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Tahometer_Ulugbek.c® = X I
= Timer1_ini

=void Timerl_ini(void)

{
I //HacTpoilika peructpa ynpasnewnma TCCR1B:

//Pexum paboTel Taiimepa - Normal - no ymon4yaHuw
//Bbibupaem TakTOBbIii CMrHan OT BCTPOEHHOro reHepaTopa C npepgenuTenem Ha 8:
TCCR1B|=(1<<CS11); 5
//cneposaTenbHo npu F_CPU=8000000 nony4aem 1 "Tuk" Taimepa = 1MKC [
//BKnw4uM npepsiBaHWe NO nepenonHeHuw Taimepa T1:
TIMSK|=(1<<TOIE1);

}

_//Hacrpoﬁxa BHEWHUX npepbiBaHUi
=void external_interrupts_ini(void)

{

//PerucTp ynpasneHua npepbiBaHuaMM Ana Bxoaa INTO
GICR|=(1<<INT@);//paspewnTb npepbisaHua ana sxoaa INTO
//PerncTp HacTpoiku ycnosuii cpabaTbiBaHuii ana sxopa INTO
MCUCR|=(1<<ISCe1);//ycnoeue: cpabaThisaHue no nepenagy ¢ © Ha 1
//PerucTp ynpasneHvWAa npepbiBaHuaMu ana Bxoga INT1
GICR|=(1<<INT1);//paspewnTb npepbisaHus ana sxoaa INT1
//PerucTp HacTpoiku ycnoeuii cpabaTbiBaHuit gna Bxoaa INT1

MCUCR|=(1<<ISC11);//ycnoeue: cpabaTbisaHue no nepenagy ¢ © Ha 1 A
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AnnapatHaa oTnajKa: o63op coBpemeHHbIX NOAX0f0B*

lMoscemecmHoe pacnpocmpaHeHuUe CII0XHbIX ycmpoulcme, NoCmMpOeHHbIX Ha maK Ha3bleaeMbiX
cucmemax Ha kpucmaiisne (System on Chip, SoC), ¢ HecKobKUMU rPOUeCcCOpHbIMU AdpamMu cmasum
Hoeble 3adayu reped paspabomyukamu ecmpausaemMbix cucmem. Hoebie cpedcmea paspabomku,
crnieyuanbHo rnpedHa3Ha4yeHHbIe Oisl C/I0XKHbIX CUCMeEM Ha Kpucmare, Mo2ym noMoYb UX peuwums.
O0Hako amu cpedcmea, Kak rpasusio, oepaHu4eHbl QOyHKUUOHaIbHOCMbI UHCMPYMEHMO8 noddepxKu
omrnadku. BeicokokayecmeeHHas noddepxka omnadKku ¢ pacliupeHHbIMU hyHKUUSMU Heobxoduma 0rist
uCnonb308aHUs 8CeX NMpeuMywecms cnoxHbix SoC-ycmpolicme rnpu 00HO8peMEHHOM COKpaweHUU 8pe-
MeHu paspabomku. B cmambe paccMompeHsbl pasHbie MexaHU3Mbl U criocobbl peanu3ayuu noddepxKKu
omnadku cucmem Ha Kpucmarsine, npedHa3HaqyeHHbIX O CII0XKHbIX CUCMEM peasibHO20 8peMeHU,
ucnonb3yembix, Harnpumep, 8 napaduame uHmMepHema seuwjel. dmom 0630p 8KIrOYaem oyeHKy docmyn-
HbIX peweHud u ux npueodHocmu 0715 UCMOb308aHUS CO Cr1e0yroUUM MOKOIEHUEM CITOXHbIX CUCMEM Ha
Kpucmarisie ¢ HeCKOIbKUMU NpoyeccopHbiMu sidpamu. [NokasaHO, Ymo MHO2ue cyujecmsyroujue pewe-
HUS1 He no3eosistom pa3pabomyukam f1e2Ko 80CM01b308aMbCS PeuMyuiecmeamu Cr0XHbIX PyHKUUU,
uHmeepuposaHHbix 8 SoC criedyrouwjezo rnokoneHus. O60bweHbl U 06¢cyX0eHbl OCHO8HbIe (byHKUUU
noddepxxku omnadku 055 MHo2050epHbix SoC. [aHbl pekomeHdayuu drs pa3pabomyukoe SoC u 0ns
bydywezo HanpasneHus uccnedosarHuli 8 amol obnacmu 8 yensx obecrieyeHuss 6onee nodxodswel
OCHO8bI 05151 HO8bIX UHCMpPYMeHmMarsbHbIx cpedcme paspabomku. Takue cpedcmea KpaliHe He06x00uUMbI
01151 8cex ecmpausaeMbix CUCMEM XECMKO20 peasibHo20 8peMeHU U UMEeom repeocmerneHHoe 3HaqyeHue
019 MUHUMU3ayuU CrIoXHOCMU ux pa3pabomku

