecKue M TEIUIOBBIE MOJIEIIH, COCTaBII-
IOIME BBIYMCIUTEIBHOE SAPO MPOTPAMMHOTO KOM-
mwrekca MOIIK TII OnC, nomkHsI B 0011eM cirydae 00-
JajaTth JOCTaTOYHOW OOIIHOCTBIO M CIIOXKHOCTBIO,
YTOOBI 00ECTICUNTD aJIEKBATHOE YHCICHHOE MOJIEITHPO-
BaHME TEIUIOBBIX NPOIECCOB M TEIJIOBBIX PEXHMOB B
CIIOXKHBIX KOHCTpYKLHAX Di1C Ha BCeX HepapXUuecKux
YPOBHSIX C Y4eTOM BceX C(HOPMYIHPOBAHHBIX BBHIIIE
TpeboBaHuil.

B cuny upe3BblyaiiHOM CII0KHOCTH MOCTaBIECHHOM
3a/1a4d B Ka4eCTBE [VIABHOI'O NMPHHIIMIIA MOJIEINPOBA-
Hus TerwoBsx mporeccoB B M®PIIK TII OnC asro-
paMu MpUHIT MaKpoypOBeHb MoJenupoBanus [5, 18].
Ha makpoypoBHE MOAENINpPOBaHUS TEIIOBBIE MOAEIH
KOHCTPYKIIMM Ha KaXXJOM HEpapXHuecKoM YpOBHE
9nC npencTaBsIOTCS B BUIE HANPABICHHBIX IPpadoB,
COJIEpXKAIX BEPIIMHBI — TEMIEpPaTyphl 3JIEMEHTOB
OnC, 1 BeTBHU — TEIJIOBBIE TPOBOIUMOCTH, MOJEIHUPY-
IOIIME TETITIO0OMEH KOHAYKIMEH, KOHBEKIINEH 1 U3ITy-
YeHHEM, W TEIUIOEMKOCTH. MaTeMaTndecKkne MOJIeNn
(hopMHUpYIOTCA Ha KaXXJOM HEpapXHUECKOM yYpPOBHE B
BHJI€ CUCTEMBI KOMIIOHEHTHBIX YPaBHEHUH IEMEHTOB
OnC u cucTeMbl MaTPHUYHO-TOTIOJIOTHYECKUX YpaB-
HEHMH, ONUCHIBAIOIINX CTPYKTYPY CBSI3€H 2JEMEHTOB
B O1C.

MatemaTnueckass MOAEIb Ha KaKIOM HepapXxude-
CKOM YpOBHE, OIUCBIBAIOIIAsl HEIMHEHHBIE, CTOXACTH-
4ecKHe, HeCTallMOHApHbIE TEIIOBbIE Mpolecchl B DnC
U ee dlIeMeHTax, GpopMupyercs st TpadoBOi Terio-
BOM MOJEeNN B BUJAE MATPUYHO-TOINOJOTHYECKOW CH-
CTEMBI HECTAI[HIOHAPHBIX, HETMHEHHBIX, HHTEPBAIHHO-
CTOXaCTUYECKHX YPaBHEHUH B OOBIKHOBEHHBIX IIPOH3-
BOJIHBIX JUISl K&XKJIOTO 3JIEMEHTapHOT0 COOBITHS ® € ()
U3 MPOCTPAHCTBA 3JIEMEHTapHBIX coObIThit (2 [13]:
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C(o)

%+ AG(T, ®) AT (t, o) =

=J(T,t, 0)+AG(T, t, ®)T, (t, ®),

T, @) =T(0, ), (t, ®) €[0, T]xQ,
rne T = T(t, ®) — BEeKTOp HECTalMOHAPHBIX WHTEP-
BJILHO-CTOXAaCTHYECKUX TEMIlepaTtyp B y3iax rpada
terutoBoit Mogenu OnC; C(w) — MHTEpBaIHLHO-CTOXA-
cTHYecKas MaTpuila TeroBbix emkocrer; G(T, ®) —
MHTEPBAIILHO-CTOXACTHYECKas MaTpula TerJIOBBIX
MPOBOMMOCTEH BeTBeH rpada TerIoBo MoJemH, He-
JIMHEHHO 3aBHCAINAs OT TEMIIEpaTyp B y3nax rpada;
J(T, t, ®) — BeKTOp HECTalMOHAPHBIX MHTEPBAJIHHO-
CTOXAaCTUYECKUX HE3aBHCUMBIX MOIIHOCTEH TETJIOBbI-
JeneHust B aneMeHTax OnC, HeNMMHEHHO 3aBUCAIINX
oT Temmeparyp B y3max rpada; Ta(f, ®) — Bekrop
HECTAI[MOHAPHBIX HHTEPBAJIbHO-CTOXAaCTHYECKUX He-
3aBUCHMBIX TEMIIEpaTyp cpensl; A — MaTpuia WHIHU-
nenumi rpada, AT — ee TPaHCTIOHMPOBAHHAS MATPHUII;
T(0, ®) — BEKTOp HAYaAIbHBIX UHTEPBAILHO-CTOXACTHU-
YEeCKUX TeMIIeparyp B y3iax rpada; T — paccMarpuBa-
eMbIif iepuoj; BpeMenu; o € €, (Q, U, P) — BeposT-
HOCTHOE IIPOCTPAHCTBO C G-aNTreOpoi MOMHOKECTB (2
1 BeposaTHOCThIO P Ha U.

TernoBble MOAENM OTACNBHBIX 3JIEMEHTOB KOH-
ctpykmu D1C (MHOTOCIOWHBIX MEYaTHBIX AT, TETl-
JIOOTBOJIOB U JP.), AJIsI KOTOPBIX NPUHINIHAIEHBIM SIB-
JsieTCs 3HAHHWE IPOCTPAHCTBEHHBIX paclpeesieHIH
TEeMIIepaTyphl, TakkKe BKIIOYAIOTCI B MaTeMaTHue-
CKyi0 u rpadoByro TermioBsie Moaeaun DiaC. B artom
ciydae K 0000IeHHON MaTemMaTnueckoit moaenu DiC
(cM. BbIIIE) TOOABISAIOTCA MaTeMaTHIECKHE MOIENH Ha
MHUKpOYpOBHe [5], onuceiBatoiue Gu3nuecKkue cocTo-
SIHUSI M TIPOLIECCHI B CIUIOMIHBIX CPE/iax, alnapaToM Ko-
TOPBIX CIIy’)KaT ypaBHEHUsI MaTeMaTH4ecKoi (Gpu3nku B
YaCTHBIX ITPOU3BOIHBIX — YPABHEHUSI TETLIIONPOBOTHO-
CTH, THJPO- U Ta30BOH JIWHAMHKH, TTOJICH 3IIEKTpHUe-
CKOTO TMOTeHImana, auddy3un HOCHTeNeH U mp.
[19-21]. TemmoBast oOpaTHast CBSA3b, MOACTHPYOMIAs
B3aMMOJICHICTBHE M B3aHMMHOE BIHSHHE MEXIY COOOM
TEIUIOBOTO M 3JEKTPUUECKOTO PeXUMOB DiC, yIUTHI-
Baercs B MmareMatnueckoit moaenn OnC B BUIE HEIIH-
HEWHBIX 3aBUCHUMOCTEH MOIIHOCTEN TEIUIOBBIIEICHUN
B anemeHTax IiC, Bxomsamux B Bektop J(T, t, ®), ot
TeMIlepaTyp 3JeMeHTOB B BekTope T = T(t, ®) B y31ax
rpada TeIUI0BOM MOJIENH.

3akiouenue

Paspaborannsie konnenuuu TIT OnC, maTemaTu-
YeCKHE€ U TEIJIOBBIE MOJEINH, TIOJIOKEHHBIE B OCHOBY
MO®IIK TIT 3aC — MHOTOGYHKIIMOHAJIBHOTO MPO-
rpammHOr0 Komiutekca st TIT DnC, mo3BonsioT co-
371aBaTh Ha TPAKTHKE METOJbI MATEeMaTHYECKOTO H
KOMITBIOTEPHOT'O MOJISITMPOBAHHSI CIIOMKHBIX TETIIIOBBIX
npoueccoB B D1C U B UX DJIEMEHTaX, ¢ IOMOIIBIO KO-
TOPBIX OcyluecTBisieTcsl moaHblid K1 TII croskHBIX
9nC paznuuHoro Ha3HaueHus. TemnoBas U MaTeMaTH-
YyecKasi MOJIEJH, OIMKUCHIBAIOIINE TEIJIOBBIE MPOLECCHI
Ha Pa3IMYHBIX UepapXUYeCcKuX YpoBHIX DiC, yUUTHI-

BAalOT Pa3IMYHbIC pPealbHbIE aCHEKThl TEIUIOBBIX MPO-
LIECCOB, C KOTOPHIMH CTAJIKUBAETCS Pa3padOTUUK MPU
CO3/IaHUH U MPOeKTUpOoBaHUU DiC: HENWHEHHBIN, TH-
HaMUYECKHI, CTOXaCTUUECKUN 1 HECTALIMOHAPHBIH Xa-
paKTep TEMIEPaTYPHBIX PacIpelelIeHUH B SJIEMEHTax
91C u Bo Beeit OnC B 11e10M; HHTEPBAIBHO-CTOXACTH-
4eCKUi pazdpoc AMEKTPUIECKUX 1 TETIOBBIX TapaMeT-
poB snemenToB Ji1C; BO3AEHCTBHE TEIJIOBOM 0OpaT-
HOM CBSI3M Ha TEIJIOBBIC M JJIEKTPUYECKHE PEXHMBI
951C; croXacTHUECKHI XapaKkTep HapaMeTpoB OKpysKa-
tomeit cpenpl. ChHopMyIMpoOBaHHBIE B CTaThbe OCHOB-
Hble TpeOOBaHUS K apXUTEKType U (QYHKIIMOHAIBHBIM
BO3MOXHOCTSIM MopenupoBanuss B MOIIK TIT OaC
MO3BOJISIIOT  CO3/1aTh  BBICOKOA((EKTUBHBIA MHOTIO-
(hYHKIIMOHATBHBIN TIpOTpaMMHBIA KoMInieke ams TII
91C u s3nemenToB D5C Ha BCEX HEPAPXUUECKUX YPOB-
HSIX.
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A SOFTWARE COMPLEX FOR ELECTRONIC SYSTEM THERMAL DESIGN:
REQUIREMENTS FOR ARCHITECTURE AND FUNCTIONAL POSSIBILITIES OF MODELING

A.G. Madera !, Dr.Sci (Engineering), Professor, agmprof@mail.ru
V.N. Reshetnikov !, Dr.Sc. (Physics and Mathematics), Professor, rvn_@mail.ru
! Center of Visualization and Satellite Information Technologies SRISA, Nakhimovsky Ave. 36/1, Moscow, 117218, Russian Federation

Abstract. The paper considers fundamental concepts of mathematical and computer modeling, which are the basis of the devel-
opment and creation of a multifunctional software package for thermal design of complex electronic systems. It shows the basic flaws
of foreign thermal design software systems, which are not applicable in practice of designing and creating competitive electronic
systems.

The article establishes the requirements for a multifunctional software package for adequate design of thermal processes and tem-
perature distributions in real electronic systems under real conditions of operation and functioning. Namely, the software package
should provide the ability to model thermal processes in electronic systems that are nonlinear, nonstationary, three-dimensional, inter-
val stochastic, as well as take into account the influence of thermal feedback, design and installation of elements in electronic systems,
effects of destabilizing mechanical, climatic and radiation factors.

The architecture of the multifunctional software package should contain a highly efficient mathematical computing core, a devel-
oped service user interface that meets modern requirements for complex software packages and systems. The service shell, in turn,
should provide a visual, intuitive and easy-to-understand form of setting initial data in the form of color images of temperature distri-
butions and other thermal characteristics at different hierarchical levels.

The software package is implemented in Microsoft Visual Studio that provides an object-oriented approach in the high-level
language C# powered by Microsoft Windows operating system family. Modular architecture allows expanding the possibilities and
upgrading the software complex effectively.

Keywords: software package, electronic system, thermal model, mathematical model, temperature distribution, stochastic, ther-
mal feedback, destabilizing factors.
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HAEHTH®HKALIHSI COCTOSIHHS CAOKHOH TEXHH'IEQKOIZ’ CHCTEMBI
B YCAOBHSAX HEOIIPEQEAEHHOCTH H3MEPHTEABHOH HHPOPMAILIHH

A.A. I'eHos, 0.m.n., npogpeccop, sedyuuil HayuHbLil compyoHuk, kt-mati@mail. ru
(Llenmp eusyanuzayuu U CNYmHUKO8bLX UHGPOPMAUUOHHBbIX mexHonozuli PHI[ HUHCH PAH,
Haxumosckuii npocn., 36, kopn. 1, 2. Mockea, 117218, Poccus);
K./I. Pycaxos, mradwiuil Hayureslii compyoruk, rusakov.msk@yandex.ru
(Hremumym npobnem ynpagrerust um. B.A. TpanesHurosa PAH, yn. IlpogpcorosHasi, 65, 2. Mockea, 117997, Poccusy;
C.III. Xunw, k.m.n., doyernm, skhill@mail.ru
(Mockoackuil asuauuoHHbLil uHCMuUmMym (HAUUOHAbHBLLI UcCiedo8amebCkull yHusepcumem),
Bonoronamcroe wocce, 4, 2. Mockea, 125993, Poccust)

B cratse 0003HaueHa aKTyanbHas 3a/1a4a HACHTU(QHUKAIINY (YHKIIHOHATEHOTO COCTOSIHUS CII0’KHOI TEXHUIECKON CHCTEMbI
B YCJIOBHSIX MOBBIIMIEHHON 3aIIyMJIEHHOCTH C IOMOINBIO Mepexoja K APYroMy MPOCTPAHCTBY MPHU3HAKOB HAOIIOJAaEMOTO CO-
CTOSIHUSI, OIIPEJIETICHO TTOHATHE «(PYHKIHOHAIEHOE COCTOSTHUE).

3asiaua oLeHKH (PYHKIIMOHAIBHOTO COCTOSHUA MOKa3aHa KaK AyalbHas 3a/ja4a HICHTH(UKALUK U PacIlO3HaBaHUSA 00pa3oB.
VY yeneHo BHUMaHHE BO3MOXKHOMY BBIOOpY IapaMeTpoOB MaTeMaTHUECKUX MOJEINEH, a TaKKe UX CTPYKTYp B KaueCTBE HOBBIX
MPU3HAKOB HA0JII01aeMOT0 COCTOSTHUS. J[J1s perieHns 3a1aqy mapaMeTpHIecKoil HIeHTH(HUKAIMN BEIOPaH METOI HANMEHBIIINX
KBaJIPaTOB, TOKa3bIBAIOIIUN CMEHY ()yHKIIMOHAIBHOTO COCTOSTHHSI.

B 3amauax KOHTPOIISI M UCTIBITAHHS CIOKHBIMU TEXHUYECKHMH CHCTEMAaMH HEMAJIOBaXKHYIO POJIb HTPAET IIPOIIECC aHAIH3a
u3MepuTenbHoi nHdopmarmu. Tompko Mpois Bee 3Tambl 00paboTKH, MOXKHO NPHUHSTH PEHICHHE O TOM HIIH HHOM COCTOSTHUU
o0bekTa ucnbITaHui. OHAKO CAENATh 3TO CIOXKHO B CIydae MOCTYIUICHHS HH(OPMAIMU OUYCHb HU3KOTO KauecTBa. Y CTpaHe-
HHE JIAaHHOHU NPOOJIEMBI CBOJIUTCSI B OCHOBHOM K MOMCKY pelIeHHH 10 ()OPMHPOBAHHIO U COBEPIICHCTBOBAHUIO COOTBETCTBY-
IOLIMX NPABUJI IPUHATHS yIIpaBlIeHYECKUX pelieHui. [Ipy 5TOM B IITATHBIX YCJIOBUSAX U CUTYyalUAX CO3JaHHE TaKUX IPaBHII
BO MHOTHUX CJTy4asiX HE BBI3BIBACT OCOOBIX IPOOJIEM, OHAKO B HELITATHBIX YCIOBHAX CIEIaTh 3TO MpobiieMaTH4HO. AHAIIN3
COCTOSIHUSI CIIOJKHBIX TEXHHYECKHX OOBEKTOB WIIM MX IOJICUCTEM IO pe3yJbTaTaM M3MEpPEHUH MpeaIonaraeT peleHne 3anad
CTPYKTYPHOH U TTapaMeTPUIECKON HACHTH()HUKAIIH.

VYnpaBsieHue CIOXHBIMH TEXHHYECKHMH OOBEKTAMH M MX HCIIBITAHHE XapaKTePH3YIOTCSI HEOMPEIeNeHHOCTHIO BO3IEH-
CTBHUS BHEITHUX (DaKTOPOB, aHOMATBHBIMU M CITyJaHHBIMH ITOTPEITHOCTSIMU H3MepeHui. [t obecriedeHns: TpedyeMoro Kade-
CTBa aHAJIN3a COCTOSTHHS UX MOACKCTEM HE00X0UMMO (HOPMUPOBAHKE TIPUHIINIIOB aJaITHBHOTO YIIPABIECHHS MIPOLECCOM HJICH-
THU(UKAINH, METOJUK ONTUMAIFHOTO BEIOOPA CTPYKTYPHI MOJENIEH HCXOAS U3 Ka4ecTBa JaHHBIX H3MepeHui. OcoOeHHO 3TOo
aKTyaJbHO IPH aBTOMATH3aLUK BTOPUYHOM 00pabOTKH Ha 00BEKTaxX ¢ TEPMHUHAIBHBIM YIIPABICHUEM.

Knroueswvie cnosa: uoenmuduxayus cocmoanus, GyHKyuoHanbHoe cOCMOAHUe, CLONACHAS MEeXHUYECKas CUcmemd, nosbl-
WeHHAs 3aUYMIEHHOCMb, PACNO3HABAHUE 00PA306, Napamempuieckas UOeHmuGUKayus, Memoo HaUMeHbUUX K8AOPamos.

[loBbImIeHNEe ypOBHS aBTOMATH3aIMM MPOIECCOB
YIPaBIEHUS COCTOSTHUSMH CIOXHBIX TEXHUIECKHUX CH-
CTEM IIOJIy4aeT aKTUBHOE pa3BUTHE. Penienue naHHOM
npoOJIeMbl CBOJIUTCS B OCHOBHOM K IOKCKY CIIOCOOOB
(hopMHpOBaHUS M COBEPIICHCTBOBAHHS COOTBETCTBY-
IOLIMX MPaBUII NPUHATHS YIPABICHYECKUX PEIICHUI.
IIpu 3TOM B MITATHBIX YCIOBUSX U CUTYyalUsIX CO37a-
HHUE TaKuX MPaBUJI BO MHOTHX CIy4dassX HE BBI3bIBAET
0coOBIX IpOOJIEeM, OJHAKO B HEWITATHBIX YCIOBHSIX
c/lenaTh 3TO MPoOIeMaTHIHO.

B 3amauax KOHTPOJIS M MCTIBITAHUS CIIOKHBIX TEX-
HUYECKUX CHCTEM HEMaJOBAXHYIO POJb HIPaeT aHa-
U3 U3MEpUTENbHON HH(popMaruu. ToIbKo Mpoias
BCe ATambl 00pabOTKHM, MOXKHO TMPHHATH pPEIICHHE O
TOM WJIM WHOM COCTOSHHM 00BeKkTa mcmblTaHuil. Of-
HAaKO 3TO CJIOKHO CAEJATh, €CIIM 00beM H3MEPHUTEIb-
HOHM MH(OpPMaINHU HEJ0OCTaTOYCH U BEJINKa IIOMEX0Bast
COCTaBIIAONIASL.

Jepunnnus GyHKIUOHATBHOTO COCTOSHUS

OpmHUM H3 TTOKa3aTesie TEXHUUECKOTO COCTOSHUS
o0beKTa SBISIETCS TPaBHILHOS/HEMPaBUIbHOE (PYHK-
[IMOHUPOBAHKE. 3aMETUM, 4TO NMPH (HYHKITMOHUPOBA-
HUU 00BEKTA MCIIBITAHUNA CUCTEMA YIIPABIICHUS 3a]eHi-

CTBYET B HEM pa3JInuHble (DYHKIMH, y3JIbl, arperaThl.
W3 atoro criemyer, 4To MOA BO3AECHCTBUEM CHCTEMBI
yIpaBiIeHus 00beKT OyAeT HaXOQUThCA B Pa3IMUHBIX
YCTOMUYMBBIX M PABHOBECHBIX (pa3ax CBOEro (DYyHKIIHO-
HUPOBAHUS, KOTOPBIE OyIeM OTIPeeNaTh KaK (pyHKITH-
OHAJBHBIC COCTOSHHS 00BeKTa UcHbITaHui. [loHsATHE
(hYHKIIMOHATLHOTO COCTOSIHUS SIBIISICTCS MaTeMaTHde-
CKOM MHTEpIIpETAlUEeH PeKIUMOB (YHKIIHOHUPOBAHUS
CJIO)KHOTO TEXHUYECKOTO 0OBEKTA.

B [1] orMedeHo, 4TO MOJETs OOBEKTA TOJKHA OT-
BeYaTh IEJISIM €€ MCIONb30BaHus. [[pUMEHUTENBHO K
3a/1a4aM CUTYAI[MOHHOTO YMPaBJICHHS 3TO O3HAYaEerT,
9TO JIOJDKHO CYIIECTBOBaTh TaKO€ COOTBETCTBHE
MEXTy MHOYKECTBOM COCTOSIHUH BEIOPAHHOM MOJIEIH 1
MHOKE€CTBOM BO3MOJKHBIX IIEJIEH YIpaBieHUs 00beK-
TOM, KOTOPOE TIO3BOJISIET OTHO3HAYHO UACHTUDUITUPO-
BaTh KaXIYIO0 LieJb BO MHOXXECTBE 3THUX COCTOSHUH.
B maremarundeckoit opMe 3TO0 TpeOOBaHHE MOKET
OBITH 3amucaHo B ciexyromem Buae: R < Q, rme Q —
OTHOIICHHE KBUBAJICHTHOCTH, ONIPEICTICHHOE Ha MHO-
JKECTBE COCTOSHHI MOJCITU TakuM 00pa3oM, 4TOOBI
MHO>KECTBO €ro KJacCOB Ha TOM MHOXECTBE B3a-
MMHO-OIHO3HaYHO  COOTBETCTBOBAJIO  MHOXECTBY
MMeH Tieliell B yIpaBiieHHHn oObeKkToM. Bce Momenw,
YIOBJIETBOPSIOMINE TAHHOMY YCJIOBHIO, MOTYT OBITH
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UCIIONIb30BaHbl JUISL PEIeHUsI 3a7ad CHTYAI[MOHHOTO
YIIpaBJICHUS MOBEJICHUEM OOBEKTOB B IPOCTPAHCTBE
UX COCTOSTHHH. DTO 03HAYAET, YTO UM IPUCYIIE CBOH-
CTBO (QYHKYUOHANbHOCMU, BBIpaXKaromeecss B Habope
BO3MOXKHOCTEH ((YHKIHMIT), KOTOPBIE MPETOCTABIACT
(BBITIONTHSIET) NaHHBIA 00BEKT. Ha 3TOM ocHOBaHMHM Ta-
KHe MoJeny OyieM Ha3blBaTh (DYHKIIMOHATIBHBIMHU MO-
JEIsIMH OOBEKTa, a UCTIONB3YEMBIC B HUX COCTOSHHS —
(yHKIIMOHAJIBHBIMU COCTOSTHUAME. Takum oOpazom,
@DYHKYUOHAIbHOE COCMOSHUE — ITO aTPUOYT NETSPMHU-
HUPOBAHHOW MOJIETH YIIPaBIISiEMbIX U3MEHEHHH B IIPO-
neccax (YHKIHOHMPOBAHUS TEXHUYECKOTO OOBEKTa,
KOTOPBIH

a) XxapakTepu3yeT B MOJAEIH yCTOWIUBYIO U paBHO-
BECHYIO (pa3y 3THX HpOLECCOB OTHOCHTEIHHO 3a/aH-
HOTO MOJIMHOXECTBA BO3JCHCTBUH BHEIIHEH cpenbl U
BBIOpDaHHOTO WHTEpBajla BPEMCHU CYyNICCTBOBAHMS
00beKTa;

0) MMeeT yHMKalbHOE HMs, CEMaHTHYECKYyI0 HH-
TEpHPETAHIO ¥ HACHTUPHUIUPYETCS B 3HAYCHUSX TTa-
paMeTpoB 3TUX MPOLECCOB, 3HAHNE KOTOPBIX U OKa3bl-
BaeMbIX Ha OOBEKT YIPABISIONUIUX BO3ACHCTBUII B BbI-
6paHHLIﬁ MOMCHT BPpEMCHU SABJISICTCA HeO6XO}II/IMI>IM u
JIOCTaTOYHBIM YCIIOBUEM JJIsl TIPOTHO3UPOBAHUS OYyy-
MIMX 3HAYCHHMH ITHX MapaMeTpoB uepe3 OnpesiesicH-
HBIC B MOJIETIM HHTEPBAJIBI BPEMEHHU C TOYHOCTHIO, 1103~
BOJISFOLIECH OJHO3HAYHO MIACHTH()HUIIMPOBATH COOTBET-
CTBYIOII[IE UM MMEHa 3TOTO aTpulyTa.

IHocTaHoBKa 3a1a4M OlleHKH (PYHKIHOHAJBHOIO
COCTOSTHHS KaK 3322491 HICHTH(PUKAINH

[ToctanoBka 3amaun B 0011eM BHIE OYET CIAeayIO-
aiei.
1. Cucrema, OTHOCSIIAsCS K KJIacCy THHAMHUYe-
ckux cuctem: » : §="Ty(g, t, F, u), rie g — Bexrop co-
1

CTOSTHHUS TUHAMKHYecKoi cucteMbl ' =[01 G2 ... Onl,
0i — mapaMeTpsl BEKTOpa COCTOSIHUS; U — BEKTOP BHETII-
HHX BO3/IEHCTBUI AuHAMUYecKoi cucTeMbl UT = [U; U

Un]; F — MHOXeCcTBO (pYHKIIMOHATBHBIX COCTOSTHUI
quHAmMudeckoi cucremel Fi € F, Fi = f(t, I, v), rue
I1— npaBwito npUHSTHSA pemeHus 00 U3MEHEHHU (HYHK-
LMOHAJIBHBIX COCTOSIHUHM, KOTOPOE BBITJISIIUT CIEYIO-
M 00pa3oM:

eecmn geG,, 10 F—oF,

ecmn g €G,, 10 F->F,

eecmm geG,, 10 F—>F
IIPH CJIENYIOIUX OTPaHUYCHUAX:

mpu geG, T2=T,

mpu geG, T=T,

mpu geG, T=T,

2. Monenp Habmoaenwmii: y = H - g + &(1), rme y —
BEeKTOp HaOmoneHus; H — maTpuna cBsizu HabIO1ae-
MBIX TapaMETPOB M BEKTOpPA COCTOSHHS CUCTEMBI,
&(t) — BHEIITHEE BO3/ICHCTBHE.
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3. Mogaenb U3MEpEeHUN C aJIJUTUBHOW MOMEXOil:
z=y+n(t).

Ilo pesyneratam m3mepenuit z(t), t € €2, ompe-
JeTuTh PYHKIHMOHAIBHOE cOCTOsIHUE cucTeMsbl Fi = f(t,
I1, v) Ha unTepBaie BpemeHu t € [t ... th] mpu Makcu-
MyMé€ BEPOATHOCTHU MIPABHIIBHOTO NMPHUHATHS PELICHHUS
0 (YHKIIMOHAIBHOM COCTOSIHUM CHCTEMBL: Prmpac —
— max.

OCOOEHHOCTBIO M HOBHM3HOM JAaHHOHM ITOCTAaHOBKH
SBISIETCS HAIMYNE 3aBUCUMOCTH M3MEHEHUH (DyHKIH-
OHAJBHBIX COCTOSIHUM OT COOTBETCTBYIOLIUX IPaBHUII
MIPUHSTHS PELLIEHUH.

IHocraHoBKa 32124 OLeHKH (PYHKIMOHAJBHOI'O
COCTOSIHUSI KaK 3aJ]a44 pacno3HaBaHusi 00pa3oB.
Bbi0op npusHakoB

Jnst pemienust maHHOM 3aj7auM HEOOXOIMMO pe-
HINTh 33124y KJIaCCUPHUKALIH.

1. U3BectHa Mojnenb (YHKIMOHUPOBAHUS O0bB-
ekta ucneitanuit G(t) = {gu(t)}, k=1, ..., q, rme gu(t) —
BHYTPEHHHUE MApaMeTpPhbl COCTOSHUS OOBEKTA.

2. Ha ocHOBe anpHOpPHOro aHajIKu3a 3aJaHO0 MHO-
JKECTBO KJIACCOB (DYHKIIMOHAIBHOTO COCTOSIHUS O0B-

exta ucneitanuii: F= {Fi},1=1,...,r.
3. UzBectHo MHOecTBO mpusHakoB I1 = {m},
j=1, ..., m, obecreynBaOMMX HAOI01aeMOCTh (QYHK-

IIMOHAJIbHBIX COCTOSIHMH MNpPU BBIOPAHHOM METO/IE.
[Tpu 3TOM NpU3HAKK ABISIOTCS QYHKIUSIMHU OT BHYT-
PEHHHX TapaMeTPOB COCTOSHUSI 00BEKTa MCIBITAHUM
= Z[g(D)].

4. 3amano otHomenue H : F — I1 mexxay MHOXe-
CTBaMH KJ1acCOB (hYHKITHOHAIBHBIX COCTOSIHUH F 1 mpu-
3HAKOB KOHTPOJISI B BUJIE COOTBETCTBYIOIIEH MaTPHIIBL.

5. 3aaHO MHOXECTBO M3MEPSEMbIX IapaMeTpoB
A ={\i},i=1, ..., n, n03BOJISIIOLIEE ONPEACIUTH 3HA-
YeHHs Mpu3HaKoB. M3BecTHO, 4TO B 00IIEM cilydae
HaOJII01aeMble TTapaMeTphl SIBISIOTCS HEJIMHEHHBIMU
(hyHKIMIMHU OT mapameTpoB coctosiaus A(t) = h[g(t)] +
+ AL, rae A\ — IOTpenIHOCTh U3MEPEHUH, U IIPH3HAKOB
KOHTPOJIS A = S(T).

6. HW3meputesbHas cucTeMa MPECTABICHA B BHIIC
oneparopoB uaMepenuit L: {gk(t)} — A(t), omeparopor
nepBuaHoi Lz A() — {n*; t} u BropmuHoi L,:
{n*; 1} > {F*} 06paboTkn U3MepeHuii, e Kax bl 13
OTIepaToOpOB 33/aeTCs Ha MHOXKECTBE MeToHoB {M} m
anroput™MoB {A} 06paboTKH 1 aHaIM3a HHPOPMAIIHH.

7. 3anmaH mokasaTtenb 3(QGEKTHBHOCTH pEIICHUS
3a7a4M olpeAeneHuss (PyHKIMOHAILHOTO COCTOSHHMS
Punpoc — max.

CTOUT OTMETHUTB, YTO BEPOSITHOCTH NPABHUIBHOTO
NPUHATHS PEIICHHUS YMEHBIIAECTCS IPH yBEINYECHHH
IIYMOBOH COCTaBIISIFOIEH B M3MEPUTEIbHONH HH(OP-
Manuu. [Jjis ee NOBBIIEHHS LIEIeco00pa3HO MeperTy K
JpYyroMy MpOCTPAaHCTBY HPU3HAKOB HAOIIOIAEMOTO
coCTOsIHMS. B KauecTBe HOBBIX MPU3HAKOB OyaeM pac-
CMaTpuBaTh MOJEIH COOTBETCTBYIOIINX (DYHKIHO-
HaJIbHBIX COCTOSTHUM W MapaMeTphl 3TUX MOJIETIeH.
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YucjieHHoe Moae/JIMpoBaHue

Ha npumepe runorerndyeckoil AMHaAMUYECKON CH-
CTEMBI, ONUCHIBAOMICH U3MEHEHHE 3apsaga aKKyMyJIs-
topHOi Oatapem CA (puc. 1), moKaxeM pe3ynbTaT
MPUMEHEHUS PAa3IUIHBIX MOAEIeH (HyHKIMOHAIBHOTO
COCTOSIHHS B YCJIOBHSX BBICOKOTO YPOBHS IMOMEX (OT-
HomeHnne curaan/mym 20 nb).

Ha pucynke 2 npezacraBieHa yacth nHdpopmanuy,
MOKa3bIBAIOIIEH Mepexos] U3 OJHOTrO (hYyHKIMOHAIb-
HOT'O COCTOSIHHSA B JIPYro€ B YCIOBUSX IIIyMa.

Puc. 1. Hzmenenue 3apsoa akkymyasmoproi 6amapeu CA
Fig. 1. Changing CA battery charge

© ’WA"/ V’/V\’/\ " \

w e f\ﬂ’\/\/
o

Lo

%A R

Puc. 2. Hsmepumenvnas ungopmayus

Fig. 2. Measurement data

VHTYUTHBHO MOXKHO CZ€NaTh BBIBOJ, YTO IPH BbI-
COKOM YpOBHE IIyMa Oojiee «rpydasi» MOAENb TOUHee
ormiet npouecc. IIpuMensist Mozxens Gosiee HU3KOTO
MOps/IKa, HallPHMeEP MTOJIHOM IIEPBOH CTETICHH, OTCIIe-
KMBaeM HM3MEHEHHE MapaMeTpoB ITOTO IMOJHMHOMA W,
KaK TOJIBKO 3TH TTapaMeTphl H3MEHWINCH, MOXKEM CJie-
JaTh BBIBOA O CMEHE (PYHKIIMOHAJIBHOTO COCTOSHHUSL.
Tak xak HanboJlee pacIpOCTPaHEHHBIM METOIOM OIle-
HUBAHMSA TAPAMETPOB, CITy>KAIUM 0a30BBIM IIOAX0IOM
K ITapaMeTpUIecKoil HIeHTH()HUKALINH, SIBISIETCS METO/T
HaMMEHBIINX KBaJpaToB, KOTOPHII B MPEAIIOI0KEHUN
JMHEHHOCTH W JHUCKPETHOCTH BO BpPEMEHH OOBEKTa
MPUBOAMT K HanOoJIee IPOCTHIM M YHHBEPCAIBHBIM pe-
LIEHUSIM, BOCIONb3yeMCsl UM. 3afjada COCTOUT B Cie-
JYIOIIEM: IO WMEIOIIMMCS BBIOOPOYHBIM JaHHBIM
HaOJIOZIEHNH 32 BXOJIHBIM M BBIXOJHBIM CHTHAJIAMH C
HHTEpBAJIOM auCKpeTm3anuu At TpeOyeTcs OLEHHTH
3HA4YEHHs IapaMeTpoB, OOECIICUMBAIONINX MHHHMYM
BEJINYMHBI (DYHKIMOHANIA HEBSI3KHM MEXKAY MOJEIb-
HBIMH ¥ (DAKTHIECKUMH JAHHBIMH.

Takum 00pa3oM, CTPyKTypa MOJEIH HMECT BHI
y = aiX + a, npu 3amaHHeIX kod(ddunmenrtax a; = 4,
a,=>5.

Kpurepuifi  MMHUMYMa  cpelHEKBaApaTUYHOMN
OIIMOKH B 3TOM Clydyae omnpeaensercs QyHKIHOHAIOM

N 2
i (8)= s D[y, (o 8

Cucrema ypaBHEHUH 17151 HAXOXKICHIS KO PPHIn-
CHTOB @i IPUHUMAET BH

aJ N
&3 (y, -8, —ax,) =0,
aaz ;(yl a, alXJ)

aoJ N '
6—&:—2;(% ~a,-a,X; )% =0.

IIpeoOpasys TaHHOE COOTHOLICHHE, TIOIYYHM ClIe-
IYIOLIYIO CHCTEMY B MAaTPHYHOM BHIE:

N N

N Z]:Xj Z;yj
j= j=

N

N |:a?j| =l N
2 Z;Xi Zijj
j= j=

j=1

Jlist ynoOCcTBa mpUMeEM CIIeTyFOIUe 0003HAUCHHS:
N N
N DX 2
j=1 j=1
N N N
2
XX 2 2V
j=1 j=1 j=1

TakuM 00pa3oM, pelIeHHEM CHCTEMBI SIBIISIOTCS
MCKOMBIE BBIPKEHHS JJIs1 KOA(DPHUIIMEHTOB ypaBHEHHUS

at. tazJ =Xy,
g

PesynbraThl IpezicTaBleHbI HA PUCYHKE 3.

=X, =Y.

Puc. 3. Hoenmugurayus napamempos 1unelHol Mooeiu

Fig. 3. Identification of linear model parameters

3akaouenue

Pe3ynbTaThl 3KCIEpHMEHTa TOKA3bIBAIOT, YTO B
YCIIOBHSX IIIyMa B U3MEPHUTEIBHOW HH(POPMALIHU TIPU-
MepHO Ha 60-i1 ceKxyHJle MPOUCXOIUT U3MEHEHNUE Mapa-
METPOB MOJIEIM B BUJE MOJMHOMA MEPBOM CTENEHH,
9TO TOBOPUT O CMeHE ()YHKIIMOHAIBHOTO COCTOSIHUS
cucteMbl. CTOUT OTMETUTD, YTO B 3aBUCIMOCTH OT JH-
HaMUKHU IpoLEecca, YPOBHS LIYMOBBIX BO3JEHCTBUI U
PEXUMOB (PYHKIIMOHUPOBAHUS MIPUMEHIIEMbIE MOICITH
OyIayT pa3IMIHBIMH.

Takum o6pazom, npyrue, 6osee TpyObie MOJIENH, a
TaKKe WX MapaMeTpbl MOXXHO HCIOJb30BaTh B Kade-
CTBE NMPU3HAKOB HAOII0IAEMOT0 COCTOSIHHSI CUCTEMBI B
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YCIOBHAX PA3IUYHOIO KauecTBa U3MEPUTENbHON HH-
(opmaryy, a cie10BaTeNIbHO, MOIYYNUTH JTOCTOBEPHYIO
OLICHKY (pyHKIIMOHAIBHOTO COCTOSTHHS CHCTEMBI.
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IDENTIFICATION OF A COMPLEX TECHNICAL SYSTEM FUNCTIONAL STATE UNDER CONDITIONS
OF MEASUREMENT DATA AMBIGUITY
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Abstract. The article considers a topical problem of identification of a complex technical system functional state in condi-
tions of increased noisiness using a transition to another attribute space of the observed state. The authors define the term
“functional state”.

The paper shows the problem of estimating a functional state as a dual problem of identification and pattern recognition. It
pays attention to a possible selection of parameters of mathematical models and their structures as new signs of the observed
state. As an example, in order to solve the parametric identification problem, the authors have selected the method of least
squares. It shows the changing of the functional state.

The process of analyzing measuring information plays an important role in the tasks of monitoring and testing by complex
technical systems. Only after passing through all stages of processing, it is possible to decide on the condition of the test object.
However, it is difficult to do in case of poor quality information. Elimination of this problem is mainly comes to searching
solutions in order to form and improve relevant rules for management decision-making. At the same time, in normal conditions
and situations, creation of such rules in many cases does not cause any special problems. Nevertheless, in abnormal conditions
it is problematic. The state analysis of complex technical objects or their subsystems according to the measurement results
assumes the solution of structural and parametric identification problems.

Management of complex technical objects and their testing is characterized by uncertainty of external influence, anomalous
and accidental measurement errors. To ensure the required quality of their subsystems state analysis, it is necessary to form the
principles of identification process adaptive control, the methods of an optimal choice of a model structure based on the quality
of measurement data. This is particularly topical for automation of secondary processing at terminal control facilities.
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IIPOBAEMBI OTAAAKH MHOI'OITPOLIECCHBIX CHCTEM
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(Pedepanvhulii HayuHwlll ueHmp HayuHo-uccnedosamensbCckuli UuHCMUmMym CUCmemHbIX UCCe008aHUTL
PAH (DHII HUHCH PAH), Haxumoeckuil npocn., 36, kopn. 1, 2. Mockea, 117218, Poccust)

Cratbst HOCBSIIEHA TPOOIEMe OTIAaIKH CJI0KHBIX MHOTOIIPOIIECCHBIX cHcTeM. Pa3paboTka kKaueCTBEHHBIX CIIOJKHBIX arla-
paTHO-IIPOTPaMMHEIX CUCTEM — JIMTEIbHBIH, TpyJoeMKuil mporecc. CauTaeTcs, 9TO OKOJIO ITOJOBHHBI BPEMEHH YXOAUT Ha
omnaaky. [lepexon Ha MHOTOSICPHBIE IPOLIECCOPHBIC APXUTEKTYPHI CENal IapauleIn3M HOPMOIi, PaBHO KaK U clieH(pUYHbIC
IUIS TapaJuIeNIbHBIX CHCTEM OIIMOKU. DTO JeNaeT OTIIAAKY elle 0oiee BaXKHOW U OTHOBPEMEHHO 0oJiee CIIOXKHOM.

OcHOBHasi 0COOEHHOCTh MHOTOIPOLIECCHBIX CHCTEM — HCIIOJIb30BaHUE CIIOXHBIX ACHHXPOHHBIX B3aHMOJCHCTBHH MEXIY
KOMITOHEHTAaMH CHCTEMBI, 3Ta 0COOCHHOCTD BIIHSACT Ha ITOJXO/BI K OTJIAJIKE CHCTEM, ONpeessieT BHIOOp HHCTPYMEHTOB H Me-
TO0B 0TiagKH. CII0KHOCTh OTJIAKH TAKXKE 00YCIIOBJICHA KOJIMYECTBOM H Pa3HOPOAHOCTHIO KOMIIOHEHTOB MHOTOIIPOLIECCHBIX
CHCTEM, YacTh U3 KOTOPBIX MOTYT OBbITh ammapaTtHeIMU. TpaaninoHHBIH HaOOp MHCTPYMEHTOB OTJIAAKH B IIMPOKOM CMBICIIE
(MHTEpaKTHBHBIHA OTIaTYHK, TPACCHPOBIIHK, ONOINOTEKH CAMOKOHTPOJISI, BOCIIPOU3BECHHS U OTJIaKH IIPOU3BOIUTEILHOCTH)
HE TEepSIOT CBOCH aKTyalbHOCTH, HO BAPHAHTHI X IPHUMEHEHHUS H3MEHSIOTCSI.

B pabore cHauana paccMaTpUBAIOTCS CYIECTBYIOIIME CPEACTBA U METOBI OTIAAKH, BBIICISAIOTCS X JOCTOMHCTBA U HE-
JIOCTAaTKH. 3aTeM OIHCHIBAIOTCS CYIIECTBYIOIIHE IPOOIEMBI OTJIaIKH MHOTOIIPOLIECCHBIX CUCTEM H ITPEIUIaraeTcs apXUTEKTypa
OTJIaJYMKa MHOTOIIPOLIECCHBIX CHCTEM. B 3aKIFOYEHNH TIPEACTABICHBI BBIBO/IBI aBTOPOB.

Knroueswie cnosa: konmpoaupyemoe 8binoiHeue, 0miaoKkd, MOHUMOPUH2, MpAaccuposKd, MHO2ONPOYECCHbLE CUCTIEMBI.

Pa3paboTka KaueCTBEHHBIX CJIOKHBIX aIapaTHoO-
MPOTPAaMMHBIX CHUCTEM — JUINTEIbHBIA M TPYIOEMKHH
npouecc. CanuTaeTcs, 9TO OKOJIO MOJOBUHBI BPEMEHH
YXOIUT Ha OTHANKY (cM., Harpumep, [1]). [lepexox Ha
MHOTOSIZIEpHBIC TIPOLIECCOPHBIE apXUTEKTYPHI CIeall
napanenn3M HOpMOH, PaBHO Kak U CTICIIU(UYHBIE IS
MapajieNbHBIX CHCTEM OIIUOKH. DTO JefaeT OTIaAKy
erre O0oJiee BAKHON M OJTHOBPEMEHHO 00JICE CIIOKHOM.

OcHOBHasi 0COOEHHOCTh MHOTONPOIECCHBIX CH-
CTEM — UCIIOJIb30BAHUC CJIOKHBIX, ACHHXPOHHBIX B3au-
MOJICHCTBHI MEXJy KOMIIOHEHTAMH CHCTEMBI, 3Ta
0COOCHHOCTD BIIMSIET HA ITOIXOABI K OTJIAJIKE CHUCTEM,
orpezenseT BHIOOP HMHCTPYMEHTOB M METOJOB OT-
najgku. CI0XXHOCTD OTIAIKH TaKkKe 00yCIIOBIEHa KO-
JMYECTBOM M Pa3HOPOIHOCTHIO KOMIOHEHTOB MHOTO-
MPOLIECCHBIX CHCTEM, YacTb W3 KOTOPBIX MOTYT OBITH
anmapaTHeIMU. TpaguIMOHHBIH HAOOp MHCTPYMEHTOB
OTIaJKN (MHTEPAaKTUBHBIN OTIAIYUK, TPACCUPOBIIUK,
OMONMMOTEKH CaMOKOHTPOJIS, BOCIIPOU3BEICHUS H OT-
JAIKA TIPOM3BOANUTENIFHOCTH) HE TEpsIeT CBOEH aKTy-
AJIBHOCTH, HO BapUaHThl MPUMCHECHUA WHCTPYMCHTOB
OTIaJIKUA U3MEHSIOTCS.

OcHoOBHbBIE CTIOCOOBI OTJIA/IKH,
HX BO3MOKHbIE COYETAHUS M 0COOEHHOCTH

Humepaxkmuenaa omaaoka. TpalullMOHHO TOJ
OTJIaJIKOM MOHMMAETCS MPEXKIE BCETO WHTEPAKTHBHAS
otianka. B To jxe Bpems, 4eM CIIoJKHee OTIaKUBaeMast
cucreMa, TeM MeHee 3¢ (deKTHBHA TTOZ0OHAs OTIIAAKA.
CrnumrkoM MHOTO (pakTOpOB HPUXOAWUTCS MPUHUMATH
BO BHIMaHHE U MHOTO JaHHBIX HEOOXOIUMO IPOaHa-
JIM3UPOBATh, YTOOBI OTBETHTH, HAIIPUMED, HA IPOCTHIE,
HO Ba)KHBIE BOIPOCHI: CIIyYalIHCh JIU yXKE B CUCTEME
OLIMOKH M KaKOBBI MX NEPBONPUYHHBI.

Hawubonee nmomynsipHbIM MHCTPYMEHTOM HHTEpakK-
TUBHOM oTnaaxu sBisercs GDB [2]. Ha MomeHT Hanu-
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CaHUs CTaThU OH OCTABAJICS OHONPOIIECCHBIM; MHOT'O-
MPOIIECCHBIC BO3MOXXHOCTH OBLIM HA HAadaJbHOW CTa-
JIUY peann3aly, 1, Kak oKazaj NpakTUYeCKUH ONbIT,
WX HEJb3s OBLIO CUUTATh paboTOCTIOCOOHBIMHU. B TO *e
Bpemsi paszeutue GDB B umHTEepecylomem aBTOpPOB
HaIpaBJIeHUHN aKTUBHO 00CYKIaeTcs B IUTEpaType.

B [3] npeanoxena peanu3anus Tak Ha3bIBaeMOMN
6e30CTaHOBOYHON MHOTOIIPOIIECCHOW OTJIagKH, OpH-
€HTHPOBAaHHON Ha ci1abOCBA3aHHBIE CHCTEMEI. beso-
CTaHOBOYHOCTH 3aKJIF0UAETCS B BO3MOXXHOCTH OTIIAAKH
OTJIENIFHOT'O TIOTOKA B ONIEpallnoHHON cpene Linux Oe3
OCTAHOBKH IpOLIECcca LETUKOM.

Takast (YHKIHOHATBHOCTH IOCTHTAeTCsS 33 CYET
pacIMpeHusi BO3MOKHOCTEH areHTa OTJaJKH, a TAKKe
CYIIECTBEHHOH NepepaOdoTKH BHYTPEHHETO YCTPOii-
CTBa OTJIAUMKA, CO3JaHUS MEXaHU3Ma aCUHXPOHHOTO
0o0cmy)KuBaHUsl COOBITHH U KOHTPOJISI MPUMEHUMOCTH
OTJIaJOYHBIX AEHUCTBUH. DTOT MIAT OYEHD BaXKEH U IS
Pa3BUTH MHOTOIIPOIIECCHON OTIa IKH.

WNHTepakTUBHON OTIaJKe MPUCYIIA TaK)Xe Takas
mpobjeMa, Kak BHECEHHE HEIOIyCTHMO CEphe3HBIX
BO3MYIICHUH B IPOIIECC PYHKIMOHUPOBAHUS OTIIAXKH-
BaeMBIX CHCTEM. DTOT Tpolecc U 0e3 OTIIaauuKa, BO-
00111e TOBOPSI, SIBIISICTCS HEICTCPMUHHPOBAHHBIM, I10-
3TOMY 3apaHee HeNb3sI CKa3aTh, IPOSBATCS JIA OIIHOKU
B JIaHHOM KOHKPETHOM 3aIlyCKe; OTJIJJOYHbIe IeH-
CTBHSI YCYTyOJISIIOT HEJICTEPMHUHH3M, YTO CIIOCOOHO
MIPUBECTH K HCUYE3HOBEHHIO MIPEMETA OTIAIKH.

[Ipobneme MUHHUMH3AINK BO3MYIICHHI, BHOCH-
MBIX OTJIQJIOYHBIMU HHCTpyMeHTaMu kateropuu GDB,
MOCBAIICHA CTaThs [4]. B Hel ommchIBaloTCS pa3nnd-
HBIE MEXaHHW3MBI, HEOOXOIMUMBIE UII MHOTOIIPOIIEC-
CHOM OTJIQJKH: [ICHTPAIN30BaHHBIN BBOA-BBIBOJI OTJIA-
JIOYHBIX COOOICHUI, TapaJUICIbHBIA COOp TAHHBIX BO
BpeMSl BBINOJIHEHUS, UCIOJIb30BaHUE BCTPOCHHBIX B
MPWIOKEHUE OTIAJ0UYHBIX CPEACTB U NEpexBaT mepe-
Jlauy COOOIIEHUI MEXy POoLieccCaMu.
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Komanonwuit a3e1x omaaoxu. I1pn otnagke MHOro-
MPOIIECCHBIX CHCTEM BO3pacTaeT POJIb KOMaHIHOIO
S3BIKA OTJIAJYMKA. YCJIOBHBIC TOYKU IPEPBIBAaHUSA U
peaknus Ha WX JOCTIDKEHHE MOTYT M JTOJDKHBI TIPO-
TpaMMHUPOBATHCS 3apaHee. BeckMa BEpOsSTHO, UTO 3TH
MPOTPaMMBI JOJDKHBI 3aTParuBaTh HE TOJBKO HETIO-
CPEINCTBEHHO OTJIaKMBAaeMBIil IIpPOILeCC, HO W TPO-
IIECChI, BO3MOXKHO, (YHKIHOHUPYIOMIHE HAa IPYTUX
npoueccopax. HeobOs3aTenbHO BHIETH COCTOSIHHE
cpa3y BCeX IMpOLECCOB (Ui OOJBIIMX CHCTEM 3TO HE
MMEET CMBICIIa), HO HE0OOXOIMMO UMETh BO3MOKHOCTb
BO3EHCTBOBATh Ha BCE MPOLECCHl — MOOAUHOUKE UIH
rpynnamu. [Tono6Hoe rpymmoBoe Bo3neicTBIe — 0051-
3aTeNnbHas YepTa MHOTONPOLIECCHOTO OTJIAAUHKa.

B HacTosmiee BpeMs B KadecTBE KOMAaHIIHOTO
S3BIKA OTJIAT4YMKa BEIOMPACTCS HMHTEPIIPETUPYEMBIi
MOJTHOICHHBIA SI3BIK MPOTPAMMHUPOBAHHSA, TAKOW Kak
Python. [Tonnepsxka Python mosiBmacs B GDB Bepcun
7.0. Hanmaue MOTHOIEHHOTO S3bIKa ¢ OOJIBIIAM KOJIH-
YECTBOM OHMOIIMOTEK IMO3BOJISIET PAaCIIUPUTH BO3MOXK-
HOCTH OTOOpaKeHUs JaHHBIX, B TOM YHCJIC B Tpadude-
CKOM (opmMaTe, OpraHU30BaTh B3auMojieiicTBue ¢ Oa-
3aMH JAaHHBIX U PEaJM30BaTh CJIOXKHBIE MEXaHH3MBI
YIpaBIECHUS NPHIIOKCHUEM.

Tpaccuposka. BeposiTHO, OCHOBHBIM MHCTPYMEH-
TOM OTJIaJK! MHOTOIIPOIICCCHBIX CUCTEM MOXKHO CUH-
TaTh TPACCHPOBKY. OHA MOKET UMETh Pa3IHIHYIO CTe-
MeHp JCTAIH3alud — OT MAIIMHHOW WHCTPYKIUH O
MpOrpaMMHBIX TpaH3akiuidl. Ilpu anmapaTHod mnon-
JIEPKKE BO3MYILICHUSI, BEI3BIBAEMBIC TPACCHPOBKOIA,
MOTYT OBITH MPHEMJIEMBIMH, a IIEHTP TSHKECTU ITEPEHO-
CHUTCS Ha MMOCJICIYIOIINI aHaIu3 COOpaHHOU nH(pOpMa-
nuu. Eme oiHo mpuMeHeHne 3Tol nHpopMaIuu — Jie-
TEPMUHUPOBAHHOE BOCIIPOM3BEJCHNE 3aITyCKa Iapall-
JIETPHOW CHCTEMBI, MpPH KOTOPOM  IPOSBHINCH
omuOku. JleTepMUHIPOBAHHOE BOCIIPOU3BEICHHIE MO-
JKET COINPOBOXKIATHCSI MHTEPAKTUBHOM OTIAaJKOM; Be-
POATHO, 3TO MOXKHO CYHTATh HamOojee YMECTHBIM
MPUMEHEHUEM TTOCIIeTHEH.

IIpu TpaccupoBKe ¢ BEICOKOH CTENICHBIO JeTar3a-
u 00beM coOpaHHOW MH(OPMALUM MOXET HCUHC-
asTecst rurabaditamu. [yt ero yMmeHbIIEHHs Cyllie-
CTBYIOT CPEICTBa CXKaTHs Tpacc W, 4To Ooyee cyrie-
CTBEHHO, YCIIOBHBIE TOYKH TPACCHPOBKH, Ojaromaps
KOTOPBIM MOXXHO HAaKaIlJIMBaTh TOJBKO WH(pOpMa-
IIUI0, BEPOSATHO, MMEIONIYI0 OTHOIICHHE K OIIMOKaM
U UX MPOSBICHUAM. B Takmx TOYKaX MOXKET TaKxke
AKTUBU3UPOBATHCSA MHTEPAKTUBHBIA OTIATUUK, KOTO-
PBIif B JAHHOM CITydae OCTaeTCsl CPEJCTBOM OJIMIKHETO
60s1.

ITomemaTs coOBITHSL B Tpaccy MOXKHO HE TOJIb-
KO BHEIIHMMH CpPEACTBaMHU, HO M U3 NPOTrPaMMBI, HC-
HOIb3ys. MEXaHU3Mbl CAMOKOHTPONIS U TeHepaluu
coObITnii. [TonoOHOE OCHAIIEHHE TPOTPaMM IMIPEJCTaB-
nsieTCsl Haubosee 1menecooOpasHbIM, TaKk Kak OHO Y4H-
TBIBACT CEMAHTHUKY IIPOTpaMM M MPEAI0IaraeMyro
MIEPBONPUYNHY Pa3bICKHUBAEMBIX OITHOOK, MHHUMH3H-
PyeT BO3MYIIEHHS, BHOCUMEIE B IIporiecc GyHKINOHHU-
pOBaHMs CHCTEM, U 00beM coOnpaemMoit HHPOpMAIIHH.

U 31ech BO3MOXHA aKTHBU3ALNs HHTEPAKTUBHOTO OT-
JauuKa.

[IpakTH4HBII HHCTPYMEHTApUN TPACCUPOBKHU — I10O-
MyJIPHBINA IpeaMeT IMyOMuKanuil U peann3amnuii [5, 6].

Camoomnaoka. BecbMa ynaqHbIM TIPEICTABISICTCS
MOJIXO/I, MPEUIOKEHHBIN B cTaThe [7] I OTIaAKH
OecripoBOMHBIX ceTed maTdnkoB. OKHA WHTEPAKTHB-
HOM OTJIAAKH acCOUUHMPYIOTCS C HEKHMH IPEICTABH-
TENBHBIMM ~ 3JIEMEHTAaMM  aIlapaTHO-TIIPOrpaMMHOM
KOH(UTypanny, HO 332 CYET MCIOJIb30BAHUS TPYIIIO-
BBIX omepauuii  (rno0anbHBIX — KOMaHn) — gstop,
geontinue, gdetach, greset, gbreak oTnmaaka cuiIbHO-
CBSI3aHHBIX CHCTEM OKa3bIBAETCS PEATBHOM.

MHorormpomeccopHble  KOHOUTYpaluyd CHOCOOHBI
HE TOJBKO CO31aBaTh HOBBIE POOJIEMBI, HO M UCIIOJIb-
30BaThCSI P OTIAIKE: HA OJHHUX MIPOLECCOPAX MOXKET
(hyHKIIMOHMPOBATh OTJIAXKMBaeMasi CHCTEMa, a Ha JIpy-
THX — CPEeCTBa OTIaAKK. Ecii naMsaTh momoOHO# KOH-
(urypanuu SBISIETCS pa3iessieMoi, TO BO3MYIICHUS,
BHOCHMBIE OTJIAJOYHBIMU JECUCTBHAMH, MOTYT OBITH
MHWHHMAJIbHBIMHU.