Knro4deenble crioea: cucmemsi Ha Kpucmarisne, annapamdas omnadka, SoC, yernoyku ckaHuUpo8aHus,
JTAG, mpaccuposka

BBegeHue

OT COBpEMEHHBIX CUCTEM U YCTPOUCTB, peaiusyro-
LIMX apagurmMy uHtepHera Beiueit (Internet of Things,
IoT), Bce yalle TpebyeTcsl JOCTATOUHO BBICOKAS ITPO-
W3BOAUTEJBHOCTh B peXUME peajlbHOr0 BpEMEHU
MpU COXpPAaHEHUU HU3KOTO BHEPronoTpedaeHus. DTu
TpeOOBaHUS MPUBOAST K CO3JaHUIO MHOTOSIIEPHBIX
SoC-pelieHu ¢ NOAAEPKKONM IIMPOKOro CIeKTpa
nepudepuiHbIX YCTPONUCTB U KOMMYHUKAIIMOHHbBIX
MpOTOKOJ0OB. CHUCTEMbI JOMOJHUTEJIbHO OrpaHUyYe-
Hbl TpeOOBaHUSIMU K pabOTe B CYpOBBIX YCIOBHUSIX,
HampuMep, B MOTOPHOM OTCEKE aBTOMOOUJISI UM Ha
paarojioKallMOHHON BhIlIKe. PazpaboTka BcTpauBa-
€MbIX CUCTEM XKECTKOI'O peajbHOro BpEMEHHU, B KOTO-
PBIX HEYCIEBIAas 3aBEPIIUTHCS B CPOK 3a7a9a MOKET

* [ly6amkauusi BHIMOJTHEHA B paMKax rocylapCTBEHHOIO 3a-
JNAHMS TI0 MPOBEACHUI0 HYHIAMEHTAIbHBIX MCCICAOBAHUIM IO TEMe
"MccnenoBaHue 1 peayn3amus MporpaMMHON TI1aTGOPMBI IS TTep-
CIEKTUBHBIX MHOTOs1AepHBIX IporeccopoB” (FNEF-2022-002).

MPUBECTU K (pU3MUECKOMY MTOBPEXKICHUIO YCTPOMCTBA,
SIBJISIETCS CJIOXKHBIM MPOLIECCOM.

CrnenyeT OTMETUTb, UTO OCHOBHBIMU PeIICHUSIMU
pa3zpaborku SoC (B TOM YKCJIe ¥ OTJIaIKK B IIpoIecce
pa3paboTKM) SBISIOTCS MOAECIUPOBAHUE U BepubU-
Kanus. das 3TOro MCHOJIb3YIOT CPpeACcTBa, Mom00-
Hble FireSim [1], cmocoOHBIE BBINOIHSATH ASTaJbHOE
MOJEIMPOBaHNE HA HEOTPaHMUYEHHBIX IO MPOU3BO-
JUTEJILHOCTH OOJIaUHBIX pecypcax C MpPUBJICUCHUEM
JUTST aleKBaTHOCTU MOJCJIMPOBAHMS animapaTHbIX pe-
cypcoB. Tem He MeHee co3AaTh CUCTEMY, MTOJTHOCTbIO
CBOOOIHYIO OT OIIMOOK, HEBO3MOXKHO.