Jlemepmunuposannoe eocnpouzéedenue Gvlnoi-
Henus. 3aryCKy, B KOTOPBIX MPOSBISIOTCS OIIUOKH,
MOT'YT HE€ TOJIbKO JACTCPMUHUPOBAHHO BOCIIPOU3BO-
JUTHCS (MPUMEPOM KapKaca JUisi HOJZ00HOTr0 BOCIIPOU3-
BEJICHUS MOKeT CIrykuTh PinPlay [8]), HO u cuHTE3H-
pOBaTbCsl Kak pe3yibTaT aHaluu3a Iporpamm (cM.
Execution Synthesis [9]). Boobrmie npenBapuTenbHbIH
U «IIOCMEPTHBIN» aHaIM3 MPOTPaMM M JaHHBIX, CO-
OpaHHBIX B nporiecce QYHKIIMOHUPOBAHUSL, TTO3BOJISIET
MHHAMH3UPOBATh BHOCHMBIE OTJIAaJKONH BO3MYIIECHHS
(cM. Analyzing Multicore Dumps [10], ConMem [11]).

BapuantoM neTepMUHHPOBAHHOTO BOCIIPOU3BEIE-
HUS MOXKET CYUTATHCA MEXAHU3M CO3JIaHUA KOHTPOJIb-
HBIX TOYEK OCTaHOBa. Takwue KOHTPOJIbHBIE TOYKH
MOTYT HCITIOJIb30BaThCA i OoJiee ObICTPOTO BOCIIPO-
W3BEICHUS OIIMOKHU NpH ee obHapyxeHuu. IIpu sTom
BBITIOJTHEHHE MOJKET OBITh HETIOJIHBIM, HO CTIOCOOCTBO-
BaTh OoJiee OBICTPOMY BOCIIPOM3BEICHUIO aBAPUITHOM
CHUTYaIIH.

Omaadka annapamuvix xonguzypayuii. Cospe-
MEHHasi TOCTaHOBKA 3aJaydl OTJIAJAKH 3aTparuBacTt
TaKHC aCIICKThI, KaK OTJIaaKa CHGHI/Iq)I/I‘IeCKI/IX alimna-
paTHbIX KOH(UTYypalKii, BKIIOYAIOUIMX B ce0sl Iporiec-
cophl 1TUGPOBOI 00PabOTKU CUTHANIOB WK Tpaduye-
ckue nporieccopsl (cM. Total Recall [12], NUDA [13]).
JI1s1 oTiagKky CIOXKHBIX CETeH Ha KpUCTaJUIe NpejHa-
3Ha4YeHbl HHCTPYMEHTBI, OTIMCaHHbIE B padoTe [14].

Omanaoxa npouszeodumenwvnocmu. Eue ouH Bax-
HBII acleKT — OTIaJKa MPOW3BOJUTENFHOCTH. Bo3-
MOXHBIE PEIIeHUS B 3TOH 00JACTH NpEICTaBICHHI B
paborax [15, 16].

IIpobiembl
MHOTONPOILIECCHOM OTJIAKH

Bce paccMoTpeHHbIE CPeICTBA OTIIAIKHU MTOJIE3HBI 1

JUTS OTJIQAKH TIOCIIEI0BATENFHBIX TPIIIOKeHIH. CItoXK-
HOCTH TIPH OTJIaJKe MHOTONPOIIECCHBIX MPIIIOKEHHUH
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CBSI3aHBl CO 3HAYUTEJbHBIM YBEIMYEHHEM 4HUCIa OT-
CJIeKHMBAEMBIX CYIIHOCTEH, ¢ yCIOXKHEHUEM HX B3aH-
MOJIEHCTBHI.

PaccmoTtpuM, Kak yBeIHIEHHE KOJTHIECTBA CYIIHO-
CTEll OTpa)kaeTcs Ha OTJIAJOYHBIX NEUCTBUSX B CH-
cTeMe.

B3zaumooeiicmeue c¢ eviuuciumenvHoil cpeooii.
B MHOrOmpoueccHeIX B3aMMOAEHCTBUSIX 4acTO IPOSIB-
JsieTcst M oco0ast CYIIHOCTb — ITOJICHCTEMa B3anMOIeH-
crBuil. OHa obecrieyrBaeT nepeaavyy AaHHBIX MEXIy
MpoLECcCaMH M UX CHHXPOHHU3ALHUI0. DTO MOXET OBITh
crcTeMa JOCTAaBKM COOOIIEHHUI, BCTPOCHHAs B SO
OIEepaLlMOHHON CUCTEMBI, HAallpUMep, MoJICHCcTEMA pa3-
JieNsieMoi TaMATH WM IIporpaMMHasi Oubauorexa, Ta-
kast kak MPICH [17]. [Tomo6HO TOMY, Kak peai3amnus
OTMaAKu TpeOyeT MOANEPKKH OIEPAIOHHOW CH-
CTEMBI, B MHOTOIPOLECCHBIX NPHIOKEHUAX BaKHO
B3aUMO/ICHCTBUE CPEICTB OTIAAKH M CHCTEMBI MEX-
MPOLIECCHOTO B3aMMOJCHCTBHS.

Onucanue Konuzypauyuu omnaxcueaemoil cu-
cmemol. IlepBas mpoOiemMa MHOTOMPOICCCHOW OT-
JaJKd — ONHCAaHWE U OTOOpaKEHUE OTIAKHMBAEMOIL
koH(purypauuu. [Ipn Hamuuuu GOJBIIOr0 KOJIMYECTBA
BBIUHCIUTENBHBIX PECYpPCOB BO3HHMKAaET HEOOXOIH-
MOCTh HX paclpeeseHus. ITo pacipeaesieHHe MOXKeT
OBITh CTATHYECKHM, KOTJa KOHPHUT'YPALHs CHCTEMBI 3a-
Jaercs B (haiiyie win B CrIieIUMANbHON CHCTEME IUTaHu-
poBanus. [Ippmepom Takoro pactpesesieHus sIBISIETCs
koHurypanus ARINC nporeccos 8 OC3000.

Crenyer OTMETHTh, YTO IpodOieMa OOoJBIIOrO
YHcia CyIIHOCTEH BO3HUKAET HE TOJBKO IPU OTIAIKE
MHOTOIIPOILIECCHOTO TpHIoXeHus. Paspaborunky npu-
JIOXKEHHUS IPUXOIUTCA PEIIaTh 3a/1a4y pa3fAeICHUs BbI-
YHUCIUTENBHBIX PECYPCOB. JTa 3a/1a4a 4acTO PeIIaeTcs
paszielieHieM MHOeCTBa MOJyJieil Ha QpyHKIIMOHAIIb-
HBIE KOMITOHEHTHI, K&KABIH U3 KOTOPBIX pelaeT cle-
nupuIecKyo nmoa3aaady. Hampumep, HEKOTOpoe MHO-
’KECTBO IPOIIECCOB MOXKET OTBEYATH 3a INITAHMPOBAHUE,
Ipyroe — 3a cOop WHpOpPMANWHU, TPeTbe — 3a 00pa-
00TKy, 4eTBepTOe — 3a XpaHeHue. B Takoil cucreme
€CTECTBEHHBIM 00pa30M BO3HMKAeT HEOOXOANMOCTb
paboTHI ¢ TPyNIIaMH MPOLIECCOB B oTiaxunke. Omnuca-
HHUE CHCTEMBI, CO3JAHHOE IIPU €€ IMPOEKTHPOBAHUM,
JIOJDKHO OBITh OOBEAMHEHO C OMHCAHWEM CHCTEMBI B
OTJIaTIHKE.

Pacnipenenenue 3a1auu 1mo mporeccamMm MOKeT ObITh
1 AuHaAMu4YeckuM. Hampumep, ceTr aBTOHOMHBIX J1aT-
YHUKOB MOTYT CAMOOPTAaHH30BHIBATHCS, ONPEAEIATH
HUMEIOIHECS] PECYpCHl M IUIAHWPOBATH BEHITIOTHEHHE.
Bonee Toro, yacto B OONBIIMX CHCTEMaxX YHCIO KOM-
MOHEHT MOXET CO BpEMEHEM KaK pacTd, TaK U yMEHb-
matbesl. Yem OoJIbIe YMCIIO MPOLECCOB, TeM OoJIblIe
BEPOATHOCTH OTKa3a HEKOTOPBIX U3 HUX. Eciu npuio-
JKEHHE COCTOUT U3 TpeX MPOLIeCcCOB, aBapuitHOE 3aBep-
LIEHUE OJHOr0 M3 HHUX PABHOCWIBHO 3aBEpPLICHUIO
npunoxenus. B cucreme u3 1 000 npoueccos oTkas —
HOPMAaJIbHOE SBJICHHE.

B mro0oM ciryyae OTIafmovHBIE CPEACTBA JOJKHEI
HMETh JOCTYTI K PacpeAeICHHUIO MPOLECCOB, BO3MOXK-
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HOCTh MJCHTU(HUIMPOBATH MPOIECCHI, HAXOAUTh IS
KaXJIOTO M3 HUX JIOTIOJHUTEIbHYI0 HHPOPMALIHUIO, Ta-
KYIO KaK HCXOJIHBIN KOJ], PACIIOJIOKCHNE B TAMSITH, all-
MapaTHYIO apXUTEKTYPY.

Coop, omobpaxncenue u ananus oannsix. Kiroue-
Bas MpoOiieMa MHOTOIPOIIECCHON OTJIAAKH — cOOp |
oTtoOpaskeHHe OOJBIIOr0 KONMWYecTBA MaHHBIX. [Ipm
TOM HYXXHO OTMETHTh, YTO B MHOTOIPOIIECCHBIX
CHUCTEMaxX YacTO OTCYTCTBYIOT MOHSTHS BPEMEHH M
COCTOSIHUSI UM OTH TOHATHUS SIBJISIFOTCS Pa3MBITBHIMHU.
COOTBETCTBEHHO, YacTO HEJb3s TOBOPUTH O COCTOSI-
HUU CUCTEMBI, CMEHE COCTOSsIHMIA. B nydiem ciydae B
CUCTEME MPUCYTCTBYIOT KOHTPOJbHBIE TOYKH, B KOTO-
PBIX COCTOSIHME CHCTEMBI OIpeaeseHo. MHOrompo-
IIECCHBIE CHCTEMBI TIOPOKIAIOT OOJBIIOE KOJUIECTBO
JAHHBIX, c1abo CBSI3aHHBIX MEXAy coboi. Yacto st
JTAaHHBIC HE MO3BOJISIOT TOBOPUTH O TOM, KOPPEKTHO JTH
paboTaeT mprIoKeHHe.

MHOTrOmpoIecCHBI OTIAAYUK TOJDKEH YMETh pa-
00TaTh CO 3HAYUTEINHHBIMH [TOTOKAMH WH(POPMAIINH, &
MMEHHO:

— co0OupaTh U rPyNIUPOBATh JaHHBIC OT Pa3iIHy-
HBIX TIPOIIECCOB U TPYIII MPOLIECCOB;

— aHaNM3UPOBATH JaHHBIE, BHISBISTH 3aKOHOMEP-
HOCTH U aHOMAJIUH;

— HMeTh BO3MOXHOCTH JICTANIM3AIlH TpEeICTaB-
JICHHOW WH(pOpMaLnu.

Hamnbonee momymspHOE CpencTBO MHOTOIPOIIEC-
CHOM OTJIAJKH — WCIOJb30BaHUe ()YHKIIMH BBOJA-BEI-
BOJIa JUTA ITE9aTH OTIa109HON nHpopMmanuu. CpencTsa
00paboTKH BBIBOJA OOJNBIIOTO YHCIA IPOIECCOB OIMH-
cansl B crathe [18]. Hampumep, ucnonsiyercs mpen-
CTaBJICHHE CTEKOB BBI30Ba IPYIIIHI MIPOIECCOB, B KOTO-
poM GYHKINH 0OBEIUHEHBI.

Kpome cocTosiHust ccTeMbl, BAXKHO YMETh 0TOOpa-
3UTh B3aUMOJIEMCTBUSL CUCTEMBI. {11 CJIOXHBIX CH-
CTEM 3TO MOXET OBITh HETPUBHATIHHOH 3a1aueid.

Ynpaenenue evinonnenuem. I'nbxoe yrpapineHne
BBITTOJTHEHHEM — TPAIUIIOHHAS BO3MOKHOCTh MHOTO-
MpoLEeCcCHBIX 0TiaquukoB. B ctannapre HPDS onucol-
BaIOTCSA BO3MOXKHOCTH yIPABIEHUS FPpyNIaMu Mpouec-
COB — TIpyINIbl HNPOLECCOB, TPYNIOBbIE TOYKH OCTa-
HOBa, 6apbepsI U T.I1. [ pymmbI mpo1ieccoB MOTYT OBITH
MOJIE3HBI | JUIS APYTUX 3a]1a4, HAaPUMeEp, JIsl BOCIIPO-
M3BENICHUsI COCTOSHUS. BocmpousBeneHne paboTh
MOJICHICTEMBI — OoJIee IpocTast 3a7a4a, eCiii TAKOe BOC-
MPOU3BEICHNE BO3MOXKHO.

Cy1miecTByeT BakKHas 3a/1adya, PelIeHrue KOTOpor B
cranaapte HPDS Bo3noxeHo Ha mosb30BaTeNst, — MO~
JIep’)KaHue LEJIOCTHOCTU CHUCTEMBI B MPOLECCE OT-
naaku. Hanpumep, ocTaHOB HEKOTOPOM TpyIIbl Mpo-
LIECCOB JJIsl HaYaJla UHTEPAKTUBHON OTJIaIKU MOXKET He
cKa3aThCsl Ha pabore cucteMbl. CBS3H KOMITOHEHTOB
HEO00s3aTeIbHO JIOJKHEI OBITh JKECTKHMH, YacTO Clia-
0ast CBSI3aHHOCTH KOMIIOHEHTOB JIOJDKHA 00eCTIeYMBATh
nmojiepkaHue paboTel cucteMbl. Vcrmonb30BaHue WH-
(opManK 0 TAKWX CBA3AX B OTIAJUMKE ITO3BOJISIET
YIPOCTUTH OTJIAAKY MHOTOTIPOIIECCHBIX MPUIOKECHUH.
Hanpumep, cucrema caMOKOHTPOJISI MOXKET OCTaHaB-
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JIMBaTh TOJBKO TPYIITY MPOLECCOB NMPH HACTYIUICHUU
aBapuiHOTO cocTosiHus. MH(pOpMaIys 0 CBI3aHHOCTH
KOMITOHEHTOB, MX B3aHMMOJICHCTBHAX MOXET OBITH U3-
BJI€YEHA N3 KOH(UTypaLlUH CUCTEMBI.

Onmumuzauyus omaadounslx oeicmeuii. OT-
Ja0YHbIe ICWCTBUS B MHOTOIIPOIECCHOW KOH(HUTY-
panuu MOTYT TpeOOBaTh 3HAYUTEIBHBIX PECYPCOB.
MHuorue 3amgadM OTJIAAKH, TaKHE KaK BOCHPOU3BeE-
JICHHEe, aHaJIU3 CTeKa BBI30BOB, C)KAaTHE TPacChl, UC-
MOJIB3YIOT U MpoLEccop, U ceTeByro cpeny. Ilpu atom
YHCIJIO JAHHBIX PAcTeT Jaxxe ObIcTpee, YeM YHUCIIO Mpo-
neccoB. Hampumep, mpu TpaccupoBke B3auMoJeil-
CTBHH MHOTOITPOIIECCHBIX CHCTEM 00beM HH(OPMALIH
MOJKET OBITh MPOMOPLUOHANEH KBaJIpaTy 4yucia Ipo-
IIECCOB.

DOKOHOMHSI PECypCOB NPH MHOTONPOIECCHOH OT-
JaJKe JOCTHUTAETCS 3a CUET CIEIYIOMNX PEIICHHH:

— 00paboTKa OTIANOYHBIX NEHCTBHH HA KaKIOM
U3 BBIYUCIHUTEIBHBIX y3JI0B;

— MHOTOYPOBHEBasi CHCTEMa areHTOB;

— HCNOJIb30BaHUE MIMPOKOBEIIATEIbHBIX CO00-
ILICHU;

— MHTPOCIHEKLUS OTIa04HBIX HHTEp(heicoB;

— BO3poCLIEe UCMOIb30BaHHE dPPEKTUBHBIX OT-
JIAJIOYHBIX CPEJICTB, HAIPUMEP TPACCHPOBKH;

— CXaTHe OTJIaJ0YHON HHPOPMAILHN.

MacmrabupyeMoCcTh OTIIaI09HON CHCTEMBI — OJTHA
W3 TIABHBIX NPOOJIeM MHOTONPOLIECCHOM OTIAIKH.
CII0’)XHOCTD CHCTEM OIlpeaenseT HeoOX0IMMOCTh HC-
TMOJIB30BAHUS CTIEIHAIBHBIX MIPOTOKOJIOB, a TAKXKE ap-
XUTEKTYpHBIX perieHuil. [Ipu 3ToM 60JIBIIUHCTBO ITpo-
TOKOJIOB, HCTIONB3YEMBIX B OTJIAIKE, HEJOCTaTOYHO
pacumpsieMble (HampuMmep, MPOCTON MPOTOKON yna-
JICHHOH OTJIa/IKH, HcTonb3yeMblii B GDB).

B pabote [19] onucana peanuzaiusi 0TJIaJOYHBIX
areHTOB C UCHOJb30BaHueM mporokoia WSRF (Web
Service Resource Framework). 3to pemrenue mo3Bo-
JIMJIO CO3JaTh OTIAJUUK ISl MaclITaOHON reTeporeH-
HOM CHUCTEMBI.

IIpo6eMbI MHOTOIIPOLECCHO OTIAAKH
HA Pa3JIMYHBIX 3TANAax NOMCKa
U yCTPaHeHHs OIIHOOK

DyHKIMOHAIIbHBIE CBOWCTBA CPEJICTB OTIAAKU — HE
€JIMHCTBEHHOE PelIeHHe MHOTOIPOIIECCHBIX MPOOIIeM.
Jpyroii kj1acc BOIPOCOB, CBSI3aHHBIX C MPOLIECCOM OT-
JIaIKH, IIOKa3bIBA€T, YTO HE TOJBKO HHCTPYMCHTBI
OTJAJIKU JIOJDKHEI OBITH IPYTHMH, HO H OTIa)KUBacMast
crcTeMa JOJDKHA BecTH cedst mo-npyromy [20]. Pac-
CMOTpPHM, KaK MPOIECC OTIAAKH ONPEILIIICT B3aUMO-
JICHCTBHUS OTIAaTYMKAa H MHOTOIPOIECCHOTO TPHUITOKE-
HUSL.

Honyuenue ungpopmayuu 06 owuoke. MHOTO-
MPOIIECCHAs] CHUCTeMa COCTOWT W3 OOJBIIOTO Habopa
KOMIIOHEHT, BO3MOXHO, CJ1ab0cBsI3aHHbIX. Jlake 0OHa-
pyXKeHue OIMOKH sBIIsIeTCs Mpobiaemoit. YacTo mposiB-
JICHHS OIIMOKHM HACTOJBKO CKPBITHI, 9TO B MOTOKE TIO-
poxmaeMoli MH(GOPMAIMK WX TPOCTO HEBO3MOXKHO

yBHIEeTh. Hampumep, HEKOTOpbIe KOMIIOHEHTHI CH-
CTeMBI MOTYT Iepe3alyCKaThCsl 10 aBapUIHOMY CHI-
Hally, HO 3TO HUKAaK HE OTPa3NUTCs Ha BHEIIHEM PE3yIib-
tare. O HaMTMYUM OMIMOKH MOKHO CYAWTH TOJBKO IIO
MaJICHAI0 TIPOU3BOAMTENHHOCTH, WJIM OINMOKa OCTa-
€TCs He3aMEUYEHHOM.

BaxH0, 9TOOBI HEKOPPEKTHOE IMOBEAEHHE IPOSB-
JSITIOCH KaK MOXHO paHbIIe. Bo3MoXXHBIE cpencTBa 00-
HapyXEHHUsT OIIMOKHM BKIIIOYAIOT CPEICTBA CaMo-
KOHTPOJISI, aHaJIM3a MOBEJICHNUS, OOHApYKEHUsI aHOMa-
i moBeaeHus [21].

Hzonayua owubdku. 3omamps ommOKH — BaskHASI
3a7a4a Jake MpHU HaJIMYUU WHCTPYMEHTOB BOCIIPOM3-
BesieHus1. [locnenHue He Bcerna No3BOJISIOT paboTaTh
C CUCTEMOI1 LIEJINKOM, X IPUMEHUMOCTh MOXKET Orpa-
HUYMBATHCSI HEKOTOPOH MOJCUCTEMOM.

OTOT acneKT MHOTOIPOLECCHOH OTiIanku Ooiee
IIPOCT, YeM OTJIaJKa NMPUJIOKEHUI B €IUHON MaMATH.
CpencrtBa H30ISIIMN KOMIIOHEHT, cllabasi CBI3aHHOCTb,
cnemudukanuu uHTEp(dEHcoB, cpencTBa KOHTPOIA
6€3011acHOCTH TIOMOTAI0T HAlTH TPOOIEMHBIN KOMIIO-
HEHT. 3a4acTyro OH 00Jiee MPOCT, YeM CIOXKHAsI TIOCIIe-
JIOBaTeNbHast IPOrpamMma.

Ilposepka zunomes. Ilocne Toro kak ommoOKa
M30JIMpOBaHa, HEOOX0ANMO HaliTu ee mpuduHy. [Tonck
NPUYUHBI COCTOMUT M3 (OPMYJIMPOBKH THUIOTE3 O €e
HaXOXJCHWU W NPOBEPKH O3TUX rumore3. Ipdex-
TUBHBIH CcIoco0 TMPOBEPKH THUIOTE3 — HCIOIb30Ba-
HHE BCTpaMBaeMbIX B Koj areHtoB. CoOBpeMEHHBIE
CHCTEMBI TOAJEPKUBAIOT CIOCOOBI MOANU(PHUKALUH
MpUIOXKEHUs, He TpeOyromue Kommwisinuu. Hampu-
Mep, 00padOTINKH CHCTEMHBIX COOBITHIH MOTYT KOM-
MIJIMPOBATHCS Ha JIETY W 3P (PEKTUBHO BBHIOIHSITHCS.
[Tpumepom Takol CHCTEMBI MOXKET CITyXHTh CHCTEMa
[16], mocBsimieHHass HE TONBKO OTJAAKE MPOU3BOAM-
TENILHOCTH, HO M TPaJUIMOHHONW MHOTOIPOIECCHOM
OTJIaJIKe.

H3yuenue nocnedcmeuit. 3akOUUTENbHBIN 3Tl
WCTIPABJICHUs] OIMMOKM — W3ydEHHE IOCIIEICTBUH
ommbku. Kak Hanmuvue ommoOKU OTpa3uiioch Ha MOBe-
JICHUH CHCTEMBI B IIPOIIJIOM, K Y€MY 3TO MpPUBENO?
Bo3Hukanu 51 B TPONUIOM CHUTYallMd, B KOTOPBIX
omuOKa MOTJIa TPUBECTH K HETATHBHBIM MOCIEN-
ctBusiM? [IpuBeno M K HETaTWBHBIM IOCIEACTBHIM
UCIIpaBJeHUE OUTHOKH?

Cucrema NpOTOKOJIMPOBAHUS JIOJDKHA OBITH pa3pa-
6oTaHa TakuM 00pa3oM, YTOOBI ITPOTOKOJI COOBITHH
MOT' OTBETUTB Ha M0100HbIe Bonpockl. K coxarnenuro,
aBTOpaM HEW3BECTHBI CIELHaJIbHbIE WHCTPYMEHTEI,
NpejHa3sHaYeHHbIE U1 HaXOXJCHUS IOCIEACTBUH
OILIHMOKH.

ApxuTekTypa
MHOT'ONIPOLIECCHOM OTJIATKH

VYBenuueHne 4ucia CyImIHOCTeW OTJIAJIKH OIpejie-
JIIET BO3POCIIYIO0 BaXXKHOCTh APXHTEKTYPBI OTIA0Y-
HBIX CPEJICTB.
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ApXHTEKTypa TO3BOJISIET pelaTh MpoOJieMbl MH-
HUMU3AIMH TTOCIEICTBUI OTIAKH, HHTETPAIIMX OTJIa-
JOYHBIX CPEICTB, aJaNTalld OTJIAJ0YHBIX CPEICTB K
amnmmapaTHO-TIPOTPaMMHON KOH(HTrypanun. bombimoe
YHCII0 paboT MO MHOTONIPOLECCHOH OTIagKe YACIIeT
BHHMaHHE apXUTEKTYpE.

B kadecTBe mpumepa NpHUBEAEM apXUTEKTypy OT-
namunka u3 [18]. Konedno, BaxxHBIM (hakTOpPOM, OTIpe-
JISISIIOIIMM apXUTEKTYpy OTJIaa4yMKa, SBISETCS IPO-
rpaMMHO-anmaparHas mwathopma, HO BCE K€ MOYKHO
MEePEYNCIUTh OCHOBHBIEC MIPUHIUIIBI IOCTPOCHUST MHO-
TOMPOLIECCHBIX OTIIAYHKOB!

— JIPEBOBUJIHAS CTPYKTYPA;

— HWHKaNCyJsAIus,

— (unpTpanys NaHHBIX HA BCEX YPOBHSIX;

— arperanus JaHHBIX;

— TpYIIOBBIE ONEPALUH;

— pacmpezeneHue IOJHOMOYHN OTIa/IKy;

— HCTOJIB30BaHUE XPaHWININA JAaHHBIX JUIs obec-
MIEYECHUs! IOCTYIA CPE/ICTB aHAIIN3A;

— ciabast CBSA3aHHOCTD;

— ACHUHXPOHHBIC B3aHMOHeﬁCTBHH;

— HMHTErpalus ¢ BHIYUCIUTEIBHON 1aThOPMOI;

— HMHTErpanusd Cp€AcTB OTIAAKN U HpHHOX(eHHﬁ.

[lepeuncnennble pemeHns: TPAAUIMOHHBI IS ap-
XUTEKTYPBI CIIOKHOW MHOTOKOMITOHEHTHOH CHCTEMBI,
HarpuMmep, CHCTEMBl yNpaBieHHsA. B OonbmIMHCTBE
Clly4aeB MX MPUMEHEHHE OIPaBJaHoO, TaK KaK MHOTO-
IpoLeccHast OTIaJ04YHasl CHCTeMa JeHCTBUTENBHO
cioxHa. [TomoOHas apXHTEKTypa MHOTOIPOLECCHBIX
OTJIaAYMKOB  O0ECHEeYMBAaeT MX PaCHIMPSIEMOCTb,
HACTPanBaeMOCTh ¥ 3 (EKTHBHOCTD.

3akiouenue

Habop oTamoyHbIX WHCTPYMEHTOB, INpHMEHsIE-
MBIX B MHOTONPOIIECCHOW OTJIAJKe, 3HAYUTEIHHO
mupe Habopa MHCTPYMEHTOB TPAAUIMOHHBIX TIOCIIE-
JIOBATCIILHBIX OTJIAAYHKOB. ITO YCIOKHEHHUE — HE00-
XOAUMOCTD, OIpeessieMas CJI0KHOCThIO OTJIaKHBae-
Mol cuctembl. be3 cpencTs BU3yanHM3aldd TPacCH-
POBKH, BOCIPOU3BCIACHUA, CaMOKOHTPOJIA HanTH
OMMOKY 3a4acTyl0 HEBO3MOXHO. OQQeKTHUBHaAs OT-
JTagka TpeOyeT NMpUMEHEHMs Bcero Habopa HMHCTpY-
MEHTOB, IIPUYEM KaXK/IbIii U3 HUX JIOJDKEH OBITh pa3pa-
00TaH C y4eTOM CIIOKHOCTH CHCTEMBI, C HCIIOIb30Ba-
HHEM BBIIIETIEPEYHCIICHHBIX 1T0IX0/I0B.

BaxHo, 4TO MOIX0J K MHOTOIIPOLIECCHON OTaj-
KC Tpe6yeT HE TOJIbBKO TIIPUMEHCHUA PASITMYHBIX
HHCTPYMEHTOB, HO M HX HHTErpalud B OTJIaXKHUBAcC-
MY CUCTEMY, BSaHMO}leﬁCTBI/IH Cp€ACTB OTJIAaAKU C
BBIYHUCIUTENLHON Ccpeloi. DTy HOBYIO IO CpaBHe-
HHUIO C TPAAWIMOHHOW OTJIAAKOH OCOOEHHOCTH HEOO-
XOANMO IPHUHMAMATH BO BHUMaHKE HE TOJIBKO IIPHU pas-
paboTKe OTiIaa4YKKa, HO ¥ IPH NPOESKTHPOBAHUU IIPHU-
JIO’)KEHUH.
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Abstract. The article considers multiprocess complex systems debugging. The development of high-quality complex
systems is a long and time-consuming process. It is believed that debugging takes about a half of this time. Switching to multi-
core processor architectures has made parallelism a regular task, as well as errors specific for parallel systems. This makes
debugging even more important and at the same time more complicated.

The main feature of multiprocessing systems is using complex, asynchronous interactions between system components.
This feature influences the approaches to debugging, determines the choice of debugging tools and methods. The complexity
of debugging is also determined by the quantity and heterogeneity of multi-process system components, some of them might
be hardware. A traditional set of debugging tools is the following: an interactive debugger, a tracer, self-monitoring libraries,
reverse execution. Their application changes.

The first chapter describes the existing debugging tools and techniques. The authors highlight their advantages and
disadvantages. The next two chapters describe the existing problems of multiprocess system debugging. The fourth chapter
provides the architecture of multiprocess system debugger. In conclusion authors present the results of their work.

Keywords: controlled execution, debugging, monitoring, tracing, multiprocess systems.
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A.B. Pooumeunes, sedywuii npozpammucm, avrod_94@mail.ru
(PedepanvHulii HayuHblil yeHmp HayuHno-uccnedogamenbcKuili UHCMUMYMmM CUCMEMHbLX UCCTe008AHUT
PAH (@HI[ HHHCH PAH), Haxumosckuil npocn., 36, kopn. 1, 2. Mockea, 117218, Poccust)

Hedrsubie mecropoxaenus Poccun pa3pabaTeIBaloTCsl IPEUMYIIECTBEHHO ¢ ITIOMOIIb 3aBOJHEHHA. BobIIMHCTBO U3 HUX
HaxOo[ATCs Ha TPEThel MM YeTBepTOH cTanuu pa3padorku. CienoBaTeabHO, 00BOAHEHHOCTh HPOIYKINH CKBKHH COCTABIIAET
80-90 % u Gonee. B 31X ycnoBHAX C LENBbIO ONTHMH3AINN Pa3pabOTKH MECTOPOKACHNUH HHKCHEPBI-HE(TIHUKN CTAparOTCsI
YMEHBIINTH JOOBITY M 3aKa4Ky BOABI IPHU COXPAHEHHN WM yBeIWIeHHH HoObrdu HedTH. i1 3TOro pemaroTcst 3agady KOH-
TPOJISL ¥ PETYIMPOBAHMUS Pa3pabOTKN MECTOPOXKACHHS C UCIIOIB30BaHHEM Pa3IMIHBIX MATEMaTHYECKUX MOJIEIICH.

B nmanHO#1 paboTte paccMaTpHBaeTCsl CylepalJieMEHTHash MaTeMaTHdecKas MOJeb 3aBOJHEHMs, OCHOBAaHHAs Ha MOZIEIH
IByX(ha3HOH (QIIBTPAIMH CITa00CKUMAEMBIX HECMEIINBAIOIINXCS KHUIAKOCTeH (He(TH U BOJBI) B YIIPYTOM ILIACTE IO 3aKOHY
Hapcu. Cucrema nuddepeHranbHbIX ypaBHEHHH IS JaBJICHNS ¥ HACHIIIEHHOCTH alpOKCHMHUPOBaHa Ha ceTke BopoHoro
MOJTHOCTBIO SIBHBIM 00pa3oM. Pa3Mepsl CynepaneMeHTOB COOCTABUMBI C PACCTOSHHEM MEXIY CKBaXHHAMH. JTO MO3BOJIAET
MPOBOJMTE BEIYUCIICHHUS 0e3 ncnonb3oBanus crenuanbHoro [10. [Ins pemenns oOpaTHBIX 3a1a4 (onpeneseHus KodpuuneH-
TOB MOJIETH MM ONTHMH3AIMU [TapaMeTPOB pa3paboTKu) B paboTe UCHONB3YIOTCS MeToA HbIoToHA M MeTOH COMpSIKEHHBIX
rpagueHToB. B knaccuueckoit mocTaHOBKE 00paTHOI 3a1adi METOABI TEOPHUH ONTHMH3AINH JOIDKHBI IPUMEHSATHCS HETIOCPEe-
CTBEHHO K MaTeMaTHYeCKON MOJIeNH uccieayeMoro npouecca. OfHaKo B ciIydae pelleHus 3a1ad pa3paboTKH HEPTIHBIX Me-
CTOPOXKJCHUH KOJIMYECTBO ITAPaMETPOB JUIsl ONTHMH3AIMN MOYKET OBITh OUYEHb BEJINKO, a CJIO)KHOCTh MaTeMaTHYECKON MOIeIN
JIOBOJIGHO BBICOKA, OATOMY NPUMEHEHHE METOI0B TEOPUH ONTHMHU3ALUH HEMTOCPECTBEHHO K MAaTeMaTHYECKOH MOJIEITH MO-
XKEeT OBITh OYEHb TPYIOEMKHM.

JIist mpeoioNeH st 3TOr0 IPOTHBOPEUHS MIPEIATaeTCsl ¢ MOMOIIBIO MATEMAaTHIECKOH MO/IENH 3aBOAHEHUS CTPOUTH CTAaTH-
CTHYECKHE 3aBUCHMOCTH ITOKa3aTeneil pa3paboTKy OT HCKOMBIX ITapaMeTPOB, a 3aTeM NPUMEHSATh METObI TEOPUH ONTHMH3a-
I[N YK€ He K MaTeMaTHIeCKOH MOJIENH, a K TOJ[y9eHHBIM CTaTUCTUYECKUM 3aBUCHMOCTSM. ISl MILTFOCTpaluy TaKoTo MO~
XO0/1a PaCCMATPUBACTCS PEIICHUE 33aa4M aJJaN Tl MOJIENH 110 aOCOJIOTHOM NMPOHMIIAEMOCTH. Y CTAHOBIICHO, YTO NTPUMEHe-
HHE METO/1a CONPSHKEHHBIX TPAJINCHTOB HETIOCPEACTBEHHO K MOJIENTH 3aBOJJHEHNS JaeT OIIMOKY B ONpEIeNICHIH ITPOHHUIIAeMO-
ctu 11,8 %. [IpuMeHeHne TOro ke MeToJia K CTaTUCTHYECKOH 3aBUCHMMOCTH OIIMOKM aJanTaliyd MOJeH (110 HaKOIUICHHOMN
J00bIYe U 3aKauke He()TH U BOABI) OT Joraprdma MpOHUIIAEMOCTH JIaeT OMIMOKY B ONpe/eeHHH NPOHUIAEMOCTH JINIIb He-
MHOIuM Oombiie — 15 %.

Kniouesvie cnosa: 3asoonenue, dKcnpecc-mooenuposanie, onepamusHoe Mo0eruposanue, CynepiieMeHmuas mMooeib,
cyppoeamuas mooens, cemka Boponozo, obpamuvie 3a0auu.

OCHOBHBIM METOJIOM pa3pabOTKM HEPTIHBIX Me-
cTopoxxJeHuil B Poccuu siBnsieTcs 3aBogHeHue. bonb-
HIMHCTBO HE(TSHBIX MECTOPOXKIEHHH HAaXOAATCS Ha
TpeTheil MiIu 4eTBepTOoi cTaanu pa3paboTku. CrnemoBa-
TCJIbHO, B ITPOAYKIINH JIOGBIBaI-OHH/IX CKBaXXHWH ITPUCYT-
CTBYeT OOJIBIIIOE KOJIMYECTBO BOABL. B 3THX ycrmoBmsx
WH)XEHepaM TI0 pa3paboTKe MECTOPOXKACHUH HE0O0X0-
JIMMO pelIaTh MHOTO 33J1a4 110 KOHTPOJIIO U PETYINPO-
BaHMIO pa3paboTku. [Jjist OBICTPOTO OIIEHOYHOTO pere-
HUS ITOJJOOHBIX 3a/1a4 MOXET OBbITh UCIIOJIb30BAaHA MO-
Jenb Ha 0a3e KOHLENIUH CylepasieMeHToB. M3-3a
00JIBIIION HEOJTHO3HAYHOCTH MCXOIHBIX IAHHBIX HE00-
XOAMMO aJalTHPOBaTh MOJENb K (PaKTHYECKH 3ame-
PEHHBIM TIOKa3aTesIM pa3paboTku (1ebut HepTH, Taza
W BOJIBL;, 3a00ifHOE JaBJeHHe; MIACTOBOE JaBJICHUE U
mp.). 3ajayua aganTauyd MOJIEH CBOJIUTCS K PEIICHUIO
3ajaun onTuMuzanuu. Kpome Toro, ¢ momolisio Teo-
pUM ONTHMH3ALUH W MaTEMaTHYECKOTO MOJEINPOBa-
HHUS PELIaloT 3a/a4yd  ONTHMH3alUU  pa3paboTku
HE(TSHBIX MECTOPOXKACHUH (ONTHMHU3ALMU 3aBOJIHE-
Hus). JlanHas pabora MocBsIeHa MOAXOAY, TT03BOJIS-
IOIIEMY C ITOMOIIBIO NPOCTBIX MeTOJ0B (MeTo Hbro-
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TOHA, METOJ[ CONPSDKEHHBIX TPAJNCHTOB) peIaTh
3a/1a9¥ ONTHUMH3AINY TIPU CYTIEPITIEMEHTHOM MOJIEIU-
poBaHuM pa3pabOTKH HEPTIHBIX MECTOPOXKACHMUI. C-
nmose3yst Toibko Excel Microsoft, onuceiBaeMbIiM Me-
TOZOM MOJKHO peliaTh 3aJlaqil ONTUMH3AIUU C KOJH-
4eCTBOM MapaMeTpoB o 16. Mcronb3ys cnernuaibHbIe
MPOrPaMMBbI, KOJMIECTBO MApaMETPOB MOXKHO YBEJH-
YUTb.

MartemaTnueckasi MoJeJIb ABYX(a3Hoil
¢unbTpanuu HedTH M BOABI

CucremMa ypaBHEHHi, ONMCHIBAIONIAsl YHPYTYIO
IByx(a3Hyo QIIBTPAINIO, COCTOUT U3 IBYX ypaBHe-
HUH COXpaHEeHUS KOINIECTBA OCHOBHBIX KOMIIOHEHTOB
(06bpeMoB He()TH M BOABI B CTAHAAPTHBIX YCIOBHAX) U
006001menHoro 3aKoHa Jlapcu, a KanmuUIAPHBIMA U Tpa-
BHUTAIMOHHBIMU CHJIaMU TIpeHeOperaercs [1-6]:

— YpaBHEHUS COXpaHEHUst 00beMOB HE(TH U BOBI

N

o0 ms,
ot{ B
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+div| — |=—q,, 1
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o mS W v - =

— * | +div| — |=-q,+0,; 2

ol B, B, q, +d, (2)

— 0000meHHsbI# 3ak0H [Japcu

- kk

W, =——"grad (P), 3)

- kk

W, =——"grad (P), 4)
My

- - —
rje M— MOPHCTOCTh; So U Sw, Bou Bw, Wo 1 W, q,

u q,, Kro 1 Kw, Lo U Ly — HACBIIIEHHOCTb, OOBEMHBIH

K03((ULNEHT, BEKTOP CKOPOCTH (UIIbTpalMy, III0T-
HOCTh HCTOYHMKA (CTOKA), MOJEIUPYIOIIET0 padoTy
CKBa)KUHBI, OTHOCUTEJbHAs (pa30Basi IPOHUIIAEMOCTb,

BA3KOCTH HC(I)TI/I U BOJBI COOTBETCTBEHHO; (, — IUIOT-

HOCTh HCTOYHHKA (CTOKa), MOAETHPYIOUIETO paboTy
3aKOHTYpHOU obyacti; K — abcomroTHas mpoHHIae-
MOCTh; P — m1acToBoe naBlicHHE.

Cucrtemy ypaBreHwmit (1)—(4) HeoOXoaMMO TOTION-
HHUTb 3aMbIKAIOIIMMH COOTHOLICHHSIMU:

So + Sw=1, 6)
m=mo[1 + C«(P — Po)], (6)
Bo = Boo[1 — Co(P — Po)], (7
Bw = Bwo[l - CW(P - PO)], (8)

r7ie Mo — MOPHCTOCTh NPH HAYAIEHOM IIIACTOBOM J1aB-
neHnn; Boo 1 Bwo — 00eMHBIH KO3 pdUIIIEHT HeDTH 1
BOJIBI IIPU HavdaJIbHOM IIacToBoM jaBiieHnd; Cr, Co u
Cw — ckuMaeMocTh Imiacta, HepTH W Bomel, Py —
HavyallbHOE TUIaCTOBOE JIABJICHUE.

Cuctemy ypaBHenuit (1)—(4) ¢ yueToM cooTHoIIIE-
Hui (5)—(8) MoxHO TpeoOpa3zoBaTh K clexyromei cu-
creMe nuddepeHInanbHbIX YPaBHEHUH AJIsl BOJOHA-
ChIIIEHHOCTH S = Sy 1 AaBnenuns P [7]:

mo[c,+(cw—co)5+c0]i—':=

-

- B, |q, +div| "o | |- ©)
BO
- - . \XIW
_BWO qw_qa+dlv B_W 5
m, §+(Cr+CW)Sa—P =
ot ot
N 10
- (w. (10)
=-B, |49, —d, +div B_

w

VYpasaenus (9) u (10) nonosHsrOTCS HaYaIbLHBIMA
yenoBusimu P = P(X, y, 2, t=0), S=S(X, ¥,z,t=0) u
TPAaHWYHBIMHU YCJIOBHUSIMH HENPOTEKAHUSI HA BHELTHHX
rpaHunax. s MoaeauMpoBaHHs 3aKOHTYPHOM BOO-
HOCHOH 00JIaCTH UCTIONB3YIOTCS HCTOYHUKOBBIE Cllara-

eMBble aa B ypaBHeHusx (9) u (10) [1].

YucjeHHasi cxema

PaccmoTpuM pacueTHYIO CETKY, COCTABICHHYIO U3
TaK HAa3bIBAEMBIX CYTIEP3JIEMEHTOB [ 8, 9] — siueek ¢ pas-
MepaMH, B IUIaHE COMOCTaBHUMBIMH C PAaCCTOSHHEM
Mexay ckBakuHamu (300-500 m). Torma Komu4ecTBo
SYeeK B MOJIEH OyAeT MPUMEPHO PaBHO KOIUYECTBY
ckBaXWH. CKBaKUHBI HCIIONB3YIOTCS KakK MEHTPHI
siyeek. B Hepa3OypeHHO# yacTu 00beKkTa MOTYT OBITh
BBEJICHbI (DUKTHBHBIC CKBAXXHHBI I MOCTPOCHUS
ceTkH. Mcmonp30BaHue TaKOW CETKU MO3BOJISICT COKpa-
TUTh BBIYUCIIATEILHBIC 3aTPAThI B ThICSUYH pa3 [§].

3amaya MOCTPOEHUS CYNEPIJIEMEHTHOM CETKH B
wiane (2D-ceTkn) cBOAUTCS K 3a/1a4e MOCTPOCHUS JIS
Ka)XJT0¥ CKBa)XIHEI 30HBI IPCHUPOBAHISI, KOTOpPast ObI-
na BBeneHa A.Il. KppuioBeiM, a OHa, B CBOIO Ouepellb,
K octpoenuto obmacteit Boponoro [7] (puc. 1):

— HaHECCHHE Ha KapTy CKBAXKHUH M I'PAHMII;

— TIOCTPOCHHE BEHITYKJIOH 000JIOYKH TI0 BHEITHUM
CKBa)XKITHAM;

— TMOCTpOCHHME TPUAHTYIAIMU JleroHe Mo cKkBa-
JKUHAM;

— mocTpoeHue obmactelt BopoHoro no tpuanry-
JISIITHY.

[ mpeoOpa3oBaHus CyNEpAIEeMEHTHONH CETKH B
3D-ceTKy MOCTPOCHHYIO B IIAHE CETKY KOMUPYIOT JUIS
Pa3HBIX CIIOEB, M3MEHSIS IIPU 3TOM IIyOHHY 3aJIeraHus
KPOBJIM AYCCK U UX TOJIIHHY.

Bonboil pazMep siueek MO3BOJSAET UCIIONb30BATh
MOJIHOCTBIO sIBHYIO cxemy [10]. PaccmoTpum Takyro
cxemy ans ypasHeHuit (9) u (10) Ha ceTke cymnepasne-
MEHTOB B MmaHe (2D-mockas Mofens):

Pin+l _ Pin _Atn+l x

Ni Ni

1(q0); + By (qW):_(qa)inJ'_ :l(qw)ir;

]

Boo| (0, ), +

j=

Fh(m,),[C, +(C,-C,)S/ +C, |

Sin+1 _ Sin _

X

N

B n n : n
-A Mo qw i qa . qw i |
Fi hi (mo )i ( )I ( )| ;( )|J
_(Cr +Cw)sin (Pin+1 _ Pin):
rae N — HoMEp 11ara 1o BpEMEHH, i— HOMED ﬂ‘leﬁKI/I;

At"™! — mar no Bpemenn; Fi, hi 1 (M) — mwiomanp, To-
[IMHA ¥ TOPUCTOCTh NPH JaBieHun Py sueiiku i

n o .

(0, ), —medut dass o.= 0, W CKBaXHHbI B stuekKe i Ha
n

miare 1o BpemeHu N; ((, ), — IPUTOK BOJbI U3 3aKOH-

o o - n
TypHO# obmactu B sueiiky i; (q, ).

j — TepeToK ¢azsr
o= 0, W MeXAy sueiikaMu | ¥ j Ha 1are mo Bpeme-
HH N; Nj — KOJIMYECTBO COCEAHUX AUEEK IS AUCHKH .

HcxoaHoe cOCTOSHHE CHCTEMBI ONpeeIsieTCs! 3a-
JAHHBIMH Ha49aJbHBIMH yCIOBUsIMU. Bee maru mo Bpe-
MEHH PacCUMTBHIBAIOTCA TaKMM 00pa3oM, 4TOOBI Mak-
CUMaJIbHOE U3MEHEHHE JaBJICHUS U HACBIILIEHHOCTH 10
BCell MoJIeNu 3a OJIUH LIar 10 BPEMEHHU He MPEBBIIIATIO0
3aJJaHHBIX 3HAUCHHH.
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1000 M.

| 1

Puc. 1. Ilpumep nocmpoerusi cemku CynepiemMenmos 6 niane (mouku — CKeaxiCuHbl, Yugpbl — HOMEPA CKEANCUH)

Fig. 1. An example of super element grid constructing in a plan (points are wells, numbers are well numbers)

[Tepetok Mexmy stueiikam i 1 j (puc. 2) onpezens-

ki (k,) P"—P"
J( )ll. i JAJ-h”-,OL=O,W,

erest kak (q, ) = -
' Mo ( Ba )ij Lij

rae Ajj — JUTHHA COBMECTHOTO pebpa stueek | u j; Lij —

paCCTOﬂHI/Ie Me)KZ[y ueHTpaMI/I SSYECCK (CKBa)KI/IHaMI/I) | 158
2k k|
Yok +k ;

J; k

MoaeaupoBaHue CKBaKHH

J1eOuThI CKBOKHH 1O KUAKOCTH (), HeTH (o, BOJE
Qw, o6BotHEHHOCTE W 1 3a00iiHOE naBieHue Py onpe-
JIEIISIFOTCS M3 CIITYFOIMX COOTHOLIEHHM:

(a) =PI’ (R"=R)).
(a)) =(a); (1-w").
(a,); =(a); W',
(knt);

- i, (B,)
(krW)i (km)i uO(BO):]

rae Pl — ko3 puuHeHT NPOayKTHBHOCTH CKBaXKHHbI

W," =

| TI0 JKHMKOCTH, KOTOPHIi OTIPEIeISIeTCS Kak

386

h k) k. )
Pl-n _ Zﬂklhl . ( ro), 4 ( rw), ,

o ((R)) s Lo (B ma ()

rae (fw)i — paguyc CKBaXHHBI 10 jonory; Skin' —

ckuH-(pakTop ckBaXWHHI; (Rc)i — SKBUBaCHTHBIA pa-

mmyc 6roka, onpeaensembiii kak (R.), = 0,144/2F, .

Puc. 2. Cxema ona pacuema nepemoxos
MedHcOy AuenKamu

Fig. 2. Scheme for calculating crossflows between cells

Jlns moOBIBAIONMIMX CKBAXKMH HEOOXOIUMO 3a1aTh
IeOUT KUIKOCTH MIIH 3a00MHOE JaBjaeHHE, 1JIsI HarHe-
TaTeNbHBIX — PACXO/]] BOJIbI MU 3a00HHOE TaBICHHE.

HetpymHo 3aMeTuTh, 4TO B TAKOW MOJEIH BOJA TO-
SIBUTCSI B MPOJYKIUU NTOOBIBAIOIICH CKBaXKUHEBI cpa3y
K€ TI0CJI€ MPEBBILLIEHUS TEKYILEH BOIOHACHIILIEHHOCTH
SIYEMKH 3HAYCHUS HACKHIIIEHHOCTH CBS3aHHOW BOIOM.
DT0, KOHEYHO, HeBEpHO. Bosie He0OXomuMo BpeMs 1ist
TOr0, YTOOBI MPONTH PACCTOSHUE OT HATHETATEIBHOM
CKBaXHHBI 10 J0OBIBaroIeii. [Ij1s1 BOCCO3MaHMS STOTO
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a¢dexTa ucrosb3yeTcs CTyNneH4YaTroe 3ajaHue (QyHK-
I OTHOCHUTENILHOM (ha30BOH MPOHUIIAEMOCTH:

0, " <(S.).
(k) =1 Tsr—(s..) 7"
A wer i ,S">(S),
AT, | S
B, Sin<(sc)i’
Ko ); = 1-(Sye ) =S" |
( ) ( owcr), i ’S.n Z(Sc)i,

I 1_(Sowcr )i _(chr )i I
rae (Sc)i — BOMOHACKHIICHHOCTh Ha (pOHTE BHITEC-
HeHUs; (Swer)i — HACBHIIICHHOCTh CBS3aHHOH BOIOM;
(Sower)i — HACBIIICHHOCTh OCTATOYHOW HE(PTHIO; KO-
¢dunuentsl Ai, Bi, i, Bi onpeessiFoTes Mo pe3yibTaTaM
HHTEPIPETANU HCCICIOBAaHNN KEpHA W MOTYT 3aBH-
CEeTh OT MOPUCTOCTH FIIH MPOHUIIAEMOCTH.

BononaceimeHHOCTh Ha PpoHTE BEITECHEHUS (Sc)i
OTIpeNIeNACTCS U3 COOTHOIICHUS

/ f((SC)I)_ f<(SWCT)i>
f ((SC)i): (SC)i_(chr)i ’
rae f(Si) — dynkuuns Baknn—JleBeperra:

)

Hy
(krw)i +(kl'0)i I«T

o

[Mpennoxennas 2D-pacyetHast cxema Jierko 0000-
mjaercs Ha cinydait 3D. I1pu 5TOM NPUTOK B CKBAKUHY
U3 Ka)XKJIOTO CJIOSI ONPEIeIISICTCS COTJIACHO €TO MPOIYyK-
THUBHOCTH TIPH U3BECTHOM JI€OMTE CKBayKUHBI 10 >KH/I-
KOCTH 11 3a001HHOM JIaBJICHNH.

Pemenue 06paTHBlX 3aja4 MeToaoM HbloToHa

[Tycts HEOOXOMUMO HAWTH MHHUMYM (GYHKIHMA
muorux mepemeHnsix f(X), tme X = (Xi, X2, X3, ..., Xn).
Ota 3aa4a 3KBUBAJICHTHA 3a/1aue HAXOX/JCHHS 3Hade-
HEUi X, mpu KOTOphIX rpagueHt ¢yukunu f(X) paen
HYJIIO:

grad(f(X)) = 0. (11

IIpumennm k (11) metox HeroroHa:

grad(f(xi))+H(xJ’)(x"“—xj)=o, (12)
roe j =1, 2,3, ..., m — nomep urepanun; H(X) — rec-
cuan pyukuun f(X).

HamomuuMm, 4T0 reccuad GyHKIHUH — 3TO CUMMET-

pHuYHas KBazpaTuiHasi popMa, ONHCHIBAIOIIAs IOBE/Ie-
HHE (QYHKIIMU BO BTOPOM IIOPSI/IKE:

n n
H(X) =22 a%X;,
i=1 j=1
roe @ = o' f/ OX;0X i ¢byukuus  f(X) 3amana Ha
N-MEPHOM TPOCTPAHCTBE BEIICCTBEHHBIX YHCEIL.

B 6onee yno6HOM /115t BBIUMCIICHUH BUE GOpMYITy
(12) MOXHO TIPEICTABUTH B BHJIC

Xj”=XJ—H"(Xj)grad(f(Xj)).

Meton HeroToHa IMpOCT B p€ain3aliui, HO HAXO0XK-
JACHHUC MATPUIIbI T'ecce COTIPAKEHO C OOJILIIUMHU BEI-
YUCJIUTCIBHBIMU 3aTpaTaMu H3-3a H606XO£[I/IMOCTI/I
HaXOXICHUA OOJIBIIOTO KOJUYECTBA YACTHBIX Ipon3s-
BOOHBIX.

MeToa conpsizkeHHbIX I'PAEHTOB

MeTox conpsKESHHBIX TPATHCHTOB SBISETCS METO-
JIOM HaxOXKICHHUS JIOKaJbHOrO MHHHMyMa (Makcu-
MyMa) GyHKIHH C UCTIONBb30BaHUEM MH(OopManum o ee
3HAYCHUSX U TPATUCHTE.

MeTon CONPSDKCHHBIX TPaJMCHTOB MaTeMaTH-
YeCKH CYLIeCTBEHHO CcJOXKHee MeroJa HeroToHa.
He yray0mnssce B 0COOCHHOCTH METOJa, pacCMOTPUM
UTCPALlMOHHBIN aNTOPUTM HAXOXICHHUS SKCTpeMyMa
ynkuun: X[
HHS TOUCKA; | — HOMEP UTEePAIHH, YCIOBUE TIEPIICHU-
KyJIPHOCTH HampaBieHuid momcka k+1 wu k:

= X} +AS}, rae k — Homep nanpasie-

A =argmin f (XkJ+l + XSk’) , HAmpaBleHHE IOMCKA:
A

S)*' = —grad (f (X )>+wk8kj ,

O LI |

. “grad(f(xkj))u2 .

MerTo1 conpsiKEHHBIX I'PaJUeHTOB MaTeMaTHIECKH
cioxkHee Merona HproToHa, HO TpeOyeT MEHbIIE BbI-
YHUCICHUN.

Merton HetoToHa M MeTOA CONPSHKEHHBIX HJIEMEH-
TOB peaM30BaHbl B HaicTpoiikax Excel Microsoft.

IIporpamMHas peaju3anusi MaTeMaTH4YeCKOM
Mozeu AByX(pa3Hoil puabTpanuu
HA 0CHOBE KOHIENIMH CYIIepdJIeMeHTOB

[MpuBeneHHass BbIlIE MaTeMaTH4ecKash MOJEIb,
00o00mienHas Ha ciydait 3D, Oputa omrcaHa B cpene
pa3pabotku Microsoft Visual Studio 15 Ha s361Ke TIpO-
rpammupoBanust C++. JIis mpecTaBiieHNs] HCXOIHBIX
JIAaHHBIX, OIHMCHIBAIOIINX T'€0JIoro-pu3nieckne CBOM-
CTBa IU1acTa, ObUI BEIOpaH (opMaT B BUjE TaOIHIBI C
UCIIONIb30BAaHUEM KIIIOUEBBIX CJIOB Ul 00O3HAuCHMS
0JI0KOB JaHHBIX. BBIOOp mpejcTaBieHus 00ycCIOBICH
BO3MOXXHOCTBIO PEJaKTUPOBAHUS JTAHHBIX MOJIb30Ba-
TeneM 0e3 UCIIOIb30BaHMUsI CIIeHAIM3UPOBAHHBIX ITPO-
rpaMMHBIX cpeacTB (Hampumep B Microsoft Excel), a
TaKKe SKCIOPTa JAHHBIX M3 JPYIHX CHUMYJISTOPOB.
IIpu pemakTrpoBaHuu OONBIIOTO 00BEMa MCXOIHBIX
JIAaHHBIX TOJIB30BATENI0 HEOOXOANMO XpaHUTh MeTa-
JIaHHBIE, OTHOCSIIMECS K sueiikam Tabmuusl. [{ns pea-
JM3alUK TPEJUIOKEH AJITOPUTM (HIBTPALH, KOTO-
pBIil yranser MeTajaHHble, MapKHPOBAHHBIE CHMBO-
JaMU «//» U3 KaxJ0ro 0JI0Ka IIpY CUNTHIBAaHUY (aiina.
IToce ycmemHOro CYWTHIBAHHUS HCXOAHBIX JAHHBIX
MPOM3BOJATCA TPOBEPKM HA MEJIOCTHOCTH JaHHBIX,
pa3Mepsbl CBSI3aHHBIX OJIOKOB, pa3Mephl CBSI3aHHBIX HH-
TepBaJIoB Tepdopanuii U ClI0eB, OTCYTCTBHE ITyCTBIX
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sYeeK BHYTpH TaOauubl. [Ipu ycriemHoM CUUTHIBAHUH
Y TIPOXO’K/ICHUH BCEX ITPOBEPOK MOJIB30BATEIIO BHIBO-
JIUTCSl CHUCOK BBINOJHEHHBIX omnepanuil. B cioyuae
OIIMOKH MOJIb30BATENb TAK)KE MOJIy4aeT COOOMICHHUE C
yKa3zaHHEM IO3MIMKA B OJIOKE JaHHBIX H crocobax
YCTpaHEHUS OIIHOKH.