B HacTosieit pabote peyb MOWAET O CpeacTBax
U MeToJax oOHapyKeHUsI OIIMOOK, TPOSIBISIONIMX-
Csl HETMOCPEACTBEHHO B XOJ€ IKCIIyaTallMd CUCTEM.
Cpenu HUX BBIIEISIOT TPAOUIITMOHHBIE WHCTPYMEH-
TaJbHBIE CPEACTBA, TaAKME KaK MHTEPAKTUBHBIE OT-
JaguuKy 1 nmpodunupoBiuku. OHU KpaliHe HEeoO-
XOAWMBI JJIsI pa3pabOTKM HaAEXKHBIX BCTpanBaeMBbIX
cucteM. CoBpeMeHHbBIE TEXHOJOTUU TTO3BOJISIOT MH-

MporpammHas uHxeHepus. Tom 13, Ne 9, 2022




TErpupoBaTh BCIO CUCTEMY Ha OJHOM KpPEMHHEBOM
yuIie, U3BECTHOM KaK CHCTeMa Ha KpucTaJlje, 4To
MMPUBOAUT K TIEPEMEIIEHUIO CYIIeCTBYIOIIMX BHEIII-
HUX MHTepdeNcoB, IUPOKO UCTOIb3YEMbIX B LIESX
pa3paboTKM, Ha yuIl. TpaaulIMOHHO CBSI3b BHYTPU
BCTPaMBaeMOM CUCTEMbI OCYILECTBISETCS C MUCIOb-
30BAHUEM BHELIHEW CUCTEMHOU LIMHBI MPOILECCOoPa,
KOTOpasi peaju3oBaHa B BUJE JOPOXKEK Ha MevyaTHOMN
niate. [leyaTHas 1iaTa AOJXKHA MOAAEPXKUBATh CO-
OTBETCTBYIOIIME MHTepGhelchl NMHCTPYMEHTOB pa3-
paboTKu, TpeOyIIIMX (PU3NIECKOTO MOAKITIOYECHUS,
Hampumep, JIOTHYeCKUX aHaJInu3aTOPOB U OCIIMJLIO-
rpagoB. PazMmellieHre paHee BHEIIHUX UHTepGheiCcCoB
Ha KpUCTaJjJje OCTaBSIET BCE MEHbIIE BAPMAHTOB JJI51
BHEIIHUX MHCTPYMEHTOB aHaiu3a U, PakKTUUECKHU,
JelaeT pa3paboTUMKOB "ClaenbIMU" K BHYTPEHHEMY
coctossHUI0 SOC. be3 HaleXXHOTO U TMOCjie10BaTeb-
HOTO TIpelcTaBJIeHUsI COCTOSIHUSI BCTpavBaeMOM CU-
CTeMbl OOHapyXeHue NeheKTOB UM OIUMOOK B Hel
MOXET CTaThb OYEHb TPYAHOMN MM aXe HE UMEIOIIEH
peuieHus 3agadyeit. OCHOBHBIM pellieHreM 3aa4M OT-
CYTCTBUSI UHTEePdENCOB SIBASIETCS NMpeaoCcTaBICHUE
JOCTyIa K BHYTPEHHUM y3JlaM CUCTEMbl M3BHE Uepe3
cyllecTByloiime nHTepdeiicol. CyliecTByOT pa3iny-
HbI€ MOAXO0Mbl K JOCTUXEHUIO TPeOyeMOoro npu 3ToM
YPOBHSI HaIrJISIIHOCTU, KOTOPBIE B HACTOsIIIEH paboTe
MU3JIOKEHBI B OOIINX YyepTax.

TTonnep:xka mpoliecca OTJIaAKU SABISIETCS XKMU3HEH-
HO BaxkHOM YacThlo 3Tana pa3paboTKu BCTpauBaeMoit
cucteMsl. [IpyyrHa B TOM, YTO HE3aBUCUMO OT TOTO,
HACKOJIbKO TIIATebHO MPOBOAUTCI paboTa Ha 3Ta-
nax MpoeKTUPOBAHU S UM TECTUPOBAHMSI, BOSHUKAIOT
OIINOKU, KOTOPbIE MOXXHO OOHAPYKUTh TOJIHLKO KOTAa
cuctema padbotaeT. ICTOYHUKM TaKUX OLIMOOK BKJIIO-
YyaloT HelpaBUJIbHO onpeaeeHHbIe (ChopMYIUpPOBaH-
Hbl€) UM HENpPaBUJIbHO MOHSThIE creluduKalnu,
U3MEHEHUsT 000pyIOBaHMS HA CTaIUM MPOU3BOIACTBA
U HauboJiee pacrpoCTpaHEHHbIM UCTOUHUK — Yelio-
BeYeCKMi pakTop.

Ilo ouenkam HaumonanwsHoro MHctutyra CraH-
paptoB u Texnonoruii (NIST), omunbku u cbom
obxoasaTcss Tolibko 3koHoMuke CIIIA npumepHo
B 59,9 mupa nosui. CIIA B rox [2]. YnyuiieHue Ka-
YecTBa TOTOBOM CHUCTEMBI 3a CUET OoJjiee TIIaTeIbHO-
ro TECTUPOBaHUS U BepUPUKALIUU MOXET CHU3ZUTH
3TH 3aTpaThl Ha OgHY TpeTh. OTMevaeTcs, 4to 77 %
3JIEKTPOHHBIX COOEB B aBTOMOOMJISIX OBbIJIU CBSI3aHbI
¢ nporpaMMHBIM obOecrieueHueM [3]. EcTh Bce ocHO-
BaHUs MpeanojaraTh, YTo YUCAO0 MPOOJIEMHBIX BO-
MPOCOB OTJAIKK BCTpauBaeMbIX CUCTEM M CUCTEM Ha
KpucTajjie OyaeT TOJbKO BO3pacTaTh IO Mepe pas-
BUTHUS TEXHOJIOTUIA.

Kaxk npaBuio, B ocHoBe SOC-yCTpOMCTB JiexXaT CU-
CTEMBI XKeCTKOTO peajibHOro BpeMeHU. Takue CUCTeMBbI

SIBJISIIOTCSI OMHUMU U3 CaMbIX CJIOKHBIX B peaiu3aliun
B YCJIOBUSIX AedULIMTA allllapaTHBIX U TPOrpaMMHBIX
pecypcoB. CoBpeMeHHBIE TTOAXOABI K MPOEKTUPOBa-
HUIO CUCTEM XECTKOI'O peajbHOro BpeMEH OCHOBaHbI
Ha JAETEPMUHUPOBAHHOM BPEMEHU BBIMTOJIHEHUS 3a-
nad. Jlaxke HeOOJblIOE M3MEHEHNE BPEMEHM MOXET
OTpULIATEIbHO CKa3aThCsd Ha MeXaHU3MaX, KOTOPbIMU
9TU CUCTeMBbI ynpaBjsitoT. Hampumep, eciv KOHTpoJI-
Jiep ABUTaTesl MPONMyCTUT KpalHUN CPOK 3amyckKa
WJIW 3aITyCTUT UMITYJbC CIMIIKOM paHO, IBUTATENb
MOXET ObIThb BbIBeAeH U3 cTposi. HegerepmuHupo-
BaHHOCTb B CUCTEMAaX XKECTKOI0 peajibHOro BpeMEeHU
HaCTOJBKO MpoOJIeMaTUYHa, YTO MHOTHE CUCTEMHBIE
WHTErpaTophl Jaxe He UCMHOJIb3YIOT Kelll-MaMsThb, M0-
BBILIAIOLIY IO TPOU3BOAUTENHLHOCTD, U HEPEIKO OTKa-
3BIBAIOTCSl OT MPEUMYIIECTB MCIOJb30BaHUSI Omepa-
LIMOHHBIX CUCTEM PEaJIbHOTO BPEMEHU, MpeANounTast
peajiu30BBIBaTh 3aJaul HEMOCPEACTBEHHO AJISI Bbi-
MOJIHeHUS Ha armapatype [4].