Ha crenyromiem sTamne BBITOTHAETCS alTOPUTM MO-
JIETTMPOBAHMS 3aBOTHEHUS HE(DTIHBIX MECTOPOXKICHUH
C IpUMeHeHneM MHoronoto4HocTH. Co3parTcs OT-
JIeTIbHbIE TIOTOKH ISl pacyeTa CTaTUYECKHUX JIAaHHBIX, a
3aTteM odepenb 00pabOTKM (QYyHKIMH, PacCYMTHIBAIO-
KX AMHaMU4YecKue AaHHble. Ha maHHOM 3Tame mpo-
M3BOJUTCS pacueT M3MEHsEMOro Iiara 1o BpeMeHH; B
LEeJSIX COKpAllleHUs] MCIIOJIb3YyEeMOM OIepaTUBHOM Ia-
MSTH XpaHATCS JaHHBIE TOJIBKO MO TpeM maram. [lanee
MPOUCXOIUT (POPMUPOBAHUE BBHIXOJHOTO (haiina, B KO-
TOPOM TIPUCYTCTBYIOT KIIOUCBBIE CIJIOBA, OIMCAHUE
Pa3MEpHOCTH JaHHBIX, IUATIa30HbI aIPECOB TIEEK JaH-
HBIX A7 OJIOKOB, a TaKkXKe HyMepauus CKBaXXHH H
cioeB. Ilpemnaraembiii (opmMar BBIXOTHBIX ITaHHBIX
MO3BOJISIET TPOM3BECTH HMX aHAIU3 U 00paboOTKy
(manpumep B Microsoft Excel), B Tom uncne nocrpo-
HUTb AuarpaMmbl 663 [[OHOJ'IHHTeHLHOﬁ IOJATrOTOBKHU.

Co3ganHas mporpamMma nonyuwia HasBanue Oil
production calculator, wiu cokpamenno OPC. Ona
Obl1a IPOBEPEHA C TIOMOIIBIO CPAaBHUTEIBHOTO TECTH-
poBanus ¢ cumynaropamu Dz10 Kaua P.M. u Boaruna
E.P., Rubis Kappa Engineering, Eclipse Schlumberger.
[NomydeHo xopolee COBMEIICHNE PE3YJIbTATOB pacue-
ToB ¢ nomoupio OPC u pe3ynpTaToB, NOJYYEHHBIX C
TIOMOIIIBIO BBIIICOMMCAHHBIX TPOTPaMM.

HoBblii moaxoa K pelieHUo 3a1a4 ONTUMH3ALNHU
MPH MOJIEJTUPOBAHUM Pa3padoTKH
He(PTSAHBIX MECTOPOKACHU I

Beumy OOJBIIOTO KOJUYECTBA CKBAXKHUH HPU pe-
IICHUH 3a]1a4 ONTHUMM3ALHNHA KOJIMYECTBO UCKOMBIX I1a-
paMeTpoB MOXeET OBITh OYEHB BeNWKO. Torma Hero-
CpeICTBEeHHOE HUCIIONb30BaHue MeTona HeioToHa mim
METOJa CONPSDKCHHBIX TPAJUEHTOB BT K OOJBIINM
BEIYUCITUTENBHEIM 3aTpaTaM. Ha mnpumepe 3amadu
aJIanTaIyy 110 MPOHHUIIAEMOCTH CYIEPITIEMEHTHON MO-
JICId  3aBOJHEHHUS HE(PTSIHOrO IUIaCTa PacCMOTPHM
HOBBIM METOJI PEIICHUS 3a7a4 ONITUMH3AIINH, [TO3BOJIS-
FOIIHMIA COKPATHUTh BBIYMCIIUTEIILHBIC 3aTPaThl 03 Cy-
LIECTBEHHON MOTEPU TOYHOCTH BBIUYHUCICHUN.

PaccMoTpuM IPOCTEHINYIO CEKTOPHYIO MOJIEIb C 4
CKBa)XMHAMH — | HarHeTaTeabHOMU U 3 TOOBIBAIOIIMMH.
[MapameTpbr MOIENH CIIEAYIOIINE:

— pasmepsl Mogenu B iane — 1 500x1 500 m;

— aOcCoNIOTHAs TMPOHUIIAEMOCTh — IEepPEeMEHHAs
(cm. Tabm. 1);

— TIOPHCTOCTh — IIEPEMEHHas;

— HavajJbHOE IUIacTOBOE JaBieHue — 339 atm.;

— HayajbHas BOJOHACHIEHHOCTE — 0,2 m.ex.;

— 00beMHBIH Kod(phuueHT Boasl — 1,02 M3/m3;
Bsi3kocTh BOoAnl — 0,36 cll3; coxkMMaeMOCTh BOIBI —
4,7%107 1/at™.;
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— 00ObemHbIH Ko3(QPuuuent vedgu — 1,55 M3 /m3;
BsizkocTh Hedtu — 0,397 cll3; cxxumaemocts HedTH —
1,01x10* 1/at™.; pacTBOpuMOCTB Ta3a B HedTr — 203,5
M3/M>; TaBeHye HackIeHus HedTu razoM — 18,8 aTm.;

—  CKEMAEMOCTb opoasl — 4,7¥1075 1/atm.;

— KaIlWUIAPHBIM JIaBICHUEM IIpeHeOperaeTcs;

— (yHKUINN omHOCUMeENbHBIX (aA306bIX NPOHUYA-
emocmeu (O®DII) npuBeneHbI HAa pUCYHKE 3;

51,0
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BogoHachlLWeHHOCTb, A.e4.

P d

Puc. 3. Omnocumenvhvie (hazoevle npoHUyaeMocmu
(O®@I) ons negpmu (Kro) u 60001 (Krw)

Fig. 3. Relative phase permeabilities (O®I) for oil (ko)
and water (Krw)

— JeOHUT JKUAKOCTH MOOBIBAIOIINX CKBAKUH —
JaHHbBIe B Tabnuile 1; MUHMMaBHOE 3a00MHOE 1aBiie-
HYE B TOOBIBAIONIMX CKBaKMHAX — 18,8 aTMm.;

— 3aKayka BOJBI B HArHETATENbHYIO CKBAXKHHY
0e3 orpaHUYeHUIT; 3a00iHOE TaBICHUE B HATHETATEIIb-
HOM CKBa)KHUHE — JJaHHBIE B TabauIe 1;

— ckuH-(aKTop I BceX ckBauH — 0 exr.;

— paauyc ckBaxuH — 0,2 M;

— Ccpok pa3pabotku — 35 Jer;

— TIPUTOKAa BOJBI U3-3a KOHTYpA HET.

Tabauya 1
IMapameTpbl Moaes I
Table 1
Model parameters

Tapaverp CkBakuHa (cynmepaJjieMeHTHas siueiika)

1 2 3 4

Hnome;;{b, 514 628 603 504

TBIC. M

Tonmuna, M 25 22 19 15

Mopucrocre, 0,20 0,18 | 0,16 | 0,15

II. el

AOcomnroTHas

MIPOHUIIAEMOCTb, 70 53 44 38

M

Jebur, M*/cyT. - 236 168 114

3aboiinoe 372 188 | 188 | 188

JIABIICHHE, aTM.

[Ipumeuanue: 1 — HarHeTarenbHas CKBaXKUHa, 2, 3, 4 —
JIOOBIBAOIIUE.

JloObIBaromyie CKBaKUHBI YIPABSUIACH ASOUTOM,
a HarHeTaTeJbHas — 3a00HWHBIM JaBJICHUEM.

PaccraHOBKa CKBaXXMH B IUIAaHE M KOH(HUTYpaIHs
CYIEpaJIeMEHTOB MOKa3aHbl Ha PUCYHKE 4.
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Puc. 4. Paccmanoska ckeadicun 6 niame u Konguaypayus
cynepanemenmos

Fig. 4. Arrangement of wells in a plan and configuration
of superelements

CBGZ[GHI/I?[ O JJIMHE COBMECTHOI'O pera COCEAHUX
SAYECK OJIsd cynepaneMeHTHoﬁ MOoJACIN U paCCTOSIHUU
MCKAY HEHTPAMH1 COCETHUX AYCCK (CKBa)KI/IHaMI/I) npu-
BEIEHBI B Ta0HIIE 2.

Tabauya 2
FeOMeTpnqeclme mapaMeTpbl
cynep3JieMeHTHOI Moen
Table 2
Geometric parameters of a superelement model

IMapsl ssueex

TMapamerp 12 | 13 | 23 | 24 |34

JlmmHA COBMECTHOTO

650 | 538 | 425 | 650 | 663
pebpa siaeex, M

Paccrosinue mexny
LEHTPaMH COCEIHUX 638 | 889 | 925 | 1013 | 813
sTYeeK, M

Urak, B 1aHHOM cilyyae 3ajadya ONTHMU3ALUH CO-
CTOHT B TOM, YTOOBI YTOUHHUTb 3HAYEHHSI IPOHUIIAEMO-
CTH, UCIIONB3YEMBIE B MOJEIH, 3Has UCTOPUIO pa3pa-
60TkH. MiMest onileHKY ITPOHUIIAEMOCTH 110 JJAHHBIM T'€0-
(hM3NIECKNUX ¥ THAPOJMHAMUYECKUX MCCIIEIOBAaHUM, a
TaKXe MCCIIEeIOBAHNI KEePHA, C TIOMOIIBI0 TeHepaTopa
CITyJaiHBIX YHCEN PacCUUTaeM N BapHaHTOB IPOHUIIA-
€MOCTH 110 4 IITYKH B Kakaoi rpymre Ky, Ko, K3, Ka, T1e
udper 1—4 cooTBETCTBYIOT HOMEpaM stueek. [Ipumem
n = 20. Paccuntaem 3Ha4deHHs MOKa3aTeleil Monenu
JUIS KayKA0H TpyIIIbI 3HAUEHUH IPOHUIIAEMOCTH. 3aIlu-

[IeM IeIeBY0 (YHKIHIO CIEeIYIONINM 00pa3oM:
2

2
4 _ 4 —
F _ Qo,c Qo,f 4 Z Qw,c Qw,f n
i=2 Qo’f i i=2 Qw,f i
2
in,c _in,f .
e — — min,
in,f

rae Qo — HaKomIeHHAs 100bYa He()TH MO CKBaXKUHE,
Qw — HaKormIeHHas 100bIYa BOJBI IO CKBaXKUHE; Qiw —
HAKOIUICHHAs 3aKayKa BOJIbI, MHICKC C — pacdeTHbIC
nokasatenu; uuaekc f — pakTuyeckue nokasaresnu; uH-
Jekc | — HoMep srueiiku. [t uzydenus 3G QPeKTHBHO-
CTH TPEJJIaraeMoro METO/la B KauecTBe (haKTUIECKUX
nokasaTesiell IpUMeM [OKa3aTeNH, MONydYeHHbIE ITy-
TEM MOJICIUPOBAHUS TPH 3HAYCHHSIX POHHIIAEMOCTEH
k1 = 70, k2= 53, k3: 44, k4: 38 MZ[

Takum o0Opa3oM, Ui KakIoro Habopa MpoHUIIae-
MocTeil stueek 1—4 moay4eHo 3HauCHHE 1eJICBOH (yHK-
uu F. 13 ombita aHanu3a pa3pabOTKU M3BECTHO, YTO
HAKOIUJICHHAS J00bIYa M 3aKadKa MPsIMO MPOHOPIIHAO-
HaJIbHBI MPOHHUIIAEMOCTH JInb0 ee norapudmy. Cocra-
BUM CIICTYIOIINE yPaBHEHHS [UIsl LieneBoi (yHKiwu F:

F =ak, +ak, +a,k, +a,k, +a,, (13)

F=alg(k)+a,lg(k,)+a,lg(k, )+
+a, lg(k,)+a;,

(14)

F=ak +ak, +ak, +ak, +a5lg(k )+

+aglg(k,)+a, lg(k,)+a,lg(k,)+a,,
e a;—8y — MOCTOSHHBIC KO3 (QUITUCHTHIL.

C moMoIIbI0 PETPECCUOHHOTO aHallM3a HalIeM KO-
s duirenTs cootHotenui (13)—(15), ucrons3ys no-
nydennyro tabmuny F ot Ki, ky, ks, Ka. 3aTem, npume-
HUB METOJl COMNpPSDKEHHBIX TpagueHToB K (13)—(15),
ompezenuM nponuriaemoctu Ki, K, K3, ki, mpunss
HavdaibHOE MpUOIIDKeHne nporunaeMoctu 50 M/ (s
TAaKOTO0 MAJICHBKOTO YHCIIa TTapaMeTpoB (4 IMTYyKH) He
BaXHO, KaKOH METOJI MCIOIbh30BaTh — HpIOTOHA WiIH
COTIPSDKEHHBIX TpamueHToB). CpaBHUM pe3yibTaThl
OTIpeJIeNIeHHUs] IPOHUIIAEMOCTH, TOTyUYEHHBIE C TIOMO-
IO IPUMEHEHUS MeTO10B HbI0TOHA U COMPSIKEHHBIX
IPaJUeHTOB HEMTOCPECTBEHHO K MOJIETH (PHUIIbTPAIUH,
a TaKKe MOJIyYCHHBIC TyTeM MPUMEHEHHS METO/1a CO-
MPSDKCHHBIX TPATUCHTOB K PErPECCHOHHBIM MOJIEIISIM
(13)~(15) (cm. Tabn. 3). HavanpHoe mnpuOIMKeHHE
nponunaemoctu — 50 M. {751 OLIEHKH JOCTOBEPHOCTH
OTIpeNieNICHUs] TPOHUIIAEMOCTH BBEAEM OIMUOKY IO
MPOHHUIIAEMOCTH CJIEIYIOUIIM 00pa3oM:

(15)

1¢ kic =k f

A:_zuloo’ (16)
4 i=1 ki,f

e MHACKC C — pacyeTHasi IPOHUIAEMOCTh; UHIEKC f—

(hakTHUeCKasl MPOHUIIAEMOCTh;, HHIEKC | — HOMEp

stueiikn. daktrueckn cooTHomeHue (16) mpencTas-
JISICT CPEIHIOK OTHOCHTEIBHYFO OIIHOKY OIPEICIICHHUS
MIPOHHUIIAEMOCTH.

W3 Tabauipl 3 BUAHO, 4TO HanOOJee TOYHEIE 3HA-
YECHHUS MTPOHHUIIAEMOCTH MOJKHO IMOJIYYUTh, TPUMCHSIS
METOJI CONPSKEHHBIX TPAJUCHTOB K MOIETH (QHIbTpa-
un (omudka — 11,8 %). OgHako B ciaydae, KOraa 3To
HEBO3MOXKHO (HaIpuMep, n3-3a OOJIBIIOTO YHCIIa HCKO-
MBIX TapaMETPOB), HCIOJIB3YS PETPECCHOHHYI0 MO-
JIEJTb ¥ METOJI CONPSKCHHBIX IPAJMEHTOB (JIH00 METOA
HproTOoHA), MOYKHO MOYYUTh 3HAYEHHS TPOHHUIAEMO-
ctu ¢ omubOkoit He Gornee 15,0 %. Ilpu sTOM BakHO
MPaBHIBHO BBHIOPATh BUJI PErPECCHOHHON MOJIEINH.
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Tabauya 3
CpaBHeHne crnocoooB pelieHus 3a1a4v ONITUMHU3ALUU U olIpeJeIeHUs IPOHULAEMOCTH
Table 3

Comparison of methods for solving the optimization problem and determining permeability

Cnocod onpejaejeHus1 MIPOHULIAeMOCTH

3HavyeHne NPOHUIAEMOCTH
ki, M | ko, MI | ks, MJ, | Ka, M]

A, %

dakr

70 53 44 38

MeTOZ[ HproTona IPUMCHUTEJIBHO K MOJCJIN Q)HHBTpaIII/II/I

62,0 55,7 46,9 24,0 15,0

¢$uIpTpanuu

Meton CONPSHKEHHBIX TPAAUCHTOB IPUMEHUTEIIBHO K MOAEIN

59,3 54,4 47,7 30,0 11,8

monenu (13)

MeToz CONPsIKEHHBIX TPaJUEeHTOB MPUMEHNUTENBHO K PErPECCHOHHOM

61,9 58,4 478 50,0 15,5

mojenu (14)

MeTOZ[ COIIPSIPKEHHBIX I'PaAUCHTOB MPUMEHUTEIIBHO K pereCCHOHHOﬁ

56,9 52,9 48,1 50,2 15,0

mozenu (15)

Mertox CONpsKEHHBIX TPaJUeHTOB IPUMEHNUTENBHO K PErPECCHOHHO

39,8 54,1 533 49,8 23,5

3akiaroueHue

B pabore onmcana cypporatHas MoJeNb 3aBOJHE-
HUS HeTAHOM 3ajexu Npu IJIACTOBOM JIaBJICHHU
BBIIIC OABJICHUA HACBIIICHUA. MO}ICJ'H) peaACTaBIIACT
c000Ii MOJTHOCTHIO SIBHYIO YHCJICHHYIO CXeMy Ha 0ase
KOHLETILUH CYNEpIIEMEHTOB. DTO MO3BOJISET peaju-
30BaTh JaHHBIA MOOXOM VIS JIOOOT0 MECTOPOXKICHUS
0e3 ucrnonp30Banus crienuanbsHoro I10.

PaccMOTpeHB! TOIXOBI K PEIICHHUIO 331a4 ONTH-
MH3ALHH TIPH CYNEePIIEMEHTHOM MOJICTMPOBAHHUH Pa3-
paboTkn HeTSIHBIX MecTopoxaeHuH. [Ipr 3TOM OmH-
CaHO HUCIOJb30BaHKHe MeToa HploToHa U MeTona co-
IPSDKEHHBIX T'PaJMeHTOB. B kadecTBe ajibTepHATUBBI
npu OOJIBIIIOM KOJIHYECTBE HCKOMBIX nmapamMeTpoB
(v/nnm GoIbIIUX pa3Mepax MOJEIIH) PEIOKEHO TIPH-
MCHATH METOJIbI TECOPHUU ONTUMU3AINU HE HECTIOCPEA-
CTBEHHO K MOJeNu (IIBTPALlUH, a K PErPeCCHOHHON
MOJICITH, IIOCTPOSHHOM Ha 0a3e SKCIIePHUMEHTOB, MPO-
BEJICHHBIX Ha Mojenu ¢punbpTpaiuy. PaccMoTpeH npu-
Mep YTOYHCHHMS 3HAYCHHI NPOHUIIAEMOCTH IIPH aJall-
TalMM MOJEJNW C YeThIpbMs CKBakmHamu. Ha sTom
npuMepe IOKa3aHa NpHeMIieMas TOYHOCTh TaKOro
noaxona. Cieayer NOAYEPKHYTb, YTO BaXKHO IIpa-
BIJIBHO BBIOPATh BUJ PETPECCHOHHON MOAEIH.

Paboma svinornena npu noooepaicke Ilpoepammor
dynoamenmanvuvix uccredoeanuti PAH Ne [1.3311,
HUP Ne 0065-2015-0111.
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Abstract. Oil fields of Russia are mainly developed by waterflooding. Most of them are in the 3rd or 4th stage of develop-
ment. Consequently, the water cutting of well production is 80-90% or more. In these conditions, in order to optimize the
development of deposits, oil engineers try to reduce water production and injection while maintaining or increasing oil produc-
tion. For this purpose, there are the tasks of field development control and regulation. These problems are solved using various
mathematical models.

This paper considers a superelement mathematical waterflooding model based on a two-phase filtration model for weakly
compressible immiscible liquids (oil and water) in an elastic bed under the Darcy law. The system of differential equations for
pressure and saturation is approximated on Voronoi diagram in an entirely explicit manner. The size of the superelements is
comparable to the distance between the wells. This allows performing calculations without using special software. To solve
inverse problems (determine model coefficients or optimize development parameters), the work uses Newton's method and the
conjugate gradient method. In the classical setting of an inverse problem, the optimization theory methods should be applied
directly to the mathematical model of the process under study. However, when solving oilfield development problems, the
number of optimization parameters can be large, and the complexity of the mathematical model is quite high. Therefore, the
application of optimization theory methods directly to a mathematical model can be very time-consuming. To overcome this
contradiction, it is proposed to build statistical dependencies of the development indices on the required parameters using a
mathematical model of waterflooding, and then to apply optimization theory methods no longer to the mathematical model,
but to the statistical dependencies obtained.

To illustrate this approach, we consider the solution of the problem of model adaptation to absolute permeability. It is
established that the application of the conjugate gradient method directly to the waterflooding model gives an error in deter-
mining the permeability of 11,8 %. Applying the same method to a statistical dependence of a model adaptation error (on
accumulated production and injection of oil and water) on the logarithm of permeability gives an error in determining perme-
ability of only a little more, it is 15 %.

Keywords: waterflooding, express modeling, prompt modeling, superelement model, Voronoy grid, inverse problems.
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PEAAH3ALIHS KAHAAOB CIIELITHPHKAIIHH ARINC 653
B OITIEPAIITHOHHOH CHCTEME PEAABHOI'O BPEMEHH BATET 3
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B.A. Conoamos, k.m.n., cmapuiuii HayuHwslii compydHuk, nkvalera@niisi.ras.ru;
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(PedepanvHulii HayuHblil yeHmp HayuHno-uccnedogamenbcKuili UHCMUMYmM CUCMEMHbLX UCCTe008aAHUT
PAH (@HI[ HHUHCH PAH), Haxumosckuil npocn., 36, kopn. 1, 2. Mockea, 117218, Poccus)

B crarpe paccmatpuBarores kaHansl crnenudukanun ARINC 653, npenHasHaueHHBIE UIS B3aUMOJACHCTBHUS MEXAY MpO-
neccami. [Ipennararorcst OCHOBHBIE IPHHIIMIIBI TOCTPOEHHS U METOABI B3aUMOJIEHCTBUS ApaliBEPOB KAHAJIOB C OT€UECTBEHHOIT
OIlepalMOHHON CHCTEMOI pealbHOTo BpeMeHH bareT 3, B koTopoit nHTepdeiic ¢ mons3oBaTeneM 6a3upyercs Ha crenuduka-
uuu ARINC 653 u crannapre POSIX. JlocTyn k kaHanaM OCyLIECTBIISIETCS Yepe3 NOPTHI. Y KaKJ0ro KaHajla UMEIOTCS TOJIBKO
OJIMH TOPT, NEePeIAIOIINi COOOIIEHNS, a TAK)Ke OJIHH WM HECKOJIBKO OPTOB, IPHHUMAIONIUX COOOIIeHH s, J[aHHBIe B KaHaIax
MOTYT IIepelaBaThCsl TOJIBKO B OJJHOM HaIpaBJICHHN.

IIpuknamHas mporpaMMa MOXKET HCHOJIB30BaTh KaHAJBI B IIPOIIeCcaX, COOTBETCTBYOMNX Kak crienudukamu ARINC, Tak
u ctangapty POSIX. ®opmymupyroTces TpeOOBaHMs, MPEABSIBIIEMBIC K ApaiiBepaM KaHAJIOB, U OIIHCHIBAIOTCS CPEICTBA YIIPAB-
JICHHUS YBEJOMIICHUSIMHU, KOTOPBIE UCIONB3YIOTCS NPH CO3JaHNH KOHKPETHOTO JpaiiBepa. PaccMaTpuBaroTCst 3Tans! HHHIHA-
TM3aIyH, IpHeMa U Iepeaadn COOOIIEHNH, a TAKkKe alTOPUTMbI UX pealn3aliH.

IIpemtoxxeHHbIE CIOCOOBI MOCTPOCHNUS B3aUMO/ICHCTBHUS IpaliBEPOB KAHAIOB C OTIEPALMOHHOIN CHCTEMOH PealbHOTO Bpe-
MEHH [03BOJITIOT M30€XKaTh 3aIMCH IaHHBIX B IAMSTH TyXKOT'O MPOIECca, YTO CYIIECTBEHHO IOBBIIIACT HAIEKHOCTD (DYHKIU-
OHHUPOBAHMUS CUCTEMBL. DTOT e HHTepdeiic HCIoNb3yeTcst ¥ B paclpeeIeHHbIX BEIMHUCIUTEIBHBIX CHCTEMaX, KOTra OTAeNb-
HBIC Y3JIbI CHCTEMBI COCTHHSIOTCSI MEXIY c000ii mocpeacTBoM muH ¢ ooumM goctynoM (VME, RapidlO, Fibre Channel) wmu
¢ momorngelo cetu Ethernet. Tabnuma cBszeit mo kaHaaM onpenesnsercs py KOHGUTYPUPOBAHUHN CHCTEMBI.

[paiiBep xaHanoB, pa3paboTaHHBIA I KOMMYHHKannoHHOU cpensl RapidlO, oTnmuaromieiics BBICOKHM OBICTpOACH-
CTBHEM, UCIIONIB3YETCS B OTEYECTBEHHON MHOTOIIPOIIECCOPHOM cHCTeMe IU(PPOBOH 0OpabOTKH CUTHAIIOB.

Kniouesvle cnoea: peanvioe spems, onepayuonnas cucmemd, Kamauivl, Opaugepul, MHO2ONPOYeCCOpHble CUCMEMbL,

RapidlO, POSIX, ARINC 653.

B 2008 roay cocrosiicsi mepBbI BBIIYCK OTEYe-
CTBEHHOH OnepayuonHoll cucmemvl peanbHO20 6pe-
menu (OCPB) Barer 3.0 [1, 2]. Pa3zpaboTka cuctembl
OblTa BBI3BaHA MPEXIE BCETO BHICOKUMH TPeOOBAHU-
SIMH K HaJISXKHOCTH €€ BBITTOJIHEHHSI HA OCHOBE KOHIIETI-
IIUHM W30JINPOBAHHBIX Pa3esioB, KOTOpas Hallla CBOE
orpaxenue B cnerudukarmu ARINC 653 [3]. U3Becr-
HBIe 3apyOexHble npousBoautenu OCPB, Takue kxak
vxWorks [4], LynxOS-178 [5], Integrity-178B [6],
Takxke BeImycTHin Bepcun OC, yIOBIETBOPSIONIHE
9TOH crieruduxanuy.

Takum obpazom, OCPB barer 3 6asupyercst Ha
CJICTYIOLINX MEXTyHApOIHBIX CTaHAApTaX: cnenngu-
kauusa ARINC 653, POSIX 1003.1, ctannapt Ha Mo-
OMJIbHBIC OTIepallMOHHbBIE CUCTEMBI (TIPOTPaMMHBIH NH-
Tepeiic).

Cranpaptel POSIX u ARINC cymecTBeHHO OTIH-
YaroTCA APyra OT Apyra IO COCTaBY (DYHKITHHA, HX HUMe-
HaMm, ucroib3yemoit repmunonoruu. B OCPB Bbarer 3
B KayecTBE OCHOBHOH Oblla BRIOpaHa crierudukanus
ARINC 653. Cranmapt POSIX ucrnons3yercs B TOH
Mepe, B KaKOdW 9TO JOIyCKaeTcsl crenupukanme
ARINC 653.

Cremuduranuss ARINC 653 onpenenser mHTEp-
tetic (APEX — APplication EXecutive) mexay OC u
npukiagHeiMu nporpammamu. APEX mpennuceiBaer
MPOCTPAHCTBEHHOE U BPEMEHHOE pa3JelieHHe pecyp-
coB. Tepmunonorus, ucnonaszyemas B ARINC 653, o1-
JIUYaeTCs OT TEPMHHOJOTHH, IMPUHATON B CTaHIApTeE
POSIX. B ARINC 653 enunwunei miaHupoBaHUS pe-
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cypcoB sBisieTcs pasgen (partition). B crammapre
POSIX 3TOMy TEpMUHY COOTBETCTBYET HOHSATUE «IPO-
nece» (process). B pamkax oHOTo pasena BO3SMOXXHO
MapauleJIbHOE BBITIOJTHEHHE HECKOJIIBKUX IPOLECCOB,
torjga kak B POSIX B pamkax ogHOro mporuecca Bo3-
MOJKHO NapajuIeIbHOE BHITIOTHEHHE HECKOIBKHUX MOTO-
koB ynpasinenus (thread). B Hacrosiiueit cratbe uc-
MOJIb30BaHA TEPMHUHOJIOTHSA, IPUHATAs B CTaHIapTe
POSIX.

Crneunduxauuss ARINC 653 mnpenycmarpuaer
KaK TI0JIb30BaTEIbCKHUE, TAK M CHUCTEMHBIE MPOIECCHI.
Wurepdeiic noibp30BaTeNbCKUX IPOLECCOB  JOIDKEH
COOTBETCTBOBATh TPeOOBaHMAM crenudukanyuy, a Ha
unrepgeiic cucreMusix npoueccoB B ARINC 653 He
HakJaJbpIBaeTcsl HUKakux orpanndenuil. B OCPB ba-
rer 3 A CUCTEMHBIX IPOLECCOB HCHOJIb3YETCSl UH-
tepdeiic crangapra POSIX. Takum oGpazom, mof
ynpasienueMm OCPB Barer 3 Moryt ogHOBpeMEHHO
BeIMONHATECS kKak ARINC-mporeccst, Tak u POSIX-
mporieccel. Bee 3TH mporecchl, KpoMe TIIaBHOTO CH-
CTEeMHOTO Iporiecca, OyneM Ha3bIBaTh MOJB30BATEIb-
ckuMu. Bee monb3oBaTensckue mporeccsl paboTaoT B
MOJIb30BATENBCKOM PEXHUME MpOoLeccopa M UCIONb-
3YIOT BUPTYaJbHYIO aJpecalllio, YTO UCKIIOUYAET JI0-
CTYIl OAHUX IPOLECCOB K MaMATH Apyrux. [ naBHBIN
CUCTEMHBIH IIPOLIECC, XOTS U BHINOJIHACTCS B IPUBUIIE-
THPOBAaHHOM pEXHME paboThl Mpolieccopa, B OCHOB-
HOM TaKKe UCTIONb3YeT BUPTYaIbHYIO apecaliuo, 10-
CTyN 1Mo (pU3NIECKUM afpecaM HNPUMEHSETCs KpaifHe
penko. OpraHuzaiysi BUPTyalbHON aJpecanuy 03B0-
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JsieT 00eCNeYnTh KOHTPOJIb JOCTyNa K OTIEIbHBIM
CerMEeHTaM MaMsTH, B YaCTHOCTH, 3aIUTY MOJb30Ba-
TENBCKHUX TPOIECCOB APYT OT Apyra M 3aliuTy IJIaB-
HOTO CHCTEMHOTO TIpOIlecca OT IOJb30BATENbCKUX
nporeccoB. Kaxaslif mporecc paboTaeT co CBOMMH
BUPTYQJIbHBIMH aJIpeCaMi, TPAHCIALMIO KOTOPBIX B
(u3muecKre BBIMOJIHACT amNmapaTypa KOMIIBIOTEpa.
Takum 00pa3oM, MONB30BATEIBCKUHA MPOIECC JUIICH
BO3MOKHOCTH HPSAMOro 0OOpalleHus: K CTpaHuIiaM oc-
HOBHOM MamsTH, 3aHATHIM HH(OpMauuei, OTHOCS-
Hiefcs K IpyruM IpoLeccaM.

B3aHMOH€ﬁCTBHe MEKAY mpoueccamMu

Cornacao cnenndukanuu ARINC 653, mporeccbr
MOTYT B3aUMO/ICHCTBOBATh MEKAY COOOH TOJIBKO ITy-
TeM Iepeady COOOMEeHNUH uepe3 KaHabl. Takoe orpa-
HUYCHUE JIeNaeT MPOLECCH C€1abd0 B3aMMOCBS3aH-
HBIMH. DTO B 3HAUUTEIBHON MEpPE YMEHBIACT BIUSHIE
OmMOOK B OJHUX IIpoIieccax Ha paboTy APYTHX Hpo-
IECCOB, a TaK)Ke YIPOILAET BOCCTaHOBJIEHHE paboTo-
CIIOCOOHOCTH CHCTEMBI B Cilyyae OOHapyKEHHUH OIIH-
60k mpu paboTe MoNIB30BaTENILCKUX MpolieccoB. Ecnu
B pe3yibTare oOpaOOTKH OIMIMOKH, BO3ZHHMKLICH IMpU
BBITIOJIHEHUH OJHOTO M3 IOJIb30BaTEIbCKUX IPOLEC-
COB, 3TOT IIpornecc OyaeT MOBTOPHO 3aIyIleH (Pou3-
BEJICH PECTapT), TO A APYTHX MPOIECCOB, KOTOpPHIE
B3aMO/ICHCTBOBAIIN C IEPE3aITyIICHHBIM MPOLECCOM,
3TO MOXET IPUBECTH JIMIIb K MOTEPEe HECKOIBKHUX CO-
OOIIEHUH.

Joctyn K KaHamaM IIPOM3BOAWTCS Yepe3 IMOPTEHI.
Kaxxplil kaHall UMEET TOJILKO OJUH IOPT, Hepearo-
M COOOIIEHUS, U OJIUH UK HECKOJIBKO MIOPTOB, MIPH-
HUMAIOIUX coo0IeHus. JlaHHbIe B KaHajle MOTYT Iie-
penaBaThCs TOJIBKO B OJJHOM HAIPaBJICHHUH.

Kanasbl MOTyT HCIIOJIB30BaThCS IS TIEpeadn Co-
00IIeHui

— MeXJIy NpoleccaMH, KOTOPbHIE BBITOIHSIOTCS
Ha OJTHOM W TOM K€ ITPOIIECCOPHOM MOJYJIE;

— MeXJIy NpoleccaMu, BBITOIHAEMBIMH Ha pas-
HBIX TIPOLIECCOPHBIX MOJTYJIAX;

— MeXIy INpoleccaMM W BHEIIHUMHU YCTpPOH-
CTBaMH.

B nepBoMm cityuae nepeaada JaHHbIX IIPOU3BOAMUTCS
Tosibko cpenactBamu OC, BO BTOPOM U TPETHEM CITy-
yasx — apaiisepamu u OC.

Kaxxmprit kanan MoxeT paboTaTh B OTHOM U3 JIBYX
PEXHUMOB: € OUepeabio coo0meHnH (queuing-KkaHam) 1
6e3 ouepeam cooOmeHuid (sampling-kanan). MuTep-
(eiic B3aMOEHCTBYSI MPUKIIAJHBIX POrpaMM C Ka-
HaJlaMH{ HE 3aBHCHUT OT crioco0a repeaun JaHHBIX, HO
3aBUCHUT OT peXXnMa padoThl KaHauna. J{ist Kax0ro pe-
JKMMa pabOoTHl HCHONIB3YETCs CBOW HAOOp (QYHKIMH.

HesaBucumocts nntepdeiica ot ciocoda nepegayn
JAHHBIX 3HAYUTEIFHO IMOBBIIIAET MOOMIBHOCTD IPH-
KJIaIHBIX MPOrpaMM M MO3BOJISIET BEIOMPATh CIIOCOOBI
nepenaddl JaHHBIX Ha 3Tane KOHGHUTYpPHPOBAHUS CH-
CTeMBbI 03 BHECEHHSI M3MEHEHUH B IPUKJIAJHBIC TIPO-
TPaMMBL.

KanaJb! 1 TOpTHI JOJKHBI OBITH OIIMCAHbI TP KOH-
(bUrypupoBaHUU CUCTEMBI. YKa3aHHbIC TPU KOHDUTY-
pPUPOBAaHMM MapaMeTpsl KaHAIOB (HCIIOJIb3yeMbIC
MOPTHI, PEKUM pabOThI, HANPABJICHHUE MEPEAadN JaH-
HBIX W JIp.) HENB3S W3MEHUTHh BO BpeMs PaOOTHI CH-
CTEMBI.

Kanaun, paboTaromuii B pexxuMe ¢ 04epebio cood-
IICHUH, IMEeeT OIWH MOPT IpHUeMa cCOOOImeHnH (TIoPT-
NoJy4yaTenb) W OJWH IOPT OTIPAaBKH COOOIIEHHN
(nmopt-otnpaButens). [lopT-oTHpaBUTENs COACPIKUT
ouepeb OTIPABISIEMbIX COOOIIEHHH, a MOPT-NoTyYa-
TENlb — Ouepeib NMPUHUMAEMBIX cooOueHuil. Pasmep
ouepeneil OrpaHHYEeH M YKa3blBaeTCs NPH CO3/aHUU
nopra. Kaxxnoe otnpasisieMoe cooOLIeHre T0CTaBIs-
eTcsl TIOJTy4JaTeNl0 M MOKET OBITh IOIyYEHO TOJBKO
OJIVH pa3s.

Kanaun, pabotatommii B pesxxume 6e3 ogepeaut cood-
IIEHUH, MOXKET IMETh TOJIBKO O/INH TTOPT OTIPABKH CO-
OOIIeHNH ¥ OJMH MJIM HECKOJIBKO TTOPTOB MPUEMa CO-
obmennii. Kaxnoe coobmienune, norydyaeMoe IOpTOM
npueMa, 3aMellaeT paHee IOJy4YeHHbIe COOOIIeHHMs
(oHu mpocto Tepsrorcs). Takum oOpazom, W3 mopra
BCEr/la CUYMTBIBAETCS COOOLICHHUE, IOJIyYEHHOE I10-
ciennuM. [IpounTaHHOe coOOlIEHHE CYMTAETCS! TOf-
HbIM, €CJIM ¢ MOMCHTA MOCTYIUICHUA €TI0 B NOPT MpU-
eMa 10 MOMEHTa YTSHHS U3 TI0pTa MPOIILIO BpEMEHH He
OospIe, 4eM Ha OOHOBIICHHE TTOPTA.

Ecnm npu oTnpaBke coOOIIEHNUs 0Ka3aJ0Ch, YTO MO
KaKUM-TO TPHYMHAM TIpeIblAyIiee COOOLIeHHEe He
OBUIO OTIPaBIICHO, HOBOE COOOILICHUE 3aMellaeT cTa-
poe. TakuM o0pa3oM, OTIpaBKa COOOLIEHUS B NOPT
BCErja BO3MOXHa W IpHUKIaJHasA IporpamMma BCETAa
MO>KET BBIBOJUTH COOOIIEHHS B MOPT C HY>KHOM 4acTo-
TOM (3TO HE OTHOCHUTCS K MPOLECCy Nepeady TaHHBIX
OT TOpTa NpUEMa K MOPTY Mepeaun).

Ha pucynxke 1 npencrasiena mozens uHtepdetica
npaiiBepoB kaHainos ¢ OCPB.

Kak BHIHO W3 pHCyHKa, ISl Neperaddl IaHHBIX
MEKY IBYMsI MOJYJISIMH CO3AI0TCS /IBa KaHANA: OJJMH
Ha MOJyJie, TIepejalolleM JaHHbIe, APYTOi Ha MOyJIe,
NpUHAMArONIEeM JlaHHble. KaHai, KOTopblid HaXomuTces
Ha MOjyJie, IepeAaloIIeM JaHHble, UIMEeeT TOPT-0TIpa-
BHTEJb B TIOJIb30BaTenbckoM mporiecce OCPB, a mopTt-
nojxyuarenb — B rncepiaopasiene. Kanan Ha momyie,
IIPUHUMAIOMIEM TaHHBIC, UMECT MOPT-OTIIPABUTECIIb B
TfceBJopasziene, a NopT-moJiydarelib — B CTaHJapTHOM
nporecce OCPB.

Ilepenaya maHHBIX MEXAY MOPTOM-OTIPABUTEIEM
B IIPOILIECCE-OTIPABHUTENIC W MOPTOM-TIOJyYaTeleM B
npoLecce-1oiydaresie MPOUCXOIUT B HECKOIBKO 3Ta-
noB. Ha nepBoM 3Tarne cooOmieHne u3 nopra-oTipaBu-
TeJlsl B MPOIIecce-OTIPaBHUTENIE TI0 KaHAIY HepeaaeTcs
B IOPT-TIOJTydaTellb MICeBOpas/iena MOy Is-OTIIPaBH-
tenst. [lepenaya JaHHBIX 1O 3TOMY KaHally MPOHM3BO-
JIATCS OTIEpallMOHHOM cucTemMoil. Ha BTropoM sTarme mo-
JIy4eHHOE COOOIICHHE OTNPABILSIETCS APAWBEPOM IO
JIMHUH CBA3M MOJYNO-TIoiry4yarento. Ha TpetbeM sTame
JpaiiBep MOAYJIS-MIOTydaTelsl IPHHUMAET COOOLICHHUE
TI0 JINHWY CBS3U W TIOMEMIAET €0 B IOPT-OTIPABUTEID
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Moyib-OTIPaBUTEND Moyib-TI0TyaTesb
Ipouece- Icesno- Ilces no- IIponecc-
OTIpaBUTEID MapTHIA HapTULHS HoJIydaTenb
Kanan Hpaiisep | Jluaus cBszu Ipaiisep Kanan
Ilopm- ITopm- Ilopm- Ilopm-
omnpagument nonyyamens omnpagumens nonyuamens

Puc. 1. Ilepeoaua oannwix mexncoy 08yma MOOYIAMU

Fig. 1. Data transfer between two modules

TNceBIOpasena MoAynsi-monydarens. Ha ugerBeprom
3TaIe 3TO COOOIIEHNE EPEaAaETCs B IOPT-TI0IydaTelb
B TIpoliecce-MomyyaTere.

B OCPB Barer 3 xaHalbl MOTYT HUCIOJIb30BATHCS
He Toimbko B ARINC-mponeccax, Ho u B POSIX-
npolreccax.

Jpaiigep kanana qis OCPB Barer 3 00bruHO coO-
CTOMT M3 00pa0OTUMKa MpEepHIBAHUI W, BO3MOXKHO,
OJTHOTO MJIM HECKOJIBKHX ITOTOKOB INTAaBHOTO (IIPUBHJIE-
rupoanHoro) POSIX-npomecca. PaccmorpuMm mpa-
BWJIa CO3TaHUs IpaiiBepa, pazpadorannsie 11 OCPB
Barer 3.

Ha3nauenue U NpUHIMIBLI Pa0OThI
KaHAJIBHOIO paiiBepa

Kak yxe oTMeuanocs, mpueM u nepeaada coooe-
HUH MEXJy MOJIb30BaTEIILCKUMHU MPOIECCAMHU MTPOUC-
XOJMT B HECKOJIBKO 3TamnoB. [[paiiBep kaHaioB, KOTO-
PBIi BEITIOJHSACTCS HAa 2-M U 3-M dTarax, 00ecreunBacT
nepeaady W IpUeM COOOMICHUH Mo (PU3UUECKUM JIH-
HUSM CBSI3U MEKAY MOPTOM-TIOTydaTeIeM IICEBI0pa3-
JieNa Tepearomero MOy U MOPTOM-OTIPaBUTEIEM
TnceBIopaszesia MPUHUMAONIETO MOIYIISL. Y IpaBICHHE
YCTPOUCTBOM (IIpHEM H Tiepeiada COOOMICHNUI ) IPOH3-
BOJUTCS ApailBEpOM B KOHTEKCTE CIIEI[HAJILHOTO II0-
ToKa npuBmierupoBanHoro POSIX-niporecca /i B
KOHTeKcTe (PyHKIHI 00pabOTKK IpephIBaHHUH, KOTO-
pBIE TaKXKe NCTIONB3YIOT aIpeCHOE IMPOCTPAHCTBO MPH-
BuiternposanHoro POSIX-mporecca.

TloTok, B KOTOPOM BBINIOJHSIETCS ApaBep, MOKET
AKTHBU3UPOBATHCA JIMOO TEpHOINYECKN (TIepuoande-
CKUH pexum), 1100 1Mo TpeGOoBaHMIO (Hemepuouye-
ckuil pexxuMm). B mepBom cirydae apaiiBep uepe3 paB-
Hble UHTEPBAJIbI BDEMEHH BBITIOJIHSET TpeOyeMble Jeii-
CTBHS MO TIpUEMYy W/WiIM Iiepepade cooOmeHuii. Bo
BTOPOM CITydae JpaiBep aKTHBH3UPYETCS C MOMOIIBIO
(hyHKIMH YBETOMIICHHS O TIOSIBIIEHUH HOBOTO COO00IIIe-
HUSL WM cBoOomHOTO Oydepa. YBemoMIeHHs] MOTYT
6bITh mocmanbl u3 ARINC- nimm POSIX-niporecca, a
Takke u3 QyHKIUH 00pabOTKH MpEepBhIBAHUN C TIOMO-
IbI0 cooTBeTCTBYOmMUX pyHkmmii OCPB.

Haxnagnele pacxonsl mnpu  paboTe JpaiiBepa
YMEHbBIIAIOTCS, €CIIM TIepeaaBaTh U IPUHUMATh HE 110
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OJTHOMY COOOIICHNUIO, a cpa3y Ipymiry cooduienui. I1e-
PHOIMYECKHUIA PEXXUM MO3BOJISIET HAKOIIUTH HECKOJIBKO
cOOOIIEHNH U TOTOM IepeAaTh Cpasy rpyIily coooie-
HUW. B 3TOM ciyyae npaiiBep He U3BELIAETCS O MOSIB-
JICHUM HU HOBBIX COOOIICHUIl, HX HOBBIX CBOOOIHBIX
O0y(epoB (UTO TakKe CYNIECTBEHHO CHIYKACT HAKIIA-
Hble pacxonsl). [leproanueckuii npaiiBep He 0Opada-
THIBAaeT MPEPHIBAHMS OT amnapaTyphl U HE 3aKa3bIBaeT
ux nopoxaeHus. OH MO3BOJISICT SKOHOMUTH BpeMsI Ha
00paboTKe MpephIBaHN U yBEJOMIICHHH, HO YCTYTIaeT
HENIepUOJMIECKOMY TI0 CKOpPOCTH peakimu. HHTep-
(hetic B3aUMOICHCTBUS C IpaliBepOM, UCTIOIE3YEMEI B
OC PB barer, npearmonaraet moJiaepxxKy 000UX pexu-
MOB. KOHKpETHBIH BapHaHT MOXET OBITh BHIOpaH Ha
aTane KOHQUTypHUPOBAHHSI.

CooOuieHus, OTNpaBisieMble WM MOJyYaeMble
JpaifBepoM, MOTYT IepeaaBaThcs BMECTE C 3aroyioB-
koM. Ecnu B mceBmopasiene HaxoguTcs MOPT-OTIIpa-
BUTEINb (OPT-OTIIPABUTENb MPUHAIICKHUT IpaiBepy),
OC urHopupyet 3arojoBOK M NEpeNacT MPUKIAJHOU
nporpamme coobmienne 6e3 3aroioBka. Ecim B nices-
Jopasjene HaxomauTcst mopr-mosydarens, OC dop-
MHpYET COOOIIEHHE C 3aroJIOBKOM HIM 0e3 Hero B
3aBUCHMOCTH OT aTpHOYTOB, YKa3aHHBIX IPU KOH(U-
rypupoBanuu. ®opmupyemsrii OC (cTaHmapTHEIHN) 3a-
TOJIOBOK COJIEPKHUT JUTMHY M HOMEP COOOIIEHHS.

Jlist pa3Meniennst COOOIIEHUH B TaMSTH UCTIONB3Y-
totces Oydepa. Bee Oydepa oqHOr0 KaHAIa HIMEIOT O/~
HaKOBBIN pa3Mep, KOTOPBIM yKa3bIBaeTCs MPU KOH(H-
rypupoBanuu. Jlns kaxmoro Oydepa coszmaercs ero
onmcarens. Onucarens Oydepa COAEPKUT yKazaTelsb
Ha Oydep, uMHYy coobienus u 1p. bydepa n ux onu-
caTeny CO3/4al0TCs MPOLECCOM-OTIPABUTEIEM.

OyHKIMU OpaiiBepa JIODKHBI 0OecreunBarh BbI-
MOJIHEHUE CIEeNYIOIUX AeHCTBUIL:

— WHUNUaIU3alus IpaiiBepa;

—  WHHIHAIN3AIHUS OTAEIBHOTO MOPTa;

— 4TeHHe COOOIIeHUH U3 MopTa U repeaada ux 1o
KaHaJlaM CBSI3H;

— TIpHeM COOOIICHMI 1O KaHajaM CBSA3M U OT-
IpaBKa UX 4epe3 HopT.

[Tpn maUnmanm3anuun OCPB BeI3BIBaeTCS crienu-
anpHasg QyHkims OC MHUIMANIM3AlMU KaHAJOB, MPU
BBITIOJTHEHUH KOTOPOW pa3OuparoTcsi napameTpbl KOH-
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(urypanuy KaHallOB ¥ WHULUAIH3UPYIOTCS COOTBET-
CTBYIOILME KaHAIIbHBIE IpaiiBepsl. B HacTosIee Bpems
B 3aBUCHMOCTH OT 000pYyJOBaHMS U IAPAMETPOB KOH-
(urypamu MOTyT OBITh NMPOMHHUIIHAIN3UPOBAHBI Ka-
HaJlbHBIE ApaiBephl, 00ECIEUYNBAIOIINE MEXMOLYIIb-
HyI0 cBs3b 1o cetn Ethernet mo mporoxoxy UDP, mo
mmHe VME, o mmae RapidlO.

WHunmaym3anus qpaiiBepa

Kaxnplii npaiiBep J0JDKEH UMETh CBOIO (DYHKITHIO
VMHHIMAJIN3aH, KOTOpasi BHI3BIBACTCSI NPU WHHIIMA-
nu3anuy. B mporecce MHUIMaNM3alMU IpaiiBepa OH
peructpupyet B OC ¢yHKIMH IpaiiBepa, KOTOpbIE MO-
’keT ucnodab3zoBath OC 114 B3aUMOIEUCTBUS C ApaiiBe-
pom. K HEM oTHOCATCS:

— ¢yHKOUA probe(), KOTOpas MO3BOJACT OMpee-
JIMTH, KAKKE TIOPTHI 00CITYKUBAIOTCS TaHHBIM JpaliBe-
poM (BBI3BIBaeTCS B mpuBHIernpoBanHoM POSIX-
mpolecce);

— (QyHKUMS MHAIUAIU3ALUH [T0PTA, KOTOpasl BbI-
3BIBACTCA MPH CO3AHUU KaXI0To MOpTa, 00CTyKUBa-
€MOT0 JIaHHBIM JPalBEPOM.

OyHKIUI HHULIHANIN3AUH ApaiiBepa J0JKHA 3ape-
rucTpupoBath japaiiBep B OC ¢ nmoMompio (GyHKIHN
chanCreateDriver(). Ota GyHKIUS CO3IACT OMHUCATENH
npaiiBepa B OC u Bo3BpalaeT ykas3areib Ha Hero. Jlo-
cTyn K onucarento apaiisepa B OC co CTOpOHBI Apaii-
BEepa BO3MOXCH TOJBKO ¢ momompio QyHkmin OC
(HenocpeICTBEHHBIH JOCTYTI 3aIPENICH).

[Janee npaiiBep D0JKEeH MOMECTUTH MH(POPMAIHIO
0 npaiiBepe B onucarens apaiiBepa B OC (¢ momMoIsto
¢ynaxuuit OC):

— ykasaresib Ha QyHKIUIO probe() mpaiiBepa;

— yKasaresb Ha (QYHKIHUIO HHUIHATH3AIHH T0PTa
JipaliBepa;

— yKasareib Ha QYHKIHIO 3aImycKa (cTapTa) apaii-
BEpa;

— uMs apaiBepa.

[paiiBep MOXeT cO31aTh CBOIO YHPABISIOIIYIO
TabnuIy (onMcaTelNb) U 3apETUCTPUPOBATH €€ B YIIPaB-
nsroredt Tadnmne npatisepa B8 OC.

OyHKIUSA TPOBEpKH OpaiiBepa probe() BXoauT B
cocraB IpaiiBepa U mcnois3yercs OC mpu moucke
JipaiiBepa, KOTOPBIA 00CITyKHBaeT JaHHBIA (MEXMO-
IyTpHBIN) KaHai. Ecnu npaiiBep oOcmyxuBaeT yka3aH-
HBIN KaHal, GyHKIHA probe() Bo3pamaet 0, B IpOTHB-
HOM CJTydae He HOJb.

Nuuuuanusanus nopra

[Ipu co3nanny nopra, HAXOISIIETOCS B IICEBIOPa3-
nene, OC BbI3bIBaeT (QYHKIHMIO HHUIMAIN3AIMN TI0pTa
JpaiiBepa W mepedaeT el ykaszaTelb Ha OIMCaTelb
nopta OC. Jloctyn k onucarento nopra B OC co cro-
POHBI JipaiiBepa BO3MOXEH TOJILKO C TIOMOILBIO (YHK-
it OC (HeTmocpeICTBEHHBIN JOCTYTI 3aMpelicH).

DOyHKIMS THUITUATU3ALWN [TOPTa ApaiBepa MOXKET
MOJYYUTh YKa3zaTelnb Ha YIPaBIAIOMIYIO TaOIUILYy

(onmcarenp) npaiiBepa ¥ HHGOPMALKIO 00 MHULIUATH-
3upyemoM nopte (kanane). C momonipro Gpyskimit OC
JpaifiBep MOXET MOJYYHUTh CIEAYIOLY HHpOpMa-
LHIO:

—  uICHTH(UKATOP MOAYJIS-IAPTHEPA;

— HOMEp JIOTHIECKOi cBs3M (TIOAKaHAMA);

— WM KaHaua,

— uAeHTH(]HUKATOp KaHAJA,

—  HUMJ TIOpPTa;

— pasmep Oydepos;

— uwmcno 0ydepos;

— HampaBJICHHE Nepe/iaul JaHHBIX (BBOJI MJIH BbI-
BOJ);

— mepuoj oOHOBIEHUS (1711 sampling-1mmopToB);

— THn KaHana (queuing, sampling, SAP).

JpaiiBep MOXeT CO3[aTh CBOIO YIPABISIOIIYIO
Tabnuity (omucarenp) MopTa U 3aperucTpUpoBaTh ee B
ynpasitronei Tabnure mopra OC (¢ moMomnsio QyHK-
mun OC). [pn nHANMaMM3anuy Karama (mopTa) apaii-
BEp TaKKe OnpeaessieT QyHKIHIO yBEJOMIICHHUS O I0-
SIBIICHUU COOOINEHHs MM cBOOOaHOrO Oydepa B Ka-
HaJle, a TaK)Ke HAJINYUe 3ar0JIOBKOB COOOIICHU.

O0cay:xxuBanue 0ydepon

st npreMa u epeiau CooOLIeHHH Yepes TIopT B
OCPB Baret 3 0bu1 pa3paboTaH HeCTAaHAAPTHBIA WH-
Tepdeiic B3auMoeiicTBUs ¢ ApailiBepoM KaHana. J{is
pabotel ¢ Oydepamu u ouepensmu OydepoB mpeaHa-
3HAYCHBI CIACIYIONIUE ()YHKIH:

— chanGetBuffer() — mnony4nTs
Oydep;

— chanPutBuffer() — oceoboauts Oydep;

— chanGetMessage() — IOXy4UuTh COOOIICHHE;

— chanPutMessage() — oTpaBUTH COOOIICHHE.

OTH GYHKUNHE MOXKHO UCIIONB30BaTh KaK JJIs IOpTa
queuing, Tak u I8 sampling, HO B 3aBHCUMOCTH OT
Tuna rnopra (queuing nim sampling) GyHKIMH UCTIOIb-
3YIOT pa3HbIi AJITOPUTM.

CBOOOIHBIN

Oocay:xxuBanue 0ypepos
A5 queuing-KaHaJlo0B

Juns kaxgoro queuing-kaHaaa OCPB coznaer nse
odepenn: odepeib COOOIIEeHUN U odepeb CBOOOTHBIX
O0ydepos. Ilporecc-oTnpaBuTesah MOMENIAET OTIIPAB-
JisieMble COOOIIEHMsI B o4epeah COOOIIEeHUH, a mpo-
L[eCC-M0JyYaTelb U3BJIEKAET COOOILICHUsS U3 ITOH oue-
penu. Ogepens cBOOOAHBIX OypepoB HCIOIB3YETCS
UL Tiepenadn ocBoOomuBIIUXcst OydepoB OT mpo-
Hecca-mojydJaTenss K Ipoueccy-ornpasureno. [Ipo-
Hecc-mojly4aresib MoMelaeT cBoOoaHble Oydepa B
ouepenlb, a IPOLECC-OTIPABUTENb H3BJICKAET HX U3
ouepeu.

Bce ouepeau opraHn3oBaHbl Kak LHUKINYECKUE OY-
(dbepa, TO ecTh COCTOAT U3 MacCHBa UIACHTH(HUKATOPOB
OydepoB u IBYX ykazaTenei: ykazaTenss CBOOOTHOM
obnacTH 1 ykazaTels 3aHsAToi ooactu. Takas opraHu-
3anus ouepeer ynpomaeT CHHXPOHU3AIIHIO TIPH ycTa-
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HOBKE U U3BJICYCHHUH DJIEMEHTOB ouepenu. JyinHa Kax-
JIOT0 MaccuBa paBHa yucity Oydepos miroc onus. Tak
Kak B JIF000# odepenu Oydep MOXKET comepKaTbes HE
6oJiee OZHOTO pa3a, TO €ro BCETAa MOXKHO IIOMECTHTh
B O4€pEb.

Maccus odepenn coOOIIeHI HAXOAUTCS B TAMATH
IpoLecca-oTIPAaBUTENS, TaM K€ HaXOAWTCA M yKas3a-
TeNb CBOOOJHOM 00MacTy (HOMEp IEepPBOTo 3JIEMEHTa B
obyiacTu CBOOOHBIX 3JIEMEHTOB) 3TOH odyepenu. Yka-
3aTelsb 3aHATOHW 00J1acTH (HOMEp MEpPBOTo dJIEMEHTa B
00J1acTH 3aHSTBIX 3JEMEHTOB) HAXOAMTCS B IaMSTH
nporecca-moyvaTels.

Maccus ouepenu cBOOOAHBIX OydepoB HaxoaANUTCS
B IIaMSTH TPOLECcCa-M0TydaTess, TaM JKe HaXOJUTCS U
yKa3aTellb CBOOOJHOM oOyacTe (HOMep IepBOTO 3Jie-
MEHTa B 00J1aCTH CBOOOZHBIX 3JIEMEHTOB). YKa3aTesb
3aHATOH 001acTH (HOMEp EepPBOTO 3JIEMEHTA B 00IaCTH
3aHATHIX IEMECHTOB) HAXOANUTCS B MAMATH Ipolecca-
OTIPaBHUTEIS.