CyuwecTtBylolme cTpaTerum
annapaTtHOM oTnagkm

Cpenu OCHOBHBIX TpebOOBaHMI K 3(P(heKTUBHONI
oA e pXXKe Mpoliecca OTIAAKM amnmnapaTypbl MOKHO
BBIICJIUTH CJAEAYIOLIUE:

e TMOAJEpXkKKa OTJIAAKU HE NOJKHA CYIIECTBEHHO
U3MEHSTh MOBEACHUE YCTPONCTBA;

e HaJMyue HEOOXONMMON MHMPACTPYKTYphl AJS
BHEILIHETro HaOJI0ACHM Sl 32 BHYTPEHHUM COCTOSIHUEM
CUCTEMBI U APYTUMU KPUTUYECKUMU Y3JIaMU;

e o0ecrieyeHHNE BHEIIHETO JOCTYyIIa IJIST yIpaB-
JICHUSI COCTOSIHMEM CUCTEMBI U pecypcaMu, BKJIoUasi
CJIOXHbIe TepudepuitHble YCTPONCTBA;

e CpeICTBa MOAMEPXKKM almapaTHON OTIamKu
HE JOJIKHBI CJAMUILIKOM YCJIOXHSITh SOC-yCTpONUCTBO
C TOYKU 3PEHUS TOMOJHUTENbHBIX KOHTAKTOB MJIU
IUIOIIAAX YHMTIA.

IToBTOpHOE MCMOJIB30BAHUE OU3AIHA UMEET pe-
1marouiee 3Ha4yeHue Npu pa3padOTKe CUCTEM Ha Kpu-
cTajuie 1J1s obecrneyeHu s CBOeBPeMEHHOr0 BbIxona Ha
PBIHOK, TIO3TOMY TOIIEpKKa OTIaIKH! MOJIKHA OBITh
JIETKO aJarTUpyeMoil K pa3auYHbIM CUCTEMHBIM ap-
XUTEKTypaM.

Cy1IecTBYIOT TaKXXe pa3IMYHbIe METOABI OTIAIKH,
KOTOpbIe OOBIUHO MOAIEPXKMBAIOTCSI MHGPACTPYKTY-
poii oTnaaku. HezaBucrMO OT BBIOpaHHOM CTpaTeruu
MOAACPKKU OTIaaKu 0a30Basi apXUTEKTypa OOBIYHO
COIEPKUT PSII OCHOBHBIX YacTeit. B ciaemyronux pas-
Jenax JaH o030p 9TUX YACTEN.

OmHUM 13 METOJOB SIBJISIETCS MMOCMEPTHAs OTJIa -
Ka, KoTopas octaHaBiuBaeT SOC B OTBET Ha TakKoe
coObITHE, KaK, HAIIPUMeEP, JOCTYM 1O ONpeAeIeHHOMY
anpecy. B 6071bIIMHCTBE CUCTEM OLIMOKAM TpedyeTcs
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BpeMsI, UTOOBI IIPOSTBUTH ce0sI, OHU MOTYT OCTaBIISITh
"yIuMKU", KOrJa cucTeMa OCTaHOBJIEHA, UTO YIPOLLIAeT
mouck npuynHbBL. K coxalleHW0, HEKOTOpasl 4acThb
9TUX VAWK UcUe3aeT K MOMEHTY ocTaHOBKH SoC, 4To
3aTpyAHSIET TTIOUCK OLIMOOK U TpeOyeT OONbIINX 3a-
TpaT Ha pa3paborky. [locMepTHas oTiagka — 3TO
TPATUIIMOHHBIN CITOCO0 OTIAAKHM BCTPANMBAEMBIX CH-
CTEM C OJHUM IHpolieccCopoM [5], omHaKO OH MMEET
Cepbe3Hble OrpaHMYEHUS. AJBTEPHATUBHBINA MOAXOM
3aKJI0YaeTcs B HaOJIOMEHUU 3a CUCTEMOI BO Bpems
ee paboTHI.

Terepb pacCMOTPUM 4YeThbIpe TUMA UWHOPACTPYK-
TYpHI OTJIAAKU.

Ilpoepammnuasn noddeprxcka omaadrku. Pecypcol
MOIIePXKU OTJIAIKH MOTYT OBITh MPOTrpaMMHBIMU
UM annapaTHbIiMU. IIporpaMmHasl moaaepxka oT-
JIAIKWA peaqnu3yeTcs ¢ TMTOMOIIBIO TIPOLETYp MOHUTO-
puHTa [6, 7], B KOTOPBIX IIpOrpaMMHOE obOecTieueHe
KOMITUJIUPYETCS UJIM COOMpaeTcsl ¢ NOMOJHUTENb-
HBIM TIPOrpaMMHBIM KOIOM, OCYIIIECTBIISIONIUM OT-
JIaIOYHBIE AeHUCTBUS TIPU HACTYIJICHUU HEKOTOPOTO
CcOOBITHSI, HATIPUMEDP, OOpalIeHUs] 0 HEKOTOPOMY
aIpecy MM BBIMOJHEHUIO ONpeaceHHON KOMaH-
OBl TIpoueccopa. IIporpaMMHOe oOecredYeHUe MOXET
OBITHh HE3aBUCUMBIM OT TIATMOPMEI ¥ 9aCTO TOAACP-
KMBAETCsl B Mpoleccopax C MOMOIIbIO UHCTPYKLMI
OTJIAAKU WUJIM CHelMaJbHbIM PEeXMMOM OTiaaaku [8].
ITpuMepoM TTporpaMMHOTO MHCTPYMEHTAPUS SIBIISICT-
Cs MUCMOJIb30BaHME TaK Ha3blBaeMbIX print-mpoueayp
B MIPOrpaMMHOM KOf€ AJISI OTOOpaxkeHUsI WU Mpo-
TOKOJIMPOBAHUSI HEKOTOPBIX TIEPEMEHHBIX COCTOSTHU S
cucteMbl. [lToMMMO cpelcTB MOHMTOPHMHTA CJICAyeT
YIIOMSIHYTb CpeAcTBa NpO(PUIMPOBAHUS C TTOAAEPK-
KO CO CTOPOHHI allapaTrypbl, HalIpuMep, HHTepdeiic
JIOCTYTIA K CITEIIMAIbHBIM PETUCTpaM-CYeTINKAM ITPO-
ueccopa Performance Application Programming Interface,
PAPI [9].

IMognepxka mpoliecca OTIaIKM Ha TPOrPaMMHOM
YPOBHE MMOYTH BCETIa COMPOBOXAAETCS CpPeACTBaAaMU
0a30BOI1 annapaTHOU oTlaaKu [8], BKJIoUYast Kak Tpa-
JULMOHHOE CTEHIOBOE 00OpyIOoBaHME, TaK U 0a3o-
BYIO MOAJEPXKKY OTIaIKN Ha Kpuctayuie. CTeHIOBOE
00opyloBaHUE BKJIIOYAeT B cebsl JJIOTMYeCKMe aHaIu-
3aTopbl U ocuusuiorpadrl. baszoBas nmogmepxka oT-
JIaIKWA Ha KpUCcTajljie oOecrednBacT MUHUMAJIbHBIH
natepdeiic 1ug ynpasaeHus SoC. Ilogmepxka or-
JIAIOYHOTO IIPOrPaMMHOI0 00ECIIEYeHU ST MOXET OBITh
AKTWBHA B IITATHOM peXHWMe, OMHAKO P 3TOM OHA
MOXeT KOH(pJIMKTOBATh C CUCTEMHBIMH 3adadyaMMu,
CYLIECTBEHHO BJMss Ha moBeaeHue cucTeMbl. Cie-
IyeT y4eCTh, YTO aKTMBHOE BMEIIATEJIbCTBO B IPO-
necc padborsl SoC He Bcerma oIrpaBIaHO, 0COOEHHO
JUISI CUCTEM peajibHOro BpeMeHu. OCTaHOBKa M IMO-
clienylolee BO30OHOBJIEHUE PaOOThl CUCTEMBbI OObIU-

HO M3MEHSIOT B3aMMOCBSI3b CUCTEMbI U OKPYKCHUS
(mepudepuiiHbIX YCTPOMCTB).