Ecnm HoMep nepBOro 35eMeHTa B 00J1aCTH 3aHATHIX
2JIEMEHTOB MEHbIIE HOMEpa MEepBOro dJeMeHTa B 00-
JacTH CBOOOMHBIX, TO 00JIACTh 3aHATHIX 3JIEMEHTOB
HaXOAMTCSI MEXY IEPBBIM 3aHSTHIM (BKIIOUUTEIBHO)
Y IIepBBIM CBOOOIHBIM (HE BKIIIO4asi ero). Bee ocranb-
HBIE AJIEMEHTBI CYMTAIOTCSI CBOOOTHBIMHU.

Ecnm HoMep mepBOro 351eMeHTa B 00J1aCTH 3aHATHIX
3JIEMEHTOB OOJIbIIIE HOMEpa IIEPBOT0 3JIEMEHTA B 001a-
CTH CBOOOJHBIX, TO 00JAaCTh CBOOOIHBIX JJIEMEHTOB
HaXOAMTCSI MEXIy TIepBbIM CBOOOJHBIM (BKJIIOUH-
TEJNBEHO) W MEPBBIM 3aHATHIM (HE BKJIIOYAs €ro). 3aHs-
TBIE JIEMEHTHI PAcIOIaraloTcsi OT MEPBOTO 3aHATOTO
JI0 KOHIIa MaccuBa U Jiajiee OT Havajla MaccuBa Jio Iep-
BOTO CBOOO/IHOTO (HE BKIIIOUAs €T0).

Ecnu HoMep nepBoro deMenTa B 007acTH 3aHATHIX
2JIEMEHTOB PaBeH HOMEPY MEPBOTo dJeMeHTa B 00Ja-
CTH CBOOOJHBIX, CUUTAETCS, YTO BCE DJIEMEHTHI CBO-
6omaubl. Takum 00pa3zom, Bcerla B MacCUBE MMEETCS
XOTs OBl OJIMH CBOOOJHBIN 3JIEMEHT (€ro Helb3sl UC-
MOJIb30BATh ).

3aHATHINA AJIEMEHT MacCUBa COJCPIKUT UACHTU(H-
kaTop Oy¢epa. B ciryuae ouepean oTIpaBiIeHHBIX CO-
o6wmennit ato naeHtudukarop o6ydepa, conepxaiiero
coo0IIeHre, a B cllydae odepennd CBOOOJHBIX HOMe-
poB — naeHTUHUKATOp CBOOOIHOTO Oydepa.

Ecnu mHy)xHO 106aBUTE Oy(dep B ouepeas, BEIOMpa-
€TCs TIEPBBIi JIeMEeHT B 001acTH CBOOOHBIX (OH Jie-
KUT cpa3y TIocje oO0NacTh 3aHATBIX JJIEMEHTOB).
B sToT anemenT nomemaercs uaeHTudukaTop oydepa.
[Toce aToro ykaszaresns cBOOOJHOM 00J1acTH IepeiBU-
raercs Ha | aiemeHT. Eciu jke OH yKa3bIBaj Ha KOHeIl
MacCHBa, TO IlepeMelIaeTcsl Ha Hayajlo MacCHBa.

Ecnu HyxHO n3BNneus Oydep U3 ouepenu, BHIOMpa-
eTcsl IEPBBIH AJIeMEHT B oOnacTH 3aHATHIX. W3 3Toro
3JIEMEHTa CUUTHIBaeTcsl uaeHTudukarop oygepa. Ilo-
CJIE 3TOTO yKa3aTesb 00JaCTH 3aHATHIX 3JIEMEHTOB Tie-
pensuraetcs Ha 1 snemenT. Ecnu ske oH yka3biBaji Ha
KOHEI] MacCHBa, TO TIEPEMEIACTCS HAa HAaJallo MacCUBa.

Oynkmun chanGetBuffer() u chanPutMessage()
UCTIONB3YIOTCA MPU 0OCITYKUBAaHUH MOPTOB-OTIIPABH-
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tenedd, a ¢ynknum chanGetMessage() u chanPut-
Buffer() npu o6ciykxnBaHHN TOPTOB-TIOTyYaTENEH.

Oynkmusa chanGetBuffer() u3Biexaer Oydep m3
ouepeny CBOOOTHBIX Oy(hepoB W BO3BpAIIACT €ro BbI-
3BaBIIeii nmporpamme. Eciam ouepens mycra, QyHKIHS
(opMupyeT 3ampoc Ha YBEIOMJICHHE O MOSBICHUH
cBoOotHOTO Oydepa u BO3BpamIaeT yIpaBiIcHHE.

Oynukius chanPutMessage() momemaer cooOe-
HHE B ouepeib coo0meHni. DYHKIMS TaKKe HOChUIaeT
YBEJOMJICHHE O MOSBJICHUH COOOILEHNUS, €CITH ObLI He-
YIIOBJIIETBOPEHHBIH 3aIpOC Ha yBEAOMIICHHUE.

Oynukius chanGetMessage() u3BiekaeT Oydep u3
ouepenu cooOIIEHUH M BO3BpAIaeT €ro BbI3BaBIICH
nporpamme. Ecnu odepens mycra, GyHKIms HopMu-
PYET 3ampoc Ha yBEAOMIJICHHE O MOSBICHUH COOOIIe-
HUSI ¥ BO3BPAILACT YIIPABICHHE.

Oynkius chanPutBuffer() momemaer Oydep B oue-
penb cBoOOAHBIX OydepoB. DyHKINS TaKKe MOCHLIACT
YBEJJOMJICHHE O MOSBIICHUH CBOOOAHOTO Oydepa, eciu
OBLT HEYJOBIETBOPEHHBIH 3aIIPOC HA YBEAOMIICHHUE.

O0cay:xxuBanue 0ypepos
s sampling-kanajion

B cinydyae sampling-kananoB Oydepa HCHONB3Y-
I0TCSl TIOPTaMH-OTIIPABUTEISIMU JUIS Pa3MEIICHUS B
HHX OTIPAaBIAEMbIX COOOIICHUH, a HOPTaAMH-IIOJTyda-
TeISIMU JJI JIOCTyNa K IOJYYSHHBIM COOOIICHUSM.
OnuH H TOT e Oydep MOXeT OTHOBPEMEHHO HCIIONb-
30BaThCSl HECKOJIBKMMH IOPTaMH-TIONYYaTEIIMH, HO
HE MOXET OJHOBPEMEHHO HCIIOJIb30BAaThCS MOPTOM-
OTHpaBUTENIEM M IOpPTOM-TodydaTeneM. [loatomy,
€CITM OJTH M3 MOPTOB-TIOJIy4aTesel IIepecTal UCTIOIb-
30BaTh Kakou-iubo Oydep, 3To He o03HAYAeT, 4yTO OY-
thep cTanm cBOOOIHBIM M MOXET HCIIOJIB30BaThCS HOP-
TOM-OTIIPABUTEJIEM JIJISI HOBOT'O COOOIIEHUSL.

[Topt, mpuHajexammii 1ceBnopasneny (apaii-
Bepy), MOXKET OJHOBPEMEHHO HCIIONIb30BaTh (3aKpe-
IMUTH 32 cO0O0) HECKONbKO OydepoB. MakcumanbHOE
4qucno 0ydepoB, KOTOPOE MOXKET OBITh 3aKPEILICHO 3a
MOPTOM, OOCIY)XMBa€MbIM JaHHBIM JpaiiBepoM,
JIOJDKHO OBITh OTIPEJIETICHO P MHUIHATU3aNH TI0pTa
¢dyaxaueit chanSetPortMaxBuffNum(). ITopter, mpu-
HaJJIeXaIre mojbp30oBaTenbckoMy mporeccy (ARINC
nu POSIX), He 3akpemsior 3a coboit Oydepa.

VYyer OydepoB, UCTIOIB3YEMBIX B HACTOSIIEE Bpe-
Ms TOPTOM (3aKPEIUICHHBIX 32 TIOPTOM), IPOU3BOIUTCS
OC, ynpasnenue 0ydepamu — pyukimsmu OC. OyHK-
mun chanGetBuffer() u chanPutMessage() ucmoins3y-
I0TCS TIPU OOCIY)KMBaHWHU TIOPTOB-OTIIPABUTENCH, a
¢ynku chanGetMessage() n chanPutBuffer() mpu
00CITyKMBaHUH ITIOPTOB-TIOydaTeINeH.

BBoa coodmennii

Queuing-kananet  (npuem coobwienuir). s
BBOJIa COOOIIEHUI dYepe3 YCTPOMCTBO co3maeTcs Ka-
HaJI, TIOPT-TOIyJaTeNlb KOTOPOTO HAXOAUTCS B OOBIU-
HOM TIpOIIecCe, a MOPT-OTIIPABHUTENb — B IICEBIOPA3-
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nene. CooOleHus1, moydaeMble uepe3 00CyKUBaeMoe
JpailBEpOM yCTPOMCTBO, JApaiBep BBIBOAUT 4YEpe3
MOPT-OTIPABUTEID KaHATA.

Jis morydeHus cooOIeHnH 13 queing-TmopTa mpH-
KJamHas mporpamma (IpoIecc-morydaTesb) UCIOb-
syer ¢yukuuio OCPB Barer 3 RECEIVE QUEU-
ING_MESSAGE. Ota ¢yHKIHS 3amparinBaeT coo0-
nieHue u3 kanana ¢ momormeo gyakmmm OC chanGet-
Message(). Ecin B ouepenu ectb (HempodMTaHHBIE)
cooOmieHus, 3Ta (yHKIUSA BO3BpamiaetT Oydep c ca-
MBIM CTapbiM (HENpOYHTaHHBIM) coobuienueM. [lomy-
YeHHOE COOOIIeHUE KonupyeTcs B Oydep, ykazaHHBIN
npu BeizoBe QyHkiuun RECEIVE QUEUING
MESSAGE. OcBoboausminiics 0ydep MOMEIIAOT B
ouepens ¢ momomblo pyakmuu chanPutBuffer(). Orta
(yHKIIHS OTIPABISIET YBEJOMIJICHHE O OSBICHUU CBO-
O6oxuoTO Oydepa npaiiBepy, eciu 3T0 TpeOyeTCs.

Ecnm cooOmmenne noyquTs He yAanochk, QyHKINSA
(opMupyeT 3ampoc Ha YBEIOMIICHHE O IOIyYEHHH
COOOIIEHNSI ¥ BO3BpAIacT COOTBETCTBYIOIIUI KO
Bo3Bpara. Ecnu mpu BbzoBe ¢yHkimn RECEIVE
QUEUING MESSAGE ykazaHo HeHyJeBO€ BpeMs
OKUJIaHUS COOOIICHUS, TOTOK OOBSBISACTCS HEPAOOTO-
CIIOCOOHBIM.

bydepa ans BBoja coollueHuit ¢ ycTpoicTBa Ka-
HaJIbHBIN ApalBep AOJDKEH OpaTh U3 odepeny cBoOOI-
HBIX OydepoB kaHama ¢ momompio ¢yHKnuu OC
chanGetBuffer(). Ecam cBoGomHbIX OydepoB HeT,
(yHKIMS BO3BpAIaeT COOTBETCTBYIOIIUH KOJ BO3-
BpaTta 1 (OPMHUpYET 3aIpOC Ha yBEAOMIICHUE O TOSIB-
neHnu cBOOOIHBIX Oy(depoB B kaHaie. COOTBETCTBYIO-
mast GyHKIUS yBEIOMJICHUS JipaiiBepa JOJHKHA OBbITH
3aperucTpUpoBaHa 3apaHee (B IPOTHBHOM Cilydae yBe-
JIOMJICHHS HE OYIYT OTIPaBIATHCS).

Jisi KaXJ0ro BBIBOJMMOTO B KaHAJN COOOLIEHUS
JipaiiBep ykaspiBaeT ero HoMmep. Eciu cooOuienus Hy-
MepyeT (MOAYJIb) OTIPaBUTENb, UCTIONIB3YETCS €ro HO-
Mep, B IPOTHBHOM Clly4ae JpaiiBep HyMepyeT coo01e-
HUS 1Ipu noxydeHun. Ecim ppaiiBep oOHapymi 1mo-
Tepro coodmeHnit, oH yBegomisieT 00 atom OC (1one
cb_overflow B onucarene Oydepa).

Bydepa, conepxamue noirydeHHble ¢ yCTPOHCTBA
COOOIIeHN s, IpaiiBep MOMEIIaeT B OYepeab coolIe-
HUK KaHama ¢ momomiplo ¢yHkmum OC chanPut-
Message(). Ilepen BrIzoBoM ¢QyHKIHM chanPut-
Message() apaiiBep JAODKEH MOMECTHTh B OMHCATENh
Oydepa creayronryro HHQOpPMAIMIO: AJTUHA COOOIIe-
HHUSI, TIOPSIIKOBBI HOMEp COOOILEHHMsI, MPU3HAK Hepe-
MOJNHEHHsT (eClIM Kakhe-TO COOOWIeHUs ObuIM yTe-
PSHE).

®ynxuus chanPutMessage() Taxxe OTIIpaBUT yBe-
JIOMJICHHE O TIOSIBIICHUH COOOIIEHUsI MPOLECcCy-Toy-
yarelo, eciu 3To Tpedyercsa. DyHKIMSA 00pabOTKH
9TOTr0 yBEAOMJICHUSI OOBSBISIET PabOTOCIIOCOOHBIMU
MMOTOKH, KOTOPBIC XAYT COOOMIEHUH (CTOIBKO TOTO-
KOB, CKOJIEKO €CTh COOOITICHHIA).

IIpu mepuomudeckoli pabore apaiiBepa mpepbiBa-
HUS HE TOPOXKIAIOTCS amnmapaTypoi u He oOpabaThiBa-
FOTCSI IpaliBEpOM.

Sampling-kananvt (umenue cooowenuii). Ecnu
JUIsl BBOJIa COOOLICHUH 4Yepe3 YCTPOHCTBO HCHOJB3Y-
ercst sampling-kaHal, TO MOPTHI-TIONydaTeNN KaHaa
HaXOAATCSl B OOBIYHBIX IMPOILECCaX, a MOPT-OTIPaBH-
Tens — B 1iceBpopaszene. Ilopr-oTnpasutens obciy-
JKHUBaeTcs AparBepoM. Onmcarens MopTa HAXOAUTCS B
nmamsata npuBmieraposanHoro POSIX-mpornecca, Tam
JKe HaxomaTcs Oydepa v UX ONMCATEIH.

[Mocrynarorue ¢ ycTpoiicTBa COOOIICHUS ApaiBep
BBIBOJIUT Yepe3 MOpT-OTIpaBUTeNb KaHana. [Ipukian-
Hasl IporpamMmMa IoJiy4aeT COOOIEHNE U3 TIOPTa-MOITy-
yarenss kKaHasa ¢ nomopslo GyHkunu OC READ
SAMPLING MESSAGE. Ota ¢yHKIus HaX0AuT 0y-
dep, comepkalmii caMoe CBEKEe COOOIICHHE, 3aro-
MHHAET HOMEP 3TOT0 COOOIIEHNUS U KOTTHUPYET Coo0IIe-
HHe u3 Oydepa B maMsATh NMPUKIATHOW MPOTPaMMBL.
IMoce xonmupoBaHus (QYHKIHS TPOBEPSIET, HAXOIUTCS
1 B Oyepe To ske cooOIeHne, 94To U 10 YTeHus. Ecin
coobmieHne OBUIO 3aTepTo Ooliee CBEXKHUM, CHOBA 3a-
MPAIINBAETCS CAMOE CBEXEE COOOIEHUE U T.JI.

HeckoibKo NOTOKOB MOTYT OJIHOBPEMEHHO YHTATh
cooOIieHnss U3 OAHOrO W Toro e sampling-mopra
¢ynkueii READ SAMPLING MESSAGE. B cuny
3TOro sampling-nopTel OOBIYHBIX MPOLIECCOB HE 3a-
KpeIIIloT Oydepa Ha BpeMsl YTCHHS COOOIICHHUS.
Oyukuust READ SAMPLING MESSAGE ne 3ampa-
IIMBAcT U HE MOCBUIAET HUKAKUX YBEJOMJICHHH (Tak
KaK 3TO He Tpedyercs).

Jis momyuenns cBobogHOTO Oydepa At BBOIA CO-
0OIIeHNI KaHAIBHBIN IpaliBep MOXET HCIIOIh30BaTh
dyaxmuto OCPB chanGetBuffer().

ITepen wucnonszoBanuem Oydepa ycrpoiicTBoM
JipaiiBep 0JHKEH COPOCUTB M0JIe MTOPSAKOBOrO HOMepa
coobmenus (3amucats -1) B onucarene oydepa. 1o 3a-
BEPIICHUHU 3aMKCH coo0meHus B Oydep (BBoIa C000-
IIEHHsI YCTPOUCTBOM) JIpaiiBep MOJIKEH TTOMECTUTh B
onucarens Oydepa crieayronyro nHGopMaIHo: IITHHA
cOO0OIIIeHHs, TOPSIIKOBBIA HOMEP COOOLICHUS.

Jamnee npaiiBep noykeH BEIBecTH Oydep ¢ coodmie-
HHEM B IOPT KaHajla ¢ ToMoInblo GpyHkuuu chanPut-
Message(). B pe3ysibrare BbI30Ba 3TOH (hyHKIMH yKa-
3aHHBIH Oydep OyneT oObBSBICH COAEPKALIMM CaMoe
CBeXee CooOIIeHue.

B nmanHOM ciydae (KOTAa BCE MOPTHI-IIOIydaTesH
HaxXOZSTCSl B CTAHJAPTHBIX Mpolieccax) ApanBep Mo-
XKEeT B34Th yIpaBieHue 0yhepaMu MOITHOCTHIO Ha cels
(HanpuMep, HUKIMYECKH UCTIOIb30BaTh BCE MMEOIIH-
ecst Oydepa) u He ucnonp3oBath pyHknuto chanGet-
Buffer().

JpaiiBep He 3anpalivBaeT HUKAKUX yBEJIOMIIEHUN
1 HE MOPOXJaeT YBeIOMIIEHHH (TaK Kak 3TO He TpeOy-
eTcst).

BriBoa coo0enuii
Queuing-kananst (omnpaska coobwenuir). Jis
BBIBOJIa COOOIIEHUI Yepe3 yCTPOMCTBO CO3/AaeTCs Ka-

HaJI, TOPT-OTIPaBUTENF KOTOPOTO HaXOAUTCS B OOBIU-
HOM IIpoIiecce, a HOPT-TOTydaTeb — B ICEBIOpa3ee.
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[opT-nonyyarens kaHana OOCTy)XHBaeTcsi ApaliBe-
pom. CooOlieHus1, MOJTy4YEHHbIE Yepe3 IOpT-Ioiyya-
Teldb KaHasla, JpailBEp BBIBOJAUT 4YEPE3 YCTPOWCTBO.
[puknagHas mporpamMma OTHPABISAET COOOLICHHS C
nomomsio yakimr OC SEND QUEUING MESSA-
GE. Dra ¢yskumsa 3amnpammBaeT cBOOOIHBINA Oydep
(13 ouepenu cBOOOTHBIX Oy(QepoB KaHaa) C TOMOIIBIO
¢yakanun OC chanGetBuffer(). Ecau B ouepenn ects
cBoOomHbIe Oydepa, (GyHKIMS BO3BpamiaeT CBOOO-
HbII Oydep. OtnpasisieMoe cOOOIIEHNE KOUPYETCS B
HoJy4eHHBIN Oydep, u Oydep ¢ coodLieHneM omenia-
eTcsi B odepens coolmieHnit kaHana ¢ynkmueir OC
chanPutMessage(). Ota pyHKIHS OTIPABUT yBEAOMIIE-
HHUE 00 OTIpaBKE COOOICHUSI qpaiiBepy, €CIIU 3TO Tpe-
OyeTcs.

Ecmu cBoOonHBIX OydepoB HeT, popmupyercs 3a-
NPOC Ha yBEJOMIICHHE O MOSBICHHUH CBOOOIHOTO OY-
¢depa B xanane. Ecinu mocne OKOHYaHHUS YKa3aHHOTO
BPEMEHHU OXKHIAaHUS CBOOOIHEIN Oydep He MmosBHIC,
(bYHKLUS 3aKaHYHBACT CBOIO PAabOTy C COOTBETCTBYIO-
UMM KOJIOM OKOHYaHMUs.

[opT-monyyarens queuing-kaHajia O0OCITyKHUBa-
eTcs ApaiiBepoM kaHana. JpaiiBep u3BiekaeT Oydepa
C COOOIICHUSIMU U3 OYepPeIn COOOIICHHH KaHaa C IMo-
mouipto pyHkuu OC chanGetMessage() U BBIBOJUT
ux gepe3 ycrpoiictBo. Ecnm ouepenp cooOmieHuit my-
cTa, (YHKOUS BO3BpAaIlaeT COOTBETCTBYIOIIMH KOX
BO3BpaTa M (GOPMHUPYET 3aIpPOC HA YBEIOMIICHHE O HO-
SBIICHAM cOOOWeHNd B KaHane. COOTBETCTBYIOILIAS
(byHKUMS yBeIOMIICHHS ApaiiBepa JOJDKHA ObITh 3ape-
THCTPHUpPOBaHa 3apaHee (B IPOTHBHOM CJIy4ae yBEIOM-
JIeHNs He OyIyT OTIPaBIATHCH).

bydepa, coxepxaiue cooOuieHus, yKe OTIpaB-
JIGHHbIE Yepe3 YCTPOMCTBO, [paiiBep IOMEIIAeT B
odepenb CBOOOIHBIX OydepoB KaHala € MOMOIIBIO
¢yakmuu OC chanPutBuffer(). Ota ¢bynkuus otmpa-
BUT YBEJOMJICHHE O TOSBJICHHUH CBOOOIHOTO Oydepa
NPOLECCY-TIONTYYaTeNr0, ecu 310 Tpedyercs. DyHk-
Ut 00pabOTKU ATOTO YBEIOMIICHHS OOBABIACT pado-
TOCIIOCOOHBIMH TOTOKH, KOTOPBIE >KIYT CBOOOIHBIX
OydepoB (CTOIBKO MOTOKOB, CKOJIBKO CBOOOIHBIX Oy-
(epos).

Sampling-kananwt (3anuce cooowenuit). lpu BbI-
BOZIE COOOINEHUI dYepe3 YCTPOWCTBO MOCPEICTBOM
sampling-kaHana MOPT-OTIPaBUTENb KaHaJa Haxo-
JIUTCSI B OOBIYHOM IPOIIECCE, a OJIMH MM HECKOJIbKO
MOPTOB-TIONTyYarTeneil — B ceBaopaszese. ITH HOPThI
00CITy>)KHBAIOTCS IpaiiBEPOM.

[Nocrynaromue vepe3 KaHall cooOIIEHHs JpaiiBep
BBIBOJIUT Y€pe3 YCTPOWCTBO; KaXKABIH pa3 BBIBOJATCS
caMble CBEXHe COOOIIEHMs, TaK KaK 0oJiee CBeXHeE COo-
oOIIeHus 3aMenIarT Ooee crapblie (cTapble coooIe-
HUSI IPOCTO UTHOPUPYIOTCS).

VYnpasieHue ycTpoicTBOM NPOU3BOIUTCS IpaiiBe-
POM B KOHTEKCTE 00pabOTYMKa MPEephIBAaHUM WIIN CIie-
[IMAJIBHOTO TOTOKA JpaiiBepa NPHBUIETHPOBAHHOTO
POSIX-mporecca.

[NpuknagHas nporpaMma OTHPABISAET COOOIICHUS
Yyepe3 MOpT-OTHPABUTENb KaHala ¢ HOMOLIBIO (yHK-
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mun OC WRITE SAMPLING MESSAGE. ®ynkuus
BHAYaje 3ampaiiiBacT CBOOOIHBIN Oydep dyHKImen
OC chanGetBuffer(). Ota ¢yHKIHS TpocMaTpUBaeT
BCE MOPTHI U CO3AAET CHHICOK BCEX HCIIOIb3YEMBbIX Oy-
tdepoB (Oydep, comepkamuii camoe cBexee cooOIIe-
HHE, CINTAETCS UCIIOIb3YEMbIM), HAXOIUT CBOOOTHBIN
Oy(ep 1 BO3BpamaeT ero HIeHTHHUKATOP.

B momy4ennsrii Takum obpasom Oydep GyHKIUS
KOIUPYET COOOIIEHNE U OTIPABIISIET €r0 B KaHaJI C 110-
momipto GyHknuu OC chanPutMessage(). B pesyib-
tare Oydep nepecraer ObITh 3aKPEIUICHHBIM 3a IOp-
TOM-OTIIPaBUTEJIEM M CTAHOBUTCS Oy(depoM, conepka-
MM CaMoe CBEXee COOOIIEHHE.

Oyukius chanPutMessage() oTnpasisieT yBeIoM-
JieHue 00 OTHpaBKe COOOIIEHHS BCEM ITOPTaM-II0JTy4a-
TENSIM, KOTOPBIM 3TO TpeOyercss. DYHKINS yBEIOM-
JICHUSI MOJKET, HallpuMep, oOBsIBUTH MOTOK JpaiiBepa
paborocriocoOHbIM. [yl TTOPTOB, HAXOIAIIUXCS B
CTaH/IAPTHBIX Ipoueccax, (yHKIUS yBEIOMIICHUS HE
UCTIONIb3YeTCH.

Ecin OJHH IIOTOK IIONBbITACTCA BBIBOAUTH COOGHIe-
Hue ¢ynkuuer WRITE SAMPLING MESSAGE B
MOPT, B KOTOPBII cevac BHIBOJUT COOOLIEHHE APYToi
MOTOK, €ro COOO0IIeHHE OYIeT MPOUTHOPUPOBAHO.

Sampling-kaHanbl MOTYT MMETh HECKOJIBKO TOp-
ToB-niosTy4areneil. Haxomsmmecst B mceBmopasmenax
MOPTHI-TIOJTyYaTeNld  OOCTY)KUBAlOTCS  JpaiBepamMu
YCTpOICTB.

[paiiBep momydaeT Hanbosee cBexxee COOOIIEHNUE,
BBIBEICHHOE B KaHall, ¢ nomoisio pyakunn OC chan-
GetMessage(). Ecnu 3T0 cooOmieHne He OBIIIO BEIBE-
JICHO paHee, JpaiiBep BBIBOAUT €ro uepe3 00CIyKuBa-
eMoe UM ycrpoiicTtBo. Ilocne BbIBoja cOOOIICHUS
JpaiiBep 0CBOOOKIAET CoMepxKaIHii ero Oydep ¢ mo-
mouibto ¢yHkimu chanPutBuffer() u on Moxer ObITh
MOBTOPHO UCIIOJIb30BaH /ISl BBIBO/IA COOOIICHUS.

Oyukius chanGetMessage() Bcerjga MOpPOXKAaeT
3ampoc Ha yBeIOMJIEHHE O BBIBOJIE coobmieHus. [paii-
BEp JI0JDKEH 3apaHee 3aperucTpupoBaTh GYHKIHIO 00-
pabOTKHN yBeIOMIIEHHS, TaK KaK MHa4de YBEIOMIICHHS
He OynyT nocsutatbes. [Tpn BeIBoie ouepetHoro cooo-
menus ¢ynkaus WRITE SAMPLING MESSAGE
HaIlpaBJIsieT U3BEIICHUE ApalBepy.

Ha pucynke 2 npeacraBieHo rpaduaeckoe m3o0pa-
’KEHHEe OIIMCAHHOTO MOPSsIIKA BBOJIA M BBIBOJIA COOOIIe-
HHUMH.

YBeaomiienust

CpencrBa ynpaBJieHUs] yBEJOMIICHHUSMH, BXOS-
mue B coctaB OCPB Barer 3, urparor BaxHy!o poJib
IpU CO3JIaHWM KaHAJBHBIX ApaiiBepoB. PaccmoTpum
THUIIBI CYIIECTBYIOIIUX YBEIOMJICHUH, UX Ha3HaYEeHUE
W TIPUMEpP HCIIOJIb30BAHUS B OCHOBHOM IIMKJIE TOJIOB-
HOW (pyHKIIMHM JpaiiBepa KaHaA.

CyImecTByIOT CHEIYyIOUINe THITBI yBEJOMIICHUH
(n3BemeHMiN):

— W3BEIICHHUE O BBHIBOJIE COOOIIEHHS B KaHAT;

— wu3BelnieHne o0 ocBoboXaeHNH Oydepa.
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Fig. 2. The scheme of the interaction between
an application program and a driver

YBemoMIleHUsI O BBIBOAE COOOIICHUS IOPOKIa-
IOTCS BIIQJETBIIEM MOPTa-OTHPaBUTENS (OOBIYHBIM
MPOIIECCOM HITM TICEBIOPA3NIEIIOM) M HAIPaBISIOTCS
BIAJCNbIy TOPTa-TONIydaTeNsi. YBEAOMIICHUS 00
ocBOOOXKIEHNN Oydepa MOPOKAAIOTCS BIAIEIbIIEM
NOpTa-Mojay4aTessl M HANpaBISIFOTCS  BIIAJIENbILY
MOPTA-OTIIPABUTEIIS.

HpaiiBep moiy4aeT yBeJIOMJICHHE O BBIBOJIE CO00-
IIEHUS TpH  OOCIY)XMBAaHHM  IOPTa-HOIydaTess
queuing-KaHaja MPH BBINOJHEHUN CIEIYIOIINX YCIIO-
BHIi:

— JpaifBep 3apaHee 3apeTUCTPUPOBAN (HYHKIIHIO
yBemoMIIeHHS (O BBIBOJIE COOOIICHH);

— JpaifBep 3apaHee IMOPOAWI 3alpOC Ha YBEIIOM-
JICHHE O BBIBOJIC COOOIICHUSI.

JpaiiBep, O0OCTY>XUBAIOIUH MOPT-OTIPABUTEIH
queuing-kaHaJa, moJiy4aeT yBegomieHue 006 0cBOO0XK-
neHun Oydepa Mpu BHITIOTHEHUU CIEAYIOMUX YCII0-
BUU:

— JpaifBep 3apaHee 3aperUCTPUPOBAT (YHKIIUIO
yBenomiieHus (00 ocBoOOXKaeHNH Oydepa);

— JpaifBep 3apaHee IMOPOAWI 3alpOC Ha YBEIOM-
nenue 00 ocBoOoskieHnn Oydepa.

3anpoc Ha yBeJIOMJIEHHE O BBIBOJE COOOILICHHUS B
queuing-KaHall ApaiBep MOPOKAAET HESIBHO IPHU BbI-
3oBe ¢yHkmu OC chanGetMessage(), ecnu ouepens
coo0ImIeHni mycTa. 3anmpoc Ha yBeJoMIIeHHEe 00 OCBO-
O6oxnennu Oydepa apaiiBep TakkKe MOPOKAACT HESIBHO
nipu BeI3oBe pyHKKn OC chanGetBuffer(), ecom oue-
penb cBOOOTHBIX OydepoB mycTa.

JpaiiBep, OOCIY)XHBAIOIIHKA TOPT-TIOTYIaTENh
sampling-kaHana, TOJIy4acT YBEIOMJICHHE O BBIBOJIC
COOOIICHNUS TP BBITIOJHEHUY CIICIYIONIUX YCIOBUIL:

— JpaifBep 3apaHee 3aperHCTPUPOBAT (HYHKIIUIO
yBenomiieHus (O BBIBOJIE COOOIICHNUA);

— JIpaiiBep 3apaHee IOPOJIHII 3alpOC HA YBEIOM-
JIEHHE O BBEIBOJE COOOIIEHNS.

3ampoc Ha yBEZOMIIEHHE O BBIBOZIE COOOIIEHHS B
sampling-kaHan apaifBep IOPOXKIACT HESBHO TP BHI-
3oBe ¢pynkuuu OC chanGetMessage().

VYBegommeHust 006 ocBoOOkIeHHH Oydepa B
sampling-kaHalle HUKOT/Ia HE TIOPOKAAIOTCsS, TaK Kak
cBoOoTHBIC Oy(depa Bcerna ecth.

AnmapaTt yBeIOMIICHHH SBIISETCS 4YacThlO Jpaid-
Bepa M Co3JaeTcsi pa3paboTYMKOM JpaiBepa ¢ IIOMO-
nipro cnenyromux ¢pyunknuit OCPB:

— chanNotificationlnit() -
CPE/ICTB Iepeiaun YBEIOMIICHHIA;

— chanNotificationWait() — oxxunanue yBemomie-
HUSI UITK Havalia Mepuo/ia;

— chanNotificationPut() — mocraHoBKka mapamer-
POB YBEIOMJICHHS B O4Y€pe/Ib;

— chanNotificationGet() — u3BicUeHUE MapaMeT-
POB YBEIOMJICHHS U3 OUYEPEAH.

Oynkuus chanNotificationInit() gomkHa OBITH BBI-
3BaHa MOTOKOM YIpaBIIeHHs JpaiiBepa B Hayalle ero
pabotbl. DyHKIMS CO3/1aeT ouepenb YBEIOMIICHUI.
O/HOMY yBEJOMIICHHIO COOTBETCTBYET OAMH 3JIEMEHT
ouepeid, KOTOPbIil COJePKUT JBa napamerpa. DyHK-
LK YBEJJOMIICHHS JpaiiBepa MOMEIAIOT B O4EPeIb Ma-
paMeTpsl  YBEIOMJIEHHS C TOMOIIBIO  (DyHKIUH
chanNotificationPut(). [paiiBep momydaer yBegomie-
HUsA ¢ momombeio ¢yHkuumu chanNotificationGet().
Ecnu ouepenp yBenomieHuil mycra, ApalBEp MOXET
ucnonb3oBaTh (yHkuuio chanNotificationWait() s
OKMJIaHUS TOSIBIICHUS YBEIOMJICHUI B ouepenu. Ecnu
JpaiiBep paboTaeT B MEPUOJHUECKOM PEKHUME, BHI3OB
¢ynkuuu chanNotificationInit() cuuraercss Hauaniom
nepBoro mnepuoaa. s oXuIaHUS Havyalla Cleayro-
IIEro mepro/ia MOTOK JIpaiiBepa MOXKET UCIIOIb30BaTh
takxke Gyrknuro chanNotificationWait().

MHHUIMAJIN3aLUs

3axioueHue

B pabore ommcana o0mas cxema B3auMOJICHCTBUS
Pa3IUYHBIX YacTe CUCTEMBI il 0OMEHa COOOIIEeHHU-
SMH B CHCTEMax PEajbHOTO BPEeMEHH, CHOPMYJTHPO-
BaHBl OCHOBHBIE TPEOOBaHUS K JApaiBepy, OMHCAHBI
9Tanbl MpuemMa U nepefaadn coodmenuit. Ipemioxen-
HbIE CTIOCOOBI B3aUMOJICHCTBUS IpaiBEpOB KAHAIIOB C
OCPB no3BoJsIt0T n30exaTh 3aMMCH JaHHBIX B TIAMSITh
9y)KOTO TpOIlecca, YTO CYIISCTBEHHO ITOBBIIIACT
HAJICXKHOCTH CHCTEMBI. JTOT K& HHTep(eiic UCIIONb3Y-
€TCSI U B PACHPEACICHHBIX BBIYHCIHTEIBHBIX CHCTE-
MaX, KOTJIa pa3JIndHbIC YCTPOHUCTBA CHCTEMBI COCTUHSI-
IOTCSL MEXIY COOO0 MOCPECTBOM IIMH C OOIIUM J10-
CTYTIOM.

Jst OCPB bBaret 3 pa3paboTanbl # TPOTECTHPO-
BaHBI JpaiBephl, 00eCIeUNBAIOMINE MEKXMOTYIHHYIO
cBs3b o cetu Ethernet mo nmpotokony UDP, no mmuae
VME, no mmue RapidlO. TloaroromneH mpoTOTHI
npaiiBepa s Fibre Channel (FC).
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JpaiiBep KkaHanoB, pa3paOOTaHHBIN IS KOMMY-
HUKalMOHHOH cpeabl RapidlO, xoropas ornmuaercs
BBICOKHM OBICTPOJICHCTBHEM, HCIOJIB3YETCSI B OTEUE-
CTBEHHOM JIMHEHKE TPOoI1IeccopoB [7] A pemeHus 3a-
Iadu mudpoBoit 00paboTku curHaioB [8] Ha MHOTO-
MIPOLIECCOPHOM CUCTEME.

Ha onmcannyto moznens B3anmoneiicteus OCPB ¢
IpaifBepoM KaHaja MOJIy4YeHsI maTeHTsl [9, 10].
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Abstract. The article considers ARINC specification 653 channels, which are intended for interprocess communication. The paper
proposes the basic methods of designing channel driver, as well as their interaction with the Russian real-time operating system
Baget 3 (RTOS Baget 3). RTOS Baget 3 user interface is based on ARINC 653 Specification and POSIX standard. The channel access
is performed through ports. Every channel has the only port for sending messages and a single or several destination ports for receiving
messages. Messages can be sent through a channel in only one direction. An application program can use the channels in the processes
that correspond both ARINC and POSIX.

The paper specifies the requirements for channel drivers and describe notification control means used for driver development. It
also considers the stages of initialization, sending/receiving messages and implemented algorithms. The proposed methods of imple-
menting drivers interaction with RTOS allow avoiding data recording to the other process memory that significantly enhances the
system reliability. Distributed computing systems use the same interface when separate subsystems are interconnected by means of
shared access buses (VME, RapidIO, Fibre Channel) or Ethernet. The connection table for processor units is specified at the stage of
system configuration. The channel driver, designed for RapidlO communication environment that offers fast operation speed, is used
in a multiprocessor digital signal processing system.

Keywords: real-time, operating system, channels, drivers, multiprocessor systems, RapidIO. POSIX, ARINC 653.
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AHAAH3 COBPEMEHHBIX METOQOB TECTHPOBAHHA
H BEPHPHKAIIHH ITPOEKTOB
CBEPXBOABIIIHX HHTETIPAABHBIX CXEM

L. HU. CAuHKUH, 3ae. 2pynnoii, slin@nm.ru
(PedepanvHulii HayuHblil yeHmp HayuHno-uccnedogamenbcKuili UHCMUMYMmM CUCTMEeMHbLX UCCTe008AHUT
PAH (@HI[ HHHCH PAH), Haxumosckuil npocn., 36, kopn. 1, 2. Mockea, 117218, Poccus)

Komnannu, paspabatsiBaronue ceepxdonvuiue unmezpanvuvie cxemwvl (CBUC), npuaep >XxuBaroTcs onpeaeieHHbIX Maplil-
PYTOB IIPOEKTHPOBAHUS U BXOJSIIMX B HUX MapIIpyToB TecTuposaHus. Cumnraercs, uto 60—80 % ycunuii koMaHI-pa3paboT-
YHKOB aIlllapaTHBIX CPE/ICTB 3aTPadyMBACTCs Ha BEPH(DUKALIUIO M OTIIAJIKY. BayKHBIM 3TaItoM sIBISIETCS OTIIaIKa MOJeNeil ypOBHS
peructpoBsix nepenad (RTL). IIpu aToMm He cymiecTByeT yHHBEpCaaIbHONH METOIUKH JUTSl PEIICHHS ATOH 3aJaqH.

B crarbe ananmm3upyroTcs 3apyOeKHbIe M OTEYECTBEHHBIC TyOINKaINH, TOCBSIIEHHBIE OTIaKe X BepU(PHUKAILIMU IPOMBIII-
neHHbIx npoekToB CBVIC. Pa36buparoTcs yeTbipe OCHOBHBIE METOIOIOTUH: (hopMajbHask BepH (UKL, IMHTAIHOHHOE TECTH-
pOBaHHE, HCTIOIb30BAHIE AIMAPATHBIX YCKOPUTENEH, CO3JaHIE IPOTOTUIIOB HA OCHOBE NPOZPAMMUPYEMBIX TOUHECKUX UHMe-
epanvrvix cxem (IUINC). [Insa xakmoil U3 3TUX METOHOJIOTHIA HPUBOAMUTCS MH(OpMANMsA O crocoOe BBIABICHUS OMIMOOK,
CYIIECTBYIOIIUX MPOTPaMMHBIX H alNapaTHBIX HHCTPYMEHTAX, KOTOPbIE MOTYT OBITh IPIMEHEHHI B IIPOIECCE OTIAAKU. AHa-
JIHM3UPYIOTCSA UX 0COOCHHOCTH, TaKUe KaK TPYJOeMKOCTh, TPEOOBAHHS K KBANU(HUKAIIMU U YUCICHHOCTH KOMaH[ BepuduKaro-
POB, CTOMMOCTb HEOOXOAUMBIX MHCTPYMEHTOB, HAINYHE METPUK UL OLIEHKH TECTOBOTO HMOKPHITHA. [IpuBOAsTCS Ha3BaHUS
KOHKPETHBIX HPOMBIIUICHHBIX ITpoekToB CBVIC, B KOTOPBIX 3TH METOI0JIOTHH OBLIN HCIIOIb30BaHbI: MUKPOIIPOIIECCOPHI, BBI-
COKOITPOM3BOJIUTEINIBHBIE CETEBBIE KOMMYTATOPBL, Tpaduyeckue mporeccopsl. Ha3pIBaloTcsl IpUMEHEHHBIE Pa3padOTIYHKaMK
UHCTPYMEHTEL

Ocoboe BHUMaHHE yaeneHo otaaake mpoektos Ha [IJIMC. Pa36uparorcs ciaeayromue moaxo/sl: HCIoIb30BaHIE BCTPOCH-
HOTO JIOTHYECKOTO aHATN3aTOpa, BHEITHEE KOHTPOIBHO-U3MEPUTENbHOE 000pyJ0BaHHE I UX KOMOHMHUPOBAHHE.

Ha ocHOBe mpakTHYecKoro ombITa MOKa3aHo, YTO YETHIPE PACCMOTPEHHBIE METOI0IOTHH OTIaJKH M BepU(PHUKAIUH IPOEK-
toB CBUC nMeroT pasrpaHndeHHbIe 00nacTH npuMeHeHHs. Ha3bIBaloTCsl TUIIBI MEKPOCXEM, AT KOTOPBIX MOXKET OBITh HC-
MOJIb30BaHa KOHKPETHast MeTo10JI0Tusl. KpaTko pe3loMHpyIOTCs UX JOCTOMHCTBA U HEJIOCTATKH.

Kniouesvie cnosa: ¢popmanvuas eepuduxayus, umumayuonnoe mecmuposanue, annapamuuie yckopumenu, IIJIHC-

npomomunsl, NpAKMU4eCKoe npumMeHeHue.

OmubKa B IPOEKTE C8EPXOONLULUX UHMESPATILHBIX
cxem (CBUC), oOHapyxeHHAs HA paHHEH cTaanH, y/e-
HIeBysieT ee ucnpanieHne. Hanbonee qoporoctosmum
SBJISIETCS M3TOTOBJIEHHE HOBBIX (oTommadioHos. Ilo-
3TOMY YHCJIO WTEpalHi, CBA3aHHBIX C M3MEHEHHEM
NpOEKTa Ha 3Tale TECTHPOBAHMS TOTOBBIX KPHUCTAJ-
JIOB, JKeJIaTeIbHO MUHUMH3HPOBATh. MoJeNlb YPOBHS
RTL ompenensier OCHOBHBIE XapaKTEPUCTHKH OYyIy-
meit MuKkpocxeMbl. CTaThsl MOCBSIIECHA AaHAIN3Y CYIIe-
cTByrOIIMX MeTonoB orTinanku RTL-mMozpenent ¢ neinsko
ompeneneHus obnactell nx npumMeHeHus. Paccmorpum
OCHOBHBIE MeToAbl oTinaaku RTL-monenen.

Dopmanvuaa eepugurayua (OB). Ilpumensitorcs
caenytomue meroasl OB: neqyKTUBHBIN aHAIN3, TPO-
BEpKa JKBHBAJICHTHOCTH, OCHOBAaHHAs Ha yTBEpXJe-
HUX Bepudukanus (ABV), mpoBepka Moaeny.

JlenyKTUBHBIN aHATU3 MPECTaBIsIeT coO0 Marte-
MaTHYECKOe JI0Ka3aTeIbCTBO COOTBETCTBUS MEXTy Be-
puduIIpyeMbIM poeKToM H crierudukanueii. [Ipo-
eKT W CTIeIU(HUKANNS TOJDKHBI OBITh MPEJCTABICHHI B
TepMHHAX oOmpeneneHHoNH (opmanbHOW jormku. Mc-
HOJIb3yEMBIE CPEACTBA ABTOMATU3UPOBAHHOTO JOKa3a-
TenbcTBa TeopeM (theorem prover): HOL, Mizar, PVS,
Coq, Isabelle, Alfa, ACL2. MeTox nmpuMeHsUICS ISt
OTJIaJKH aIrOPUTMOB BELIECTBEHHOH apu(MeTHKn
(YMHOX€EHHE, [eleHUe, U3BJICUEHUE KBaAPaTHOTO
kopHst) npouieccopa AMD-K7 (ACL2) [1] u conpouec-
copa BEIIeCTBEHHOUW apudMeTHKH mporeccopa Intel
Itanium (HOL-light) [2].

OcHoBHas uaes ABV 3akirouaercst B popmanmza-
IIUH 3HAHUH 0 paboTe MPOeKTa U MPUMEHEHUH UX MIPH
MOJICIUPOBAaHUK B aBTOMAaTHYecKoM pexume. Jlis
KOHTPOJISI TPaBMIIBHOCTH PabOTHI MIPOEKTa HCIOJIB3Y-
I0TCS YTBEPXKACHMSI, HAlMCaHHbIE Ha si3bikax PSL u
SVA. Bo3moxHa aBTOMaTudeckasi reHepalusi yTBep-
sxkaeHuit mpu nomon DesignPSL. CymiecTByroT Kak
CBOOO/IHO pacpocTpaHseMble ONOINOTEKN yTBEPXKIe-
Huit (OVL), tak u kommepueckue (QVL, Checker-
Ware). bubnanorednsie 37I€MEHTHI COAEPKAT OJIOKH
JUTS TECTHPOBAHUS TPOCTHIX CTPYKTYP (CUETUHKH, OY-
(hepbl, KOHCTAHTBI) W JJIS CIIOKHBIX TIPOTOKOJIOB
(Bl AMBA, PCI, USB, unTtepgeiic DDR) [3]. bu6-
JMOTEKH HCIIONB3YIOTCA TakXKe MPH MOJACIMPOBAHUM,
smyssinnn wn st TIJIMC-niporotunos. dus [TJINC-
MPOTOTHUIIOB BO3MOXKHO KOMOWHHPOBAaHHE IPOBEPKU
YTBEP)KACHUH M 33aHUs peXuMa padoTHI Mporpam-
MHBIM TECTOM.

ITpoBepka >KBUBaNIEHTHOCTH. YTBEP)KACHUE O pa-
60TOCIIOCOOHOCTH MOJIENTN MTPOEKTa OCHOBHIBACTCS Ha
JIOKa3aTeNbCTBE AIKBUBAICHTHOCTH APYTOW MOJIEINH.
Hanpumep, 5KBHBaI€HTHOCTH CXEMBI Ha YPOBHE TPaH-
3uctopoB U RTL-mMoznenu. UHCTpyMEHTaMU SBIISIFOTCS
Conformal, Formality, FormalPro.

[TpoBepka Mozenu cBsizana ¢ GopMaIbHOU ITPOBEP-
KOI1 BBINOJIHEHNSI HA MOJIENIN CBOMCTB MOBEAECHUS IIPO-
EKTHPYeMOro 0OO0beKTa, CIenn(pUIUPOBaHHbIX Ha
s3bIKe (POPMATBHOMU JIOTHKU. MeTo1 MOXKET OBITh I10JI-
HOCTBIO aBTOoMarusupoBaH. [IpoOmemoit sBisercs
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KOMOMHATOPHBII B3pBIB YHCJIA COCTOSIHMH CHCTEMBI
NpY YBEJIMYCHUH YMCIia KOMITIOHEHTOB. [lyist ee pere-
HUS MCTIONIB3YFOTCSI CHMBOJIbHASL BEpU(HUKALUS Ha OC-
HOBe OWHapHBIX pemaromux auarpamm (BDDs) nmm
pemaTeny 3aJad BBITOJHIMOCTH OyJeBBIX (OPMYI
(SAT-solvers). MacTpymenTamu sBisitoress SMV, Ma-
gellan, Forte, Murphy. MeTox ucmons30Bacs ajs Be-
puduKaMy TPOTOKOJIOB KOT€PEHTHOCTH K3II-TTAMATH
B Intel (Murphy) [4] 1 s rpaduueckux IpoLeccopoB
NVIDA (Magellan) [5]. ns nporeccopa Intel Core i7
nposezeHa nonxast @B knacrepa EXE (Forte) [6]. [Tpu
9TOM OCTAJINCh HE3aMEUEHHBIMH IS Th TPOOJIEM, TPH U3
KOTOPBIX OBUIM BBISIBIICHBI YK€ IIOCIIE W3TOTOBIICHHS
kpucTamia. [IpoGieMbl cBs3aHbI ¢ HEKOPPEKTHOI crie-
mudukanyeil WM ¢ HECBOEBPEMEHHBIM OKOHYaHHEM
pabot mo ©B [6].

B otnmmume ot apyrux nogxonos OB He obecmeun-
BaeT PABHOMEPHOTO YJIyUIICHHS KaueCTBa Pe3yIbTaTa
TECTUPOBAHMS OT BPeMEHH. MeToq0I0THs IPUMEHS-
eTcsl B KPYIHBIX KOMIAHUSAX C OOJBIINMH KOJUIEKTH-
BaMH MH)XeHepOB-BepH(pukaTopoB. lcrnonb3oBaHue
OB orpaHnueHO OTIAAKOH OTIENBHBIX 0CO00 OTBET-
CTBCHHBIX Y3JIOB. I'maBHBIM HEOAOCTAaTKOM SBJISACTCA
npoBepKa aOCTPaKTHOW MOJENHU, & HE pealbHOH CH-
cTeMbl. MeTo 00ecrne4yrnBaeT BBHICOKOE KaueCTBO Be-
pudukanmy, HO HE TapaHTHPYET TOJHOE OTCYTCTBHE
OIMOOK.

Hmumayuonnoe mecmuposanue. B Hactosiee
BpeMs HIMUTAIMOHHOE TECTUPOBAHKE, UITH MOJIEIIUPO-
BaHME, SIBJISETCS CaMbIM PaCIPOCTPAHEHHBIM ITOJIXO-
JIOM K BepuduKanuu. PazinyaioT CHCTEMHYIO M MO-
IynbHYI0 BepHpuKanunu. MojyibHas BepUHKAIS
BBITIOJHACTCS ISl OTJACNBHOTO OJIOKa WIIM JUIS He-
CKOJIBKHX JIOTHYECKH CBS3aHHBIX OJIOKOB. 3aiadeil cu-
CTEMHOIl Bepu(UKALUK SBISETCS MPOBEPKa B3aHMO-
JIEUCTBUSI MEXKJYy KOMIIOHEHTaMH, a CIIeJOBaTeNbHO,
MPOBEpKa yCTPOCcTBA B LIeoM [7].

PaboTa ycTpoiicTBa MOAEIMpYeTCss HPH TTOMOIIH
nporpammuoro RTL-cumymnsaropa. Cymectsyrot I10 ¢
OTKPBITEIM HcXoaHBIM KojioM (Icarus, GHDL, CVC) u
OecrraTHBIE MPOTPAMMEBI C OTPAaHHYEHHOH (yHKIIHO-
HanpHOCTBIO (Active-HDL u ModelSim). Ins pabo-
yux Mect Ha [IK mpumensrores ModelSim, Active-
HDL, Riviera-PRO, Silos, VeriLogger Extreme u ap.
Jns  npennpusTuii  mpejuiaraloTcs HMHCTPYMEHTBI,
obecrieynBaONIMe TOYHOE BPEMEHHOE MOJEIMPOBa-
HHUE Ha BECHTUJIIBHOM YPOBHE, UTO KPUTUYECKU BAXKHO
npu mepenade npoektoB CBUC Ha mpon3BoacTBo,
Hanpumep Incisive Enterprise Simulator, ModelSim/
SE, Synopsys VCS. TlpoektupoBanue Ha IIJIMC He
TpebyeT NOpOTruX CHUMYJISTOPOB, HCIOJIB3YIOTCS HH-
ctpymeHTsl ModelSim, Altera Quartus I u Xilinx ISE.

B nponecce umuranuonHoro tectuposanus RTL-
MOJIeTIb 3aIllyCKaeTcss B paMKax TECTOBOM CHCTEMBI
(testbensh), mnst co3maHmst KOTOPOH MCIHOJIB3YIOTCS
Wi s3bIku nporpamMmupoBanus C, C++, wim s3bIKH
onucanus anmnaparypsl SystemC, Verilog, VHDL, uiu
crienuanbHble s3b1kn Bepudukamuu OpenVera, Sys-
temVerilog. TecToBas crcTeMa BBITTOJHSIET TPH OCHOB-
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HBIE 3aJ]aul: TeHepalus TECTOBBIX BO3/EHCTBUM, Ipo-
BepKa IPAaBUIBHOCTH TOBEACHUS MOJAEIM U OICHKA
MOJHOTHI TECTHPOBaHMA. [IpUMEHSIOTCS Cliemyromye
METOZbl CO3JaHMs TECTOBBIX BO3JCHCTBUH: pydHas
pa3paboTka, ciaydaiiHas TeHepanus, TeHepamus Ha oc-
HOBE NIa0JIOHOB, T€HEpAIWs Ha OCHOBE KOHEYHBIX
aBTOMATOB. AHAJIN3 OMMOOK W OIEHKA ITOJHOTHI Te-
CTHPOBAHUS BHITTOJIHAIOTCSI HA OCHOBE OTYETA O TECTH-
poBanuu. J{nsi MPOBEPKH NPABHIJIBHOCTU IOBEJCHUS
MO/IENTH UCTIONB3YIOTCS KO-CUMYJIAIUs (CpaBHEHUE pe-
3yJIBTaTOB TECTa C 3TAJIOHHOM MOJAENBI0), TECTHI CO
BCTPOCHHOW TPOBEPKOH M (hopMalbHBIE cIierupuka-
mun [8]. [IporpamMMbI-CHMyIATOPEl OOBIYHO WMEIOT
BO3MO>KHOCTb OIIEHKH ITOJTHOTHI HOKpbITHs RTL-Mozme-
JM: KOJHMYECTBO BBIIIOJIHEHHBIX CTPOK KOJa, CTaTH-
CTHKa TPOXOKACHHS BETBJICHUM, IMOJHOTa KOMOHMHa-
LUI apIyMEHTOB.

Jlng co3maHMsl TECTOBBIX CTEHIIOB HUCHOJB3YIOTCS
crielaibHble MeTo0J0ruu Bepudukanuu. B 2010 r.
He3aBHCcHMas opranuzanus Accellera, 3aHnMaromascs
pa3paboTKO¥ CTaHIAPTOB, NPEAJIOKHIA METOIOIOTHIO
UVM (Universal Verification Methodology), co3nan-
Hyr0 Ha ocHoBe OVM u BKiIIOUaromiyio B cebs AVM,
URM, VMM u eRM. Metonosnorus UVM nonnepxu-
BAETCsl TPEMsI OCHOBHBIMH KOMITaHUSMH-Pa3padOTIH-
kamu HDL-cumyisitopoB: Cadence, Synopsys u Men-
tor.

B UVM mnpumenstorcss 06beKTHO-OPHEHTHPOBAH-
HOE IIPOTrPaMMHUPOBAHNE U MOJICIINPOBAHUE HA YPOBHE
tpanzakuuit (TLM). s GBICTpOro CO3MaHUS TECTO-
BBIX OKPY)K€HHI U KOMIIOHEHT BepU(HUKALIUH Ha S3bIKE
System Verilog cnyxur 6ubnuorexka kimaccoB. Mc-
MOJB3YIOTCS CITydaifHasi reHeparysl BXOIHBIX BO3/EH-
CTBHH Ha OCHOBE OTPaHHMYCHHMH M ympasisieMas I10-
KpbITHeM Bepudukanus. [Ipeanonaraercst MoBTOpHOE
MPUMEHEHNEe KOMIIOHEHT BEpU(HKALUH M TECTOBBIX
okpyxeHuil. UVM cuurtaercs nepcrneKTUBHOW U LIH-
POKO pacnpocTpaHeHHOI MeTomosorueii BepuduKa-
LHH.

B HUNCHU PAH metomonorus UVM ucnosnb3oBa-
Jach IS OTJaIKu OJioka TpeoOpa3oBaHUs aapecoB
TLB B coctaBe mukponporeccopa [9]. Coobmiaercs 06
ncnonp3oBannn UVM miis BepuduKanud KOHTPOJI-
nepa npepsiBannii APIC Muxpomnpoueccopa «91ab0pyc
2S» B BAO «MIICT» u 06 ucnons3zoBannu OVM st
BepUUKALUA MOYJIS K3IIa BTOPOTO YPOBHS TOTO ke
MUKpomnpor1eccopa [7].

Taroxke B HUMCU PAH 6bina paspaborana unTe-
rpupyemas cuctema INTEG, ucnons3syromias ciydaii-
HyI0O TEHEepamuio TecToB mo mabionam. Cucrema
BKJTIOUaeT B cebs rpaduueckyro 0005109Ky, Tpadude-
CKHH peJaKTop IabJIOHOB, TEHEPATOpP CIyYalHBIX Te-
CTOB, CUMYJISTOP IiejeBoro mpoieccopa VMIPS (aTa-
nonHast Mmogens), cumyisitop RTL-monenu (Verilog) n
mporpaMMy cpaBHeHUs pe3ynsTaToB. Cuctema INTEG
JIOKa3ajia CBOIO TIOJIE3HOCTH IIPH BepH(HKALMK IMpO-
€KTa MUKpomporieccopa ¢ apxurekrypoit MIPS64. Co-
BeplIeHCTBOBaHUE pa3pabatsiBaeMbix B HUMCU PAH
MHKPOIIPOIIECCOPOB, N3MEHEHHS B OpraHU3aNnH, CIe-
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HapHsiX U MHCTPYMEHTaX TECTUPOBAaHUS OOYCIOBHIH
pa3paboTKy MOJEPHHU3UPOBAHHOIO IMPOTPAMMHOTO
komiuiekca INTEG2 [10].