HaBg3yuBbIil XapakTep MpOTrpaMMHBIX CPEICTB
OTJIAIKH AeaeT WX MaJOTPUTOTHBIMU IS CUCTEM
JKECTKOTO peajbHOro BpemMeHu. JItoOble OTIaq0uHbIe
MeXaHU3MBbI, UCIOJIb3yeMble BO BpeMs pa3pabOTKH,
KaK TIpaBuJjIo, OyAyT yAaJeHbl MU OCTAHOBJICHHI B KO-
HeYHOM "00eBOM" BapuaHTE CUCTEMbl, U3BMEHUB TeM
caMmbiM oGOuee noBeaeHue [10]. Bropeim HemocTart-
KOM 3TOM CTpaTeruu SBJSIETCS TO OOCTOSITEIbCTBO,
4YTO, (paKTUYECKU, OHA TIOAAEPKUBAET TOJIBKO "TIO-
CMEPTHYIO" OTJIaaKy, KOTopasl MpeaoCTaBIsIeT JaH-
HbIE TOJIBKO MOCJIE TOTO, KaK OLIMOKM MPOSBIISIOTC,
a He Torma, KOrJa OHU IEeMNCTBUTEIBLHO TPOUCXOMISIT.
Tem He MeHee Takoe MpOrpaMMHOe oOecIeueHue
OYEHb IMOJIE3HO B HEKOTOPBIX MPUJIOXKEHHUSIX U €ro Io-
pasmo 6e30ImacHee UCIIOIb30BaTh B CUCTEMAX C MITKH-
MU CPOKaMU BBITIOJTHEHH I, HATIpIMED, B CHCTEMaX, He
KOHTPOJUPYIOIIMX KPUTUUYECKHM BaXKHbIE anIapaTHbIe
y3JIbI, OCOOEHHO, €CJIM CUCTeMa HUCIIOJIb3yeT He BCe
JIOCTYTTHBIE PECYPCHI.

Omuaaodka c ucnoavszosanuem unmepgeiicoe mecmu-
poeanusn ycmpoiicme. B HacTos1ee BpeMsi 0ObIYHOMI
MMPaKTUKOM SIBISETCS MCIIOJIb30BaHUE TEXHOJOTUH
design-for-test (DFT) npu pa3zpaboTKe UHTErpaJbHbIX
CXeM LTSl OAJEePKKM MTPOU3BOACTBEHHOIO TECTUPOBA-
HUS 1 oTHaaku [6, 11]. OGBIYHO OHA CTPOMTCS Ha Me-
XaHM3MEe lIeTI0UeK CKaHUpoBaHUs (scan chains) B co-
OTBETCTBUU CO CTaHAAPTOM, OOCYXKIaeMbIM jaajiee.
B 3TOT MexaHM3M BKJIIOYAIOTCS MHOTHE KPUTUUECKHU
BaXXHble JaHHbIE U CIOCOOBI yrpaBiaeHUs SoC, 4yTo
ITO3BOJISIET CUNTHIBATH COCTOSTHUE TPUTTEPOB CHUCTE-
MbI. B coyeTaHuu co cpencTBaMu MporpaMMHOI Noj-
JIepKKU TIpoliecca OTIaaK1 TaKOU MOIXO0I TTO3BOJISIET
00eCeuYnTh MPOCTON MHCTPYMEHTApU I HAOIOACHM S
1 KOHTpoJisl. OCHOBHOE MPENMYILIECTBO pelIeHUs Ha
OCHOBE 1IeTIOYeK CKaHMPOBAHU S 3aKII0YaeTCS B TOM,
YTO OHO MCIOJIb3YET HEMOCPEACTBEHHO NH(PACTPYK-
typy DFT, noatomy He yBeIuuMBaeT MPpOU3BOACTBEH-
HbIC 3aTPAaThI.