B UCII PAH mns BepupuKaiy MEKpPOIIPOIIECCOB
U JIPYTUX MPOTPaMMHPYEMBIX YCTPOICTB (comporiec-
COpOB, KOHTPOJUICPOB) Ha CHCTEMHOM YypOBHE pa3-
paboran mHCcTpyMeHT MicroTESK [11]. I'emepatop
co3/aeT Habop TECTOBBIX MPOTPaMM HEOOIBIIOTO pas3-
Mepa. Mmeercs moanepkka aBTOMAaTUUECKON reHepa-
IIMM TECTOBBIX IIa0JIOHOB Ha OCHOBE KOMOMHATOPHBIX
texHuk. MicroTESK wucnonb3oBaics misl OTIaIKd
MIPS-64 coBmecTuMoro Mukporpoueccopa, DSP-co-
nporeccopa U apuPMETHIECKUX COMPOLECCOPOB Be-
IIECTBEHHBIX yucen. s Bepudukanum Ha MOIYJIb-
HOM ypoBHE Hcmoib3yrorcs TexHonorus UniTESK u
uHctpymMeHT CTESK, ocymecTBastonuii aBToMmaTu3u-
POBaHHYIO Pa3pabOTKy TECTOB Ha OCHOBE (hopMallb-
HeIX cnennpukanuit. CTESK Obu1 mpuMeHeH ams oT-
nanku Verilog-Monenei Kam-nmaMsaTH BTOPOTO YPOBHS
u 0ydepa Tpaucisinun agpecos MIPS64-coBmecTrMo-
ro mukpomporueccopa. Macrpyment C++TESK npen-
THoJIaraeT Co3ZiaHue creru(UKalyuy U BCeX KOMIIOHEHT
TecToBOU cucTeMbl Ha s3bike Cut+. TecTtoBbie cu-
CTEMbI CO3/IAIOTCSI HAa OCHOBE STAJOHHBIX IpPOTpaM-
MHBIX MOJIEIeH pa3InyHbIX ypoBHeEH adcTpakuuu. Co-
oOIraercst 0 MPUMEHEHUH PAacCMAaTPHBAEMOTO METO/a
B BU/Ie OMOTMOTEKH KJIACCOB JIJISI JICBSTH IIPOCKTOB BE-
pUHKAIIN MOIYIICH IPOMBIIUICHHBIX MUKPOIIPOIIEC-
copos [12].

ByTBUI0YHBIM TOPIBIIIKOM UMHTAITHOHHOTO TECTH-
pPOBaHUS SBIIICTCS HHU3KAas 4aCTOTa MOJEIHAPOBAHIS,
necsTku repil. CKOpOCTh MOJIENUPOBAHHS OT/CIBHOTO
6JI0Ka Ha TOPSAIOK BBINIE CKOPOCTH MOJETHPOBAHUS
ycTpoiicTBa B 1iesioM. KomOMHaTOpHAS CIIOXKHOCTD Te-
CTOB 11 COBPEMEHHBIX cucmem Ha kpucmanie (CHK)
BBICOKA, IIO3TOMY B JIUTEPAType 3a4acTyI0 coo0maercs
0 TECTHUPOBAaHUH TOJIBKO OTJIENbHBIX, HauboJIee OTBET-
CTBCHHBIX OJIOKOB MHKpomporeccopoB. OrpaHHUYNBa-
OIMM (PaKTOPOM CTAaHOBHUTCS HE TOJNBKO MAIIMHHOE
BpeMs JUIS IPOXOXKACHUS TECTOB, HO U BpeMs paspa-
0OTKH MOTHOTO Habopa TecToB. HeoOXoauMbl BhICO-
kuit ypoBeHp 3HaHMiH UVM-nmxeHepoB B oOnactu
pa3paboTKM ammapaTHBIX CPEACTB, B OOJIACTH pa3pa-
6otku I10, a Takke 3HaHHWE METOJOB BEPHUPHUKAIUH.
Henonnas noxymeHTaIysi CriocoOHa CHH3HUTH Kade-
cTBO BepuduKkanuy. Hegoctatkom cirydaitHOH reaepa-
L[UH TECTOB SIBJIIETCS Majlasi BEPOSITHOCTh HAXOXKICHUS
CJIOKHBIX OIIMOOK, JUIsl KOTOPBIX TpeOyeTcs IPUBECTH
MOJIENIb YCTPOWCTBA B 0c000e cocTosHue. ['eHepanus
TECTOB TPH 00X0Je KOHEYHOI'O aBTOMAara I03BOJIET
HaXOAMTh CIIOXKHBIE OMIMOKH, HO TpeOyeT aJeKBaTHO-
CTH HCIOJIb3yeMOH 3TaJJOHHON Moaenu [12].

JlocTOMHCTBaMH HMHUTALIMOHHOTO MOJECITUPOBAHUS
SBIISIOTCSI HAJHMYHE METPHK, MO3BOJIIOMINX KOJIHYeE-
CTBEHHO OIICHMBATH TECTOBOE MOKPBITHE, M BO3MOXK-
HOCTHb OOHApYKEHHUS HEMpPEICKa3yeMbIX OIIMOOK TpH
BBITIOJTHEHUH CITy9alHBIX TECTOB. ABTOMAaTHYeCKas re-
Hepalusl BXOJHBIX BO3JACHCTBUN M aBTOMAaTHYecKas
MPOBEPKa Pe3yIbTaTOB TECTUPOBAHUS CHIDKAIOT TPY-

JTOEMKOCTh TECTHPOBaHUS M 0OCCICUNBAIOT BBICOKHIA
MPOLIEHT TECTOBOTO MOKPBITHSI.

Annapammnute yckopumenu. J{1s yBeTUICHUS CKO-
POCTH MOJEIMPOBAHUS Ha HECKOJIBKO MOPSIKOB MpU-
MEHSIOTCS alnapaTHbIC YCKOPUTEIH, WIH IIaT(HOPMBI
smyisinuu. IlpencraBneHHble Ha PBIHKE YCKOPUTENIH
peann30BaHbl Ha CHELMAIbHBIX MpOLEcCOpax, Ha 3a-
Ka3HBIX win Ha komMmepueckux I1IJIMC (tabm. 1). Bee
TPH ApPXUTCKTYPHI SBJISIOTCA MaCIITAOMPyEMBbIMU, OHH
MO3BOJISIFOT pa3MeEIIaTh MPOCKTHI JTF0OOOTo pasMepa, OT
IP-610KOB 10 MOJIHBIX CHCTEM. BakHBIM sBJISIETCS Te-
CTUPOBaHUE B3aMMOJICHCTBUSA HAa CUCTEMHOM YpPOBHE,
MOJJIEP>)KUBAEMOE allllapaTHBIMU ycKopuTensimMu. Ya-
CTOTA 3aBUCUT OT MHOTHX (haKTOPOB M COCTABISACT OT
equann MI'm mo 100 MI'p (st HAPS-80). O6braHO
nojepkuBatoTcest Metogonoruss UVM, Bepudukanms
Ha OCHOBE YTBEP)KIEHHH, MHOTOIIOJIb30BATEIbCKAs pa-
Oota, Monenn ypoBHs Tpam3akimii (TLM).

Cospemennsie CHK MoryT BKmo4ath B ceOsl He-
CKOJIBKO MPOLECCOPHBIX SIEP U BBICOKOIPOU3BOAM-
TeNbHBIC UHTEpQeichl. [l ynpaBicHUS HCIOJIB3Y-
I0TCSl OTIEPAI[MOHHAS CUCTEMA U IPAUBEPHI.

Tabauya 1
AnnapatHble YCKOPHUTEIH U IJIAT(OPMBI Il IMYJISIHH
Table 1
Hardware accelerators and platforms for emulation
Inar- Komna- KonuuyecTBO BeH-
MukpocxeMbl .
dopma HHS THJIEH B TPOEKTE
Crienuanusupo-
Palladium |Cadence |BaHHBIe ipomec- |[do 2 Mapa
COpBI
. TIJINC Xilinx
Protium |Cadence Virtex-7 Jo 100 mmH
Crienmanusupo-
Veloce I |Mentor  |BaHHBIC HJ'[I/{)C Ot 256 M
Crystal2 20 2 ML
ZeBu | IUIC Xilinx  |°% o
Server-3 YNOPSYS |y o MaciTabupyercs
10 3 Mipxt
TUINC Xilinx
HAPS-80 [Synopsys |Virtex Jo 1,6 mpn
UltraScale
TIJIUC Xilinx
Prodigy Virtex-7
Cloud S2C (UltraScale, Jo 1,4 mupn
Cube 32 Kintex-7) nmm
Altera Stratix IV

DMy Ha OCHOBE MPOIIECCOPOB pealn30BaHa B
yckoputersix  cemeiictBa Palladium. AnmapatHas
9acTh IMYJIATOPA COCTOUT M3 MACCHBA CIICIHATIN3UPO-
BaHHBIX MPOIIECCOPOB, BHITOIHSIIONIUX OYIIEBHI Omepa-
UM TECTHPYEMOTO NPOEKTa. DMYJSATOP BKIIOYAET B
cebs or 103 mo 104 apupmMeTHKO-IOTHIECKUX
ycrpoiicTB. 3agaua 1O cocTouT B paszieneHuu mpo-
€KTa MEXXIY NPOLECCOPaMH U B ONITHMAJILHOM IIIaHU-
poBaHMHU OyJEBBIX ONEpanuii B KOPPEKTHOI BpeMeH-
HOM mocnenoBaTenabHocTH. [loayiepkka cranaapTHBIX
nunTepgeiicoB peanuzoBana 3a cuer SpeedBridges —
KapT aJanTanyuy 9acToT SMYJISITOpa U Nepu(epuitHbIX
YCTPOMCTB.
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OcHoBHbIMU TIpeumyniecTBamu Palladium siBis-
10TCSl OBICTpOE BpeMsi KOMIMJISILIMK W TIOJIHAs BHJIU-
MOCTB IIPOEKTa Ha MTOJTHON cKopocTH sMyisiun. Palla-
dium »¢dexrusen B pexxume ICE, momgnepxuBaemom
Habopom kapT SpeedBridges. Mimeercss BO3MOKHOCTB
OLICHKH MMUTAHUS IIPOEKTA C IIETbI0 YMEHBIICHUS YHEP-
rornoTpeOIeHus.

I'maBuble HEnocTaTKH Palladium — Gonprme usn-
YEeCKHE pa3Mepbl M BBICOKOE IHEPronoTpedieHue Mo
cpaBHeHHI0 ¢ [IJIMC-3MynsaTOpOM 3KBHUBAJIEHTHOU
BBIYHUCIUTENBHON MomHOCTH [13]. OrpannyeHna cko-
pocts B pexmnme Transaction-based acceleration.
Taxoke cieqyeT OTMETHTh BBICOKYIO CTOMMOCTD aIlma-
paTHBIX 3MYJISITOPOB.

YcKopuTEnH Ha OCHOBE CIICHHATH3HPOBAHHBIX
I[IJINC obecriedynBalOT CTOMPOLEHTHBIN TOCTYyI 0e3
KOMITWJISIIAN TIPOOHUKOB M OBICTPYIO TPacCHPOBKY
BpPEMEHHBIX JuarpamMm. Hemocratkom sBisieTcst Hc-
MoJIb30BaHue (hepMbl pabOYUX CTAHIMK ISl OBICTPON
KOMITHJISILIY, CKOPOCTh KOTOPBIX HHXKE, a Pu3nueckue
pa3Mepbl OoJIbIle, YeM y SKBHBAJIEHTHOTO 3MYJISITOpA
Ha ocHoBe koMMepueckux IIJINC.

Yckoputenu Ha ocHoBe kommepueckux [1IJIMC 06-
JMaJaoT HAaMMEHBUINMHU (U3HYECKUMH pa3MepaMu |
notpedisieMoit MomHocThI0. OHM mocTuraior Oosee
BBICOKOM CKOPOCTH BBITIONHEHMS. HemocTaTku 3aKkitro-
YarOTCs B MEHBIIEH CKOPOCTH KOMIHJISLIUH 110 CpaBHE-
HUIO C APYTUMH JBYMS apXUTEKTYpaMH, MO KpaiHen
Mepe, IS MPOEeKTOB B 10 MITH JIOTHUECKHUX JIEMEHTOB
win Menble. [TonHas BUAMMOCTD MPOEKTa JIOCTHIa-
eTcsl B 0OMEH Ha BBICOKYIO CKOPOCTh IMYJISILIMH.

Cadence coobuiaer 06 ucnonb3oBanuu Palladium
XP II xomnanueii Realtek nist paspabotku u Bepudu-
kanuu npoekta CHK. OtmeudaroTcst yckoperue B 250
pa3 1Mo CpaBHEHHUIO C NpeabIIyIeil MeTomoJoTHeH,
yIydIIeHne KadyecTBa BepH(UKaIMu, SKOHOMHS Bpe-
MEHH 3a CYET HOBTOPHOTO HCIIOJIb30BAaHMs Ooiiee 4eM
90 % npeapAymKX HACTPOEK CPEeAbl MOJEIUPOBAHMS,
a TaK’Ke OIEHKa MOTPeOIsIeMO MOIITHOCTH B IIpeienax
5 % ot ¢axTnueckn n3mepeHHoi MmomHoctn CuK.

Palladium XP wucnons3oBancs xommanuei Altair
Semiconductor (BeIkyruteHa Sony B 2016 T.) 17151 BepH-
¢ukarn 1 Banuaam npoekra Internet of Thing. Co-
obmaercsi 00 yMEHBIIEHUH BPEMEHHM IHMKIJA pa3pa-
6otkn Ha 20 % [14]. BemonHens! pazpabdotka 110 n
€ro MpoBEepKa B alllapaTHOM KOHTEKCTE.

Komnanus NVIDA npumensna ycTaHOBKY, COCTO-
anryro u3 16 maccu, nmon Ha3BanueM Tigris (Cadence)
Jutst oMy apxutektypsl GPU Fermi. Camast kpym-
Has yctaHoBka Palladium XP nox nasBanmem Indus
MCIIOJIb30BANIACH ISl SMYJISIIUKM APXUTEKTYPBI CIIey-
roriero nokosenus Kepler [15].

B HUHUCHU PAH Palladium 0511 MCITOIB30BaH IS
oTiaku Mukponporeccopa 1890BM8S1. B mactosiee
BpEMSI BEJETCSI TECTHPOBAHUE NMPOCKTUPYEMOTO MHK-
pomporieccopa 1890BM 1084 ¢ ucronp3oBanuem Pro-
tium.

Komnanus AMD ucnons3oBana ZeBy ans smyns-
mun rpapuueckoro mpoueccopa (GPU), umeromero
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240 muH BenTmiielt. beino 3aaeiictBoBano ot 50 10 70
ITJINC. IIpuMeHeH NOAX0M, OCHOBAaHHBIN Ha TpaH3aK-
musx. [Iposepsiiocs pyaknnornposanne GPU B cpexne
IBM PC-coBmectumoit DBM. Pa3zmuunbpie MaTepuH-
ckue watel IBM-PC MopenmpoBanuch mpu moMoImu
BUpTyalnpbHON MammHE VirtualBox. IIpomsBoamiack
3arpy3ka OC Linux, mpafiBepa, BBITOTHSIIACH OIepa-
UM YTEHUs/3anmucu maMsatH smyimupyemoro GPU.
Taxoke Obu1H BeITIONTHEHB! 20 0230BBIX aNapaTHbIX Te-
croB 11 GPU [16].

[Tnardopma smynsaumu Veloce Obuia HCHonb30-
Bana Barefoot Networks 11t npoBepku BBICOKOIPOM3-
BOJIUTEIIFHOI'O CETeBOr0 KoMmMmytatopa Tofino 6.5
TB/cek. BaxkHbIM OBLIO HCIIOJIB30BaHHE HHCTPYMEHTA
Veloce Virtual LAB Ethernet, Bxirouaromiero B ce0s
rereparop u MoHUTOp naketoB Ethernet (EPGM) [17].

HAPS-70 wucnoms3zoBaincss miast  Bepudukannu
IBYXBsIIEpHOT0 MUKponporneccopa Baikal-T1 komma-
Hun «baiikan snekTpoHuKe». MuKpomponeccop pado-
taeT Ha yactore 1,2 I'T, uconesyet 32-OuTHBIC siapa
MIPS Warrior P5600, umeeT B CBOEM cOCTaBe Psifl BbI-
COKOCKOPOCTHBIX TNepUpEepUIHBIX YCTPOUCTB, TaKUX
kak SATA, PCI Express, u Ethernet 10 I'out/c. Tectu-
pOBaHUE MPOBOAMIOCH B HECKOJIBKO 3TanoB. Coobura-
etcst o 3arpy3ke OC Linux u 3amycke 0JfHOTO sipa Ha
gacrote 25 MI'm [18].

JloCcTOMHCTBaMH anmapaTHBIX YCKOPHUTENCH SIBIIS-
I0TCS KOPOTKOE BpeMsI CTapTa paboT no Bepupukamn
W XOPOIINE BO3MOKHOCTH JUISl OTJIA/IKH.

HenocTtaTtok coCcTOMT B BBICOKOW CTOMMOCTH IIPH
M30BITOYHBIX BO3MOMKHOCTSAX JUIS HEKOTOPBIX 3a/ad,
TaKHX, HalpUMep, Kak TECTUPOBAHNE KOHTPOJUIEPA T1e-
pudepuitHoro untepdeiica. Yacrora MoaenupoBaHus
CYIIECTBEHHO HIKE [0 CPABHEHHIO CO CIEIHANbHBIMU
mnatamu 11 otnangku [IJIMC-nporoTumnos.

[UIMC-npototumnel. Bricokasi cKOpOCTb 3IMyJIs-
1M, B coTHU MI'11, nocturaeTcs npy moMouy Momay-
neil Ha ocHoBe IIJIMC. MoOXHO HCIOJIB30BAaTh Kak
TOTOBBIE, TaK M CIIEIIMAIFHO pa3paboTaHHbIE OTIIAT0Y-
HBbIC IJIaThl. BO3MOXKHO HENOCPEACTBEHHOE BCTpanuBa-
uue [IJIMC-mpoToTHIa B peaabHyI0 CUCTEMY, HAIIPH-
Mep, myrem yctaHoBkH B pa3zpem PCl-e IBM-PC
copmectuMoii OBM. Otnamodnas 1uiata COICPIKHT
pa3NuYHbIE YCTPOWCTBA: T€HEPATOPhl TAKTOBBIX CUTHA-
noB, npuemonepenarunku Ethernet, BrIcokonponsso-
murenbHoe O3V, BuneonHTeperncs.

B HUMCH PAH otnanounsie miaThl pa3padarbiBa-
IOTCSl M U3TOTaBIMBAIOTCS CIIELUAIBHO B KOIMYECTBE
HECKOJBKUX IK3eMIUIApOB. Takol moaxoJ] Mmo3BOIseT
MaKCHUMAaJIbHO NPUOIM3UTh UX XapaKTEPHCTUKHU K Oy-
JYIINM MOIYIISAM 3a CUeT YCTAaHOBKH COOTBETCTBYIO-
X KOMITOHEHT. [Ipm 3TOM Hayamo TeCcTHpOBAaHUS
3a/Iep)KIBAETCS 10 MOMEHTa MojydeHus miat. Ctou-
MOCTh TaKMX IIaT HIDKE 10 CPAaBHEHHMIO C ammapat-
HBIMU YCKOPHUTEJSIMU. BO3MOXXHOCTH mapajuieibHOU
paspadotku cucremuoro I1O (mpaiiBepoB) u MHKpO-
CXEMBI CHHXKAET BpeMsl BBIX0/1a Ha PHIHOK. Pa3HooOpa-
31e OTJIAJ0YHBIX IUIAT Ha PBIHKE CBUIETEJILCTBYET 00
MX aKTHBHOM ITPUMEHEHHHU.
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CyIecTBYIOT TpH HOAX0/1a K OTIaKe IPOEKTOB Ha
TUINC: wucnonb3oBaHHE BCTPOEHHOTO JIOTUYECKOTO
aHAIIU3aTOPA, UCIOJIb30BAHNE BHEIIHETO KOHTPOJIBHO-
W3MEPUTENHFHOTO 000pyIOBaHUSA U UX KOMOMHUpPOBa-
HHE.

BceTpoeHHbIl 1orM4ecKuil aHanu3aTop MpeArosia-
raer pasmemenne Ha [IJIMC anmapaTHBIX CpencTB
OTIAJKH, MPEeJHA3HAYEHHBIX I OTCIIE)KHBAHUS BHYT-
PEHHUX COCTOSIHUM B MOMEHTHI cpabaThIBaHUS TPUITE-
POB, YCTaHaBIMBAaEeMBIX pa3padoTyrkamMu. OOBIYHO
ananuzatop BerpauBaercst B [IJIMC 3a cuer nobasie-
HUS OJHOro iy Heckoibkux IP-anep. it pasmene-
HUS JIOTUKH BCTPOCHHOTO aHanmu3aropa U OydepoB
namsti Tpedyetcs ot 5 % mo 10 % pecypcos ITJINC.
Yepes mopt JTAG siapo aHanmm3aTopa MOXKHO CKOH(DH-
TypUpOBAaTh U JUHAMUYECKHU YIPABIATH UM. DTOT HOPT
UCTIONB3YyeTCS W U BBIBOJA JAHHBIX. BCTpOeHHBIN
JIOTMYECKHUH aHAIIN3aTOP MO3BOJISET OTCIECKUBATD JIIO-
Oble BHyTpEHHHE CHTHAJIBI B pealbHOM BpeMeHH. s
MOYyYCHHSI JIOCTYNAa K CHUTHaJaM padoOTa CHCTEMBI
OCTaHABIIMBACTCA, IEMOYKM CKAaHUPOBaHMA (scan
chains) BMecTe Cc 3axBaueHHBIMHM JAHHBIMHU Tepena-
totes u3 [IJIMC. 3arem nony4yeHHast MHGOpMaIys aHa-
nmsupyercs Ha IBM-PC ¢ ucnons3oBanueM mporpamMmm
¢ rpaduyeckuM HHTEp(EHCOM WM TEKCTOBOW KOH-
com. B HacTosiiee BpemMs Ha pBIHKE NpeIararoTcs
pasnu4HbIE BCTPOECHHBIE JIOTUYECKHE AHAIM3aTOPBI
(Tabm. 2).

Otnanka npoektoB Ha [IJIMC moxkeT mpousBo-
JUTBHCS C UCTIOIb30BaHUEM BHEIIHETO KOHTPOJIBHO-U3-
MEpHUTEIHFHOT0 000PYI0BaHHS, TAKOTO KaK IU(POBEIE
ociiuiorpadpl CMEUIAHHBIX CUTHAJIOB HJIM JIOTHYE-
CKHE aHANM3aTOpHl. Beayine u3roToBUTEIN — KOMIa-
Hun Tektronix u Agilent. [lpumepamu siBisitOTCS OC-
uiutorpadbl CMeIaHHbIX curHanos cepud MS0O4000
U JIOTHYecKue aHaiam3atopel cepun TLA xommnanun
Tektronix.

Texnonornueckue miatel ¢ IIJIMC qomKHBI UMETH
CHeLHANbHbIE Pa3beMbl ISl MOJKIIOUEHHUS] BHEIIHETO
obopynoBanus. CIIOXHOCTh OTIagKHd 0OyCIIOBIICHA
OTrPaHUYEHHBIM JOCTYNOM K BHYTPEHHUM CHUTHaJaM
TIJINC, B3auMHBIM BJIMSITHUEM CUTHAJIOB HA IEYaTHOU
iate. MHOTHE yCTpoiicTBa MMEIOT OTpaHWYECHHOE
YHCIIO BEIBOJIOB, MEHBIIIEE, Y€M KOJIMIECTBO CUTHAJIOB,
TpeOyeMbIX s oTIaakH. [I0CKOIBKY BO3MOXKHOCTH
BCTPOCHHBIX JIOTHYECKUX aHATU3aTOPOB OTPAHUYCHBL,
CYIIIECTBYIOT MpOrpaMMbl, Takue kak Altera Signal-

Probe, xoTOpbIe MO3BONISIOT BBIOUPATH HY)KHBIE BHYT-
PEHHHE CUTHAJIBI ¥ [IEpeHANPaBIIsATh UX Ha CBOOOTHBIC
BeiBobI [TJINC.

Bo3MOXHO KOMOMHHpOBaHHE BCTPOCHHBIX SAEP
OTIaAKH W BHEIIHETO KOHTPOJIBHO-H3MEPUTEIBHOTO
obopynosanus. Hanpumep, sinpo Agilent Trace Core 2
(ATC-2) B cocraBe nporpammsr Xilinx Chipscope Pro
Analyzer crieranbHO pa3paboTaHO I TOJKITIOYCHHS
BHEIITHETO JIOTMYECKOro aHanu3atopa Agilent u obec-
MEeYMBAET JOCTYI aHAIN3aTOpa K BHYTPEHHUM CETAM
npoekra Ha [TJIMC. Jlorn4eckuit ananuzarop odecre-
YHMBAaeT 33/laHKE CJIOXKHBIX YCIIOBUI 3axBara JIaHHBIX.
Jns coxpaHeHMs IAaHHBIX HCIIONB3yeTcs OOJbLIONH
o6veM O3Y, MO3BOJISIONIMIA OTCIEKHUBATh PAa3HECEH-
HBIC BO BpPeMEHHU cOOBITHA. BO3MOXHO cOnOCTaBIeHNE
curdanoB npoekra Ha IIJIMC ¢ ngpyrumu curHanamu
CHCTEMBI.

IIporpamma FPGAView ot xommanuu First Silicon
Solutions (FS2) ucmonb3yercs ¢ ITOTHUECKUMH aHa-
mm3aTopamMu cepun TLA wimm ocruniorpagom cMme-
IIAHHBIX CHUTHAJIOB OT Kammauuu Tektronix. IIpemo-
CTaBNIsETCA BO3MOXHOCTb H3MEPEHHUS pa3lIUIHBIX
BHyTpeHHuX curHaioB [IJIUC Altera nim Xilinx 6e3
HEOOXOIMMOCTHU MEPEKOMIMIISIINY POEKTa. ABTOMA-
THYECKOe M3MEHEHHE HMMEH KaHaloB Ha MMEHAa BHI-
OpaHHBIX BHYTPEHHHUX CUTHAIIOB O0JIETYaeT HHTEPIIpE-
TaIHIO PE3yIbTaTOB.

BcerpoenHnslit torndyeckuii aHanmuzaTop He TpeOyer
JIOTIOJTHUTENBHBIX BBIBOJIOB U HCIIONIB3YET AJISI pPeallu-
3a0uu CBOMX (QyHKIUH BHyTpeHHHE pecyperl [TJINC.
O6wvem O3Y Baytpu [IJIMC orpaHn4mBaeT cymMmap-
HOE€ KOJIMYECTBO OTJIaJO4YHOW WH(OpManuM, SBISIO-
1eecst KOMIIPOMHCCOM MEXTy KOJIMYeCTBOM 3aXBaThI-
BaeMBIX CUTHAJIOB U TTyOMHOMN MX OTCIIC)KUBAHUSL.

BHemiHee KOHTPOJIBHO-U3MEPHUTENIBHOE 000pYy/I0-
BaHHUE JI0PO’KE BCTPOCHHOTO JIOTHYECKOTO aHAJIN3aTO-
pa, HO 00JaaeT onpeAeIeHHBIMH MIPEUMYIIeCTBaMHU.
[Tudposoii ocummnorpad mMo3BOIAET 3aIyCKaThCsl OT
IMIMNPOKOTO CHEKTPa aHAJOTOBBIX M LU(POBBIX CHUTHA-
JIOB, @ TaKXKe OT CHTHAJIOB IOCIJIEJ0BATENBHBIX IINH,
3aXBaThIBaTh MX C Pa3JIMUHBIM Pa3pelieHHueM 110 Bpe-
MeHU. BHemHui loruyecknii aHamM3aTop OTKpPBIBAET
JIOCTYTI K Pa3IMYHBIM COCTOSIHUSIM 3aIlyCKa U MOJXKET
3aXBaThIBATh OUYEHb UIMHHBIE ITOCIIETOBATEIHLHOCTH
JTAaHHBIX C BEICOKMM pa3pelIeHueM 1o BpeMeHn. Baemni-
HUH ocryutorpad mo3BoJseT 3axBaTbiBaTh 10 10 MitH
TOYEK, a JIOTUIECKUH aHanmu3atop a0 256 muH. Ume-

Tabauya 2
BcTpoeHHbIe TIorHYecKHe aHATN3aTOPbI
Table 2
Built-in Logic Analyzers
Hurerpanus KosmmyecTBo Oobem
AHanu3arTop IJIUC cC :HP OcobeHHocTh xaEaT0B naEEEIX | Gybepa
Altera SignalTap II  |Altera Quartus II Yacrora Beiie 300 MI'g 2 048 128 K
FS2 Logic Navigator |Actel - WuTterpupyercs B IPOEKT HA SI3bIKE 256 64 K
Verilog win VHDL
Xilinx Chipscope Pro [Xilinx Quartus II WuTterpanus ¢ BHEIIHUM JIOTHYECKUM 4096 128 K
a"aym3aropoM Agilent
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eTcsl IPEeUMYIIECTBO B TUHAMUYHOCTH: HE Tpedyercs
OCTaHaABJIMBaTh PabOTy CHUCTEMBI JJIsl aHAIU3a 3aXBa-
THIBAEMBIX JIaHHBIX. BHemHee 00OpyZOBaHHE I103-
BOJISICT M3ydaTh BPEMEHHBIE IHarpaMMBbl CHTHAJIOB C
pa3pelicHHeM MEHBIIe HAaHOCEKYHIBI, TOTa Kak
BCTPOEHHBIN JIOTUYECKUI aHAJIN3aTOP MOXKET 3axBa-
THIBAaTh JAHHBIE TOJIFKO CHHXPOHHO C BHYTPEHHEH TaK-
toBoi wacroroit IIJIMC. Mcnone3oBaHue BHEIIHETO
KOHTPOJIbHO-U3MEPHUTEIEHOTO 000pYJIOBaHUS HMEET
HEKOTOpBIE OTPaHUYEHUS: MOJydeHUe IOCTyHa K HO-
BOMYy Ha0Opy CHUTHajJoOB TpeOyeT IepeKOMITHIISILINN
MPOEKTa, YTO OTHUMAeT BPEMs, MOKET IPUBECTH K
M3MEHEHHIO BPEMEHHBIX XapaKTEPUCTHK U CKPBITh UC-
KOMbIE Mpo0eMbl. OOBIYHO YUCIIO OTIAJ0YHBIX BHIBO-
JIOB MaJjio, YTO OTpaHWYHBAaeT 0030p W TIyOWHY aHa-
Tm3a.

OTH OrpaHUYCHUS MOKHO TIPEOI0NIETh ITyTEM KOM-
OMHUPOBAHUS OTJIAJOYHBIX SACP M BHEIIHETO KOH-
TPOJNBHO-U3MEPHUTEIEHOTO  000pymoBaHus. BwOoop
KOHKPETHOH METOJUKH 3aBHCHUT OT OCOOEHHOCTEH
npoekta. Ecnu oTnanka orpaHu4YMBaeTcs (QYHKIHO-
HanbHbIMU TpoOiemamu BHyTpHu IIJIMC, To mocra-
TOYHO BO3MOXKHOCTEH BCTPOCHHOTO JIOTHYECKOIO
aHanmu3aTopa. BHemHee o0opymoBaHHME NpenNOYTH-
TeNbHEe TPH ONPEACICHUH IpPEeNeNbHBIX 3HauCHHUH
BPEMEHHBIX XapaKTEPUCTHK, CONIOCTABICHUH BHYTPCH-
Hert aktuHOCTH [IJINC ¢ paboToii ApYrUX YCTPOUCTB
Ha IEYaTHOU TUIaTe.

Henocrarox otnanku npoekroB Ha [TJIMC cocTour
B OTCYTCTBUU MeTpUK NMOKpbITUs RTL-koga n meTpuk
MOKPBITUSL (PYHKIIHOHAIEHOCTH. TeCTHl B OCHOBHOM
HaXoJAT OLIMOKH, TIOMCK KOTOPBIX BEAETCS IleJieHa-
npaBieHHO. [lo3ToMy HEKOTOpble OMIMOKH MOTYT
OCTaThCs HE3aMEUYECHHBIMU. BBISBUTH HX IMOMOTAIOT
ciydaitHble TecTbl. CUHTaeTCs, YTO YTBEPXKICHUSA Sys-
tem Verilog Assertions (SVA) cokpaIiatror Bpemsi Te-
ctupoBanus mpoekta Ha 50 %. [Ipu ux UcTonbp30BaHUH
yITydIraeTcsl HaOIOAaeMOCTh TPOEKTa, YIPOIIAIOTCS
MOVCK U HCTIPABJICHHUE HEJJOCTATKOB.

IIpumepom otnanku [IJIMC-nporoTuna siBisercs
aMyJsIUs sapa x86 Mukpomporeccopa Intel Atom
(cm. [19]). ABTOpamu TpeIoKEeHa METOMOIOTHS HC-
nons3oBanus RTL-npoexrta n co3mganus ero TTJIMC-
CHUHTE3MPYEMON BEpCHHU C IMPHMEHEHHEM CTaHIapT-
HOTO MHCTpYMEeHTapus. Vcroap30Baiack CrieraibHO
paspaboTaHHast oTiamo4Has miata Ha ocHoBe T1IJIMC
Xilinx Virtex-5. Haubomnee c10KHBIM aclieKTOM SIBIIS-
Jach MeXaHWdeckas ajnanrainus pazbema Socket7 ma-
TepuHckoi mats! u ITJIUC.

Otnaaka cBOAMIACH K PErPECCHOHHOMY TECTHPO-
BaHUIO M CPABHEHUIO NPOEKTA C CYLIECTBYIOIIUM TPO-
neccopom Intel Pentium. UroObr m30exars ommoOOK,
BHOCUMBIX B RTL-koja HenpegHamepeHHO, UCTIOIb30-
Banuch Tpu Meroa: RTL-moaenupoBanue, cpaBHEHHE
WCIIOJIHEHUsI IPOTpaMM M OHnaiH-oTnaaka. s mpo-
BEPKU (YHKIMOHAIBLHOM IOJHOTHI BBINOJHSAIACH 3a-
rpy3ka crangapTtaeix OC: MS-DOS, Linux, Windows
XP u paznuusbix mpunoxeHuil. Takke oLeHHUBaIach
MIPOU3BOIUTENHLHOCTH [19].
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B HUUCU PAH 6butn pazpadoranst [IJIUC-mpo-
TOTHIIBI TPahYECKOT0 YCKOPUTEIS M YHHBEPCAILHOTO
MHKPOIIPOIIECCOpa ¢ Pa3INIHBIMU BHEITHUMH HHTEP-
teticamu. I'padugeckuii 2D-yckopHuTens peannzyet
amnmapaTHy0 MOIACPKKY CHCTeMbl komaHny X Win-
dows, npunaaTyio ma OC cemerictea UNIX. Yckopu-
Tens 2D ABISIETCSI BCTPOSHHBIM Y3JIOM MHKPOCXEM
1890BI'10T u 1890BI'16T. Meton BCTpewHOH ONTH-
MU3aIUK IPOrpaMM IOJ amnaparypy CIy>KUT HOBBI-
LICHUIO PeaIbHON (B OTIMYUE OT MUKOBOM) MPOU3BO-
JIUTEJILHOCTH, 1 Hao0OpOT, co3/laBaeMasl anmaparypa
YUUTHIBACT Ha3HAYEHHWE W OCOOEHHOCTH IPOTpamMm
nojb3oBareneil. MeToj BCTPEYHOTO TECTHPOBAHUS
Ipe/ronaraeT MpyuBJjieuyeHHe KOHTPOIbHBIX TECTOBBIX
3a/1a4 OT MOTEHUUANbHBIX NoJabp30Bateneit [20]. [Tpen-
JI0)KEH METOJ TECTHPOBAHMS IIPOU3BOANUTEIHHOCTH U
KOPPEKTHOCTH MHUKPOIIPOIIECCOPOB HALICIICHHBIMH Te-
CTOBBIMU Mporpammamu [21]. laHHble MeTOABI TpEL-
nosiaratoT ucnois3zoBanue IIJIMC-npotorunos. OHu
MPUMEHSUIUCh Ui MUKponpoueccopoB 1890BMSO,
1890BM641, 1890BM8S u 1890BMISI.

3akiaouenue

PaccMoTpeHHbBIE METOIBI OTIAAKH U BEPUPHUKALIIH
npoektoB CBUC uMeroT 10CTaTOUHO pa3srpaHUYEHHBIE
o0JylacTi MpUMEHEHMS.

dopmanibHas Bepu(UKaIMs HCHONB3YETCS KPYyI-
HBIMH KOMIIAHUSIMH JJI1 OTBETCTBEHHBIX Y3JIOB, Ha-
mpuMep, apupMETHIECKUX alTOPUTMOB IIPOIIECCOPOB,
COIPOLIECCOPOB, KAUI-MAMATH, IpapUIecKUX IMpoLec-
copoB. TpebyeTcst paboTa KOJIJIEKTUBA CIEIIMATUCTOB.

VmutanmoHHOE MOAETMPOBAaHUE IMPOKO Paclpo-
CTPaHEHO M OOBIYHO NPHMEHSETCS UIS OTJIAIKH OT-
JIeTbHBIX OJIOKOB MHKpocxeM. YacToTra MoJeInpoBa-
HHSI COCTABIISIET AECSATKH Tepll, YTO OrpaHuIMBaeT 00-
nacTb npuMeHeHust. CHIIbHBIMHA CTOPOHAMM SIBIISIFOTCS
HaJIMYie METPHK MOKPBITHS, aBTOMATHYECKasl TeHepa-
nus TectoB, MeTogosiorun OVM/UVM.

AnmnapaTHble YCKOPHUTENIH OOECTIEYHBAIOT BBICO-
KYIO CKOPOCTb, OOBIYHO HEeCKOJIbKO0 MI'1I. OHU T103BO-
JISIOT TPOM3BOANTE TecTHpoBaHue npoektoB CuK Ha
CHCTeMHOM ypoBHe. [Ipu sTom obecrneunBaercs modi-
Hasi BUAMMOCTB npoekTa. HemoctaTok cocTout B 60716-
HIMX pa3Mepax U BBICOKOM CTOMMOCTH ammapaTHOro
yckoputens. OCHOBHas cepa MPUMEHEHHS — MHKPO-
MpoLeccophl, TrpadHuyecKue IPOIECCOpPhl, CETEeBbIC
npunoxenus. Ilnatel s coznanus [IJIMC-nporoTu-
OB 00J1aIAF0T HAUOOJIbIIIEH CKOPOCTHIO B COTHU MI 11,
HO MEHBIIMMH OTJIIAJ0YHBIMH BO3MOXKHOCTSAMH. Pa3-
Mepbl TO03BOJIAIOT BCTPAaWBaTh MX B PEATBHYIO CH-
CTeMY, a CTOMMOCTb CPaBHUTEIFHO HEBEIHKA.

Bo3mokeH koMOMHHPOBAaHHBIN OX0/1, BKIIOYAI0-
M, HapUMep, UIMHUTAIIMIOHHOE MOJEIMPOBAHUE OT-
JIenbHBIX 070K0B M ucnonb3oBanue [TJIMC-npotoTn-
OB ISl IPOBEPKU MPOEKTA B IIETIOM.
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ANALYSIS OF MODERN METHODS FOR VLSI PROJECT TESTING AND VERIFICATION
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Abstract. VLSI development companies are keeping selected design flows and a testing process is a part of them. It is
considered that from 60 % to 80 % of development teams’ efforts are spent on VLSI project verification and debugging. De-
bugging of register-transfer level (RTL) models is an important phase. There is no universal way to solve this problem.

The article is devoted to the analysis of foreign and domestic publications on industrial VLSI project debugging. There are
four main methodologies that are being considered: formal verification, simulation testing, using of hardware accelerators,
prototyping based on programmable logic integrated circuits (FPGAs). For each of these methodologies there is information
on an error detection method, existing software and hardware debugging tools. The paper analyzes some of their features, such
as labor consumption, requirements for qualification and size of verification group, the cost of necessary tools and the availa-
bility of metrics to evaluate the test coverage. There are names of some industrial VLSI projects that used these methodologies,
such as microprocessors, high-performance network switches, graphics processors. The paper mentions the tools used by the
developers.
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Special attention is paid to debugging FPGA projects. The following approaches are considered: using the built-in logic
analyzer, external control and measuring equipment and their combination.

Finally, based on the practical experience the paper shows that four VLSI project debugging and verifying methodologies
have different applications. It mentions the types of VLSI, which use one of these methodologies. Their advantages and disad-
vantages are briefly summarized.

Keywords: formal verification, simulation testing, hardware accelerators, FPGA prototypes, practical application.

References

1. Russinoff D. A mechanically checked proof of IEEE compliance of the floating-point multiplication, division, and
square root algorithms of the AMD-K7* processor. London Mathematical Society Journ. of Computation and Mathematics.
1998, pp. 148-200. Available at: http://citeseerx.ist.psu.edu/viewdoc/download?rep=rep 1 &type=pdf&doi=10.1.1.212.6294
(accessed April 7,2017).

2. Harrison J. Floating-Point Verification using Theorem Proving. Available at: http://www.cl.cam.ac.uk/~jrh13/pa-
pers/stm.pdf (accessed April 7, 2017).

3. Lokhov A. Advanced Methods for Functional Verification of HDL Projects: ABV Methods, OVL and QVL Libraries.
Sovremennaya elektronika [Modern Electronics]. Moscow, 2010, no. 1, pp. 56-59 (in Russ.).

4. ChouC.-T.,MannaP.K., Park S. A Simple Method for Parameterized Verification of Cache Coherence Protocols. Intel
Corp. 2004. Available at: http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.101.5271&rep=rep 1 &type=pdf (accessed
April 7,2017).

5. Synopsys' Magellan Deployed by NVIDIA to Maximize Verification Productivity on Next-Generation Graphics Pro-
cessing Units. 2004. Available at: http://news.synopsys.com/index.php?s=20295&item=122694 (accessed April 7, 2017).

6. Kaivola R., Ghughal R., Narasimhan N., Telfer A., Whittemore J., Pandav S., Slobodova A., Taylor C., Frolov V.,
Reeber E, Naik A. Replacing Testing with Formal Verification in Intel CoreTMi7 Processor Execution Engine Validation.
2010. Available at: http://is.muni.cz/el/1433/jaro2010/1A159/um/intel.pdf (accessed April 7,2017).

7. Rovnyagin M.M., Lebedev M.S., Chudnovsky A.L. Modern methods of verification and their applications features. Sb.
izbran. tr. VI Mezhdunar. nauch.-praktich. konf. “Sovremennye informatsionnye tekhnologii i IT-obrazovanie” [Proc. 6th Int.
Science and Practice Conf. “Modern IT and IT-education]. V.A. Sukhomlin (Ed.). Moscow, 2011, pp. 1009—1020 (in Russ.).

8. Kamkin A.S. Microprocessor Verification. Combating Errors and Quality Control. Elektronika: NTB [Electronics:
STB]. Moscow, 2010, no. 3, pp. 98—104 (in Russ.).

9. Barskikh M.E., Aryashev S.I., Rogatkin B.Yu. Modern methods of functional verification RTL-models blocks for VLSI
microprocessor. Problemy razrabotki perspektivnykh mikro- i nanoelektronnykh sistem: sb. tr. [Proc. “Development Issues of
Advanced Micro and Nanoelectronic Systems”]. A.L. Stempkovsky (Ed.). Moscow, 2014, pp. 119-122 (in Russ.).

10. Zakharov A.V., Khisambeev 1.Sh., Kotovich N.V., Kravchenko A.A., Osipov A.S., Koltsov P.P., Koganov M.A.,
Gribkov I.V., Kutsaev A.S. The development of the system for microprocessor random testing INTEG. Programmnye produkty
i sistemy [Software & Systems]. Tver, 2010, no. 2, pp. 14-23 (in Russ.).

11. Kamkin A.S., Kotsynyak A.M., Smolov S.A., Sortov A.A., Tatarnikov A.D., Chupilko M.M. Tools for Functional
Verification of Microprocessors. Tr. ISP RAN [Proc. of ISP RAS]. Moscow, 2014, vol. 26, iss. 1, pp. 149-200 (in Russ.).

12. Chupilko M.M. Dinamicheskaya verifikatsiya tsifrovoy apparatury na osnove formalnykh spetsifikatsy [Dynamic Ver-
ification of Digital Equipment Based on Formal Specifications]. PhD Author's Thesis. Moscow, 2012, 24 p.

13. Rizzatti L. Hardware Emulation: Three Decades of Evolution - Part III. Verification Horizons. Mentor Graphics Veri-
fication Academy. 2015, vol. 11, iss. 3. Available at: https://verificationacademy.com/verification-horizons/november-2015-
volume-11-issue-3/hardware-emulation-three-decades-of-evolution-part-iii (accessed April 7, 2017).

14. Altair Semiconductor Adopts Cadence Palladium XP Platform for Advanced IoT SoC Development. San Jose, Calif,,
2015. Available at:  https://www.cadence.com/content/cadence-www/global/en_US/home/company/newsroom/press-
releases/pr/2015/altair-semiconductor-adopts-cadence-palladium-xp-platform-for-advanced-iot-soc-development.html ~ (ac-
cessed April 7,2017).

15. Mackey H. Sneak Peek: Inside NVIDIA’S Emulation Lab. 2011. Available at: https://blogs.nvidia.com/blog/2011/
05/16/sneak-peak-inside-nvidia-emulation-lab (accessed April 7, 2017).

16. Ross A., Star A. Enabling greater reliability, scalability and flexibility of GPU emulation at AMD using a hybrid
virtual-machine based approach. 2015. Available at: http://www.techdesignforums.com/practice/technique/reliable-scalable-
flexible-gpu-emulation-using-hybrid-virtual-machine-approach/ (accessed April 7,2017).

17. Mentor Graphics Veloce Emulation Platform Helps Barefoot Networks Verify the World’s First Fully Programmable
Switch. Electronic Engineering. 2016. Available at: http://www.eejournal.com/archives/news/20160719_06/ (accessed April
7,2017).

18. Osipenko P. Synopsys and Baikal Electronics SoC Team Applies Synopsys HAPS and AMBA Transactors to Accel-
erate the Availability of Prototypes and Improve Product Quality. 2015. Available at: https://www.synopsys.com/con-
tent/dam/synopsys/verification/prototyping/success-stories/baikal ss.pdf (accessed April 7, 2017).

19. Wang P.H., Collins J.D., Weaver C.T., Kuttanna B., Salamian S., Chinya G.N., Schuchman E., Schilling O., Doil T.,
Steibl S., Wang H. Intel Atom Processor Core Made FPGA-Synthesizable. Available at: http://www.cse.wustl.edu/~roger/
565M.f12/p209-wang.pdf (accessed April 7, 2017).

20. Chibisov P.A. Vstrechnoe testirovanie vysokoproizvoditelnykh mikroprotsessorov [Counter Testing of High-Perfor-
mance Microprocessors]. PhD Author's Thesis. Moscow, 2013, 23 p.

21. Zubkovskaya N.V. Metod testirovaniya proizvoditelnosti i korrektnosti mikroprotsessorov pri pomoshchi natselennykh
testovykh program [Method for Testing the Performance and Correctness of Microprocessors Using Targeted Test Programs].
PhD Author's Thesis. Moscow, 2013, 23 p.

408



Tpozpammuvie npodykmel u cucmemsl / Software & Systems 3(30) 2017

YK 004.051 JlaTa nonmauu crateu: 17.04.17
DOI: 10.15827/0236-235X.119.409-419 2017. T. 30. Ne 3. C. 409419

CPABHEHHE ITPOH3BOHTEABHOCTH OTEYECTBEHHBIX
H HMITOPTHBIX MHKPOITPOIIECCOPOB

H./I. Baiikos, maadwuil HayuHslil compydruk, nknikita@niisi.ras.ru;

A.H. I'o0yHO8, x.¢.-m.H., 3a8. omdenom, nkag@niisi.ras.ru
(PedepanvHulii HayuHblil yeHmp HayuHno-uccnedogamenbckuili UHCMUMYmM CUCMEMHbLX UCCTe008AHUT
PAH (@HI[ HHHCH PAH), Haxumosckuil npocn., 36, kopn. 1, 2. Mockea, 117218, Poccus)

B cratbe cpaBHHBaeTCS MPOM3BOAUTEIBFHOCTD TPEX PA3IMUHBIX MpoIieccopoB apxutektypsl MIPS — RM7000, XLP316 u
1890BMSSI 1 onHCHIBAIOTCS UX aPXUTEKTYPHBIE OCOOEHHOCTH.

JInst OleHKN NTPOM3BOUTENHFHOCTH TIPOIIECCOPOB TIPH ITOMOIIHN S3BIKOB IporpamMmupoBanus C u Assembler cTpoutcst 1
HNPUMEHSETCS] METOIMKA TECTUPOBAHMS, BKIIIOYAIOIIast B ce0sl TPH ITOCIIEA0BATEIbHBIX JTala.

Ha mepBoM sTare TeCTHpOBaHUS U3MEPSIETCSI BPEMsI BBITOJIHEHHUS OTICIBHBIX IPOLECCOPHBIX MHCTPYKIMH TIPH yCIOBUH,
YTO 3TH MHCTPYKIMU ¥ HEOOXOAUMBIE ISl MX PabOTHI JaHHBIE JIEXKAT B K3MI-NAMATH NEepBOro ypoBH. MHCTpyKIuu nensrcs
Ha HECKOJIBKO TPYIII, IJIsI peICTaBUTeNeH KaX 0l U3 KOTOPBIX B CTaThe MIPUBOIATCS pe3ynbTaTsl. Ha BropoM atame uzmeps-
eTcs 3pheKTHBHOCTH pabOTHI CO CTPYKTYPOH K3II-NAMATH IEPBOTO U BTOPOTO YpOBHEH. B naHHOI cTaThe MPUBOAATCS TOIBKO
pe3yabTaThl H3MEPEHUT BpeMeHH 00palieH:s B K3II-IaMsATh BTOPOTO YPOBHS U B OCHOBHYIO MamsITh. Ha TpeTheM sTame cpas-
HHUBAIOTCS MTOJTYYCHHBIE U3MEPEHHS C TEOPETHUECKUMH OIIEHKAMH, IIOCTPOCHHBIMH Ha OCHOBE PE3YJIETATOB IEPBBIX BYX ITa-
OB TECTUPOBAHU. J{JI1 3TOr0O NCIOIB3YIOTCSI CHHTETHYECKHIE TECTHI IPON3BOANTEIEHOCTH.

JIOCTOMHCTBOM METOJIVIKH SIBIISIETCS] HE3aBUCHMOCTD PE3yJIbTATOB M3MEPEHHUH OT HUCIIOIB3YEMOT0 KOMITWIISITOpA | oIepa-
LMOHHOI cucTeMbl. Bee n3MepeHus Npou3BOAATCS B TaKTaxX IPOLECccOpa CPeACTBAMU CIEHUANIBHBIX PETUCTPOB CONPOLIECCOpa.

Knroueswie cnosa: mecmuposanue, MIPS, npouseooumensrnocms, Muxponpoyeccop.

B craTtpe cpaBHUBaETCS MPON3BOIUTEIHLHOCTD TIPO-
reccopoB apxurekrypel MIPS [1] — RM7000 [2],
XLP316 (manee — XLP) [3] u skcnepuMeHTaNIbHON
Bepcun mporeccopa 1890BM8S (manee — BMS) [4].
OcHoOBHOM’ LECJIbIO TECTUPOBAHUS ABJIACTCA BbIABJICHUEC
0COOEHHOCTE! apXUTEKTYPhl, OKA3bIBAIOIINX BIIHSHHE
Ha MTPOM3BOANTEIBHOCTH IPOIECCOPOB, & TAKXKE KJlac-
COB 3a/1a4, HAa KOTOPBIX IPOLECCOPHI ITOKAa3bIBAIOT
HaWIydlIyl0 TpPOW3BOJUTENHLHOCTh. Pe3ynbraTel Te-
CTHPOBaHUS COJEpKaT HMHGPOPMAIMIO O BPEMEHH
BBITIOJTHEHHS KaK OT/IENIbHBIX IPOLIECCOPHBIX HHCTPYK-
M, TaK ¥ HEKOTOPBIX MOAENBHBIX 3a/1a4. [Ipeqnarae-
Masi METO/IMKa TECTUPOBAHUS HMEET CIIEAYIOLIIE 0CO-
6eHHOCTH:

— BC€ UBMEPCHUA IPOBOJUIIUCH B TAKTaX IMPOIEC-
copa C LeNbI0 HONYYUTh XapaKTEPUCTHKY TIPOU3BO/IH-
TCJIbHOCTH, KOTOPast HE 3aBUCUT OT TAKTOBOM YaCTOTHhI,

—  0OBUIO N3Yy4YCHO BJIMAHUC KOUI-TIAMATH IIEPBOTO U
BTOPOT'O yPOBHEW Ha IPON3BOIUTEILHOCTD;

— BCE TECTHl 33J€HCTBOBAIM TOJBKO OJHO SPO
poleccopa;

— TIpH pa3paboTKe HCIOJIB30BAINCH SI3BIKH TPO-
rpammupoBanust Assembler u C; [uist HX TPaHCIISIIUN B
MAaIlIMHHBIN KOO — OJTUH U TOT K€ KOMITUJIATOP HA BCEX
Tpex mpoleccopax.

Mmuorue Tectel npousBoauTensHOCTH (Whetsto-
ne [5], Dhrystone [6] u 1ip.) peaTn30BaHbI PH TOMOIITH
SI3BIKOB IIPOrPaMMUPOBaHUsl BBICOKOIO ypoBHs. Kak
CJIEAICTBUE, HA PE3yJbTaThl U3MEPEHUN BIIUSAIOT U OI-
TUMHU3UPYIOLIHE BO3MOXKHOCTH KoMmmuisitopa. B nan-
HOH CTaThe NPONU3BOIUTEIEHOCTD IIPOLIECCOPOB U BIIH-
SIHUE KOMITWJIATOPA Ha HEe U3y4YaroTCs OTAEJIBHO APYT
OT Jipyra.

Kaxnapril U3 TecTHpyeMbIX MpPOLIECCOPOB HMEET
YHUKaJIBHYIO U JOCTATOYHO CIIOKHYIO apXHTEKTYPY, U,

KaK CIIEZICTBUE, COCTOSHUS 3TUX MPOLECCOPOB B Kax-
JIBIIf MOMEHT BPEMEHH OMPEICIAIOTCS OONBIINM KOJIHU-
YECTBOM DPA3JIMYHBIX [1apaMETPOB, OCYIIECTBUTH I10JI-
HbIM Y4YE€T KOTOPBIX JOCTATOYHO TPyAHO. B naHHOM
CTaTb€ PACCMATPUBAETCS YNPOILIEHHAs MOJIENb, CO-
IJIACHO KOTOPOM COCTOSIHME IPOLIECCOPA ONpPENEns-
€TCsl COEPKUMBIM K3II-NMAaMATH IIPOLECCOopa U Moce-
JIOBATEJIbHOCTBIO HCIIOJHAEMBIX UM HHCTPYKIIMH.

TexHnYecKne XapaKTepUCTUKH

OCHOBHBIE TapaMeTpbl U3y4aeMbIX INPOIECCOPOB
nmpuBeeHbl B Tabawuie 1. J{71s Bcex Tpex mpoIreccopon
¢yaknnonansHOCTh ALU 3aBHCHT OT KOHBeiepa, Ha
KOTOpOM 3TOoT 6710k HaxoauTcs. Hanmpumep, onepauun
LEJIOYHCIICHHOTO YMHOXKEHHS W JICJICHUS! BBITIOJHS-
oTcsd TOJbKO Ha F-koHBeliepe Ui mpoueccopoB
RM7000 u BM8 u tonbko Ha ALU2 ans npoueccopa
XLP. Ha npoueccope RM7000 uHCTpykuuu Bele-
CTBEHHOI apr(METHKN He BBIHECEHBI Ha OTIEIbHBIN
KOHBelep n obpabarsiBatoTes F- n M-koHBeliepamu.

MeToauka TeCTUPOBaHUsA

TecTupoBaHue MPOLIECCOPOB MPOBOAMIOCH B TPHU
srana. Ha nepBom stamne u3mMepsuioch BpEMs BBIIIOJIHE-
HUSl TPOLIECCOPHBIX MHCTPYKIMM NpPU YCIOBUH, YTO
caMH MHCTPYKIUU U BCE HEOOXOMUMBIE IS PaOOTHI
JIaHHBIE YK€ HaXOJSTCS B COOTBETCTBYIOUIMX K3IIAX
npoueccopoB. TecTUpOBaHUE OXBATBIBAJIO YETHIPE
TPYIIBl WHCTPYKIMHA: IENOYUCIICHHAs apu(MeTHKa,
BEIIECTBCHHAS apH(PMETHKa, Mepefadyl yIpaBIICHHS,
YTCHHE/3aliCh B MaMATh. B cTaTtbe mpuBOIATCS pe-
3yJIbTATHl U3MEPEHUH AJIS HECKOJIBKUX IMPEICTaBHTE-
JIeW KaKJI0M M3 yYKa3aHHBIX TPYIIII.
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Tabauya 1
TexHnYecKHe XapaKTePUCTHKH
Table 1
Technical specifications
XapaKkTepucTuKa Hpoueccop
RM7000 XLP BMS8
TaxroBas gactoTa mpoueccopa |400,0 MI'p 1,0 T 700,0 MI'g
YacToTa maMsTu 66,6 MI'l 800,0 MI'rg 400,0 MI'n
Konugectso sinep 1 4 2

L1 — xom mHCTpYKImii (iL1) 16 K6 (4-xaHanbHBIH)

64 K6 (2-xaHanbHBIH) 32 K6 (8-xaHanbHBIH)

L1 — xam nanusix (dL1) 16 KO (4-xaHaIbHBIN)

32 KO0 (2-xaHaabHBIN) 16 KO (4-xaHaIbHBIN)

L2 — xam 256 KO (4-kaHaJIbHBII) 512 K6 (8-kaHaIbHBII) 512 K6 (4-xaHaJbHBIN)

L3 — xom OTCcyTCTBYET 4 M6 (16-kaHaJIBHBIIH) OTCcyTCTBYET

Pasmep ctpoku koma B L1 32 Gaiita 32 Gaiita 32 Gaiita

Pasmep cTpoku koma B L2 32 Gaiita 64 Gaiita 32 Gaiita

KonBeiiepb! BBITOTHEHUS 2 KoHBelepa: 5 KOHBeHepOB: 3 koHBeliepa:

HUHCTPYKIHI ALUI/BR/FPU, ALUO/LSUO, ALU1/LSUI, ALUI/BR,
ALU2/LSU/COPO/FPU ALU2, ALU3/BR/COP0, FPU |ALU2/LSU/COPO, FPU

Ipumeuanue. B tabmue npuHsaTel crneayommue obosznauenus: FPU — 06paboTka HHCTPYKIHI BELIECTBEHHON M KOMILIEKCHON apu-
Mmetukd, ALU — nenouncienHoii apupmernxu, BR — nepenaun ynpasnenus, LSU — urenns/3anmcu B namsats, COP0 — paboTsl ¢ ynpasis-
IOIIMM compolieccopom. Jist epBOro U BTOpoOro KoHeeliepos mporeccopoB RM7000 u BMS8 Takke ucnonb3yrorest o6o3Hauenust F u M

COOTBETCTBCHHO.

Ha BTOpoMm 3Tame TeCTHpOBaHUS U3y4anoCh BIHS-
HHE Ha MPOU3BOJUTEIBHOCTh INPOLECCOPOB KIIIEH
HEPBOTO U BTOPOTO YPOBHEM.

Ha tpetbem sTane cpaBHHBanach NPOU3BOIUTEIb-
HOCTB IIPOLIECCOPOB Ha CIEAYIOMINX MOJEIbHBIX 3a/a-
yax: (YHKIHS KOMMPOBAHUS ITAaHHBIX, MeTo] PyHre—
Kytte1, MeTox I"aycca.

Jly1s aBTOMaTH3aIMK Npoliecca TECTUPOBAHUS C TO-
MOUIBIO SI3BIKOB TporpamMmupoBanus Assembler u C
ObUTa MOCTpOeHa TecToBas cucrema. B ee dyHxmn
BXOJWJIM ITOATOTOBKA HAYaJIbHOTO COCTOSHHMS IIpOIieC-
copa AJsl KaXJI0ro TecTa, a TaKKe HEIOCPEICTBEHHOE
U3MEPEHUE  XapaKTEPUCTHK  MPOU3BOAUTEINBHOCTU
HPOLIECCOPOB.

Ilepen HavamoM TECTHPOBaHMS COAEPKUMOE BCEX
K3IIEH OYMINANIOCh, B TOM YHCIIE U COAEPKUMOE KAIla
TpeTbero ypoBHsl Ha npoueccope XLP. MucTpykuuu
TECTOBOW CHCTEMBI Pa3MELIAINCh B KAIIIE HHCTPYKIUI
MIEPBOTO YPOBHA U OCTABAINCh TaM J0 OKOHYAHUS Te-
CTHPOBaHUS BceX (PyHKIWHA. J{Is1 HHCTPYKIMH KaXk 01
TECTHpyeMOH (YHKIUH W JAHHBIX, C KOTOPHIMHA OHa
paboTaeT, He3aBUCHMO MOJEIHPOBAIIICH CIEAYIOIIIE
CUTYyaIlW{: IPUCYTCTBUE HHCTPYKIIMH/JaHHBIX B COOT-
BETCTBYIOIIEM K3IIE MEPBOr0 YPOBHS, MPUCYTCTBHE
TOJILKO B K3IlI€ BTOPOr0 YPOBHS, OTCYTCTBHE B K3ILIaX
Bcex ypoBHeH. [locie okoHUaHHS TECTUPOBAHUS KaX-
JI0M (QyHKIIMY ee MHCTPYKLUH U JaHHbIEC YIAISUINCh U3
komrel. Takum 00pa3oM, B K3IIax MPOILECCOpa OJHO-
BPEMEHHO MOTJIM HaXOAUTHCS TOJIBKO MHCTPYKIUH Te-
CTOBOM CHCTEMBI M OJTHOM U3 TECTUPYEMBIX (PYHKITHIA,
a Taxoke JaHHbIe, He0OX0MuMBbIe I ee padoThl. Karmm
M3y4aeMbIX IMPOLECCOPOB OPraHU30BaHBI TaK, 4TO B
HUX MOXXHO OIJHOBPEMEHHO Pa3MECTHTh YKa3aHHBIE
MHCTPYKLIMU U JAHHBIE BHE 3aBMCHMOCTH OT aJpECOB,
KOTOPbIE OHM UMEIOT B AMSITHU, HE BBI3bIBAs IIPH 3TOM
BBITECHEHHMS CTPOK (KOJIMYECTBa KAII-KaHAJIOB JI0CTa-
TOYHO, 4YTOOBI TPH BO3ZHHKHOBEHHHM KOH()JIMKTOB
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MEXAy aapecaMu (GYHKIMH WM JaHHBIX MOXKHO OBIIIO
Pa3MECTHTh UX B PA3HBIX CEKIUAX COOTBETCTBYIOIIETO
KdI11a). 3arpy3Ka HHCTPYKIUH TECTOBOW CHCTEMEI U Te-
CTHPYEMBIX (DYHKIHH B K3IIHM MIPOMCXOAMIIA TIPH I10-
MOIIX BBI30BOB 3TUX (PYHKIHMH, a 3arpy3Ka JaHHBIX —
IpU TIOMOIIM OTepanui ureHus. s MCKIroueHus
JAHHBIX M3 KJIIeH HCIOJIb30BaTaCh HMHCTPYKITHS
cache. IIpoBeneHHBIE Omepanyy MO3BOJIMIN MUHUMH-
3UpOBAThH BIHMSIHUE TECTOBOW CHCTEMBI Ha PE3yJIbTAThI
U3MEPEHUl U MPeJOTBPATUTHh BBITECHEHHE CTPOK U3
K3IIIeH B CBSI3H C X HEPETIOHEHHEM.

B kauecTBe cpeacTB U3MEPEHUS HCIIOIb30BAINCH
peructps mporeccopa Performance Counter Control u
Performance Counter, KOTOpbI€ TTO3BOJISIOT PETUCTPH-
pOBaTh pasnuyUHbIC COOBITHA BO BpeMs paboThl Ipo-
TpaMMBbl, TakMe KaK TaKThl MPOIECCOpa, MPOMaxH B
K3II-TIAMSATh TIpolieccopa | T.7. [Ipu KaKaoM BBIOI-
HEHUHM TecTupyeMoll (yHKIUM TecToBas CHCTeMa
OTpamuBajia CIETINK J0 U IMOCTE €€ BBIOJIHEHUS U
COXpaHsJIa Pa3HUILy 3TUX 3HAYCHUHA. AHAIIN3 MTOTyYeH-
HBIX PE3yJIbTaTOB MPOM3BOMMICA B 3aBHCHMOCTH OT
JTana TecTUpoBaHMA. {7 MpoOBeNeHHs MEPBBIX IBYX
9TANlOB KOHCTPYHMPOBAIHCH CEMEHCTBAa OJHOTHITHBIX
TECTOBBIX (pyHKIUI. DYHKINU OJJHOrO CEMEHCTBA I10-
CJI€JIOBAaTENIbHO MOBTOPSUIM 3aJaHHYI0 HHCTPYKLUIO
WM HabOp MHCTPYKUMH 3aJJlaHHOE KOJIMYECTBO pa3 H
OTIMYAIUCH JPYT OT Apyra TOJbKO KOIMYECTBOM IO-
BTOpeHnid. KpoMe ykazaHHBIX WHCTPYKIMH, (QYHKIUH
TaKKe MOIJIM COJIEPXkATh KaKHe-JIMOO IOTOJIHUTEINb-
HBIE MHCTPYKIIUH, KOTOPbIE TPEOYIOTCS JUISI KOPPEKT-
HOW paboTHI TecTa, HAPUMEp, NEPBOHAYATILHON HHH-
[MaIN3al1H UCIIOIb3YEMbIX PETUCTPOB. B wacTHOCTH,
JUIL KaXJIOTO TaKOTO CEMEWCTBa KOHCTPYHPOBAJIACh
MycTasi TeCTOBas (DYHKIHS, KOTOPasi COCTOSIIA TOJIBKO
U3 JOMOJHUTENBHBIX HHCTPYKLIUHI U XapaKTepu3oBaia
BEIMYMHY HaKJIaJHBIX pacxoJoB. OLieHKa HHTepeCcyto-
IIUX aBTOPOB (paKTOPOB MPOBOIWIIACH HA OCHOBE Ce-
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pur u3MepeHuid Ui QYHKIMA, TpUHAIICKAIIUX
oaHoMy cemeicTBY. Ha TpeTbem 3tamne TecTupoBaHus
TaKHe CEeMEWCTBa yXe He TPeOOBATNCHh M M3MEPEHHS
MIPOBOAMIIMCH HEMOCPEACTBEHHO IJIsI MPOrPAMMHBIX
peanuzanuii MOAEIbHBIX 3a1a4.

BakHOM TEXHHYECKOH JETAIbIO SBISICTCS TO, UTO
npoueccop XLP nogaepxuBaeT BHEOUEPETHOE UCIIOJ-
HeHue UHCTpyKuuid. Kaxnplii U3 ero KoHBeHepoB
OCHAIlLleH ouepeiblo, BMearouieil B cedbs g0 16 un-
cTpykuuid. Eciau B TaHHBI MOMEHT BPEMEHH HET CBO-
607HOTO KOHBEMepa, KOTOPBIH MOXKET BBINOJIHUTH Te-
KYIyI0 MHCTPYKLHUIO, OHA TOMEIaeTcd B ouepeasb K
OJTHOMY M3 HUX, a IIPOLIECCOp MEPEX0IUT K 00paboTke
Clemyroue HHCTpYKuMu. Eciau mpu 3ToM oKakeTcs,
YTO €CTh CBOOOIHBIN KOHBEHEP IS BHITOJIHEHUS 3TOM
MHCTPYKLMU M OHAa HE 3aBUCHUT IO AAHHBIM OT YK€
HaXOJAIIMUXCS B OUepensX HHCTPYKLUH, MpoLeccop
HEMEUICHHO TPUCTYIHUT K ee o0paboTke, Torma Kak
TpeIbIAyIas MHCTPYKIUS emle OyIeT HaXOOUTHCS B
ouepenn. JTa apXUTeKTypHas ocodeHHOCTh XLP mo3-
BOJISIET M30€KaTh MPOCTOSI BCEX KOHBEHEPOB M3-32 BbI-
COKOM Harpy3ku Ha OAMH U3 HUX. Tak Kak ykazaHHas
0COOCHHOCTh PacIpoOCTpaHsIeTCs U Ha KOHBeHep, OT-
BETCTBEHHBIH 32 paboTy € yIPaBJISIOLIMM COIPOLIECCO-
POM, TTOBTOPHBIN OIPOC CUYETUMKA IOCNIE BO3BpaTa U3
TECTHpPYEeMOU (YHKIUH MOXKET MPOW3OUTH pPaHBIIE,
yeM OyZIeT 3aBepmieHa o0pa0dOTKa BCEX HHCTPYKIHHA
TecTa, KOTOpbIE Ha JAHHBII MOMEHT HaXOASTCS B OUe-
peau Apyroro KOHBeHEpa, TO €CTh pe3ysbTaT U3Mepe-
HUH OyIeT HEKOPPEKTHBIM. DTy podiIeMy yaaercs pe-
LIUTh. 3aMETUM, YTO TOJIBKO OJMH U3 KOHBEHEPOB MpO-
neccopa XLP cnocobeHn oOpabarbiBaTh HMHCTPYKIHH
paboThI C YIPABISIIOIIUM COTIPOIIECCOPOM, TO €CTh 3TH
MHCTPYKLIUHU COXPAHSAIOT TOPSIOK OTHOCHTEIBHO JIPYT
npyra. JloGaBisis 3arpy3Ky pe3yabTaTa padoThl TECTH-
pyemMoii (YHKIIMH HA OJWH M3 BPEMEHHBIX PETHCTPOB
YIOPaBIAIONIETO COMpoIleccopa Mepea MOBTOPHBIM
OIIPOCOM CUETYHKA, HOPMUpPYEM 3aBUCHMOCTE I10 JJaH-
HbIM MEXAY HMHCTPYKUUSIMHU M TapaHTUPYEM, YTO
ONPOC MPOU30MAET MOCIE BEIYUCIAEHHS ITOrO PE3Yilb-
tata. HakoHel, a1 KOPPEKTHOCTH UTOT'OBBIX PE3YJib-
TaTOB MPEPHIBAHMS BO BpeMs PabOTHI Ka)JIOTO TECTa
OBLIH 3aIPEIICHBI.

PesyibTaThl n3Mepennii

PaccmoTpuM niporieccopHbie HHCTpYKIuU. [Ipexne
4eM TepelTH K pe3ysbTaTaM U3MEPEeHNH, He0OX0IUMO
YTOYHUTb, UTO OyJIeM MOHUMATh MO JITUTEILHOCTHIO
BBIIIOJIHEHUSI MHCTPYKLUH. TecTupyeMble IpoLeccCopsl
WCTIONB3YIOT KOHBEHEpHBIN Ccrocod 00paboTKh WH-
crpykuuid. IlomHOoe BpeMsi NMPOXOXIEHHS HHCTPYK-
uel Bcex CTaauil KoHBeHepa He JaeT TOYHOIO Mpe-
CTaBJICHHUSI O MPOU3BOJUTENILHOCTH Mpolieccopa, Io-
CKOJIbKY HE YYUTBIBAET MapaUlesiu3M B BBIIOJHEHUH
MHCTpYKUUH. Bojee TOUHO OLIEHUTH BKIA KaXI0H OT-
JICNIbHOW HMHCTPYKIMH B OOIIEee BPEMs BBIMOIHCHHS
MPOTPaMMBI TIO3BOJISIOT CIEAYIONINE BETMIUHBI [7]:

— BpeMs 0cBOOOKIEHUS OJI0Ka BBITOIHEHHS KOH-
Betiepa (Repeat Rate), To ecTh KOIMIECTBO TAKTOB OT

MOMEHTa HayaJla CTaJ1{ BBITIOJIHEHUS] HHCTPYKIHUHU JI0
MOMEHTa, KOTJJa KOHBEHep CMOXKET HayaTh 3Ty CTAANI0
JUTS CIENYIOIEe HHCTPYKIINY;

— 3aJepKKa pe3yibTaTa BBIIOJHEHHS HHCTPYK-
mun (Latency), TO eCTh KOJHYECTBO TAaKTOB OT MO-
MCHTa Hayaja CTaAW{ BBIIOIHEHNS HHCTPYKLIHUH 1O
MOMEHTa, KOT/ia JUIA CICIYIOUINX WHCTPYKIMK Oyner
JOCTYTIEH PE3yNbTaT BHIIOIHEHNS.

Taroke cyniecTByeT NOHSITHE POIYCKHOM coco0-
Hoctu koHBeiiepa (Pipeline Throughput). Ha naGope
U3 N MHCTPYKIMH 3TO OTHOLICHHE KOJHMYECTBA WH-
CTPYKLIMH N K MOJHOMY BPEMEHH MX MPOXOKACHHS MO
KOHBeEHepy.

Cranust BBINOJHEHUSI Ui WHCTPYKLUH MOXKET
OBITH HayaTa Ha MOAXOAAIIEM CBOOOJHOM KOHBelWepe
TOJIBKO B TOM CIyd4ae, €CIM JOCTYIHBI PE3YIbTaThl
BCEX MHCTPYKLHUH, OT KOTOPBIX OHa 3aBHCHUT. B mpo-
THUBHOM CITy4ae BO3HHKAET IPOCTOH KOHBeWepa 10 mo-
JydeHWs HEOOXOOWMBIX NaHHBIX. /UJI1 MHOTHMX HH-
CTPYKIMH 3a7eprkKKa pe3yibTaTa OKa3blBaeTcs OoJbIe
BpeMEeHU O0CBOOOXEHHs1 OJloKa BbINONHEHUs. [lo-
CKOJIbKY TIPH BBITIOJTHEHHHU PEaIbHBIX 33]a4 HET HUKa-
KUX TapaHTH{ TOTO, YTO pe3ysbTaT paboThl TAKUX WH-
CTPYKLMHA He IOHaJoOUTCS YyxXKe B CIEAYIOLIeH
WHCTPYKIUH, JJIsI OLIEHKH MPOU3BOAUTEIBHOCTH MPO-
[IECCOPOB Ha IIEPBOM 3Talle TECTUPOBAHUS OOIbIIe
BHUMaHHS Y/CNACTCS N3MEPCHUIO 3aIEPKKH Pe3yiIb-
Tara. [l 3TOro 10CTaTOYHO clieNaTh HHCTPYKINH Te-
CTHPYEMBIX (DYHKIINH 3aBUCHMBIMH.

Omnucanue pe3ysbTaToB HAYHEM C HHCTPYKIHNH Iie-
nouncineHHod apupmernku. IlpuBeneM pesynbTaThl
JUISL TPEX UHCTPYKUUHI U3 3TOHU IPYMIIBL: CIOXKEHUE C
MOCTOSIHHBIM 3HaueHueM addi, ymHoxeHre mul u 1e-
JIOYHCIICHHOE JIeJIeHne TP MOMOIIN Mapbl HHCTPYK-
uuii div u mflo. MUncTpykius mflo cunteiBaeT pe3yiib-
TaT 1EJOYUCIEHHOro JeneHus div U3 crennanbHoOro
LO-peructpa, co3maBas 3aBUCHMOCTb IO JaHHBIM
MEXAy coceHMMH MHCTpyKuusimMu div. g apyrux
orepaiyii, HampuMep, BBIIOIHAEMBIX NPH MOMOIIN
uHCTpyKuui andi, add, sub u T.1., TeCTHpOBaHKE TIPO-
BOJIUTCS] aHAJIOTHYHO.

CrpyKTypa BceX TECTOB OJMHAKOBa M COCTOHUT U3
JTana MHUIMATN3AINH, TT0CIeI0BaTeIbHOCTH OBTO-
psirolMXcs onepanyii 1 Bo3Bpara ynpasieHus. [Ipuse-
JieM TIpUMEp UCXOHOTO KoJIa:
1i v0, Ci; // Vauumanuszsauus v0
addi v0, vO0, Cz;

// TloBTOpAeM BHIIECTOALYID MHCTPYKLMIO HYXHOE

// KONMUYECTBO Pas BPYUYHYH, HE MCIOJb3ySd
.. // mnepenmaum ynpaBJIeHUS
jr ra;
nop;

B rabnuie 2 ykazaHa npoJI0JKUTEIEHOCTD TECTOB
B TaKTax MpoIleccopa B 3aBUCHMOCTH OT KOJIHYECTBa
MMOBTOPEHUI BBHIOPAHHOW OMNEpanuy MeT0IUCISHHON
apudmeTrku (rae 0 COOTBETCTBYET IMyCTOH QyHKIINN).
Bcee yxazaHHbIE pe3ynbTaThl BOCIPOM3BOAATCS IPH
MOBTOPHOM TecTUPOBaHUH. OTMETHM, YTO BPEMSI BbI-
MOJTHEHHMSI OTICPAIMU ACIEHHS NTPY MOMOIIN HMapbl UH-
crpykumii div u mflo He Ha Bcex mpoueccopax sBisi-
eTcsl PUKCHPOBAHHBIM. 3/1eCh PUBEICHBI PE3YJILTATHI

411



Tpozpammuvie npodykmel u cucmemsl / Software & Systems

3 (30) 2017

Tabauya 2
HMucTpyknun nejiounciaeHHoi apupMeTuky (TaKThl)
Table 2
Integer arithmetic instructions (clock cycles)
Hucrpyk- | [Iponec- KoJsim4ecTBO NOBTOpEHUIA
s cop 0 1 2 3 4 5 6 7 8 9 |10 |11 ]12 |13 |14 |15 ] 16
RM7000 5 6 7 8 9 |10 [ 11 |12 |13 |14 |15 |16 [ 17 | 18 | 19 | 20 | 21
addi XLP 29 |33 |33 |33 |33 34353637 38394041 |42 )43 |44 | 45
BMS8 11 [ 12 |13 |14 [ 15|16 | 17 | 18 | 19 | 20 | 21 | 22 | 23 | 24 | 25 | 26 | 27
RM7000 6 8 [ 11 [ 14 | 17 [ 20 | 23 |26 | 29 |32 |35 |38 |41 |44 |47 |50 | 53
mul XLP 34 |33 |35 [ 38 | 41 | 44 [ 47 | 50 | 53 | 56 |59 | 62 | 65| 68 | 70 | 73 | 76
BMS 13 114 | 16 | 18 | 20 | 22 | 24 | 26 | 28 | 30 | 32 | 34 | 36 | 38 | 40 | 42 | 44
RM7000 6 | 44 | 84 [ 124164204 | 244|284 324|364 | 404 | 444 | 484 | 524 | 564 | 604 | 644
div + mflo [ XLP 29 | 44 |59 | 73 | 87 | 100113125136 [ 148 | 161|173 185|197 209|221 | 233
BMS 13 124 |34 |44 |53 62|70 78 | 101|124 |147 170|193 ]216]239|262 | 285

9JaCTHOT'O ClIydasl HadaJbHbIX 3Ha4eHUN perucTpoB v0
u t0.

Ha mpouieccope RM7000 3aBUCHMOCTH KOJIUYECTBA
TaKTOB OT KOJIMYECTBA OICpalvii JIMHEHHA Uil WH-
cTpykmuu addi, a s wHCTpYKIMKA mul ¥ mapel WH-
ctpykmmii div, mflo mourn muHElHA, 32 HCKITFOUYCHIEM
MepeXoI0B OT MYCThIX (yHKIWmiA. JleficTBUTENBEHO, ©
YBEIMYCHUEM Ha C€IMHMILy KOJIMYECTBAa ITOBTOPECHHUH
addi TENEHOCTD TECTa BO3PAcTaeT POBHO Ha | TakT
BO Bcex ciyyasx. [ uHcTpykumu mul U napsl UH-
crpykumii div, mflo npu nepexone ot mycThix (QyHK-
[IUH ATUTENLHOCTD TECTA BO3pacTaeT Ha 2 U 38 TakTOB
IpoIieccopa COOTBETCTBEHHO, a P JTAJIbHEHIIEM yBe-
JMYEHUH KoJIndecTBa oneparuii — Ha 3 u 40 TakToB 3a
Ka)kJJo€ TIOBTOPEHHE COOTBETCTBYIOIIEH oOmepanu.
OTnyne IepBoro MPUPAIIECHHS OT OCTAIBHBIX YKa3bI-
BAaeT Ha TO, YTO 0CBOOOX/IeHHE OJI0Ka BHITOIHEHHS OT
mul u mflo npoucxoaur ObICTpee, YeM OyAeT HOCTY-
MIeH MX pe3yibTar (JUIsd BO3Bpara yIpaBleHUS HX pe-
3ynbTat He Tpedyercs). Takxke ObUT0 0OHAPYKEHO, 9TO
Ha mporeccope RM7000 3amepkka TOTydeHUS pe-
3yJIbTaTa MHCTPYKIMU Mul 3aBHCUT OT pa3Mepa apry-
MeHTOB. J[7151 1 6-OUTHBIX apryMEeHTOB OHA paBHsUIACh 3
TakTaM, a st 32-0uTHBIX — 4 TakTaM. Ha npyrux mpo-
1eccopax Mmoi00HOM 3aBUCUMOCTH He HaOII0aI0Ch.

PesymbraTter mporeccopo BM8 u XLP anano-
TH4YHBl pe3ynbTaraM npoueccopa RM7000. Ykaxkem
JHIIF HA HEKOTOphIe ocoOeHHocTH. Ha mpomeccope
BMS8 mnonyueHHble 3HaueHMs 3aJ€p’KKU pE3yJbTaTa
Juist mHCTpyKIwid addi m mul cocrasuu 1 u 2 TakTa co-
OTBETCTBEHHO, a 3aJIepKKa pe3yJbTaTa BBIIOJIHEHHS
napsl nHCTpYKIwi div m mflo BapeupoBanace ot § 10
23 TaKTOB.

Ha npoueccope XLP mnosnydeHHble pe3yibTaThl
MPOSIBIIAIOT THHEWHYIO 3aBUCUMOCTD JIMIIb TOCIIE He-
CKOJIBKMX IIOBTOPEHMH omnepanuu. Jias MHCTpYKUMi
addi u mul HabroaemMble 3HAYSHUSI 3aJIePKKH COCTA-
B 1 n 3 takra. 3anepxka Ha nape div u mflo, xak n
B cirydae npoueccopa BMS, He Obuia GpukcupoBaHHON
u TpeboBana ot 11 go 15 takroB. Bonpmas BennvrHA
HaKJIa/IHBIX PACX0/10B (TO €CTh BPEMsI BBIIOJHEHUS ITy-
croit pyHnkuun) Ha npoueccope XLP no cpaBHeHHIO C
OCTaJIbHBIMU IIPOLIECCOPAMH YaCTUYHO OOBSICHSACTCS
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BIIMSIHHEM Ha pe3yJIbTaT IOTOJHUTEIbHBIX OIlepaluii ¢
YIPaBIAIONIM COTIPOIECCOPOM IS IPEIOTBPAILICHHS
MIPEXIEBPEMEHHOT0 OIIPOCa CYETYUKA COOBITHII.

Takum 00pa3oM, Ha ONMEpaUIX LEIOYUCICHHOTO
CJIOKECHUS U ACTICHUS JIyHITyI0 IPOU3BOAUTEIHHOCTD B
TaKkTax Ipoleccopa mnokasan npoueccop XLP, a Ha
yMHOxeHuu — BMS.

AHanorn4Hele TECTHl OBUIM IIPOBEICHBI I WH-
CTPYKIIMH COTIPOIIECCOPa BEIECTBEHHON apH(METHKH.
TecTbl OTINYANKCH TOJIBKO CITOCOOOM HHHLIMATH3ALIUH
HCXOJIHBIX PErucTpoB. PaccMOTpuM pe3ynbTaThl i
YeThIpeX BHJIOB MHCTPYKLUH, paOOTAIOIIUX C YUCIAMHU
dhopmata double: cnoxenune add.d, ymaoxxenue mul.d,
nenenne div.d u cMelanHas onepanusi yMHOXEHUS 1
cinoxxeHust madd.d.

Ha npoueccope XLP pe3ynbTrarbl U3MEpeHUld He
BOCIIPOM3BO/IMIINCE. YK€ B CIydae ITyCTOH (YHKIMH
pe3ysbTaT U3MEPEHUI MOT MEHSTHCS OT 3aIycKa K 3a-
nycky. Hanpumep, st 5 mOBTOpEeHUH HMHCTPYKLMH
add.d B 50 3amyckax Tecta pe3yibTaT H3MEPECHUH H3-
MeHsicst oT 57 go 116 TaktoB. Ha mporneccopax
RM7000 u BM8 xonebanuil mpu H3MEpeHHSIX HE
Habmoaanock. Pe3yapTaTel 3TON IPYIIBI TECTOB MPH-
BesieHbl B Tabuuie 3 (auis npoueccopa XLP BeiOpaHsl
pe3yIbTaThl OJTHOTO U3 3aIyCKOB).

OreHNBaTh YBEIWYECHUE UIUTEIFHOCTH TECTa TPU
YBEJIMYCHUH KOJIMUECTBA IIOBTOPEHUI MHCTPYKIMH Ha
eanHMLly Ha npoueccope XLP Oynem B cpenuem. Ilo-
JTy4aeM MpHONmKeHHbIe 3HaueHus 5,9, 6,1, 36,2 u 10,2
takrta Juis uHCTpyKui add.d, mul.d, div.d u madd.d,
cooTtBercTBeHHO. Ha mponeccopax RM7000 u1 BMS
MCKOMBIE BEJIMYMHBI MOTYT OBITh BBIYHCICHBI TOYHO.
He cumras mycThIx QYHKIHH, INTUTEILHOCTH TECTOB Ha
yYKa3aHHBIX MPOIIECCOPaX IMHEHHO 3aBUCAT OT KOJIHYe-
cTBa MHCTpYKIui. Ha mporeccope RM7000 mgiurens-
HOCTh TecTa yBeauuuBaeTcs Ha 4, 5, 36 1 5 TakToB 3a
kaxayro uHeTpykiuio add.d, mul.d, div.d u madd.d co-
OTBETCTBEHHO, a Ha npoueccope BM8 —na 3,3,19u 5
TakToB. 1Sl TECTUPYEMBIX MHCTPYKLUHH BEIIECTBEH-
HOW apu(pMETUKH OCBOOOXKICHUE OJOKA BBITOJIHCHUS
KOHBelepa POUCXOJUT HE MO3KE, 4eM OynIeT AoCTy-
MIeH pe3yJbTaT padOThl MHCTPYKLUH, [IOITOMY MOJIY-
YEHHBIC 3HAUEHUS COBMAJAIOT C BPEMEHEM 3aJepiKKU
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Tabauya 3
HHcTpykuum BelecTBeHHOH apugMeTUKH (TAKThI)
Table 3
Floating point arithmetic instructions (clock cycles)
HMucrpyk-| Ilponec- KoJyim4ecTBO NOBTOpEHUIH
nus cop 01| 2 3 4 5 6 7 8 9 |10 |11 |12 |13 |14 |15 16
RM7000 | 9 |14 ] 18 | 22 | 26 | 30 | 34 | 38 | 42 | 46 | 50 | 54 | 58 | 62 | 66 | 70 | 74
add.d XLP 5318547 [ 83 | 70 | 100 | 85 | 91 | 104|127 | 98 | 122 | 114 | 131 | 133 | 136 | 148
BMS 17 121124 |27 | 30 | 33 |36 |39 |42 |45 |48 | 51 | 54 | 57 | 60 | 63 | 66
RM7000 | 9 |15] 20 | 25 |30 | 35 |40 | 45 |50 | 55|60 | 65|70 |75 |80 | 85 |90
mul.d XLP 71 145|192 | 56 | 70 | 64 [ 110] 80 | 84 | 103 | 93 | 118|133 | 135|126 | 135|168
BMS 17 121124 |27 | 30 | 33 |36 |39 |42 |45 |48 | 51 | 54 | 57 | 60 | 63 | 66
RM7000 [ 9 |46 | 82 | 118|154 [190 226 | 262|298 |334 | 370 | 406|442 | 478 | 514 | 550 | 586
div.d XLP 83 | 75 | 157 [ 156 | 205 | 226 | 281 | 304 | 340 | 397 | 437 | 455 | 516 | 530 | 571 | 614 | 663
BMS 17 |37 56 | 75 | 94 | 113 [ 132|151 | 170|189 | 208 | 227 | 246 | 265 | 284 | 303 | 322
RM7000 (10 |16 ] 21 | 26 | 31 | 36 | 41 | 46 | 51 | 56 | 61 | 66 | 71 | 76 | 81 | 86 | 91
madd.d |XLP 52193172 | 68 | 91 | 96 | 110|127 | 139|147 166 | 169 | 194 | 191 | 197 | 205 | 215
BMS 17124129 |34 139 144 149 |54 |59 [64[69 7479|8418 |94 99

pesynprata 3TUX UHHCTpYKuMi. Taxkum oOpasom,
HaVMEHBIIME 3HAYEHHUS 3aJlepKKH pe3yiapTaTta Uit
IPYNIbl MHCTPYKLUUH BEIIECTBEHHOW apudMeTHku
HaOJromauck Ha mporeccope BMS.

B ommume oT TECTOB IENOYMCICHHOW apudme-
THKH HEPEXOA OT MyCTHIX (YHKIHMH UIUTCS JOJbIIE
BCEX MOCIEAYIOMNX NepexonoB. IIpuunHoi oka3bIBa-
10TCA HHCTPYKIMHU dmtcl, 71 KOTOPBIX 3afepKKa pe-
3yIbTaTa BBIIIOJIHEHHS OOJIbIIE BpEMEHH 0CBOOOXKIe-
HUsl OJIOKa BBITIOJIHEHUSI KOHBelepa. B xone oTnensb-
HBIX TECTOB OBIJIO MOJIyY€HO, YTO IS OCBOOOXKICHHS
0J10Ka BBITIOJIHEHHSI KOHBeiiepa oT uHCTpykuuu dmtcl
Ha npoueccopax RM7000 u BMS tpebyercs 1 TakT, a
3aJlepXKKa pe3yabTaTta paBHa 2 M 3 TaKTaM COOTBET-
CTBEHHO.

IlepeiineM K TeCTHUpPOBaHHIO MHCTPYKLUMH mepe-
Jaun ynpasieHus. D(QGeKTUBHOCTD BHIIOIHEHUS STHX
MHCTPYKLUH CYIECTBEHHO 3aBUCHUT OT HCIIOJIb3yEMBIX
ITOPUTMOB MpeJCKa3aHHs NEPEXON0B U MOXKET Me-
HSTBHCSI B 3aBUCHMOCTH OT curyaruu. Ouenka sddek-
TUBHOCTH IPOBOJMJIACH B YEThIpEX TecTax: MPOCTOH
IIUKJI, BJIOKEHHBIE TIepelady YIPaBICHUs, IEPEKPECT-

HBIE NIepefiauyl yIpaBieHUs U O0e3yclIOBHbIE Nepeaadn
yIpaBIeHUs.

Pe3ynpTaTel TeCTOB NpeaCTaBieHbI B Tabnuie 4.
Jlydmue pe3yabpTaTsl B 9THX TECTaX MOKa3all MpOLEC-
cop RM7000, xoropomy TpebyeTcst poBHO 2 TaKTa Ha
BBINOJIHEHNE OJJHOM TMepeNadn yIpaBIeHHs, TOra Kak
nporeccopam XLP u BMS8 tpedyercs 10 5 TakTOB IIpo-
neccopa. OTIeNbHO MOXKHO OTMETHTB TOIBKO PE3YIIb-
TaThl npoueccopa BM8 B nepBoM Tecte, KOTOpoMy MO-
Clle HECKOJIbKUX HadajbHBIX HWTepaluil TpebyeTcs
TOJIBKO | TaKT Ha BBIIOJHEHHUE NIEpeaull yIpaBICHUS.

Hakonen, nepeiifieM Kk U3y4eHUI0 UHCTPYKLMM UTe-
Husi/3anucu. TecT MHCTPYKUUI YTeHHUS TpeGoBaj J10-
MOJTHUTENbHOU oATroToBKHU. Bydep, u3 koToporo cuu-
THIBAIIMCH JJAHHBIE, 3aMOJIHAICA JBOMHBIMU CIOBaMH,
KaXJI0€ U3 KOTOPBIX COAEPKAa0 aApec CIETYIOLIETO.
3T0 1Mo3BosIo0 chopMHPOBATH 3aBUCUMOCTB TI0 JIaH-
HBIM MEXAYy MHCTPYKLIMAMH, KOTOpas BBIHYKIAeT
npoueccop XLP BBINOIHATH HHCTPYKLKHU MOCIEN0BA-
TENBHO.

PesynbraThl 000MX TECTOB BOCHPOM3BOMSTCS
TO4HO Ha mporieccopax RM7000 u BMS, a Ha nporiec-

Tabauya 4
HNHCTpyKIUN Nepegayn ynpaBieHHsl (TAKTHI)
Table 4
Branch instructions (clock cycles)
Teer IIpouec- KosnuyecTBo NOBTOpEHUIH
cop 0 1 2 3 4 5 6 7 8 9 [10 | 11 |12 | 13 | 14 | 15 | 16
RM7000 8 9 11 [ 13 |15 [ 17 |19 | 21 [ 23 |25 |27 |29 |31 (33 ]35]37]39
Tecr1 |XLP 14 127 [ 29 | 31 | 34 |35 |37 (39|41 |43 45|47 |49 |51 | 53 | 55| 57
BMS8 19 119 | 28 | 31 | 32 | 33 | 34|35 |36|37 383940 |41 | 42|43 | 44
RM7000 9 |13 | 17 | 21 [ 25 29 |33 |37 |41 [ 45|49 |53 |57 |61 ]|65]|69 |73
Tecer2 |XLP 17 | 32 1 42 [ 50 | 60 | 66 | 74 | 82 | 90 | 98 | 106|114 | 122|130 | 138 | 146 | 154
BMS 25 | 35 | 45 | 55 | 65 | 75 | 85 | 95 | 105|115 125|135 | 145 155|165 |175] 185
RM7000 8 9 11 |13 [ 15|17 | 1921 |23 2527 (29|31 |33]35]37]39
Teer3 |XLP 15 | 18 | 45 | 49 | 33 | 62 | 37 |39 | 67 | 43|45 |47 |49 | 51 | 53 | 55| 57
BMS 19 | 25 | 28 | 34 | 37 |43 |46 | 52 [ 55|61 | 64 | 70 | 73 |79 | 82 | 88 | 91
RM7000 5 7 9 11 | 13 |15 17 | 19 | 21 | 23 | 25 | 27 |29 | 31 |33 |35 37
Tecr4 |XLP 14 | 16 | 22 [ 24 | 30 | 32 | 38 | 40 | 46 | 48 | 54 | 58 | 62 | 64 | 70 | 74 | 78
BMS 12 | 15 120 [ 23 | 28 |31 | 3639|4447 |52 |55]|60 |63 |68 |71 |76
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cope XLP nabnronmarorcsi peakue U He3HaYHUTEIbHbIC
1o BenM4KHe (B npenenax 1-2 taktoB) konebanus. Pe-
3yJIbTATHl I3MEPEHHI PUBEACHHI B Ta0OnHIe 5.

Ha npoueccope XLP Opia momydeHa HanOoObIIas
BEJINYMHA HAaKJIaJHBIX PacxogoB. Ha MHCTpyKIusIX 3a-
MICH TPOUCXOINT CKA4YOK JTMTEIBHOCTH TECTa IMPH
Mepexo/ie OT IMyCToi (GYHKINHU K QYHKITUH C OJHOM MH-
CTPYKIIMEH 3aIliCH W JaJiee B CPEIHEM AIUTEIBHOCTh
TecTa BO3pacTaeT MPHUOIU3UTENHFHO HAa 1 TakT mpo-
Heccopa 3a KaxIyl JONOJIHUTEIbHYI0 HHCTPYKLUIO
3anucu. Ha MHCTPYKIMSAX YTEHUS MPUPOCT AJIUTENb-
HOCTH TeCTa COCTaBUJI 4 TakTa 3a KaKAYH HHCTPYK-
LUIO.

Ilepeiinem k pesynpTaTtam nporeccopoB RM7000 u
BMS&. Ha uHCTpYyKIMSIX YTE€HUS IPOLIECCOPHI TOKA3ATIH
OJIMHAKOBBIH PE3yNbTaT: JUIUTEIBHOCTD TECTa BO3pac-
TaeT Ha 2 TaKTa Ipoleccopa 3a KaXaylo HHCTPYKIHIO
yreHu. [Ipu TecTHpOBaHNY HHCTPYKIMH 3aITicH OBLIO
o0OHapykeHo, uTo pe3ynbratel RM7000 u BMS yxe He
coBmaaroT. Ha Kakayro HHCTPYKINIO 3aIHCH POLeC-
copy RM7000 tpeGyeTcsi pOBHO OJIMH TaKT, TOTJa KaK
Ha nporieccope BMS8 3aBUCUMOCTH KOJHMUECTBA TAKTOB
OT KOJIMYECTBA UHCTPYKLMM CTAHOBUTCS HEJIMHEHHOU
U B cpeiHeM TpedyeT Ooliee 0JJHOr0 TaKTa poLeccopa.

YacTo mpH BBHITONHEHUH MHCTPYKIMM YTEHUS CO-
CelHNE WHCTPYKIMH HE 3aBHUCST OT €€ pPe3yJbTaTa.
[Ipon3BoANTENHHOCTS B 3TOM CIIy4ae OIPEAEIIeTCS
BpPEMEHEM OCBOOOXKAEHHA OJIOKA BBIIOJHEHUS KOH-
Beifepa. M3Mepenus mokasainu, 4To Ha 3TO Tpedyercs
1 TakT Ha BCex Tpex mpoleccopax. Takke OTMETHM,
yTo Ha npoueccope XLP nmeroTcs cpazy 1Ba KOHBEU-
epa, CHoCOOHBIX 00pabaThIBaTh HHCTPYKIMH 4YTe-
HHSI/3aITUCH, YTO TaK)XKe MO3BOJISIET YCKOPUTH padoTy
poleccopa.

Bpemsi oOpamieHust K KII-NamMmsaTH

XoTsl BIHMSIHUE KAII-TIAMATH Ha TPOU3BOJHUTEIIb-
HOCTb CKJIA/IBIBAeTCsl M3 MHOTHX (paKTOPOB, OTPAHU-
YMMCSI JIMIIb U3MEPEHHEM BPEMEHH 00paIleHus K Hell.
Bnusaue apyrux ¢paxropoB (HanpuMep, MOTUTHKH K3-
IMIMPOBaHUsI) M3y4arbCcsi He Oynmer. Takke OTMETHM,
YTO H3MepsieMasi BeIMYMHA He SIBISETCS TOJBKO XapaK-
TEPUCTUKON IMPOU3BOAUTENFHOCTH IPOIECCOPa, TaK
KaK 3aBHCHT Takke OT HCIIOJIB3YeMOH CHCTEMBI Ia-
MSITH.

B npouecce TecTupoBaHUs CYILECTBEHHBIX pa3iu-
YU B JUINTEJIBHOCTH IOJYYEHHsS IAaHHBIX MM HH-
CTPYKIMIA U3 aMsITi 00HapykeHo He ObpuI0. [TosaToMy
pPaccCMOTPUM TOJIBKO PE3YNbTaThl TECTOB IS Cirydas
paboThI ¢ HHCTPYKUUAME. J{J1s1 U3MEpEHH MCTIONB30-
BaJOCh CEMEHCTBO TECTOBHIX (YHKIHH M3 TEPBOTO
dTama TecTHpoBaHUS s MHCTpykumu addi. IIpm mx
paboTe YTeHWe AAHHBIX W3 MAMATH HE NPOUCXOMAMT.
Brutn paccMoTpeHs! Ba ciryyasl.

1. VHCTpyKIMH HET B K31Ie MHCTPYKIIUH NEepBOTO
ypoBHs iL1, HO OHHU ecTbh B K31lIe BTOPOTo ypoBHs L2.

2. WuHcrpykumii Het B xamax iL1 n L2. B cinyuae
npoueccopa XLP MHCTpYKIMM Tak:ke OTCYTCTBYIOT B
xome L3.

ITockonbKy WMHCTPYKIHMH W IaHHBIE ITIONAIaioT B
KJIIIA CTPOKaMH, KOJIMIECTBO oOparieHuit n3 kama il 1
B K3 L2 ompenensercss KOIMYECTBOM CTPOK K3IIa
iL1, TpeGyembIxX it XpaHeHUS (QYHKIHA. TecTOBBIC
(hyHKIIMH 337aBaJIUCh TaK, YTOOBI HAYATIO0 KaKAOW M3
HHUX COOTBETCTBOBAJIO Hayally CTPOKH B K3IIaxX IIep-
BOT'O U BTOPOT'O yPOBHEH. B TakoM cilydae KOJIMYECTBO
TpeOyeMBbIX Uil XpaHeHUs! PYHKIMU CTPOK K3IIa OJ-
HO3HA4YHO ONpeAessieTcs M0 KOJIMYECTBY MHCTPYKIUH
B Heil. Pa3mep cTpoku K311a nepBOTro ypoBHS y BCEX
Tpex MpoleccopoB oanHaKoB — 32 Gaifra (cMm. Tab. 1).
ITockonbKy Ha XpaHEHNE OAHOW MHCTPYKIIUH BBIICIIS-
forcs 4 Oaiita, B OZHOIM CTpPOKE KdIIa IMOMEUIAIOTCS
POBHO 8 HHCTPYKINH, CIIENOBATEIBHO, JUIS IOy IECHHS
KOJIMYECTBA CTPOK K3IIA HEOOXOANMO OKPYIJIUTH
BBEPX Pe3yJbTaT ACNEHUS HA § KOJIMUYECTBA HHCTPYK-
LM, U3 KOTOPOTO COCTOUT TeCTUpyeMask (hyHKITHS.

PesynbraThl mepBoro ciiydas NpHUBEIEHBI B Tad-
mune 6. Ha mponieccopax RM7000 u BM8 npu niepe-
xozie oT 5 noBTopeHuid uucTpykiuu addi k 6 moBTOpE-
HUSM IIPOUCXOIAT CKAaUKH B JIUTEIHHOCTH TECTOB.
Jlanee mogoOHbBIE CKaYKH MOBTOPSIFOTCA C IEPHUOJIOM B
8 unctpykuuit addi. YuuTsiBas TO, 4TO, TOMUMO HH-
cTpykrmid addi, B Tere TECTOBBIX (YHKIUH TIPHCYT-
CTBYIOT POBHO 3 JIONOJHHUTENbHBIC HHCTPYKIWH (li, jr
1 NOp), MOJy4aeM, YTO CKauYKU MPOUCXOJAT OJTHOBpPE-
MEHHO C yBEJIWYEHHEM KOoJMdyecTBa CTpoK kama ilLl,
TpeOyeMbIX Ul XpaHeHHs TecToBoi ¢(yHkuuu. Ha
nporeccope RM7000 3aBucMMOCTh MOHOTOHHA, & Be-
JMYMHA CKadKa paBHa 9 Taktam mpoueccopa. Ha mpo-
reccope BM8 moHOTOHHOCTE Hapymiaetcs. TeM He me-
Hee, CKa4OK MPH YBEIIMYEHUH KOJIMIECTBA CTPOK KAIIIa

Tabauya 5

HHcTpyknuu yTeHusi/3anucu (TaKThI)

Table 5

Load/store instructions (clock cycles)

HUnctpyk-| Ilpouec- KosmyecTBo noBTOpEeHMit

nms cop 01 2 3 4 5 6 7 8 9 |10 |11 |12 |13 |14 |15 | 16
RM7000 (7] 9 |10 [ 11 | 12 [ 13 | 14 | 15 |16 | 17 | 18 | 19 | 20 | 21 | 22 | 23 | 24

sd XLP 54161 | 61 | 64 | 63 | 66 | 66 | 69 | 68 | 71 | 71 | 73 | 73 | 76 | 76 | 77 | 78
BMS 181 19120 | 22 | 23 | 25 | 26 | 28 | 29 | 31 | 32 | 34 | 35 |37 | 38 ]40] 41

RM7000 (7] 9 | 11 [ 13 | 15 [ 17 | 19 | 21 | 23 | 25 | 27 | 29 |31 |33 |35 |37]39

Id XLP 49153 | 57 | 60 | 64 | 68 | 72 | 76 | 80 | 84 | 88 | 92 | 96 | 100|104 | 108 [ 112
BMS8 18] 191 21 | 23 | 25 | 27 | 29 | 31 | 33 [ 35|37 |39 |41 |43 |45 |47 |49

414



Tpozpammuvie npodykmel u cucmemsl / Software & Systems

3 (30) 2017

Ha npoueccope BMS8 oriennmM BenuauHOMU B 4-5 TaKTOB.
Ha mpoueccope XLP nHabmomaroTcs mapsl CKavyKOB
npu niepexofe ot 13 x 14 moBTopenusm u ot 14 k 15
MIOBTOPEHISIM U J1ajiee, Kak T0Ka3ajlo TeCTUPOBAHNUE, C
nepuooM B 16 mHCTpYyKIWiA. PasmMep ckadkoB OLeHH-
BaeTCs BEJIMYMHOH B 5-6 TaKTOB Ipoleccopa.

Ilepeiinem ko Bropomy ciydar. Ero pesynbTaTsl
npuBeneHBl B Tabnwme 7. i mpomeccopa BMS8 pe-
3yJIbTaThl OTCYTCTBYIOT, TaK KaK OLEHHUTH IJIUTEIb-
HOCTH OOpalleHus B NaMsATh B paMKaxX HCIOJIb3yeMOn
MOJIe/IU Ha JaHHOM IPOLIECCOpe HEe YAAJIOoCh. AHAIU3
pe3yabTaTOB MPOBOAUTCS AHAJIOTUYHO TEPBOMY CIIy-
yaro. OTMETUM TOJBKO, YTO Ha mpoueccope XLP pa3-
Mep cTpoku Kdmia L2 paBen 64 Gaiitam. Kak BugHO U3
TaOIHUIBI 7, CKAYKH B UIUTENFHOCTSIX TECTOB Ha TPO-
neccopax RM7000 u XLP npoucxoasT 0ofTHOBPEMEHHO
C YBEJIIMYCHHEM KOJHYEeCTBa CTPOK Kd3mmma L2, Tpebye-
MBIX ISl XpaHeHus QyHKIuu. Pa3smep 3THX cKadkoB
npuomm3uTensHo paBeH 110-120 taktam mms o6oux
TIPOIIECCOPOB.

B mponecce tectupoBanus g npoueccopa XLP
TaKKe ObLTH BBISIBIICHBI IBE BaXKHBIC 0OCOOCHHOCTH, KO-
TOpBIE TMTO3BOJIAIOT CYIIIECTBEHHO YCKOPHUTH €0 paboTy
IIpY IpOMaxax B K3II-MaMATh Npoleccopa. brito 06-
HapyxeHo, uTo mpoueccop XLP cmocodben o6padathi-
BaTh MapaJUICNFHO TMPOMAaXH B KOII-TIAMSATH IS Pa3-
JUYHBIX MHCTPYKIUH W3 OuYepeqyl BBHIIONHCHUS IPH
YCIIOBHH, YTO W3BECTHBI aJpeca JTaHHBIX B IAMSATH.
Ecmu TpebyeTes, Hanpumep, OCIeJ0BaTEIIEHO IPOYH-
TaTh JaHHBIC U3 Oy(depa, ykazaHHas 0COOCHHOCTH 103~
BOJISICT JOOUTHCS CYMIECTBEHHOTO MPHUPOCTA K MPOU3-
BoJUTENLHOCTH. Takxke ObLIIO OOHAPYKEHO, UTO MpPHU
BBINOJIHEHUM MHCTPYKILHUI 3amuch oOpalieHuil B ma-
MSATb He Impoucxoaut. Bmecro sroro mpoueccop XLP
MOMEIIACT 3alrCbIBAEMbBIC JJAHHBIC B CICHHUAIIBHYIO
ouepeqb Ha 3alKCh, U3 KOTOPOW OHU BIOCIIEICTBHH
nonagaroT B OCHOBHYIO IaMsATh. HpI/I OTOM 3aI1uCh IaH-
HBIX B OYepedb OCYIICCTBIACTCA IIOYTH TaK IKe
OBICTPO, KaK ecii Obl JaHHBbIE HAXOIWIUCh B KJIIIE
JTAaHHBIX TIEPBOTO YPOBHSI.

MoaeabHBIE 321249

[IpencraBuM pe3yabTaThl U3MEPEHUH ISl TPEX MO-
JETMbHBIX 3a7ad: (GYHKIHUA KONMPOBAHMS JaHHBIX, Me-
ton Pynre—Kytter u meton ["aycca [8].

Haunewm c 3agaun KONMPOBaHUS JAHHBIX U3 OTHOTO
Oydepa B npyroii (HazoBeM ux Src u Dst) mpu momomun
(yHKIIME memcpy, HOAACPKUBACMON CTaHAAPTaMH
POSIX u C99. Anpeca OydepoB B nmamsTé ObUIN BBI-
POBHEHBI HA TPAHUILY CTPOK KAIIEH IIEPBOr0 X BTOPOTO
YPOBHEH1, a K3IIM JTaHHBIX OYHMILEHBI TIepel] HauaioM
TectupoBanus. CyIEeCTBYeT HECKOJIBKO peali3aluii
(hyHKIIMM KOITMpOBaHMs (memcpy); B JTaHHOM CIIydae
UCIIONIb30BANACh pealn3alus, KOTopas MepeMelaeT
4 nBoiHbIX cioBa u3 Oydepa Src B Oydep Dst 3a ognHy
UTEpAllI0 OCHOBHOTO IMKJA. VIHCTpyKIMM 3TOH
(yHKIIMH OBLIHM NPEIBAPUTEIHFHO Pa3MEIIEHBI B KIIIE
MHCTPYKIMI TepBOro ypoBHA. PaccmarpuBanuch He
MEPEKPBIBAIOIIUECS B MAMATH Oydepsl pasMepoM OT
1 K6 mo 8 M6 B cieqyronmnx cirydasx:

— JaHHBIC 000UX OY(hEepOB OTCYTCTBYIOT B K3IIIaX;

— Oydep Src npeaBapuTeIbHO NPOYHUTAH (TO €CTh,
ecJii pa3mMep Ka1ia Oosbine pasmepa o0ydepa, Bech Oy-
(hep HaXOmUTCS B ATOM K3IIIE TT0CTIE IPOUYTEHHS);

— Oydep Dst mpeaBapuTenbHO MIPOUUTAH;

— o0a Oytepa ObUTH MPOYHUTAHBI TIEPE]] HAYATIOM
TecTa.

PesynbraTl M3MepeHH NpeACTaBICHB B TaOIH-
ne 8 (BMecTo oOIIeH AMMTENTPHOCTH TecTa yKa3bIBa-
etcst Bpems kormpoBanus 1 K6). Ha RM7000 mouy-
YEeHHbIE JaHHbIE XOPOIIO COTJIACYIOTCS C pe3yibTa-
TaMU IIEPBBIX 3TANlOB TECTUPOBaHMsI. J{€lCTBUTENBHO,
NpU OTCYTCTBHUHU Oy(epoB B K3IIAX BpeMs KOUPOBaA-
HUS, TJIABHBIM 00pa3oM, OIpPEAENeTCs KOJIMYECTBOM
obparnieHnii B OCHOBHYIO MaMsTh. KomudecTBO Takux
oOpareHnit MO>KHO BBIYUCIUTH BHO. IIocKONIBKY pas-
Mep CTPOKHM K3IIa BTOPOTO YPOBHS Ha IpOIECCOpe
RM7000 paBen 32 Gaiitam, a agpec UCTIONb3YeMBIX OY-
(hepoB BBHIPOBHEH Ha I'PAHMILy CTPOKH K3IIIa, JJIS Xpa-
HeHus 1 KO B KamI-naMstu BTOpOro ypoBHs Ha Iporec-

Tabnuya 6

JureabHocThL 00pamenus B K3 L2 (TakTbl)

Table 6

The L2 cache access duration (clock cycles)

Tponeccop KosmyecTBo noBTOpEeHMii
0 1 2 3 4 5 6 7 8 9 |10 |11 |12 |13 | 14 | 15| 16
RM7000 13 114 14 |15 |16 | 17 | 26 | 25 | 26 | 27 | 27 | 28 | 29 | 30 | 39 | 38 | 39
XLP 44 | 45 | 46 | 47 | 48 | 49 | 50 | 51 | 52 | 53 | 54 | 55 | 56 | 57 | 62 | 68 | 68
VM8 17 [ 18 119 | 20 | 21 | 22 | 32 | 27 | 28 | 29 | 30 | 31 | 32 |33 )43 |38/ 39
Tabruya 7
JiMTenbHOCTh 00palieHus B NaAMATH (TAKThI)
Table 7
The memory access duration (clock cycles)
Tponeccop KosnuecTBo NoBTOpEHUI
0 1 2 3 4 5 6 7 8 9 10 | 11 | 12 | 13 | 14 | 15 | 16
RM7000 115 | 116 | 116 | 117 | 118 | 119 | 229 | 228 | 229 | 230 | 230 | 231 | 286 | 233 | 343 | 342 | 343
XLP 161 | 151 | 163 | 164 | 165 | 166 | 167 | 168 | 158 | 159 | 171 | 161 | 174 | 163 | 281 | 275 | 275

415



Tpozpammuvie npodykmel u cucmemsl / Software & Systems

3 (30) 2017

Tabauya 8
Konuposanue namsitu (Taktbl/Ko)
Table 8
Memory copying (clock cycles/Kb)
By- | IIpouec- Pa3mep Oydepa
pep cop 4Ko 8K6 | 16K6 | 32K6 | 64K6 | 128K6 | 256K6 | 512K6 | 1M6 | 2M6 | 4M6 | 8Mo
sre(?) RM7000 || 7773 | 7776 | 7776 | 7776 | 7776 | 7780 | 8654 | 9092 | 9312 | 9422 | 9477 | 9504
Dst(-) XLP 809 791 797 806 804 803 804 808 811 812 850 875
BMS8 1666 | 1702 | 1689 | 1676 | 1676 | 1668 | 1671 | 1911 | 2032 | 2091 | 2240 | 2263
Sre(+) RM7000 [ 4099 | 4101 | 4229 | 4352 | 4417 | 4448 | 7007 | 8270 | 8901 | 9216 | 9374 | 9453
Dst(-) XLP 233 224 222 223 276 302 359 431 478 503 663 806
BMS8 1195 | 1189 | 1093 | 1040 | 1009 | 1003 | 990 | 1630 | 1861 | 2120 | 2200 | 2 189
sre(?) RM7000 [ 4093 | 4098 | 4280 | 4378 | 4430 | 4454 | 7011 | 8271 | 8901 | 9216 | 9374 | 9453
Dst(+) XLP 838 800 807 800 796 793 799 804 807 808 844 875
BMS 983 961 988 | 1003 | 1005 | 1011 | 1010 | 1579 | 1956 | 2122 | 2202 | 2243
Sre(+) RM7000 || 289 300 643 849 953 1011 | 5269 | 7400 | 8466 | 8999 | 9265 | 9398
Dst(+) XLP 230 225 224 276 298 311 332 449 484 504 708 798
BMS 451 451 561 616 644 658 666 | 1457 | 1781 | 2078 | 21181 | 2231

cope RM7000 tpebyrotcst 32 crpoku. [lockonbky pa-
0ota umeT cpasy ¢ AByMs OydepaMu, KOJHYECTBO
CTPOK HEOOXOAMMO YABOUTH. [JIMTEIHHOCTH YTEHUS
1 cTpokum W3 OCHOBHOH MaMATH Ha TMpoIeccope
RM7000 onieHnBanach BETHIHUHOMN MPUOIH3UTEIHHO B
110 TaxkTOB mpolEccopa, OTCIOAA MOIY4aeM, YTO
TONBKO At 64 oOpaleHwii K OCHOBHOHM mamsTu 0e3
ydeTa BpeMEHH BBIITOTHEHHST HHCTPYKIUH MTOTpedoBa-
nock 061 ipubIM3uTeNsHO 7 040 TakToB. [lomydeHHas
TeopeTHdecKas OlleHKa OJM3Ka K JaHHBIM TaOIHIEI 8
11 6ydepoB MaJbIX pa3MepoB. IIpu yBenndeHun pas-
Mepa komupyeMbix Oydepos mo 256 K6 naumHaetcs
POCT pPe3yJIbTaTOB U3MEPEHUN, CBA3AHHBIN C NIEPENOJI-
HEHHMEM KdIIa BTOPOTO YPOBHS U HEOOXOAMMOCTBIO
BBITECHCHHS CTPOK U3 KAIIEH.

M3yuum Taxke pesynbrathl npoueccopa RM7000
JUTS cIydast, koryia o6a Oydepa HaxoasaTcs B KIIIE TaH-
HBIX TIEPBOTO YPOBHA. B TakoMm ciryuae WHCTPYKIIHA
3aIlUCH ¥ HE3aBUCHMBIC HHCTPYKIIUH YTEHHS, KaK I10-
Ka3aJi0 TECTHPOBAaHUE HA TICPBOM JTalle, JOJDKHEI BBI-
MONHATBCA 3a 1 TakT mporeccopa. Jins mepenadn
ynpaBieHus TpeOyroTcs 2 TakTa. YUUTHIBas, 4TO Mepe-
a9y YOpPaBICHHWS W WHCTPYKIMH IIEJIOYHCIICHHON
apu(METHKH MOTYT OBITh BBIJJaHBI Ha BHITIOJIHEHHE O~
HOBPEMEHHO C WHCTPYKIMSAMHU YTCHHS/3AINCH, TTOITY-
4yaeM, 9TO KOMMpOBaHKeE 4 IBOWHBIX CIIOB MOYKHO OCY-
mecTBUTH 3a 9 TakToB. Cle0BaTeNbHO, HA KOUPOBA-
Hue 1 K6 tpedyercs 288 TakToB. COOTBETCTBYIOIIHIA
pe3ysbTaT U3MepeHui u3 Tabnuubl 8§ paBeH 289 Tak-
TaM, TO €CTb INPAKTUUECKU COBMAAAET C MPEIIOKEH-
HOMW OLIEHKOM.

Ckauku B M3MEpEHHUAX i mpoueccopoB XLP u
BMS, kak u B cirydae nporieccopa RM7000, o6bsic-
HSIOTCSI TIEPETIONIHEHNEM Kakoro-mubo u3 kamen. 13
JIaHHBIX TabmuIBl 8 ciemyer, 4yTo mpoieccop BMS8 B
OONBIIMHCTBE CITyYaeB IMOKa3al 0OJIBITYIO TIPOU3BOIH-
TEIBHOCTH, YeM Tporieccop RM7000, Ho mydmue pe-
3yJIbTaThl B TOM TE€CTE OBLIN MOIYYESHBI IPU TECTUPO-
BaHMu mpoueccopa XLP, uTo ocobeHHO 3aMeTHO mpu
KonHupoBaHUuM OyQepos Oobioro pasmepa. CpaBHUM
pesynbrathl npoueccopa XLP u npoueccopa RM7000

416

B ciry4ae konupoBaHus 4 KO npu noiHOM OTCYTCTBHH
JTAaHHBIX B K3II-TAMATH. XO0TsA Ha BTOPOM 3Tare TeCTH-
pOBaHUs OBLIO MOJIYYEHO, YTO KOJIMUECTBO TAKTOB JIs
oOpaieHnsi B OCHOBHYIO IIaMsATh Ha paccMaTpHBac-
MBIX IpoLEeccopax MPHOIU3UTENBFHO COBHANAET, MPo-
neccop XLP obnmamaer psaoM MpenMyIecTB, B YHCIIE
KOTOPBIX BIIBOE OOJIBIINII pa3Mep CTPOKM K3Ia BTO-
POTo ypOBHS, OTCYTCTBHE OOpAICHNI K OCHOBHOH Ta-
MSTH Ha MHCTPYKIHUSX 3aIIMCH U NapajulenbHas oopa-
060TKa MpOMaxoB B K3II-aMAThk. Ilockoneky mporiec-
cop XLP o6manmaet neymsa LSU-Gnokamu, B ouepensx
Ha BBINIOJIHEHHE MOXKET HaXOAUTHCS 10 32 WHCTPYK-
Ui 4TeHus/3amucu. B paccmMaTpuBacMoOM ciydae
3TOr0 AOCTATOYHO ISl OTHOBPEMEHHOT'O KOTMPOBAHUS
16 IBOMHBIX CJIOB, TO €CTh JIBYX CTPOK K3IlIa BTOPOrO
ypoBHst Ha mpoueccope XLP. Takum o0Opas3oMm, cko-
pOCTb KONUpPOBaHUS AaHHBIX Ha mpoueccope XLP
JIOJDKHA OBITh KaK MHHHMYM B 8 pa3 BBIIIE CKOPOCTH
KonupoBaHus Ha npoueccope RM7000, uro noarsep-
JKNAIOT PE3YJIbTAThl H3MEPEHHH.

B ciydae paboThI ¢ HEKIINPYEMOH MaMATHIO CKO-
POCTh KOIMMPOBAHU JaHHBIX BHE 3aBUCUMOCTH OT 00-
mero pasMepa OydepoB cocTaBmiia MPUOIUZUTEIHHO
19 000, 36 250 n 5 800 takToB/KO Ha mporeccopax
RM7000, XLLP u BM8 cooTBETCTBEHHO.

B xauecTBe Apyroit MoaensHON 3amadu ObUT pac-
cMotpeH meron Pynre—KyrTrel 4-ro mopsaka To4HO-
ctu. KonmuaecTBo oOpamieHuil K maMsTi B 3TOH 3a1ade
Mano. IIpoMexxyTouHble pe3yabTaThl BEIUUCIECHUH HE
COXPaHSUINCh, YTO TAaKKe CHU3HMJIO KOJIMYECTBO 00pa-
nieHui k namsati. Meron Pynre—KyTTel npumensincs k
ocumuiatopy Ban-nep-Ilomns, koTopslil 3agaeTcs ciie-
JIyIOIIEH CUCTEMON ypaBHEHUI:

dx
dt

s

dy 2
—=u(l-x - X,
ot u )Y

rjie X — KoopauHarta To4uku; y=dx/dt — ckopocTh TOUYKH;
U — Hekui ko3 (uIMeHT. YpaBHEHHE paccMaTpuBa-
J0Ch Ha (PUKCHPOBAHHOM [0 BPEMEHHU OTpe3Ke MpH
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Pa3HOM KOJMYECTBE IIaroB mo BpemeHu. s mpo-
TpaMMHOH peanu3aluy MOCTaBICHHON 3a/1a4u UCTIONb-
30Bajics A3BIK mporpammupoBanust C. B manaOM city-
yae W3ydaynach padora (yHKIHH, TOCTPOCHHBIX C HC-
moJjp30BaHNeM Kirodeld kommmrstopa -O0 u -O3, To
€CTh TIPH OTCYTCTBHHM ONTHMHU3AIMH M C BBICOKHM
ypoBHeM omnTuMm3anuu. Ha Bcex Tpex mporeccopax
WCIIONB30BAJICS ONWH M TOT K€ KOMIIHIITOP H, Kak
CIEACTBUE, OJMH U TOT K€ O0BEKTHEBINA Kox. Bce uH-
CTPYKIMH W TAaHHBIC, HEOOXOAUMBIC [T pabOThI TIPO-
rpaMMbl, MPEIBAPUTEIBHO pPa3MEllaluCh B COOTBET-
CTBYIOIIMX K3IIaX MPOIECCOPOB.

W3 Tabnuiel 9 BUAHO, YTO HPU OTCYTCTBUU ONTH-
MU3AIIMHY TOJIyY€HHBIE pe3ybTaThl HA BCEX TPeX Mpo-
Ieccopax ITOCTaTOYHO ONHM3KHU. JIydnryro mpowm3BOIH-
TENBHOCTH B TaKTaX MpOIECccCopa B 3TOM Cydae IoKa-
3as1 npoueccop XLP. Mcnonb3oBaHue onTUMHU3aLUU
MPUBOIUT K COKPALICHUIO BPEMEHH BEHITIONHEHUS Ha
BCEX TECTHUPYEMBIX Iporeccopax. Jlydmryro mpou3Bo-
TUTEITHHOCTH B TaKTaX MPOIECccopa B 3TOM CIIydae Io-
KazaJ yxe nporueccop BMS.

CpaBHUM OOBEKTHBIN KO IPOTrPaMM, MOJYICHHBIX
IIPY Pa3HbIX YPOBHAX onTuMHU3alnuu. Tak Kak KaKabli
mrar Meroaa Pyrre—KyTThl TpeOyeT omHUX U TeX ke
orepanuii, B 000uX CliydyasiX IporpaMMa UMeeT CTPYK-
Typy UHKJIa. B 3aBHCUMOCTH OT YPOBHS ONTHMHU3AIIH
B [IUKJIC HCIIONB3YIOTCS pa3IMYHble HAOOPBI HHCTPYK-
Ui, YKakeM KOJMYECTBO MOBTOPEHUN KaKAOW W3
HHX.

C xmrouom —O0

dmtcl — 156, 1d — 94, dmfcl — 68, mul.d - 34,

add.d—24, sdcl-24, lui-18, addiu — 17,
nop — 17, move — 16, sd - 10, jr—28,
jal -8, sub.d - 8, Idc1 -4, Iw -3,
div.d -2, sw—2, bnez -1, slti — 1.

C kmouom —O3:
mul.d-12, add.d-10, madd.d-8,
msub.d -4, sub.d-4, bnez -1, addiu — 1.

3a cyeT ONTUMH3ALMU KOJINYECTBO HCIOIb3yEMBIX
WHCTPYKIUH COKPATHIIOCHh Ha Mmopsnok (¢ 515 go 40
uHCTpyKnuit). Komnuisaropy ynanocs n30aBUTbCS OT
UHCTPYKLUN MEpeMENICHUs] AaHHBIX MEXIy peru-
cTpamHu, oOpaimeHuil K maMsaTH U OOJbIIeH YacTH Tie-
penau ynpasieHus. Taxke COKpaTHIOCH KOJIUYECTBO
WHCTPYKINH BEIECTBEHHON apU(METHKH.

W3 tabnuibt 9 nmomydaem, 94TO MPH OTCYTCTBUU OII-
TUMH3AIMY Ha BBHIIIOJHEHHE OJHOW HTEpalldy IUKIA
TpeOyeTcs mpubIM3nTeNnsHO 854 TakTa Ha pomeccope
RM7000, 706 taktoB Ha XLP u 792 takta Ha BMS.

Tak xak Bce HEOOXOMMbIE HHCTPYKLIUH U JAHHBIE YKe
HaxXoAATCS B COOTBETCTBYIOIIMX KJIIaX IEPBOTO
YPOBHSI, IJIHMTEIBHOCTh TECTa oOmpenernseTcs 3Pdek-
THUBHOCTBIO BBITIOJIHCHHS OTAEIBHBIX INPOIECCOPHBIX
MHCTPYKIHNH, a TaKkKe BBIMTPHIIIEM OT OIHOBPEMEH-
HOTO BBINOJTHEHUS HE3aBUCUMBIX MHCTPYKIMHA Ha He-
CKOJIbKUX KOHBelepax. [locnennuil B JTaHHOM citydae
MOXHO omeHHuTh. CHopMynHupyeM HECKOIBKO yTBEp-
JKIEHUH OTHOCHUTEIIBHO CTPYKTYPHI IPOTrPaMMBbI:

— Kax/Jas MHCTPYKLMS BEUICCTBEHHOW apudme-
THKH 3aBUCHUT OT Mapbl HHCTPpYKIMH dmtcl, KoTopble
3arpy»karoT ee apryMeHThI Ha pEerUCTpPhI COIpOLieccopa
BEILIECTBEHHOW apU(PMETHKH;

— pe3yJbTaT KaKJJO¥ MHCTPYKLUHU BEIECTBEHHOM
apu(METHKH BBITPY>KAeTCsl HA PETUCTpP OOIIEro Ha3Ha-
YeHUs IpU oMoy HHCTpyKiuK dmfcl, To ecTs BBI-
nonHerne dmfcl He HauyHeTCs, IOKa HE CTAHET JO-
CTYIHBIM PE3yJIbTaT BBIYHUCICHHH;

— B CIIOTax 3aJCpKKH BCEX WHCTPYKIHMH Iiepe-
Jlau¥l yIpaBJIeHUsI PACIOJIOKEHbI HHCTPYKIIMU NOp;

— Ui OONbIIEH YacTH OCTaJbHBIX WHCTPYKLHI
BpeMsi 0cBOOOX IeHHs OJIOKa BBHIMOJHEHUsI KOHBeiepa
MPOUCXOJUT Yepe3 | TakT Impoleccopa, a AOMOJIHH-
TENIBHBIX MPOCTOEB M3-332 33JCP)KKU pe3yibrara He
BO3HHUKAET.

[Tpearnonaoxum, 9T0 BCe MHCTPYKIMU IIPOrPaMMBI
BBITIOITHAIOTCS TTOCIIE0BATENbHO, €CIIM TOJIBKO 3TO HE
WHCTPYKIMH TI€peAady YNpaBJCHUs, MapajulelbHO C
KOTOPBIMH MOTYT BBITIOJIHATHCS TOJIBKO MX CIIOTHI 3a-
JepKkd. Torna, yauTsIBasi pe3yJibTaThl IIEPBOTO dTama
TECTUPOBAHUS W CJICJIAaHHBIE YTBEPXKICHUS O CTPYK-
Type MpOorpaMMbl, MOXKHO (pOpMasIbHO OLEHUTH UIH-
TCIBHOCTh TaKOI'o BBIINNOJHCHUSA OHHOﬁ urepannun
nukia. Ha mpoueccope RM7000 momyuaem:

Ilepenauu ynpasnenus: 17x2

Wucerpykimu mul.d: +34x5
Wuctpykimu add.d: +24x4
Wucrpyxkimu sub.d: +8x4

Wuctpykmn div.d: +2x36

IIpocron Ha dmtcl:
[Tpoyne MHCTPYKIHH:

+H(34424+8+2)x(2-1)
+(515-17x2-34-24-8-2)x1

= 885 TaKkTOB.

Pasnuna mexay nosryuyeHHO OLleHKOH U pe3ybTa-
TOM U3MEpPEeHHUH cocTaBuia Bcero 31 TakT mpoleccopa,
CJI€JI0BAaTENIbHO, UCIOIb30BaHUE HECKOIBKUX KOHBEH-
epoB Ha mponeccope RM7000 npaktuuecku He Aaer
MpUpOCTA K MPOM3BOAUTEIHLHOCTH U3-3a OOJIBILIOTO KO-
JMYECTBA 3aBHUCHUMOCTEH MO NaHHBIM MEXIY COCel-
HUMH HHCTPYKIUSAMH. AHAJIOTHYIHbBIE PE3yNbTaThl I10-

Tabnuya 9
Metoa Pynre—KyTThI (TaKTBI)
Table 9
The Runge—Kutta method (clock cycles)
KosmmuecTBo Kurou -O0 Kiiou -O3
IIaroB RM7000 XLP BMS RM7000 XLP BMS
256 218 780 181 281 202 995 24 455 33 524 19 091
512 437 404 362 686 405 747 48 779 67 068 38 063
1,024 874 652 722 888 811227 97 415 134 128 75923
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Tabauya 10
Mertoa I"'aycca (TakThI)
Table 10
The Gauss method (clock cycles)
Pazmep Kirou -O0 Kiiou -O3
MATPHUBI RM7000 XLP BMS RM7000 XLP BMS
32 1120314 856 320 1218764 330119 161 709 233 262
64 8 502 498 6221187 9330 940 2361472 1 043 660 1 652 070
128 66 270 288 48 281 943 72 851 443 17711 872 7999 142 12 369 516
256 610119 486 377854 617 575599 138 267932792 60 719 264 73 889 891
Tabauya 11
Pe3ynbTaThl TECTHPOBAHUSA (TAKTHI)
Table 11
Test results (clock cycles)
HHcTpyKums RM7000 XLP BMS
addi 1 1 1
mul 34 3 2
div + mflo 40 11-15 8-23
add.d 4 5,9 3
mul.d 5 6,1 3
div.d 36 36,2 19
madd.d 5 10,2 5
dmtcl 2 — 3
[lepenaun ynpasienus 2 2-4 1-5
sd 1 1 1-2
1d 2 4 2
Ob6pamienne B L2 9 5-6 4-5
OO6parieHue B TaMsITh 110-120 110-120 —
Komnposanue 1 K6 (ranubie HaxozsiTes B ke dL1) 289 229 451
Komnposanue 1 KO (JjaHHbIE OTCYTCTBYIOT B K3LI-IIAMSITH) 7 773-9 504 809-891 1 666-2 263
Wrepanus merona Pyare—Kyrts (-03) 95 130 74
Merox I'aycca (n=128, -O3) 17711 872 7999 142 12 369 516

nmyyaroTcst Ha porieccope BMS. s mponieccopa XLP
pa3HULA MEKAY TAKOW OLIEHKOW U PEalIbHbIM PE3YJib-
TaTOM OKa3bIBAETCS Y)K€ 3HAUMTEIBHOH, YTO, BEpo-
ATHO, SIBIISIETCS CJIEACTBUEM OCOOEHHOCTEH €ro apxu-
TCKTYPBbI, KOTOPLIC TO3BOJIAIOT U3MEHATH IMOPAIO0OK BbI-
MOJTHeHUS] MHCTPYKIMHA M 3a CUET ATOTO TOOMBATHCS
JMYYIITUX Pe3yNIbTAaTOB, HECMOTPS Ha OOJbIIee IO CpaB-
HEHHIO C OCTAJbHBIMH IPOLECCOPAMU BPEMS BBITION-
HEHUS! OT/EIbHBIX TUIIOB HHCTPYKIHH.

[Ipu BBICOKOM YpOBHE ONTHMH3ALUH, KaK CIEAYET
n3 Tabmuubl 9, A BBINOJNHEHUS OJHOW HTEpaIyuu
uKina Ha nporeccopax RM7000, XLP u BMS8 tpeby-
ercsa 95, 130 u 74 Takra cooTBeTCTBeHHO. OTMETHUM,
yTo npoueccop XLP B aToM cinydae okas3aiucs MeaJeH-
Hee RM7000 u BM8, a 3To xopo1io cornacyercs ¢ pe-
3y/lbTaTAMH IEPBOTO 3Tama TECTHPOBAHWSA VIS WH-
CTPYKLIMH BEIIECTBEHHOW apU(PMETHKH.

Ilepeiinem k pe3ynbTaTaM TpeTbell 3anauu. B neit
u3y4anach HPOM3BOJUTEIBHOCTH IMPOLECCOPOB MNpHU
pELICHUH CHCTEMBI JIMHEHHBIX ypaBHEHHH METOI0M
laycca ¢ BBIOOpOM IJIaBHOTO 3JI€MEHTa IO CTOJIOLY.
OH yXe COIEPXHUT HE TOJBKO OOJBIIOE KOJIMYECTBO
BBIYHCIICHUH, HO ¥ OOJIBIIOE KOJMYECTBO OOpaIIeHHid
K mamsatd. Pe3ynbTrarel U3MEpeHui IjIsi 3TOro TecTa
npuBeseHbl B Tabmune 10. AHAJIOTMYHO METOXy
Pynre—KyTThl paccMaTpuBarOTCsi pe3yJabTaThl s
JIBYX YPOBHEH ONTHMH3AIIHH.
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Hau6omp1ryto npou3BoUTENLHOCTh B 3TOM TECTE
nokasan npoueccop XLP B ciaydasx Kak OTCYTCTBHS
ONTUMH3AINY, TaK M €€ BBICOKOTO YpOBHS. Pe3yinb-
TaTHI Iporieccopa BMS8 npu BEICOKOM ypOBHE ONTHMHU-
3allMM OKa3aluCh OJIM3KHUMH K pe3ylbTaTaM Ipolec-
copa XLP.

3akiaoueHue

[TogBeneM WTOrM NPOBEAEHHOIO TECTUPOBAHMS.
PazpaboraHHas TecToBas CHCTEMa II0Ka3aja CBOIO
3¢ (HEeKTHBHOCTh Ha TpaKTHUKE. 3a MCKIIOUYEHUEM He-
CKOJIBKHX 3KCIEPHMEHTOB, OblIa U3MEPEHa JIIUTEIb-
HOCTH BBIIIOJHCHHUA MHOI'MX HHU3KOYPOBHEBBLIX OIIC-
pamuii. braromaps sTolt mHpOpManmm oOHapYKEHO
HECKOJIbKO TEXHHYECKUX OCOOEHHOCTEH apXUTEKTYPHI,
BIHUSFOIIIUX HA IPOU3BOIUTEIHLHOCTD P BBITOTHCHUU
MOJIENBHBIX 3a7a4. OCHOBHBIE Pe3yIbTaThl H3MEPCHHUI
(B TakTax nmpoueccopa) oTpaxxeHsl B Tabumie 11.

[TpoBeneHHble M3MEpPEHUS TaKXKe IIOKa3alld, 4TO
Cpean IpOILECCOPOB HEBO3MOXKHO OJIHO3HAYHO BBI-
Opatb auaepa 1o nNpousBoAMuTENLHOCTH. [Ipu onpene-
JICHHBIX YCIIOBHAX KaXKIBIH M3 TPEX MPOIECCOPOB MO-
KT IT0Ka3aTh JIYYIIYIO IPOU3BOAUTEIBHOCTD, YEM JIBa
npyrux. Hanpumep, BBIMHCINTENBHBIE 3a1a4d C He-
OOJNBIION J0JIeH 0OpaIIeHH K TAMSITH OBICTPEE BCETO
BBITIOJTHSAIOTCSL Ha mporeccope BMS, maxe eciu mpu-
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HSTh BO BHUMAaHHE TaKTOBBIE YAaCTOTHI MPOIIECCOPOB.
Jist konmpoBaHust 00JBIINX 00bEMOB JaHHBIX, HAIIPO-
TUB, JIy4ll€ BCEro noaxoaut npoueccop XLP, Ha Ko-
TOPOM OO0JIBIIAs JITUTEIFHOCTD 3arpy3KH CTPOK B K3III-
MaMsATh KOMIICHCHPYETCSl YBEIMICHHEM UX pa3Mepa U
UX OHOBPEMEHHOM 3arpy3KoH.
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Abstract. This article provides performance comparison for three different MIPS processors (RM7000, XLP316 and
1890VMS8Y A) and describes their architecture details.

To compare processor performance, the testing technique is developed and implemented using C and Assembler.
The technique consists of three consecutive stages.

At the first stage the authors measure processor instructions execution time providing that both instructions and data
required are already stored in a primary cache. The instructions are divided into several groups. There are the results for
members of each group. Primary and secondary cache efficiency is benchmarked on the second stage. The article pro-
vides the results for secondary cache and RAM access time only. The third stage uses synthetic performance tests. The
obtained results are compared with theoretical estimations based on the results of the first two stages.

The advantage of the proposed technique is in its independence from compiler and operating system specified. All
measurements are carried out in clock cycles using special purpose coprocessor registers.

Keywords: testing, MIPS, performance, microprocessor.
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I'HBPHAHBIE KOTHHTHBHBIE HEYETKHE CHCTEMbI YIIPABAEHHA
ABTOHOMHBIM POEOTOM HA OCHOBE HEHPOHHTEP®PEHCA
H TEXHOAOI'HH MATKHX BBIYHCAEHHH

C.B. Y6108, 0.¢h.-m.H., npocpeccop, ulyanovsv@mail.ru;
A.T'. PeuuemHUKo8, x.m.H., doyerm, agreshetnikov@gmail.com;

A.A. Mamaesa, acnupanm, allabard@yandex.ru
(Yrusepcumem «/Jybra, HHcmumym cucmemHozo aHanusa U ynpaeaeHust,
Yrnusepcumemckas yn., 19, e. Aybra, 141980, Poccus)

B cratee 00cyxnatoTcs BO3MOYKHOCTH IIPUMEHEHUs HeliponHTepdelica COBMECTHO C Pa3IMIHBIMH THUIIAMH PETYIATOPOB
Ha THUIIOBOM IpUMepe yIPaBICHNSI aBTOHOMHBIM TPAHCIIOPTHBIM cpeAcTBOM. IIpoBeieHa OLleHKa BO3MOKHOCTEH IPUMEHECHUS
METOJIOB M CPEJCTB TEXHOJOTUH HHTEICKTYaJbHBIX BBIUYMCICHUH ISl MOBBIMICHUS HAAEKHOCTH (YHKIMOHHPOBAHUS CH-
CTEMBI yIIPaBIICHNUSL.

Lens nanHOM pabOTHI — HA OCHOBE AKCIEPHMEHTA MOKa3aTh BO3MOXKHOCTH 3(G()EKTHBHOTO MPUMEHEHHS KOTHHUTHBHOTO
uHTepdelica («MO3r—KOMITBIOTEP—HCIIOHUTEIbHOE YCTPOHCTBOY) Ha MIPUMeEpEe YIPaBICHHsT TPAaHCHOPTHBIM CPEACTBOM (MO-
OMIBHBIM POOOTOM), PAaCKPHITH BO3MOKHOCTB IIPUMEHEHHSI COBPEMEHHBIX TEXHOJIOTHH YIIPaBICHHS U ITOKa3aTh POJIb U HE0O-
XOJUMOCTh MHTEIUIEKTYaJbHBIX BEIYHCICHUH B paboTe HHTEepdeiica «MO3r—KOMIBIOTEPY JUTS OBBILICHNUS HAISKHOCTH U PO-
0acCTHOCTH CHCTEMBI yIPaBIICHUS.

B gacTHOCTH, paccMOTpeHa BO3MOXKHOCTH yHpaBIICHHS THIIOBBIM JIBIDKEHHEM 00BEKTa (BIEpen, Has3ai, BICBO, BIPABO,
00X0J] IPETATCTBHI) MOCPEACTBOM KOTHHTHBHOTO IIJIEMA C TIOMOIIBIO CTAHAAPTHOTO OJOKA pacno3HaBaHMS KOMaH[ U pas-
JUYHBIX TUIIOB CUCTEM YIPABIICHUS, B TOM YHCIIE HA OCHOBE ONITHMH3aTOpa 0a3 3HAHUH Ha MATKHX BBIYHCICHHSAX.

Knioueevie cnoga: xocnumugnas cucmema ynpasienus, KOCHUMUGHbIL pe2ynamop, Helpounmepgelic, MieKue guluucie-

HUsl, UKMENNEeKmyalbHasl cucmema ynpaeileHusl.

Jlo HacToAmmIero BpeMEHH B TECOPHH H IpOIeccax
MIPOCKTUPOBAHUS UHMELIEKIYANbHbIX CUCIEM YRpa6-
nenusi (MCY) kak cuCTeM, OCHOBAaHHBIX HA 3HAHUAX (B
BUJIE COOTBETCTBYIOIIUX 6a3 snanuti (b3)), mpoekTu-
poBaHue cammux B3 ocymecTBIAIOCH dKCIEpTOM Ha
OCHOBE WM WHTEJUICKTYaJbHBIX BBIYMCICHUHN THIIA
MSITKUX BBIYMCIICHUH C NMPUMEHEHHEM TI'€HETHYEeCKUX
JITOPUTMOB, WIA HEYETKUX HEUPOHHBIX ceTel. Pousb
9eJI0BEKa-ollepaTopa B KOHTYpE yNpaBJICHUS HE y4H-
THIBAJIACh B SIBHOM BHJIE JINOO OIMCHIBAJIACH Iepejia-
TOYHBIMU (QYHKIMSAMH YIPOIIEHHOTO THMA. JI0BOJIBHO
JTaBHO YCTaHOBJIEHO [l], 4TO B KOHType yIpaBieHHS
OONBIINX MHOTOKOHTYPHBIX CBSI3aHHBIX CHCTEM
yIpaBJeHusl 4acTo ObIBaeT 10 75 % M30BITOYHON WH-
(opmariy, KoTopas He HCIOJb3YEeTCsl WM MeEIIaeT
NPUHATHIO penieHus. [loaToMy ogHOHM W3 1EeHTpalb-
HBIX TIpobneM paspabotku MCY sBIsuICsS MONUCK KOH-
CTPYKTHBHOTO pELICHUs 3a/1a4d NpoeKkTuposaHus b3
B 3aJlaHHOW TMPOOJIEMHO-OPUEHTHUPOBAHHON 00JIacTH
NPUMEHEHUs] TIPU HAIUYUHM HEONpPECJIeHHOCTH U
pHcCKa.

Bxmouenne B KOHTYp yHpaBJICHUS YeIOBEKa-OIie-
paTopa JacTo acCOIMMPOBAIOCH C MOSBICHUEM U TIO-
BBILIEHHEM PHCKa B IPUHATHH PEILICHUS N3-32 YeJIOBe-
4ecKoro (akropa, HECMOTPsSI HA BO3MOXKHOCTH ydeTa
MHTEJUIEKTYalbHOTO pecypca caMoro omneparopa.
B cBoto ouepenp, 04HO U3 HAIPaBIEHUI TEXHOIOTYE-
CKOT'O pocTa MHTEP(EHCOB BEIYMCIUTEIBHBIX CHCTEM,
HEpa3pbhIBHO CBS3aHHBIX C POCTOM BBIYMCIUTEIBHOU
MOIITHOCTH, HAIIPaBJICHO MMEHHO Ha MHTETPAIIHIO TICH-
XO(QU3UOJOTHIECKUX 0COOEHHOCTEH TTOBEIEHUS TIOJTh-
3o0Barens (oneparopa) ¢ BUPTYaIbHBIM U HHPOpMAITH-
OHHBIM T10JIeM () (PEKTUBHON AESITETLHOCTH YETIOBEKa.
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Takoe pa3BHUTHE MOPOKIACT HOBBIC KIACCH amlapar-
HOW W TPOTpaMMHOH peanm3anuud HHTEp(EHcoB U
CTaIIKUBACTCA C 3a/ladaMu 00paOOTKH OTPOMHOTO KO-
TgecTBa MHIU(PQPEPEHTHBIX NaHHBIX ITOJE30BATEIIS.
O4eBHIHON CTAHOBUTCS HEOOXOIUMOCTD HATHIHS WH-
TEJUICKTYAIBHBIX CBOMCTB afanrtanuu U ooysenus [10
TAKOTO0 poja uHTepQeicoB.

Bonpimoe BHHMMaHME yAenseTcs, HaIpUMeEp, BO-
MIpOCy NMpHMEHEHHs KOTHHUTHBHOTO MHTepdeiica coB-
MECTHO C Pa3JINYHBIMU THIIAMH CTPYKTYP yTIPaBICHHUS.
PaboTsl 3apy0eKHBIX HCCIIe0BaTeNeH MoKa3alnu BO3-
MOJXHOCTH HCIOJIb30BAHUS CTHMYJIHPYIOIIUX CHUI'HA-
JOB s 0OydYeHHS W TPH TeHEpaIuH YIPaBISIOIINX
KoMaH onepaTopoM [2, 3]. OnHako U3BJIEUEHUE 3HA-
HUH U pazpaborka B3 HemocpencTBEHHO M3 MBICIH-
TEJILHOTO Iporecca (nekTposHuedanorpammsl, I317)
HE paccMmarpuBaiiuck. HampoTus, pe3ynbraThl pado-
ThI [4] MOKa3a1M BO3MOXXHOCTh BOCCTaHOBJICHUSI 00pa-
30B MBICIHTEIBHOTO TPOIECCa HEMOCPEACTBEHHO W3
curHajoB 99I. OTMeTHM, YTO U B MOJIOOHBIX CHCTE-
Max HE PacCMaTPHUBAETCSI BO3MOXKHOCTH H3BJICUCHHUS
3HaHWi u3 curHaita D1 omeparopa maias popmMupoBa-
HUS aJaTUBHOW 00yJaroImeiicst CHCTEMBI.

OOBIYHO IJIT TPCHUPOBKH KOTHHUTHUBHBIX CIOCO0-
HOCTEH oneparopa IIMPOKO NPUMEHSIOTCS CHelHaty-
3UPOBaHHBIC TPEHAKEPHI — UTPHI, HAPUMEP HEUPOUH-
tepderic EPOC [5]. Otu TpeHaxkepsl He 00IagarOT
CHCIHATH3UPOBAHHBIM POTPAMMHBIM MOMYIIEM ISt
00y4YeHHS M aJJalTalliil CUCTEMBI YIIPaBJICHU (caMoii
MPOrPaMMBbl) K PU3UOJIOTHIECKUM OCOOCHHOCTSIM OTIe-
patopa [6, 7]. B cBoro odepenp, 3apekOMEHI0BaBITNE
ce0s B MMPOKOM KJtacce obiacTeld MATKHE BBIYHCIIC-
HUS (TEHETHYECKUE alTOPUTMBI, HEUEeTKas JOTHKA U
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He4yeTKHe HEHPOHHBIE CETH) IMO3BOJISIOT CIIPOEKTUPO-
BaThb HHTEUICKTYaJbHYI0 KOTHUTHBHYIO CHUCTEMY
yrpaBieHus, 00IaJaf0IIyI0 TAKIMHU KaueCTBAMH.

CoOTBETCTBEHHO, TEXHOJIOTHIECKUN POCT TaHHOTO
HaIpaBJICHUS HEPa3pBIBHO CBS3aH C HAJMYUEM H pa3-
BUTHEM CIIEIMaIH3HPOBAHHBIX IIPOTPAMMHBIX HHCTPY-
MeHTapueB npoektupoBarnsi ICY. B kagecTBe Takoro
WHCTPYMEHTApHs B TaHHOHN paboOTe BBICTYIACT ONmu-
muzamop 6a3 3uanuti (OB3) Ha MATKHUX BBIYUACIICHUSX,
SIBJISIFOLIMICS (C TOYKM 3PEHHs TEOPUHM HEUETKHUX CH-
CTEM) YHUBEPCAJIBbHBIM amIpoKCHUMaTopoM it (op-
mupoBanus b3 weuemxozo pezynsmopa (HP). Ctpyk-
TYpPHO ONTHMHU3ATOP BKJIIOYACT B ceOs TPH I'€HETHYe-
CKUX JITOPUTMA, Ha KaXJIOM dTarne paboThl KOTOPOTo
(opMupyeTcss oONTHMaNbHas CTPYKTypa HEUSTKOU
HEHPOHHOW CETH C ONTUMAIIEHBIM KOJIHUYECTBOM IIPO-
IYKIWOHHBIX TPAaBHJI M 3HAYCHUH BECOBBIX KOA(pu-
IIICHTOB y3JI0B. B CBOIO 04epens, 3TO TapaHTHPYET po-
0acTHOCTh CHCTEMBI YIIPABJICHUS B YCIOBUSIX MTOMEX U
CMEIIIaHHBIX CUTHAJIOB [8].

OO600IIEHHO TEXHOJOTHIO IMPOEKTUPOBAHUS MOXK-
HO MPEJCTAaBUTh B BUE CXEMbI, U300paKeHHO! Ha pH-
cyHke 1.

Jns cHATHS curHaza O MO3IOBOM aKTMBHOCTH
[9, 10] ucmonmp30BaCss KOTHUTHBHBIN uteM Emotiv
EPOC+ coBmectHo ¢ moctaBimsieMbiM [1O (EPOC
Control Panel).

CrpykrypHo Emotiv EPOC+ cocrout u3 14 kana-
JIOB JUTS CHATHUS cUrHana. J{7s Mmetona otbopa npo0 wuc-
MOJIB3yeTCsl  TMOcTeioBaTebHas BBIOOpKAa. Yacrorta
ee — 128 Br10OpOK B cexkyHAy (BHyTpeHHHI 2048 ') ¢
pasperieHneM ouu(ppoBku 14 GUT U MPOIYCKHOM CIIO-
cobnocteio 0,245 ',

IToctaBnsiemoe I1O mo3BoJsIeT MOMy4aTh, pacro-
3HAaBaTh U PETUCTpHpoBaTh DOI'-cUrHAN cO HuIeMa,
MEHTaJIbHbIe KOMaH/bl M Ha3HA4aTh Ha HUX OIpeJe-
JICHHblE AEHCTBUS (Hampumep, MOCHUIATh YIPaBIISIO-
mmii curHan Ha Bluetooth-ycTpoiicTBo miist nBrkeHUS
ABTOHOMHOTO PO0OTa neped, Ha3ao, 6/1€60 U 6NPaso).

Cuctema
Ontummnsatop
]

HeyeTKoro b3 63
BbIBOAA
BekTtop
[Kp;Ki;Kd]
Mogensb
PID- Ynpasnsolee Aen HabntoaeHve
erynatop Bo3AeicTeune CHCTEMBL. 3a pc~60'r0M>
pery. TpeHaxep
Mosrosasa
AKTUBHOCTb
KomaHhapl =
onepatopa Bnok
L———— pacnosHaBaHua —————3—— Epoc+
curHana

Puc. 1. Cmpyxmypa mexnono2uu npoekmupoeaHus
KOGHUMUBHOU CUCTEMbl YNPaseHus

Fig. 1. The structure of a
cognitive control system design technology

OOyd4eHHe MEHTAJbHOW KOMAaHJE 3aKJIHYacTCs B
3aMKCHU COCTOSIHUS MTOKOSI M COCTOSTHHUIA, KOTIa CyOBEKT
MpeACTaBIsieT 00pa3 KaKoro-Tu00 AEWCTBHS, KOHICH-
TPUPYsl MO3TOBYIO aKTHBHOCTb B OIPEACICHHOM
y4acTKe MO3ra. 3alich TAKHX COCTOSIHHHA 3aHUMAET
8 cexyH.

KadecTBO pacrno3HaBaHHs KOMaHI pa3pa0OTUUKH
TaKoOro 000pyIOBaHUS OOBIYHO CBS3BIBAIOT C YPOBHEM
MOJITOTOBKH OIEpaTopa B TEHEPUPOBAHUH PA3THIHBIX
MEHTaILHEIX KoMaHJ. B kommiekte I1O mocraBis-
IOTCS CICIIMAIM3UPOBAHHBIC UTPBI — TPEHAXKEPHI IS
00y4YeHHS U TPCHUPOBKH.

IIpoexTHpOBaHHEe KOTHUTUBHOIO PeryJsiropa
JJ151 yHpaBJieHus aBTOHOMHBIM Po60oTOM

OOBIYHO B Ka4eCTBE CUCTEMBI YIIPABJICHHSA Ha 00b-
eKTe YCTAHABIMBAIOT PETYJSTOP, KOTOPHIA B 3aBUCH-
MOCTH OT MEHTAJILHBIX KOMaH]I OllepaTopa BeIpadaThI-
BacT YNPABILIIOIIEE BO3ACHCTBHE Ui HMCIIOJHUTENb-
HBIX MEXaHM3MOB. B KkadecTBe Takoro perymisrtopa
MO>KET BBICTYIIaTh, HAIIPUMEP, IPOCTOH PEJICHHBIN pe-
TYJSTOp, I'Zie JUIsi KOHEYHOTO MHOXECTBA BBIXOJHBIX
KOMaHJ (BIiepes, Ha3aj, BJIE€BO, BIIPaBO) BbIpaOaThIBa-
I0TCS OJTHU U T€ )K€ YIPABIISIOIINE BO3ICHCTBUSL.

B nanHO#i paboTe MCHBITHIBAIICE IPOIOPLIMOHAIIB-
HBIH PEryIsToOp, NPOROPYUOHATHO-UHMESPATbHbI
(ITN) perymsaTop ¢ OJOKOM HEYETKOTO BBIBOJA, MPO-
NOPYUOHATIbLHO-UHMeSPATbHbIL  Oupeperyupyrowuli
(ITM 1) perynsaTtop ¢ pa3iHYHBIME KOX(PPHUIHECHTaAMU
YCUIICHUSL.

Jlist mpoBenieHns SKCriepUMeHTa OblT BEIOpaH 00b-
eKT yIpaBJIeHHs: — MOOWIIbHBIN pOOOT B BU/IE TPEXKO-
necHoi MaiuHku ¢ Bluetooth-ynpasienuem (puc. 2).

B ycrpoiicTBe ynpaBieHUs B Ka4ECTBE IIPOLIECCOpa
Juisl yrpaeieHust ucnoib3yercss Arduino Uno coB-
MECTHO ¢ jpaiiBepoM pBurarens — Pololu Dual
MC33926. [Isa Motopa — DC 9V Motor. Bluetooth-

MUuKpoKoHTpoIIep
Arduino

Mortopsl

BlueTooth-
NPUEMHHUK

Hcrounnk nutanus

Puc. 2. Yempoiicmeo ynpagnenus

Fig. 2. A control device
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Moxyns — HC-05. McTouHuKkoOM NuTaHUs CIy’aT TpU
3V Li-On-6arapewu.

PykoBOACTBYSCH MPUHIUIIOM HEPA3PyIICHUS HIXK-
HETO UCIIOJIHUTEIHHOTO YPOBHA yIpaBieHus (puc. 1),
MIPUMEHEHNE MHTEUIEKTYaIbHOM HAACTPOMKHU B BUIE
OB3 ocHOBaHO Ha W3BJICYCHUH CUTHAJIOB 00yUCHHS U3
CHTHAJIOB TPAaCKTOPHH YIPABICHUS OnepaTopoM. Taxk,
B IIPOIIECCE YIPaBICHHUS POOOTOM Ha OCHOBE 3aJaH-
HOTO THUIIA PEryJIATOpa PErHCTPUPYIOTCS TPaeKTOpUU
JBrkeHus (puc. 3). V3 BeIxoaHOTO cHrHasia 0yioka pac-
MO3HABaHUS IMYTEM CIOXEHHS (OPMHUpPYETCS HHTe-
rpajibHasl COCTAaBIIIOIIAs, Aajee SKCIEePT BBIOMpaeT
COOTBETCTBYIOIIEE YIpaBIAOLIee BO3AeCTBUE HA OC-
HOBE IPEABIAYILIETO OIbITa UCIOIB30BAHUS CUCTEMBI.

Jns anmpokcuMary 00y4JaroIiero CUrHaia ¢ Ie-
JIbO M3BJICUCHHUS 3HAHUH IPUMEHSUICS Pa3paOOTaHHBIN
OB3 ¢ BrIOpaHHOW MOJENBI0 HedeTKoro BhBoaa (Cy-
refo l-ro mopszaka). B wacTHOCTH, MCIIOIB30BaJINCH
curHan ¢ Omoka pacmo3HaBanus curHama EPOC, a
TaKKe MHTETPAJIbHASA BEJIMUYMHA CUTHAIA U HACHTH(H-
KaI[MOHHBIN HOMep TpeOyeMoil KOMaH bl

Ha cnenyromiem atane npoextupoBanus b3 ans ve-
YETKOTr'0 BBIBOJIa B aBTOMAaTHYECKOM pexume (popmu-
pyetcs nonHas b3 u ocymmecTBisercs ganbHeNas omn-
TUMU3AIIMA IPaBbIX YyacTel npaBui (puc. 4 u 5).

Ha stane co3ganns b3 momydueHHBIH 00ydaronmii
CHUTHAJ MCIOIb3YeTCs AJ1s1 (JOPMUPOBAHUS JINHTBUCTH-
YEeCKHX MEPEMEHHBIX Ul BXOJHBIX 3HaueHHH. B nan-
HOHM paboTe KOJIMYECTBO HEUETKHX MHOXECTB B KaX-
JIOHM JINHTBUCTHYECKOH IIepeMEHHOH ObIII0 OTPaHUICHO
JI0 TpeX.

Jpyrumu cioBamu, Ha BXOJ B HEHPOHHYIO CETh M0~
CTYIAOT KOMaHJBI OT MIPOTPAMMHOTO MOJYJIS pacio-
3HaBaHus curHaga EPOC (Bmepen, Hazai, BIEBO U
BIIPaBO), Ha BBIXOJ IOCTYNAIOT 3HAYCHUS IS KO-
MaH/bl JABIDKEHHUS YCTPOHCTBA, YCTAHOBJIEHHBIC 3KC-
nepToM (puc. 4).

IIpumenenune B3 coBmectHo c¢ IIM-perymnsitopom
00yCIIOBICHO HEOOXOAMMOCTHIO (hOPMHUPOBAaHUSA 00-
Jiee MATKOU CTPYKTYphl s ynpasienus. C aToi ue-
JBI0  CO3JABAINCH JUHSGUCTHUYECKUE NepeMeHHble
(JIIT) st kaskaoi M3 3alMCaHHBIX KOMaH B CHCTEMeE
pacno3HaBanwsi, popMupoBaiach noiaHas b3 ¢ ucrosns-
3oBaHneM HeuyeTknx MHOkecTB JIIT (puc. 6). IIpaBas
Y4acTh PETYIATOpa CoAepkKajla COOTBETCTBYIOIINE 3HA-
YeHHS U YIPABISIOMIETO BO3JACHCTBUS C IIpHMEHe-
HueMm [IH-perynsaropa. Takum oGpa3om, YpOBEHb ak-
THUBAIlMM TpaBWwiIa B 0a3e MpaBMI COOTBETCTBOBAI
YPOBHIO aKTHUBAI[H YIPaBJIAIOIETO BO3AEHCTBUSL.

Ha pucynke 7 npuBeneH pe3ynbTaT KOTHUTUBHOTO
YIIPaBJICHUS IBI)KEHHEM MOOMILHOTO po0OTa B J1abu-
punTe Ha ocHoBe [IH-perynaropa.

B pabote paccmarpuBaiich CleayIOIINE PeryJis-
TOpBI JuIsl ynpasnenus podorom: [1-, I[THU-, [T /I-pery-
JSITOPBI C TIOCTOSIHHBIMM U IEPEMEHHBIMU KO3 HLH-
SHTaMH.

Ha pucynke 8 nmpencTaBieHb! BBIXOIHBIE KOMaH/IbI
CHCTEM YNpaBJICHHs Ul yIpaBieHus pobotom. Ha
rpaduKe 3eleHBIM [IBETOM IIOKa3aH IIEJICBOM CHUTHAI,
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Fig. 3. A training signal
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Fig. 4. A fuzzy inference neural network
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Puc. 5. Cmpyxmypnast cxema popmuposanus npasuia
6 b3

Fig. 5. A block diagram for knowledge base rule
formation

KOTOPBII COOTBETCTBYET JBIKCHHUIO BIIEPE] W Ha3as,
JpYTUMH IIBETaMH BBIJEICHBl YPOBHH aKTHUBALUH
I1- (na pucynke Epoc) n [IM-perynsaropa c B3.

Kak BunHO U3 rpaduka Ha pUCyHKe §, B MOMEHT,
KOI'/1a 33Jja4a oneparopa — JBIKCHUE MAIIMHKH Ha3a,
U NPOHMCXOJNUT KOHLEHTPALUS MBICIUTEIHLHOTO IpOo-
Iecca Ha ATOH KOMaH/Ie, CTaHJapTHBIN OJIOK HEe Bceraa
IPaBUIIBHO OIIPEZeIIEeT YIPABIAIOIee BO3ACHCTBHIE U
PoOOT ABIKETCS PHIBKAMH WM JJaXKe B APYTYIO CTO-
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JMHrencTry eckan nepemeanHan "enepeg’”

Vposens Ly B pacr

Puc. 6. Ilpumep nunzeucmuueckou nepemeHHol
07151 KOMAHObL «8NEPed»

Fig. 6. An example of the linguistic variable
for the command “forward”

Puc. 7. Tpaexmopus 08usicenus npu ynpaeieHuu
MobunbHbIM pobomom na ocroge [IH-pezynamopa

Fig. 7. A motion trajectory when controlling
a mobile robot based on a Pl-regulator

768

e EDOC OB3

Puc. 8. Ynpasnaiowue so30eticmsus, svipabameiéaemvle
penetinoim u ITH-pecynamopom npu osudicenuu enepeo
u Hazao

Fig. 8. Controlling actions produced by a relay regulator
and a Pl-regulator when moving forward and backward

Puc. 9. Ob6ve30 npenamcemeus cucmemoul ynpaeieHus
¢ ITH]]-pezynamopom

Fig. 9. Obstacle avoidance by a PID-regulator
control system

poHy (J1oxxHOE cpabarbiBaHue). OTHAKO TOTOIHUTEIb-
Hasl HaJICTPOHKa B BHJIE MHTETPaJIbHON COCTABIISIONIEH
B b3 mo3Bomser craaguTe MOCIENOBATENBHOCTh KO-
MaH] ¥ YMEHBIINTh KOINYECTBO OIIMOOK IPH JOCTH-
JKCHUH LEITH.

IIpu pabore cucTteMbl pacrno3HaBaHUS KOTHUTHB-
HBIX CHTHAJIOB 9aCTO BO3HHKAIOT HEBEPHBIE (JIOKHBIC)
cpabaTbIBaHUs, BBI3BaHHbBIC apTe()akTaMy MBIIICTHON
Y MBICITUTEIEHON aKTHBHOCTH, WJIM KOMaH bl HE10CTa-
TOYHO XOPOUIO PACIIO3HAIOTCS B CBSI3U C YPOBHEM I10/I-
TOTOBKH orepatopa. Ha nponoprioHansHbIi peryis-
TOP 3TO OKa3bIBAeT CEphE3HOE BO3CUCTBUE, U paboTa
CHCTEMBI BBI3BIBAET TPYAHOCTH IPH AKCILITyaTaluy.

JononHurensHo ObLTa paccMOTpeHa 3ajava 00b-
€372 TMPEISITCTBHUSA C HCIIOJIb30BAHMEM CHCTEMBI YII-
paBaenust ¢ [INJI-perynsiTopoM M MHTEIPUPOBAHHON
B3 (puc. 9).

Kak MOX@HO 3aMeTHTh, MOBBINICHUE HHTEIICKTY-
anpHocTH [1O BnmseT Ha BBIpabOTKY 3(¢deKkTHBHOTO
YIPABILSIFOIIETO BO3JECHCTBHS PETYISATOPOM M Ha pa-
60Ty cuctemsl B 11e710M. OIHAKO YCTaHOBJIEHHE OINTH-
MaJIbHBIX 3HAUCHUH KOA(PHUIIUEHTOB ISl KAXKJO0Ir0 MO-
MEHTa BPEMEHH SBIISIETCS aKTYaJIbHOM M OYeHb BaXK-
HOU 3amaueld. [lpu HeBepHOH (JIOXKHOMW) YCTaHOBKE
3HAa4YeHUH Tak)ke HaOJIIogaeTcs HeBepHOe cpadaThiBa-
HHE, 00BEKT YIPABICHHS ABHKETCSA PHIBKAMH.

3akiaoueHue

PeSyHI)TaTI)I IMoKasaljii, 4TO Ka4€CTBO YNPaBJICHUA
06T:eKTOM SHAYUTCIbHO IMOBBLIIIACTCA TMPU MMPUMEHE-
HUU pa3paboTaHHOW cxeMmbl ympasieHwus. [IpoBeneH-
Hasi paboTa JEMOHCTPUPYET HEOOXOUMOCTD CO3JaHHUS
YHHDHUIUPOBAHHOHN TEXHOJIOTHN MPOCKTHPOBAHUS CH-
CTEeM YyIIpaBIICHU TS HeliponHTepeiicoB U HEJOCTa-
TOYHOCTh POOACTHOCTH (PYHKIHOHUPOBAHHS MOCTAB-
nsiemoro B Hacrosiee Bpems I10.

CToHuT OTMETHTh, UTO JallbHEHIee pa3BUTHE KO-
THUTHUBHBIX TEXHOJIOTHH YIIpaBIICHUs HEPa3pBIBHO
CBSI3aHO C METOJAMH PETUCTPAIMKA U MHTEPIPETAIIHU
D30I Mo3ra omneparopa ¢ MPUMEHEHHEM CTICIIUATH3H-
POBaHHBIX (QHIBTPOB, CIIIAXUBAIOMUX CUTHAIBI DI
U yIAISIONINX MOMEXHW M IIyMBI (apTeakToB), BEI-
3BaHHbIC MCUXO(MU3HOJIOTHYECKUM COCTOSIHHEM U
BHEITHUMH (PaKTOPaMH, U C IPUMEHCHIEM HHTEIUICK-
TyalbHBIX TeXHOJNOTHH B [10 HCHOTHHUTEIEHBIX MeXa-
HU3MOB U OOYYEHUS M aJaliTallid CHCTEM YIIpaBIic-
HUS C OTIEPATOPOM B KOHTYPE YIIPABICHUS.
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HYBRID COGNITIVE FUZZY CONTROL SYSTEMS FOR AN AUTONOMOUS ROBOT
BASED ON NEUROINTERFACE AND SOFT COMPUTING
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Abstract. The article discusses the possibility of applying neurointerface together with different types of regulators via the
typical example of controlling an autonomous vehicle. There is an assessment of application possibilities of intelligent compu-
ting methods and means to improve the control system performance reliability.

The aim of this work is to show experimentally the possibilities of cognitive interface effective application (“brain-com-
puter-actuating device”) on the example of motor vehicle driving (a mobile robot). The paper also reveals modern management
technologies application and shows the role and the necessity of intelligent computing in the operating “brain-computer” inter-
face in order to improve the reliability and robustness of the control system.

In particular, the paper considers the possibility of controlling the movement of the object (forward, backward, left, right,
bypass obstacles) with the help of a cognitive helmet using a standard command recognition block and different types of control
systems, including knowledge base optimizer based on soft computing.

Keywords: cognitive control system, cognitive control, neurointerface, intelligent computing, intelligent control system.
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OB30P CPE/]ICTB HMHTAIITHOHHOI'O MOAEAHPOBAHHA
KOAAEKTHBOB POBOTOB C SAEMEHTAMH
COLIHAABHOH OPIr'AHH3ALIHH

M.A. Pogbo, urrxenep-uccnedosamens, rovhoma@gmail.com;
E.E. OscaHHUKO08A, uHikeHep-uccredogamens, eeovsyan@yandex.ru
(HauuoHanbHblil uccnedosamensckuil yeHmp «Kypuamosckuili uHcmumym,
nn. Akademura Kypuamosa, 1, 2. Mockea, 123182, Poccus);
A.A. QymaueHko, mazucmparm, chumachenkoaa93@mail.ru
(HauuoHanwbHbLl uccnedosamensvckuli yHugepcumem «Bblculasi UKOAA 9KOHOMUKUY,
yn. MsacHuukas, 20, 2. Mockea, 101000, Poccust)

B pabote paccmarpuBaloTCs MeXaHU3MBI, BaXKHBIE JUIs aIeKBaTHOIO MOJAEIUPOBAHHUS I'PYIIBI HCKYCCTBEHHBIX areHTOB,
0Cc00EHHO MOOMIIBHBIX POOOTOB, OPraHU30BAHHBIX B CHCTEMY C 3JIEMEHTaMHU COLMAIbHON CTPYKTYpHl. ChOopMyTUpOBaHEI OC-
HOBHBIC MEXaHU3MBI ISl MOJICTIMPOBAHHUS HCKYCCTBEHHBIX KOJUIGKTHBOB C COLIMANIBHOM CTPYKTYPOii.

TIpoBeneH 0030p MHCTPYMEHTOB MOACIMPOBAHHUS, OCHOBaHHBIN Ha 3TUX TPEOOBAHMSAX, ONPENEIAIOIINH TPEUMYIIIECTBA U
HEZIO0CTATKU CYIICCTBYIOLINX CHCTEM UL MOACIMPOBAHNUS, CUMYJISILIMU M MCCIeA0BaHUs NoA00HBIX cucteM. O630p cocpeno-
TOYEH BOKPYT CPEICTB MOJCIMPOBAHMUS OHOJIOTUYECKUX CUCTEM (B YACTHOCTH, MyPaBhEB, TaK KaK OHU SBIAIOTCS SIPKUM IIPH-
MEPOM COIMAIIBHOM TPYIIIBI), ar€HTHOTO MOJICITNPOBAHMS U CIICIINAIM3UPOBAHHBIX HHCTPYMEHTOB CUMYJISIIUHE POOOTOB.

CrenaH akIeHT Ha YPOBEHb HOANEPKKH Pa3IMIHBIX COIHAIBHBIX MEXaHH3MOB B CHCTEMaX MOJCIUPOBAHMS, a TAKKE HA
MX BO3MOKHOCTH MOJCIUPOBAHNUS, 0COOCHHO OOJIBIIOTO KOJIMYECTBA areHTOB (B YaCTHOCTH, TTOJAEPIKKA BHIYUCICHUH Ha Kia-
cTepax), Ha YMEHHE CHMYJIHPOBATh I0Jb30BATEILCKHE MOACIN U PEATM3ALHUI0 PA3IMYHBIX aCIEKTOB COLMAIBHONW TPYMIIBI.
BBISICHHIIOCH, YTO, XOTS €CTh MHOTO OOIIMX CPEACTB JUIS CO3JAAaHUS U CUMYJISILIMH MOJEINCH, CYIECTBYET OUYeHb Majo IMOA-
JICP’KKU U TOTOBBIX PeaIM3alUii JaxKe MIUPOKO MCTIONB3YEMbIX MEXaHU3MOB, TaKUX KaK ()epOMOHBI, IIPEAOCTABICHHBIX CHCTE-
MaMH JJIs1 CO3/IaHus U MCCIICIOBAHMS IPYIIEI POOOTOTEXHUYECKHX areHTOB ¢ COLMANBHON CTPYKTYpoitl. C Apyroi CTOpOHBI,
CpeICTBA, HANPaBJICHHBIE HA MOJIEIUPOBAaHHUE CHCTEM C JIEMEHTAaMH COLIMAIILHOTO MOBE/ICHHUS, TAKMX KaK CUCTEMbI MOJIEIH-
pOBaHUs TOBEICHNST MypaBbEeB, HE OUSHb MACIITaOUPyeMbl HJIM OTPAaHUYCHBI B HA0OpE acleKTOB, KOTOPBIE OHU MOTYT MOJIe-
JIMPOBATh, ¥ HET YIOOHBIX MEXaHU3MOB MX PACIIMPEHHS IS YTITyOIeHHBIX HCCIIEIOBAaHMUIA.

Ha ocHoBe 0030pa Obliia BbIsABICHA TOTPEOHOCTh B KOMIUIEKCHOH CHCTEME MOJIEIMPOBAHHUS, CIIELNATbHO HAPaBICHHON
Ha HCCJIE0BaHUs B 00JACTH MCKYCCTBEHHBIX TPYMIT areéHTOB C 3JIEMEHTAMH COLMANIbHOM CTPYKTYpHI,  CHOPMYITHPOBAHBI
TpeOOBaHUS K TAKOH CHCTEME.

Knrouesvie cnosa: azenmmuoe mooenruposanue, MOOEIUPOSAHUE COYUATLHOZO NOBEOeHUs, SPYNNO8as pobOmMomexHuKd,
UMUMAYUOHHOE MOOETUPOBAHUE, UHCMPYMEHMbL pA3paboOmKu, 0030p, KiacmepHbie BbIYUCIEeHUs, OUONOO0OHbIE CUCHEMDb,

9YCOYUANLHOCMY, pOOOM.

OcHOBHOW 3ajauell TPYyNIOBOH POOOTOTEXHHUKHU
SBIISICTCS TIOCTPOSHUE TaKOH CHCTEMBI, KOTOpas Ja-
Bajyia ObI HOBBIC Ka4eCTBA M YIYYIICHHBIC XapaKTePH-
CTHKH 32 CYET B3aMMOJCHCTBHS MHOTHX OTAEIHHBIX
areHTOB, 00JIQIAIONINX OTHOCUTEIBHO MPOCTHIMH Ipa-
BusaMu. OCHOBHBIM METOJOM HM3y4YEHHS JaHHBIX CH-
CTEeM SBISIETCS MIMHUTAI[IOHHOE M ar€HTHOE MOJEIHPO-
BaHUe, [UIA YeTO MCCIIE0BATENN MOIB3YIOTCSA Pa3iny-
HBIMH cpelaMH 1 OHOJInOTeKaMHu.

OnHUM U3 HAIPaBJICHUH UCCIIEIOBAHUIA B TPYIIINO-
BOM POOOTOTEXHHKE SBISIETCA M3YYCHHE OMOIOTHYE-
CKUX CHCTEM C HECJIIBI0O NPUMCHCHUA NPHUHIIMAIIOB HX
OpTaHU3aINH JJIsl MOCTPOCHHS KOJUIEKTHBA POOOTOB,
MOCKOJIBKY 3TH CUCTEMBI JEMOHCTPUPYIOT MHOTHUE XKe-
JlaeMble KauecTBa, TaKue KaK YCTOMYMBOCTb K BHELI-
HUM BO3JEHCTBHSAM, BO3MOXXHOCTH PabOTHI B HEW3-
BECTHOH cpene, 3PPEKTHBHOCTh BBIOJHECHUS 3a1ad.
HoBbiM 1 Becbma NEpCHEKTUBHBIM HAmpaBJICHUEM B
9TOM 00JaCTH SBJIIETCS IOAXOJ, OCHOBAHHBINA Ha CO-
[IIATFHOM MTOBEJICHUH U Pa3IMYHBIX MEXaHU3MaX, CBSI-
3aHHBIX ¢ HUM [ 1]. FIckycCTBEHHBIE KOJUIEKTUBEI, pea-
TU3YIONINE 3TH MEXaHU3MBI, B JalbHEHmeM Oynaem
Ha3bIBaTh KOJUIEKTUBAMH C COLIUAIBLHON CTPYKTYPOM.
B uactHOCTH, 0OONBIIOE pacrpocTpaHeHUE HOIYYHIIO

MIOCTPOCHHE KOJUIEKTHUBOB, MOJOOHBIX MYPaBEHHUKY,
KOTOPBIH SIBISIETCS KJIACCHYECKUM MPUMEPOM 3yCOIH-
IBHOTO COOOIIECTBa, YTO CUNUTAETCS BBICIIECH CTeme-
HBIO COIIMAJIHOM opraHu3aimu. HecMoTps Ha BecbMa
CJIOKHOE YCTPOMCTBO, BO3MOXKHOCTH U TIOBEJICHUE OT-
JIETbHOTO MYpPaBbsi, HAUIMYNE WHTEPECHBIX SIBICHUH B
CTPYKTYp€ MYpaBEMHMKA, TAKUX KaK IOJIMITU3M, MO-
Ommm3aryst, TpooOro3, HAKOIUIEHHE U Mepeaaya 3Ha-
HUH, uepapxusi W Apyrux [2], aKTHBHO H3Yy4aroTCs
JIMIIb HEKOTOPBIC OTACIBHBIC MEXaHU3MBI. HaHpI/IMep,
HaX0X/IEHUE MyTH 110 pepoMOHaM, KOTOPOE UMEET Psit
Pa3IUYHBIX ONHUCAHHBIX B JINTEPATYPE MOJEIEH, NIpo-
TPaMMHBIX pEIM3alUi W HCHOJIB3YeTCSl Kak JIIs
YIIPaBJICHUS JIBIDKEHHEM (DPU3NYECKHX areHTOB M HX
MoJIeJIed, TaK M U TOMCKa IMyTH Ha rpadax.

OnHako, MOMHUMO DPa3BUTHS WM OpraHM3aluu
areHToB C MOMOIIBIO ()ePOMOHOB, HECOMHEHHO BaX-
HBIMH SIBIISIIOTCS M IPYTHE MEXaHU3MbI KOJUIEKTHBOB C
COLMAIBHOM CTPYKTYpOH. [[J1s1 OMHOIIEHHOTO BCECTO-
POHHEr0 HM3YYCHHSI HMCKYCCTBEHHBIX KOJUICKTHBOB,
CTPOSIINXCS 110 MTOJOOHBIM IIPUHIUIIAM, Ba)KHO HAJIH-
YK€ TaKOH CHCTEMbl UMUTALIMOHHOTO MOJEIHPOBAHUS,
KOTOpasl MPEAOCTaBIISICT CPEACTBA PeaN3allii B HEH
OCHOBHBIX JJIEMEHTOB KOJUIEKTHBA C COLMAJIBbHOU
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CTPYKTYpOii, oOecriedynBaeT MaclTabupyeMoCTh CH-
CTEMBI, BO3MOKHOCTb €€ yI0OHOTO PaCIIUPEHHs, O1-
JIEpIKKY cOOpa JAHHBIX VISl TOCIEIYIOHIEro aHaIN3a.
CymecTByeT HeMasio 0030pOB CHCTEM areHTHOTO MO-
nenupoBaHus (Hampumep [3—6]), oAHAKO B OCHOBHOM
OHM KacarmTCsi CHUCTEM OOIIero, YyHHUBEPCAIbHOTO
HasHaueHus. Llenb maHHOTO 0030pa — aHANHM3 MMEHO-
MIMXCSl CIELUATM3UPOBAHHBIX CHUCTEM MOJICIHPOBa-
HUS, TPUTOTHBIX JUISl PEIICHHs 3a]a4y KOJUICKTHBHOU
POOOTOTEXHUKH, OPHEHTUPOBAHHBIX Ha CO3JIaHUE CO-
LHAJIBbHBIX CTPYKTYP.

Mojaeu couuaJabHOr0 NOBeAEeHHS

CymmecTByeT psia GopM, BUIOB U IPOSIBICHHIH dJ1e-
MEHTOB COIIMAJILHOTO TOBEICHUS, TAKUX KaK KOTE3Us
(cTpemiieHre OepyKaThCS TPYIIOH), KOHTarmo3HOE U
AaTOHHMCTHUYECKOE TOBEICHHE, KaCTOBOCTh, 00pa3oBa-
HHUE KOANMWIUH U T.I. JJaHHbIe MeXaHW3MBI HAOIIOAa-
JUCh Y XUBOTHBIX W ONHCAHBI HCCICAOBATEISIMH, B
YaCTHOCTH, ITOJOTHS CJIOXKHOTO TMOBEACHHUS TeX XK€
MypaBbeB OIKCaHa B Kiaccuueckux pabotax [2, 7].
Hexotopbsie MexaHU3MBbl CBOMCTBEHHBI BBICOKOYPOB-
HEBBIM (hOpMaM KHU3HHU, HAIPUMEP, arPECCUBHBIC U aH-
TaroHUCTUYCCKUE (HOPMBI TIOBEJCHHUS IIUMITAH3E Pac-
CMaTpHUBAJIUCH B [8], a KOHTarno3HOE MOBEJECHHE — B
pabore [9]. B paborte [1] moka3aHo, 94TO I peann3a-
uH (PEeHOMEHOB COIMANTBHOTO TTOBEICHHS HEO0X0 UM
HEIBIA PSJ] KITFOYSBBIX MEXaHU3MOB:

— WHIUBUAYaIbHBIE MOP(POIOTHICCKHUE U TICHXH-
YEeCKHE pa3Inyus HHIUBUAYYMOB (HAallpUMep, 3a CUeT
peanuzanuy MexaHu3Ma TeMIepaMeHTa u IMOLIUK);

— JIOKaJIbHOE B3aMMOJIEHCTBHE 0C00€l, B TOM
quciie KOMMYHUKAIINS,

— CpencTBa S3BIKOBOTO OOIICHUS;

— ¢QopmupoBaHHE KOAUIINH;

— mupdepenmmanus QyHKOWHA (pacnpeneicHue
podeii u 3a1a4);

— BBIJCIICHHE HEPapXUYECKOW CTPYKTYpPHI (JIH-
Jiepa, TPYIIL U T.11.) U IpyTHe.

He Bce u3 nmepeyncieHHbIX MEXaHU3MOB JOJIKHBI
OBITh SIPKO BBIPAKEHBI B KOJUICKTHBE KaK COLUAIBHOM
CTPYKTYpE, OJJHAKO MOKHO TOBOPHUTH 00 MX HAINIUH B
TOM WJIM MHOM BHJIE U, COOTBETCTBEHHO, CHCTEMa MO-
JIETUPOBAHMS TOJDKHA WX TOJJEPKUBATh XOTS OBl Ha
YPOBHE COOTBETCTBYIOIIUX 0a30BBIX MOAYJIEH U WH-
tepdeticoB. [l Ooyiee CIOXHBIX areHTOB HEOOXO-
JuMa TIOJIJIEpKKa CO3JIaHUsl MOJIeTiell BHYTPEHHETO U
BHEUIHEero Mupa. Takue Moenu Ba>KHBI AJ1s1 JIOKaIu3a-
uuu aredrta [10], HaBuranuu u koMMmyHuKauuu [11],
KooIlepaluy Mexay areHTamu [12], miaaHupoBaHHs
nevctBuil [13], agantauuu x nopexaeHusMm [14] u
MHOTUX JPYrux 3aJay, XOTS NOCIEAHUNA IpUMeEp
OoJbIe CBOMCTBEHEH [T O0JIee CII0KHO YCTPOCHHBIX
poOOTOB, YeM Il TeX, Ha KOTOPBIX 3a4acTyl0 OpHEH-
TUPYIOTCS HCCJICIOBAHUS B TPYIIOBOH poOOTOTEX-
HUKE.

CucreMa MOJEIMPOBAHUS HEOOA3aTEIBHO TOJDKHA
MIPEIOCTABIIAT CPEACTBA PEATM3aIINU BCEX 3TUX MeXa-

426

HU3MOB, MOCKOJIBKY JAJIs1 HEKOTOPBIX U3 HUX MOXHO
BOCIIOJIb30BAThCS CIELMAIN3UPOBAHHBIMHE OHOJINOTE-
KaMH, HO XOTS OBl BO3MOXKHOCTb HX HHTETPAINA
nIojpkHa ObITh. Yem Oosee SBHO HANIMYECTBYET MOJ-
JIEp>KKa BCEX 3JIEMEHTOB KOJIIIGKTHUBA ar€HTOB C COLHU-
ANBHOM CTPYKTYpOH, TeM OoJbIle MOJXOAWUT TIPO-
TPaMMHOE CPEACTBO ISl CO3IAHUS M M3YUCHHS ITHX
MoJIenen.

KoneuHo, MOCKONBKY peub UAET O MOACTHPOBAHUU
POOOTOTEXHUYECKUX PpACHpEeAENICHHbIX CUCTEM, CH-
cTeMa MOJICIMPOBAHUS JIOJDKHA IMOJJICPKHUBATh U Ta-
KH€ TOHSTHS, KaK OTAENBHBIN areHt, MpocTpaHCTBO,
BpeMs, 3aJ]aBaTh B HEKOTOPOM BHJE CpeNly, B KOTOpPOi
B3aUMOJICHCTBYIOT areHThI, IPEOCTaBISATh BO3MOXK-
HOCTh MOJYJIBbHOW peaM3allii OTIEIbHBIX aCIEKTOB
aredTa. CTOUT OTMETHTBh, YTO OJHIM M3 TUIIOB KOMMY-
HHUKallUA MEXIY areHTaMH SIBJIAETCS CTHUTMEPTHs, TO
€CTh OIOCpEeNOBaHHAs Tepenada MH(OOPMALUN depes3
W3MEHEHHE BHEUIHEH Cpeibl, HalpuMep, OCTaBICHHE
tdhepomonos [15]. Takke cucTeMa T0JIDKHA yMETh TOA-
JIEpKUBATh MOJIENIb U3 HECKOJIBKUX B3aUMOICHCTBYIO-
IIUX KOJIJIEKTHBOB, MOCKOJIBKY CPEIH 3a7ad IpyMIo-
BOW POOOTOTEXHHKH €CTh TaKue, KOTOPBIE CBS3aHBI C
JIeTICHUEM U CIIMSHUEM rpynn poooToB [16].

HecomHeHHO, 1711 U3y4eHUs OTAEIbHBIX 3JIEMEH-
TOB CHCTEMBI TaK)Ke ITOJIE3HO NMETh BO3MOXHOCTh HC-
MOJTb30BATh YK€ TOTOBBIE AJITOPUTMBI JUTS pEaT3aLlIH
JIPYTHX acIIeKTOB CHCTEMBI 0€3 He0OXOJMMOCTH Hallu-
CaHMS TIPOTPaMMBI JUIS BCEX MEXaHH3MOB Cpasy.
Hanpumep, npu n3ydeHnu pa3iudHBIX MOJEINEH 3Mo-
i poOOTOB HCHONB30BAaTh MOIYJIH, PEaTH3YIOIIHe
OJIMH U3 CHOCOOOB MOJEIMPOBAHUS JIOKAJBHOUW KOM-
MYHHUKAIIIH WIK TPYIIIOBOTO ABMXKEeHMA. Mcrons3oBa-
HHE TaKUX CTaHJAPTHHIX MOBEICHUYECKUX MOIyJen
MO3BOJIUT, KAK MUHUMYM, COCPEIOTOUYUTECS HA COMIeP-
KaTeJTbHOHW YaCcTH U3ydaeMon MpoOIEeMBI.

B nanHoli paboTe Oblia cenaHa nomnsiTka chopmy-
JMPOBaTh TPeOOBAHMS U HAUTH CHCTEMY MOJIEIHPOBa-
HUSI, Han0oJIee MOIXO Iy JUIs IOCTPOESHHSI MOAEIH
MHOXXECTBA B3aMMOJCHCTBYIOIINX HCKYCCTBEHHBIX
areHTOB, OPIaHU30BAHHBIX B KOJUIEKTUB C COLMAIBHON
CTPYKTYpPOH, U ATl U3Y4YEHUS €r0 C UCIOJIb30BaHHEM
BBIYUCIUTEIHFHOTO 3KCIIEPUMEHTA.

XOTS CYIIECTBYIOT Pa3IMIHBIE METOBI MOICIHPO-
BaHU TPYIIIOBEIX cucTeM [17] 1 pa3HbIe TUIIBI IMUTA-
IIMOHHOTO MopaenupoBanus [18], BHUMaHNe B JaHHOU
CTaThe COCPEJOTOYCHO HAa CHCTEMaX areHTHOTO MMH-
TAI[IOHHOTO MOJICNMPOBAHMS, OPHUEHTHPOBAHHBIX Ha
JIICKPETHbIE UMUTAIMOHHBIE MOJENH, IOCKOJIBbKY Me-
TOJ MOJAEIMPOBAaHUS B 3TOM Cllydae MOJAEPKUBAET
MOHSATHE ar€HTOB M NPEJIoaraeT BO3MOXKHOCTb pea-
nu3anuu Mojenu Ha OBM.

Takum 006pa3om, MOXKHO BBIJICITUTE HEKHH Mpe/Ba-
PUTENBHBIA psJ TpeOOBaHUN K TaKOW CHCTEME Mojie-
JMPOBAHMA:

— TOAIEpKKa OONBIMHMX TPyNm (THICSYHA H Je-
CSATKH TBICSY 0CO0€H);

— BO3MOXHOCTb MOJCINPOBAHUS CIOKHOW BHYT-
PEHHEU CTPYKTYPHI;
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—  TOJJIEPIKKA JIOKATbHBIX B3aMMO/ICHCTBHIA;

— MOJICITUPOBAHUEC MPOCTPAHCTBEHHBIX OTHOIIIC-
1317078

— TOAJEep)KKa MOJIEIHPOBAHUS KOMMYHHKAIHAN 1
SI3BIKOBOT'O OOII[EHUS.

Cucrembl MOAe/JIUPOBaAHUA
NMOBE€ACHUHA IYCOUUAIBHBIX }KHBOTHBIX

ITockoabky paccMaTpUBAIOTCSI MOCTPOSHUE U MO-
JIeTMPOBAaHNE HMCKYCCTBEHHOH CHCTEMbI M3 MOOWIIb-
HBIX areHTOB, OPIaHM30BAaHHBIX B KOJUIEKTHB C COLM-
IBHOM CTPYKTYpOH, CHauasia ObUT IIPOU3BE/ICH TTOKMCK
CHCTEM MOJEJIHMPOBAHUS, CO3JIAHHBIX JUISl M3YYCHHs
OMONIOrMYECKNX JYCOLMAIBHBIX KOJUIEKTHBOB. [lpn
BO3MOXKHOCTH MOAM(HUKAINU TIPABWI W H3MECHCHHUS
psiia mapaMeTpoB areHTOB M OKPYXKAIOIIEH Cpeabl Ta-
Kasi CHCTeMa MOZEIMPOBaHUS Moria Obl OBITH ITpHUMe-
HEHa W IS U3YYCHHSI CBOICTB MCKYCCTBEHHOTO KOJ-
JIEKTHBA.

SIpkue npencTaBUTEH )KUBOTHOTO MHPa C DYCOIIH-
aJbHOM OpraHu3aluedl — MypaBbU, IUENbl U HEKOTO-
pble Ipyrue HaceKOMBbIE, IIOATOMY B 0030p IHONAIH B
OCHOBHOM MPOTPaMMBbI U ONOIHOTEKH, OTHOCSIIHECS K
MOJICTIMPOBAHUIO TIOBEJICHHUST MYpPaBbEB, TaKHE Kak
Aints [19], Myrmedrome [20], AntMe [21] u T.1.
CrouT TakXke YHOMSHYTH O HAJUYUH IIaT(OpM JUIA
COPEBHOBAaHWH MPOrpaMM, KOTOPBIE MOTYT OBITH BBI-
TIOJTHEHBI B (JOPME MYPaBEHHUKOB [22], XOTsI 3TO, CKO-
pee, mI1aThOPMBI ISl TECTUPOBAHUS, HEXKEIH IS pa3-
paboTKH, U B KauyecTBe OMOIMOTEKH MOJCIUPOBAHHUS
JUISL UCCTIEI0BAHUM HE MOAXOISAT.

Myrmedrome— 3To0 areHTHBIH CHMYJISTOP KOJIO-
HUI MYypaBbeB, IOCTPOCHHBII HAa NPUHIUIE PEAKLUU
MYpaBbeB HCKIIOYHMTENIHO Ha JIOKaJbHbIE COOBI-
Tus [23]. MypaBbH B3aUMOAEHUCTBYIOT IPYT C IPYTOM
C TIOMOWIBI0 XMMHYECKHX CHTHaJoB. [ 'padmueckuit
uHTep(eiic mporpaMMbl NPEACTaBICH Ha pHCYHKe |
(Oexple TUHUM — TIYTH CIIEJOBaHUS W3 (PEPOMOHOB).
ANTOPUTMBI YIPaBJIEHHUS areHTaMH HeJeTepPMUHHPO-
BaHHBIE: Ha Ka)KJOM IIare, KOrjaa Bce mapameTphl My-
paBbeB OOHOBIISIOTCS, CYLIECTBYET BEPOSITHOCTD, UTO
BBIOpaHHOE JIeHCTBUE He OyAET BBIMOJHEHO. JTO Je-
JIaeT CUCTEMY a/IaliTUBHOM K HETIPEABUACHHBIM CUTYa-
LHSIM.

Myrmedrome MMHTHPYET JKH3Hb KOJOHHH Mypa-
BbEB Ha OrPaHUUYEHHOM ydacTke cpezpbl. CounanbHas
OpraHu3aIis OCHOBaHA Ha KACTOBOH CHCTEME, B KOTO-
poii ecTs paboune u connathl. [IepBbie BHIOIHSIOT OC-
HOBHbIE (DYHKIIMH TI0 TIOMCKY €]IbI, KOTOPYIO OHH Xpa-
HAT B COBMECTHBIX JXEIYAKAaX U KOTOPOH HENSATCS C
JpyrMMH MypaBbsMH. Paboune, umccnenyst TeppuTo-
pHIO, TIPH BCTpEYe C AOOBIYEH IBITAIOTCS €€ YOUTh, a
TaKOKe MIYT MYpaBbEB U3 APYIUX KOJIOHUH, paccMmar-
pHBas UX KaK HCTOYHUK OIMACHOCTHU M OMOBEIast 00 nx
MPUCYTCTBUH P TioMont ¢pepomMoHOB. [To atum de-
pPOMOHAM COJIAATHI, 3AINUINAIONINE THE310, HAXOIIT
HCTOYHHMK OTACHOCTU U CTPEMSATCS €r0 YHHYTOXKHTb.
[Iporpamma mpenocTaBisieT MOJIB30BATENO BO3MOX-

HOCTh MaHHUIIYJIMPOBATh CPEJOH U MypaBbsIMU: 100aB-
JSITH €y, IBUTaTh MypaBbeB, MEHSThH NapaMeTpsl de-
POMOHa, KOJIIMYECTBO MypPaBbEB M HEKOTOPBIC APYTHE.
OHa sIBIISIETCS IEMOHCTpAIie paboThl MypaBeiHHKa,
HO He OMOIMOTEKOM TSI MOJCTTMPOBAHNUS, X HCXOTHBIH
KOJl 3TOH MpOrpaMMBI Ui €r0 MOAW(UKaIuU HE
MPEI0CTaBIISETCS.

AntMe no3ummonupyetcs kak urpa [21], o0ywaro-
masi 00BEKTHO-OPUEHTUPOBAHHOMY ITPOTPaMMHPOBa-
HHIO Ha NIPUMEpE yNpaBJIeHUs] MypaBeHHUKOM ITyTeM
HAaIMCaHUsI COOTBETCTBYIOILETO KoJa Ha s3bike C# nim
e Visual Basic .NET. B Heli nporpaMmupyembIM My-
paBbsIM HYXHO cobupaTh eny (caxap M s0JOKH) B
THE310 U OOPOTHCS C KYyKaMH, OPraHU3ysCh C ITOMO-
b0 (epoMOHOB. B3anMonecTBHS TOKaIBHEL: Mypa-
Beil «BUANT» U B3aUMOAEHCTBYET JINIIB ¢ OV KANIITIM
OKpyXeHHeM. i1 N3MEHEHHsS alropuTMa MYpaBbs
HCTIONB3YIOTCS 00pabOTINKU COOBITHI 1 HAOOP METO-
JIOB-KOMaHJl, TaKHX KaK «HITH BIIEPEI», «BO3Bpa-
TUTBCS. B MypaBeHHNK». JloCTyn K BHYTPEHHHM Iapa-
MeTpaM (COCTOSIHUIO) OCYIIECTBIISIETCSl 4epe3 Mapa-
METpbI 00beKTa. MypaBbeB MOXKHO pa30UTh Ha KACTHI,

tallows to select an 3t or 3 est

¥ alows fo move an ant

Rallows to
24d 3 Wing prey

of the terory

Follows the swiectad ant, Eallows to
o tor of Killants 30d ecasa scants

Nasts' Parsmeters Ants"Paramaters

A
— “

Puc. 1. I'pagpuueckuii unmepdpetic npoepammuol:
a) okHo cumynayuu, 6) Hacmpausaemvie NapaMempul
U onyuu NPOSPaAmMMul

Fig. 1. A graphic program interface:
a) a simulation window, 6) configurable parameters
and program options
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KakJast U3 KOTOPBIX OyzaeT o0ianaTh CBOUM HaOOpOM
NapaMeTpoOB, TAKHX KaK CKOPOCTb MEPEIIBIKEHNUS, Be-
JIWYMHA TIEPEHOCHMOro Tpy3a M T.I. Bo3MOXHOCTB
pacmmpeHus (pyHKIMOHAIA MPOTrPaMMBbI IIyTEM Halu-
CaHUS IUIarMHOB 3a5BJICHA, OJHAKO ONHCAHHUE 3TOTO B
JOKyMEHTAI[H Ha CaliTe POEKTa OTCYTCTBYET.
Hecmotpst Ha Hammune BHU3yaslM3alnH, a TaKXKe
peann3anyio HEKOTOPBIX Ba)KHBIX MEXAaHU3MOB (J10-
KaJbHOCTh B3aMMOJEHCTBHSA, KOMMYHHKalUsi dYepe3
(epoMOHBI, pacmpejneneHue poJel), IaHHas Mpo-
rpaMMa SIBIISIeTCS CKOpee IIIOIIAAKON s 3HAKOMCTBA
¢ 00BEKTHO-OPHEHTHPOBAHHBIM MPOrPaMMHPOBAHUEM
B YBJEKAaTEIbHOH WHTEPAaKTUBHOW (hopMme, HexeaH
CPEICTBOM MOJCTUPOBAHHUS I U3YUICHUS KOJJICKTHB-
HOTO YIPAaBJICHUS, YTO U 3aBJICHO aBTOPaMHU.
NetLogo: Ants. NetLogo — areHTHO-OpHEHTHPO-
BaHHBIN SI3BIK IPOTPAMMHPOBAHHUS M WHTETPHPOBAH-
Has cpena pa3paboTku [24]. S3bIk peann3oBaH Ha BUP-
TyalnbHOH MamuHe Java, 4To JelaeT NpOoTrpaMMBbl,
HalMcaHHbIe HA HeM, KpoccuatrgopmenHbpivMu. Cpena
NetLogo comepHUT BCTPOCHHBIC OHOIMOTEKH MOJE-
JIel, B YaCTHOCTH, UIMUTHPYIOIHE OHOJIOTHYEeCKHe CH-
crembl. Cpeld HUX €CTh OMOJHOTEKA MO/ Ha3BaHHEM
Ants (MypaBbu) [25]. B 3TOM npoexTe KOIOHHUS Mypa-
BbEB 3aHMMaeTcs pypaxupoBaHueM. Kax bl oTaens-
HBIII MypaBeii 001agaeT onpeaeaeHHBIM HaOOpOM Ipo-
CTBIX TpaBWJ IIOBEICHWS: HINET €Iy, HECeT e¢ B
THE3]10, KOT/1a 00HAPY>KHUBAET, OCTABIISAS (DEPOMOHEI 110
Mepe ABWkeHHs. Ecim apyrue MypaBpM UylOT 3TOT
3amax, OHH CIEAYIOT o HeMy K ene. depoMoH co Bpe-
MEHEM pacIpoCTpaHseTcs B MPOCTPAHCTBE ITyTeM
smymsnuu quddy3un u ucuesaer. HacrpamBaembie
(hyHKIIMH: CKOPOCTb HCIIApEHUs 3amaxa, CKOpOCTh pac-
MIPOCTpPaHEHHs 3amaxa, KOJIN4ecTBO MypaBheB. Cpena
NetLogo mMeeT BCTpOSHHYIO CHCTEMY cOopa pas3ind-
HOM MH(pOPMAIMHK U ee rpadUecKOro BHIBO/A, a TAKKE
MO3BOJISIET MEHATH IapaMeTphl CUCTEMBI BO BpeMs ee
paboThl. XapakTepHble BO3MOXHOCTH HPOIPaMMEI
n300pakeHbl Ha TpuMepe ee pabotsl (puc. 2). Bos-

> nts - Hetlogo = mrm |
Weerepdeic | Ko

| rempers ofsoanese =

Gdy§ o= 10

evapatorriaie 1o

Food in each pile

food

Kouanpuesi uenrp e

rabricgarens> =

Puc. 2. Ocobennocmu npoepammur NetLogo: Ants

Fig. 2. Features of the program NetLogo: Ants
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MOJKHO pacCIIUPEHUE MOJENU IyTeM pPAacIOJOXKEHHUS
UCTOYHUKOB IUTAHUS B Pa3IMYHBIX MECTaX, BHEApe-
HUS Pa3IMYHBIX CTPATETHH HAXOXKICHUS OOpaTHOTO
MyTH K THE3Ly W W3MEHEHHS CHIIBI XMMHUYECKOTO 3a-
naxa.

Hecmotps Ha TO, 9TO MOZETH UMEET BO3MOKHOCTH
paclmpeHus, OHM TIPEICTaBICHBI B paMKax MeXa-
HHM3Ma MOMCKa MHIIH. B TO e BpeMs ATt MOCTPOSHUS
COLMAJIBHOTO KOJUIEKTHBAa HEOOXOIMMa peasn3alus
JPYTUX Pa3IMYHBIX MEXAHU3MOB, TAKUX KaK JIOKaJb-
Hble KOMMYHUKAIlUM MEXJy areHTaMH, MOCTPOCHUE
HepapXUUECKOU CTPYKTYPHI U T.1.

K s3piky NetLogo mpeaocTaBisltOTCS OTKPBITHIN
MCXOIHBIN KOJI [26], a TaKKe MO3BOJISIONIUE €T0 MOJTH-
(UKaIUIo psAn pazIHYHBIX OMONMHOTEK (HampuMmep
Ants) un obmupHas qokymerrarus. Ogaako Moangu-
Karus ncxogHoro koxa NetLogo siiseTcs ropasno 6o-
Jiee CIIOKHOM 3a1aveii, yeM U3MEHEeHHe Wi po0asiie-
HHE MOJEJCH, HAITMCAaHHBIX Ha HEM, W OOJIBIINHCTBY
MoJb30BaTeNeil 1enecoobpasnee paboTaTh € IMpeno-
CTaBJISIEMBIMH ATUM S3BIKOM HHCTPYMEHTaMH B paM-
Kax CBSI3aHHBIX C HUMH OT'paHHMUYEHUH U 0COOCHHOCTEI].

Taxum o6pazom, NetLogo, sBisisicb THOKO¥ U pac-
HIMPSEMOH CpeAod areHTHOIO MOZACIUPOBAHUs, HE pe-
aNn3yeT MHOTHE MEXaHWU3Mbl, HEOOXOJUMBbIC IS T10-
CTPOEHHSI KOJJIEKTHBA C COLHUAIBHOW CTPYKTYpoH (K
IPUMEpPY, 3MOLMH, S3BIKOBOE OOIIEHHE), a €€ S3BIK
HaJlaraeT HEKOTOpble orpaHuueHus [27].

CucreMbl HMMHTAIIMOHHOT O MOJCJTHPOBAHUA

ITockonbky 1ocTaTOYHO THOKOI CHCTEMBI MOJIEIIH-
POBaHMsI, yJIOBJIECTBOPSIIONICH MOCTaBICHHBIM TPeOO-
BaHUSIM, CPEIM CPeJl MOJICITUPOBAHUS OUOIOTHIECKUX
CHUCTEM He HaiiJIeHO, ObLT OCYIIIECTBIIEH TTOMCK TI0 TPO-
rpaMMaM 1 OUOINOTEeKaM, TO3BOJISIONUM CTPOUTH MO-
JIeTA Pa3InIHBIX CUCTEM, HE OTPAaHUMYEHHBIX BHIOpaH-
HBIM TUTIOM. [T0TOOHBIE CHCTEMBI MOTYT TPEAOCTAB-
JATH TMOJACPIKKY MOJCITHPOBAHUS CPEIbI PA3IUIHOTO
YPOBHSI, B TOM YHCJIE CHMYILIIUIO 3aKOHOB (PH3HKH, a
TaK)Kk€ MPOCTPAHCTBEHHOE NPEJCTABICHUE pa3iny-
HOT'O YPOBHSL.

AnyLogic— 3to T1O 11 UMHTAIIMOHHOTO MOJIEITH-
poBanwusi. OHO MO3BOJISIET CUMYJIMPOBATh MOJIENH, T10-
CTpPOEHHBIE C UCITOJIb30BAHUEM TPEX Pa3IUIHBIX TOJI-
XOJIOB: CHUCTeMHasl JMHAMHUKA, JUCKPETHO-COOBITHIA-
HOE MOJEITUPOBAaHUE, aTeHTHOE MOJISITMPOBAHNE U UX
koMOuHanmu [28]. Cpenma obnamaeT COBpEMEHHBIM
rpaduveckuM HHTEPHEHCOM, KOTOPBIN MO3BOJIIET CO-
3/1aBaTh UHTEPAKTUBHYIO aHUMALMIO JJISl HAIJISIIHOCTH
MOJICJIA M MHTETPAINI0 C TeOUH(OPMAIIMOHHBIMH CH-
cTeMaMu, 0a3aMHu JaHHBIX U [TOJIb30BATEIbCKIMH OUO-
mroTekamu. Pa3paboTaHHBIE MOAETH MOXHO SKCIOP-
THUPOBATH B MPWIIOKEHNUS Ha si3bIke Java. AnyLogic uc-
MOJIB3yeT MOAYJIBHYIO OOBEKTHO-OPHEHTHPOBAHHYIO
napagurmy. [loMuMo 3amaans pa3TudHBIX TOCTIeI0BA-
TCILHOCTEH B3aMMOJCHCTBHUM DJIEMEHTOB MOJICIIH, B
cpele TakKe MOXHO HCIIONB30BaTh CTOXaCTHYECKHE
MIPOIIECCHI TS MOJCTHUPOBAHUS CITYIalHBIX COOBITHH.
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Tem He MeHee, cucTeMa IpeJHa3HaYeHa B OCHOB-
HOM ISl MOJICTIMPOBAHUSI OM3HEC-TIPOIIECCOB, JIOTH-
CTHKH Y IIPOU3BOACTBA, BKIFOYAsk CTPATErHYeCKUe MO-
JIeTIM Pa3BUTHUS PHIHKOB W KOMIIaHHH, QU3MUYecKue 3a-
KOHBI B 9TOH cpezie HanpsMyIo He OJePIKUBAIOTCS, 1
X HEOOXOIMMO CaMOCTOSATENBHO PEaU30BBIBATD.
Taxxe crout oT™MeTuTh, yto 10 SBIAETCS IUIATHBIM,
XOTS €CTh M OECIIaATHBIC BEPCUH, HOCTYIHBIC TIPH CO-
OJIr0/IeHUHN OTIpeIeNICHHBIX OTPaHYEeHHUH.

Simplex3. CuctemMa UMHUTAIOHHOTO MOICTUPOBa-
Hus Simplex3 [29] mo3BOJSIET CTPOUTH JUCKPETHBIC
MOJIeTH ¥ 00J1a1aeT COOCTBEHHBIM BCTPOCHHBIM SI3bI-
KOM omucaHus skcrnepumenta Simplex-EDL. Sim-
plex3 — cpenma pa3pabOTKH UMHUTAIIMOHHOTO MOJICITH-
POBaHMs C COOCTBEHHBIM SI3BIKOM OITMCAHHUS MOICIIH,
pa3paboraHHas B yHUBepcureTrax HiopHOepr-OpraH-
reH u [laccay (I'epmanms), KoTOopas pa3BUBaliach B Te-
YeHHEe HECKOIBKUX UTepalvii, BKITIOYast IPE/IIICCTBCH-
Huka Simplex2 [30]. OHa MO3BOIAECT CTPOUTH CH-
CTEMHO-IMHAMUYECKHE M JHCKPETHO-COOBITUIHBIC
MOJICIIM U PACILUPSATh UX C TOMOLIBIO A3bIKa C, HO I10JI-
HOLICHHOM TMOJICPXKKH areéHTHOI'O MOJEIUPOBaHUS B
cucreme HeT. KoJ cucteMbl 3aKphITHIi, C HAMEPEHUEM
pa3paboTurka KOMMEPLHAIU3UPOBaTh IPOEKT, OJ-
HaKO MOKa 4TO, CYIs 110 CAUTY, IIPOEKT TPEOYET JIMLICH-
3UH U HE MPEIOCTABIIIET OYEBUIAHOTO CcIIocoda (Kpome
IPSAMOTO 3ampoca aBTOPY) MONMYYHTH (CKadaTh) CH-
CTeMy WM npuobpecty juueHsuto. [lomaepxka mpo-
IOyKTa B BHJIE JOKYMCHTAllMM W IPUMEPOB BeCbMa
OTpaHHYeHHasi, 0OCOOEHHO Ha aHIJIMHCKOM sI3bIKE (OC-
HOBHBIE Pa0OTHI HA HEMELIKOM si3bIKe [31]).

Repast — Habop MHCTPYMEHTOB: OMOJIMOTEK U MO-
JlyJiell MHTerpupoBaHHO cpeabl pa3pabdorku Eclipse,
MO3BOJITIOIINI CUMYJIMPOBATh areHTHbBIe Mojenu [32].

IomnepxuBaer s3bIKM  IporpaMMUpoBaHus Java,
Logo, C++, nMeeT BCTpOSHHBIN pacInpseMblii rpadu-
YeCKH MHTepQeic, SKCIIOPT NaHHBIX, pealn3yeT UH-
Tepdercr, MO3BOJISIOMNE PA0OTATh C PIIOM BHEIITHUX
mporpamMM, 00pabaTHIBAIONINX W BU3YaTH3HPYIOIINX
marabie (RStudio, o6paboTankn Tabmwm Hamomooume
Excel, WEKA Data Mining Software n HekoTOpEIC
JpyTHe), TeHepUpYyeT MepeHOCHMEI stand-alone-kox
Ha Java, BO MHOTHX CITy4asiX CKpPbIBaeT IPOOJIeMBbI Ma-
paJUIEIFHOCTH W CHUHXPOHU3AalMM M pellaeT HUX 3a
MOJIb30BATENs, UMEET BEPCHIO JUISl MCIIOJIb30BAHUS Ha
BBIYHMCINTENBHBIX Kiactepax (Repast for High Perfo-
mance Computing [33]). ['paduyeckuii unTepdeiic
Cpe/bl MOJKET HAaCTpauBaThCs Mosb3oBarteneM. V-
CTPATHUBHBIN NpUMED, MOKA3BIBAIOLIUI OJHOBPEMEHHO
BU3YyaIN3allMI0 MOJENH U BBIBOJ COOHMpAaeMBbIX IaH-
HBIX, IPUBECH HA PUCYHKE 3.

OpmHaKo, HECMOTPS Ha BO3MOKHOCTh YAOOHBIM 00-
pa3oM pEeIaKTUPOBATh OINPEACICHHBIC 3JEMEHTHI HH-
tepdetica, BEIBOIUTH TpapUKH U BEIOUPATh IKCIIOPTH-
pyeMble JaHHBIE, B HEM HENPOCTO MEHSTh HHTEepdeiC
MPOU3BOJILHBIM 00pa3oM, J100aBIsATh HECTaHIAPTHOE
B3aUMO/ICHCTBUE C IEMEHTaMHU CHUMYJISIIUK M JOTOJI-
HUTEJIbHBIE M0JIb30BATEILCKUE OKHA M 3JIEMEHTHI UH-
Tepdeiica.

B Repast HeT cTaHJapTU30BaHHOTO U MOAIEPKHUBA-
eMoro OmOmmoTekoil crmocoda OpraHU3aIMH B3aWMO-
JIEWCTBHS MEX/y areHTaMHM: JUIs OOIICHUS] WIM MHBIX
JIEWCTBUH areHTOB, OOBEKTOM KOTOPBIX BBICTYIACT
JIPyrof areHT, HeoOXOJMMO BBI3BIBATH METOJBI 00B-
€KTa B3aMMOJAEHCTBHUS WJIHM PEJaKTUPOBATH €r0O Iapa-
METpbl HampsiMyl0. DTO BBI3BIBAET HEOOXOAMMOCTH
CJICIUTD 3a €0 COCTOAHUEM, YUUTBIBAsI BO3MOKHOCTD
MapajuleNIbHOTO JICHCTBUSL HECKOJBKHX areHTOB Ha

2% Predator Prey - Repast Simphony oo ==
File Run Tools Window
= = == = —
JTHe|leoeOR|ekRTOARNER Tick Count;858.0
Scenario Tree — O ||| predator prey: 20 Display - OO x| AgentCouns - 0ox
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Puc. 3. I'paguueckuii uumeppeiic Repast na npumepe mooenu « Oxomnux—Kepmeay

Fig. 3. Repast graphical interface on the example of “Hunter—Victim” model
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Hero (TO ©CTh 3aHWUMAThCS CHHXPOHHU3AIUCH, YTO
0OBIYHO BHINOINHsIETCS OnbIMoTeKol Repast B apyrux
CIIydasix), a TakXKe 3aTPyAHSACT HAMCAaHHUE IBYCTOPOH-
HEero nuasora (B3aMMOACHUCTBHSI) MEXIY arcHTaMH,
MIPOMCXOSIET0 B TEUCHHUE OTHOTO IIara CHMYJIISIIUH.
Co3maHne MoIyJel Wi HaaCTpOWKH Hag Repast Bo3-
MOJKHO, OIHAKO, XOTS MOKYMEHTalWs W eCTh, IOI-
nepxka 3toro I1O HecKOJIbKO OrpaHWYCHHAsS, pa3pa-
00TKa M pacIIUPEHUE CHUCTEMBI MOTYT OBITH BEChbMa
MpoOJIEeMaTHYHBIMU.

CucreMsl cuMyasiuu podoToB

OTaenbHO CTOUT YIIOMSHYThH CUCTEMBI, TPEHA3HA-
YEeHHBIE IS MOJCIUPOBAaHHUS Tpynm pPoOOTOB Kak
HanOosee MpUONMIKEHHbBIE K 3aJade MOCTPOCHUS HC-
KyCCTBEHHOT'O KOJIJIGKTHBA.

Webots. Cucrema monmenupoBanus Webots (cm.
[34, 35]) sBusercs kpoccmnarpopmenHsM (Windows,
Mac u Linux) cuMymnaropoM poOOTOB C MHOKECTBOM
Bo3MOXkHbIX uHTerpanuii: MATLAB, ROS (Robotic
Operating System [36]) u API mis s3b1K0OB mporpam-
mupoBanus C++, Java u Python. Webots mpegocras-
JsIeT OOMPHYI0 OMOIMOTEKY MoJeiell CEHCOPOB, WH-
TepakTuBHy0 3D-Bu3yanu3zanuio, noaaepxky CAD-
cucTeM, HaOop poOOTOB W OKpYKEHHUH, OMOIHOTEKY
JUIT KOMMYHHUKAIIUH MEXIy poOOTaMHU M BBIBOJ JaH-
HBIX B cHenuaigbHble okHa. Cpean mMeromuxcst 6no-
JMOTEK eCTh HanboJee UCTIONb3yeMble CEHCOPHI U HC-
MIOJIHUTENbHBIE YCTPOMCTBA: AATYUKH CBETa, aKcele-
pOMETpBI, KaMepsl U HEKoTopble npyrue. OCHOBOI
Webots siBisiercst 6ubnmoTeka (GU3NUECKOl CUMYJIs-
1 ODE (Open Dynamics Engine [37]), koTopas mo3-
BOJISIET CUMYJIUPOBATh NUHAMHKY TBEPABIX TeJl. JTO
JlaeT BO3MOYKHOCTB OMpE/IENIEHHs CTOJIKHOBEHHH TeJ,
pacdera cuil, MOMEHTOB, y4eTa TPEHHUS] U MHOTO€ JIpY-
roe. Mozenp poboTa 3amaeT HeEoOXOJMMBIE Iapa-
METpBI, TIO3BOJISIIOLINE NTPOTECTHPOBATH €€ B CUMYJIS-
Y CPEBI C yIeToM (pu3nIecKux d(P(PEeKTOB, U BKIIO-
4aeT B ce0s rpaduyeckue CBOHCTBa, Takue Kak (opMa,
pa3Mep, IHOJIOKEHNE W OpPHUEHTAIHs, IIBET U TEKCTypa
oObekTa. []J1s1 HeKOTOPBIX MOJIeNel eCTh BO3MOKHOCTD
MepeHoca alropuT™Ma YIpaBlieHHsT W3 Cpelbl paspa-
60Tk B peanbHOro pobota. IIporpamma sBusercs
KOMMEPUYECKOH.

Gazebo — 1o nporpamma m HaGop OMOIHMOTEK,
MO3BOJISIFOIME MOEIMPOBATh TOBElIeHNE POOOTOB C
yaetoM ¢msmdeckux 3¢dexron [38]. Mogens pobora
omuchIBaeTcs Ha crenuaibHoM s3bike SDF 6o
URDF, koTtopsie sBISIOTCS HajacTporkod Hajy XML.
Habop poboToB 1 MoJens MUpa MOATPYKAIOTCS B CH-
CTEMY MOJICIMPOBAHMS, MIOCJIE YETO MOKHO HaYMHATh
cumyisinuio. Pabora Beerna npoucxomur B 3D-mupe.
[onnepxuBaeTcst peKUM Kak ¢ rpaguaeckum oToodpa-
JKEHUEM O00BEKTOB, Tak U O€3 HETO JJIs YCKOPEHHUs 00-
paboTKH.

OcnoBoii Gazebo sBiseTcss GU3MUECKHIA TBHKOK,
KOTOPBII MOXKHO TIPH HEOOXOJMMOCTH TEPEKIIOUUThH
nepeJ HadaaoM CUMYJsinuu. [1o yMomdaHuio UCIomb-
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syercss ODE. Crannaptaeie cpenctea Gazebo npemo-
CTaBJISIOT BO3MOXKHOCTh MOJIEIMPOBATh CHIIY TSDKe-
CTH, HEKOTOpBIC BUIBI TPEHUS, IUHAMUKY JIBIDKCHHS
TBEPAOTO Tella W HEKOTOpBIC Apyrue. Bo3MokHOCTH
Cpefbl MOXHO PACIIMPUTh, WCHONB3YSI TOTOBBIC HIIH
HamucaB coOCTBeHHbIE IUTAaruHbl. C WX MHOMOIIBIO
MOJKHO KaK H3MEHHUTH TN T00aBUTH QU3MUECKuil 3¢-
(hekT, TaK M BBECTH CIICU(HUECKUE TPaBHIIa TIOBEIC-
HHUS OOBEKTOB: J100ABUTH BHEIIHE KOHTPOJIHMPYEMBIC
akTyaTopsl pobora niu gatduk. [IpumepamMu Bo3Moxk-
HOCTEH 3THX pacCUIMPEHUH SIBISIOTCS MH(ppPaKpacHbIe
JlaTbHOMEPBI, BHJIeOKaMepa, CEpBOMOTOPHI, yIpaBIsie-
MBI BHEIIHHMH IIPOrpaMMaMH, BCTPOCHHBIH B CH-
CTeMy MOJEIHMPOBaHUsI KOHTPOJUIEp U Aaxe (u3uye-
ckue 3P QeKTs! mepeaBIKEHUS B )KUAKOCTH.

HecMoTps Ha 3TH MHOTOYHCIIEHHBIE JOCTOMHCTBA,
Gazebo He 04eHb ITOJXOINT U CUMYJISIIIAN CHCTEM C
OOJIBIINM KOJHMYECTBOM areHTOB H3-32 JOCTATOYHO
OoJIBIION  PECYpPCOEMKOCTH TNPOU3BOAMMONH  00pa-
0OTKH, ITOITOMY MOJIEIHPOBATH paboTy cucteM ¢ 0o-
nee, yeM 1 000 areHTOB 3aTpyIHUTEIHHO.

ARGOS— MHOrONOTOYHBIH CHMYJISITOpP, OPHUEHTHU-
pYyIOIIHiics Ha MOAAEPKKY OOJBLIOTO KOJIMYECTBA PO-
00TOB B pa3iIM4HBIX (U3UUECKHUX CPEAax B paMKax OJ-
HoW cumynsanuu. OH moaaepxuBaeT kak 2D-, Tak u
3D-mozaenupoBanue [39]. bonpuioe BHUMaHUE B HEM
YZIEJICHO MOYJIBHOCTH, B PE3YJIBTAaTe YEro MPEI0CTaB-
JsIeTCsl BO3MOXKHOCTh HCIIONIB30BaTh Pa3padOTaHHbIH
KOJl KaK B CHUMYJIALIMH, TaK W Ha pealbHBIX poOoTax,
BBIOMPATh MEXAY Ppa3lMYHBIMH BU3YaJIM3alMsAIMH U
(hu3MUECKUMH ABHKKAMH, TI0JIb30BATHCS YCKOPEHUEM
BBIUHCIICHUH 3a CYET NapaijelbHOTO BBITOTHEHUS
pacyeroB ¢ HECKOJBKUMHU THIIAMH CHHXPOHU3AIUU U
Jla)ke COBMEIATh HECKOJIBKO Pa3IMYHBIX OHOIMOTEK
(hu3n9ecKoi cUMYJISIMK B OHON Moxenu mupa. [lo-
MuMo 310ro, ARGOS mpenocTaBisieT CUMYJIISAIHIIO He-
CKOJIBKMX Pa3HbIX THIIOB KOMMYHHKAI[MH MEXKAY PO-
ooramu: RFID-meTku, WiFi u 1.1.

ARGoOS gocTtyneH B BHAE HUCXOTHBIX KOJOB (IO
manensueit MIT [40]), a Tak»Ke TOTOBBIX TTAKETOB TIOT
MacOSX u neckonbkux auctpudyrusoB GNU/Linux.
Nmeercs Hexoropas moanepxkka Windows. Cucrema
MOJIIEP’KUBACT TTOJIb30BATEILCKUE pacmupeHus. Cko-
POCTH CUMYJIALINU MOXeT focturath 40 % yckopeHus
10 CPaBHEHUIO C peasbHBIM BpeMereM it 10 000 po-
60otoB [41]. OnHako, KaK ¥ MHOTHE JPYTHE CUMYJIS-
topbl, ARGOS He mpenocTaBisieT 0co00H MOAACPKKH
MeXaHH3MaM COLMAJIbHOTO B3aUMOJICHCTBHS B KOJI-
JIEKTUBax poOOTOB, a €ro MacIITadMPyeMOCTh, CYAs 10
BCEMY, OTPaHMYMBACTCS MCIIOJIB30BAHUEM JIOKAIBHBIX
pecypcos.

OCHOBHBIE XapaKTEPUCTUKH PACCMOTPEHHBIX CH-
CTEeM 0TOOpaKEHbI B TaOJINIIE. DTH KPUTEPHUH paciud-
POBBIBAIOTCS CIEAYIOIIMM 00pa3oM: UMHUTAIMS QU3H-
YECKHUX CBOWMCTB O0BEKTa — MOJCIUpOBaHUE (hr3mue-
CKHX sIBICHUH, MEXaHWIECKUX OTPAaHWICHHN (TpEHHUE,
BSI3KOCTb, CBSI3M MEXKy 9acTSIMH 00BEKTa | T.I1.); pea-
nu3anus OMOIMOTEK AIIEMEHTOB poOoTa — HabOp TOTO-
BBIX pean3aliil CEHCOPOB M aKTyaTOPOB; HaJIHIHE
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XapaKTepUCTHKH CUCTEM

System characteristics

Wmuranusa |Peanusanusi| Hannuwme non- | Ilopaepixka Ionpnep:xka | Hanauuue conu-
Cucrema Mo- | pu3nyeckux | 0uOIHOTEK | IePXKKH KOMMY- | 001b1IOr0 | YpOBeHb | BbIYHC/IEe- | A1bHO OPUEH-
AeJMPOBAHHUS | CBOICTB 3J71eMEeHTOB | HUKAIIMM MEKIY | KOJIMYeCTBA | MOANEePKKH | HUii HA THPOBAHHBIX
00beKTa poGoTa areHTaMu areHToB KJacTepax | OuOIHOTEK

Myrmedrome - - + + - - +
AntMe - - - + +- - +
NetLogo: Ants - - - + + - +
AnyLogic - - + + + - -
Simplex3 - - - + - - -
Repast - - - + +- + +
Webots + + + - + - -
Gazebo + + - - +- - -
ARGoS + + + + —+ - -

MOAJIEP)KKA KOMMYHHKAIIH MEX]y areHTaM1 — MOJie-
JIupoBaHue OOIIEHMs (CBSI3M) MEXIY areHTaMu |
NpeIoCTaBlIeHNe CTaHIapTHOTO MHTepdelica omnpene-
JICHUsI TIPOTOKOJIa M COOOLICHUIT; monaep:kka 0oJib-
IIOT0 KOJIMYECTBA areHTOB — IIPUCIIOCOOIEHHOCTh CH-
cTeMbl i pabotel ¢ Oonpmumu (mopsaka 1 000,
10 000) rpynmamMu poOOTOB; YPOBEHb IOAICPKKH —
CyMMapHasi OIIEHKa KadecTBa IT0JIb30BATEIHCKOH /10-
KyMEHTAIMH, YPOBHS IOANEPKKH CO CTOPOHBI CO00-
IIECTBa U Pa3pabOTIMKOB, HHTYUTHBHOCTH paboTHI ¢
CHCTEMOM, TOKYMEHTHPOBAaHHOCTh KOZa (B CIydae OT-
KPBITOTO KO/a); MOJICP)KKA BHIYMCICHUH Ha KilacTe-
pax — BCTPOEHHAasi BO3MOXKHOCTh pabOThl CUCTEMBI Ha
KJacTepe; HallMuhe COLMAIBHO OPHEHTHPOBAHHBIX
6uONMHMOTEK — MPEIOCTaBICHIE BCTPOCHHBIX WIIH TIOJb-
30BaTENBCKUX OMONNOTEK, PeaNn3yIOIUX XOTs OBl He-
KOTOPBIE U3 COLMAIbHBIX MEXaHU3MOB.

Eme pa3 ormernm, 9T0 B 0030p ITOIIAH JIMIIb HeE-
KOTOpBIE CHUCTEMBI, XapaKTepHBIC JUIsl CBOETO Kjacca,
MHTEPECHBIE C TOYKH 3PEHHs KPUTEPHEB, ONpEJENICH-
HBIX CTIeIU(UKOMN 3a/1a4 COIMAIBHON POOOTOTEXHHUKH.
OTenbHO MOXKHO CKa3aTh O TAKHX U3BECTHBIX U YacTO
YIIOMHUHAaEMBIX CHCTEMax MOJIEINPOBaHus, Kak Micro-
soft Robotics Developer Studio (MRDS) [42] u Ant
Farm Simulator, koTopble Hapsily C HEKOTOPBIMHU JIPY-
THMH He T0TaJH B 0030p, TaK KaK MM OTHOCSTCS K O]~
HOMY M3 PacCMOTPEHHBIX KJIAaCCOB, WJIM IpEAHA3Ha-
YeHBI JUIs PEUICHHs JPYruxX KaTeropuil 3ajad areHT-
HOTO MO/JIEITMPOBAHMUSI, HAIPUMED TPAHCIIOPTHBIX, JIO-
THCTHYECKUX U T.JI.

3akiaouenue

CpaBHUTENBHBIN aHATN3 MPHUBEACHHBIX MPOrpaM-
MHBIX TPOJIYKTOB TOKAa3bIBAET, YTO OHH JIAIIH Ya-
CTUYHO YAOBJIETBOPSIOT CHEIM(PUKE MOISINPOBAHUS
MHOTOAareHTHBIX POOOTOTEXHUYECKUX CHUCTEM U HC-
KYCCTBEHHBIX KOJUIEKTHBOB C COITMAJILHOW CTPYKTY-
POM, U TIO3BOJIICT COCTABUTh 0OJICe TOYHBIC TPeOOBa-
HUS K TAKOH cpeie MOAETUPOBaHUSL.

T1O mMopenupoBaHus OHOIOTUYCCKUX KOJUICKTHBOB
o0najjaeT BeCbMa OTPaHUYCHHBIM HAOOPOM BO3MOXK-
HOCTEH U PacIIUpSIeMOCTbIO, a TAKXKE 3a4acTyIO He 3a-
JIyMBIBaJIOCh Kak OMOIMOTEKa MOJEIMPOBAHUS TSI

U3Y4EHHs KOJUICKTUBHOIO YympasieHus. Mckioue-
HUEM siBIsieTcss Mojaenb Ants st NetLogo, HO oHa
TOXKE HE MPEAOCTABISICT 0COOBIX CPEACTB JJIS pealiu-
3allMid MHOTI'MX BaXHbIX MCXAaHU3MOB KOJIJICKTHBOB C
COLMANbHOMN CTPYKTYPOH.

Hecmotpss Ha yHMBepcanbHOCTb M MOIIHOCTh, B
cpenax pa3paboTKH W OMOIMOTEKaX WMHUTAMOHHOTO
MOJICIUPOBAHMA HE XBAaTaeT XOTS OBl HEKOTOPHIX U3
CIICIYIOIINX JJIEMCHTOB: WHAWBHIYAIbHBIC TICHXHYC-
CKHE Pa3JIN4Ms areHTOB, MOMEPIKKA JTOKATHHON KOM-
MYHUKAIUH, S36IKOBOE OOIICHUE, aNTOPUTMEI (hOPMH-
poBanusi Koamuimi, auddepeHunanns QyHKUM,
BBIJICJICHUEC HEPAPXUYUECKON CTPYKTYpBI, MOICPIKKA
IMPOCTPAHCTBEHHBIX U BPEMEHHBIX OTHOIIIEHUH.

IO MopenupoBaHusi poOOTOB OONBIIE MOIXOTUT
JUTsL OTAENBHBIX POOOTOB U Pu3ndeckux 3¢(HeKToB, a
HE JIJISI CHCTEM C OOJIBIIMM KOJIMYECTBOM ar¢HTOB JIN00
HUMeeT Te JKe MPOOJIEMBI, YTO ¥ CHCTEMBl HMUTAIIHOH-