OObIUHbIE LIENOYKU CKAHUPOBAHUS WMCHOJb3Y-
0T OOWH TyTh CKAHWPOBAHUS IS YMEHBIICHUS
HaKJaJHBIX PAcXOJ0B Ha MaplIpyTU3alMio, HO 3TO
OrpaHMYMBaAET MPOU3BOIUTEIBHOCTD. Ellle omHUM He-
JIOCTAaTKOM SIBIISIETCST TOT (DAKT, YTO OHU OOBITHO J0-
CTYITHBI TOJIBKO B PEXMME TECTUPOBAHU I, TOCKOJIbKY
LIEMOYKM CKaHUPOBAHUS MYJbTUIIEKCUPYIOTCS Ha
KOHTaKTBl YCTPOMCTBA, UCIIOJb3yeMBble IUISI APYTUX
meieil B yHKIMOHATbHOM pexXxnMe. Mcmonab3oBa-
HYeE BbIIEJEHHOI'0 TECTOBOIO MHTepdeiica mo3BosieT
MPeoa0JIeTh 3TY CIOXHOCTh. Ha TpakTHKe mpou3Bo-
CTBEHHBIC TECTHI MPEOHOJIEBAIOT OTPAHUYCHUS TIPO-
U3BOJMTEIBHOCTU 32 CUET MYJbTUIIJIEKCUPOBAHUS
HECKOJIbKMX 1IeT0YeK CKaHUPOBaHUS Ha 3alacHbIe
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(byHK1IMOHAabHBIE KOHTAKTHI [12]. OnHako B (pyHK-
LIMOHAJbHOM PEXMME 3alacHbIX KOHTAKTOB HET, IO-
3TOMY TaKOW IMOIXOA He TOAUTCS AJS MOMAEPKKHU
omnaaku. OOTHUM U3 peLIeHUI 3TON 3amadyu SIBJISI-
€TCsl BBEIEHME NOIMOJHUTEIBHOIO pexXruMa OTIalKU,
B KOTOPOM 1LIETIOYKU CKAaHWPOBAHUS OO0BEAUHSIIOTCS
BMecte [13] unu mynbruniekcupyorcs [14]. Toraa
OHU CTaHOBSITCSl JOCTYITHBI Yepe3 BbIACJICHHBIN WH-
Tepdeiic ¢ oaqHOI TUHUEl CKAHUPOBAHMUSI.

PaboTaromue 1neno4ykyu CKaHUPOBAHUS IPUBOAST
K TIepeMelleH U0 JaHHbIX, YTO MOTEHLMAaJIbHO U3Me-
HSIET BbIXOJHBbIE MaHHbIe. Mcrnoib3oBaHUEe lLemoYeK
CKaHMPOBAaHUS B HEAKTUBHOM COCTOSTHUU TTO3BOJISECT
n30exaTb MOBPEXJAEHUS COCTOSIHUSI CUCTEMBbI, HO Jie-
JJaeT HEBO3MOXHOI ee oTiaaky. B pabote [15] mpu-
BelIeHbl HEKOTOPbIE MOAXObI, TO3BOJISIONINE TPOBO-
IUTh oTaakKy SoC BMeCTe C IPUMEHEHUEM LIETOYEK
CKaHUPOBaHUSI.

Yempoiicmea ecmpoennoii amyaayuu. BctpoeH-
Hblit amyagrtop (In Circuit Emulator, ICE) — 310 crie-
LIMAJIbHO U3TOTOBJIEHHBIW MPOTOTUII, 3aMEH IO
00BIYHYI0 TTpou3BoacTBeHHYI0 SOoC. Takoii amysiTop
TOMoOraeT NpeoJ0JIeTh OrpaHUYEeHM S OTIaJKM Ha OC-
HOB€ T€CTOBOI MHGMPACTPYKTYpbl UK 6A30BOM arrma-
paTHOM U MPOrPaMMHON MHCTPYMEHTAJILHON OTjIamd-
KM, TIPEenoCTaBssl TOMOJHUTEIbHbIE BO3MOXHOCTH
TOAKJIIOYEHU ST OTIATOYHBIX MHCTPYMEHTOB. MHOXe-
CTBO JOMOJHUTEIbHBIX OTJIAJOYHBIX KOHTaKTOB, pac-
MOJIOXKEHHBIX Ha pacIIMPEHHON MJolaau MaaThl, HE
HUCTIOIB3YIOTCS CUCTEMON B (PYyHKIIMOHATIBHOM PEXH-
M€, BMECTO 3TOr0 OHM MOAKJIOYEHbI K BHYTPEHHUM
BbIBOJIAM JIJIsl 00ecIieyeHUs] BO3MOXHOCTU HaOI01e-
HUSI 32 OBEIEHUEM CHUCTEMbI C TIOMOLIbIO, HATIpUMED,
Jloruyeckoro aHanuzaropa. CieayeT OTMETHTh, YTO
OTJIaJIOYHbIC TaHHbIE B 3TOM Cjiyyae MOTEHIUaJIbHO
JOCTYMHBI BO BpeMsI HOpMaJbHON pabOThl CUCTEMBI,
MO3TOMY, B IPUHIIUIIE, UCITOJIL30BaHUE TOTIOJTHUTE b-
HBbIX KOHTAaKTOB He BJIMsIeT Ha noBeneHue SoC.

Henoctatkom Takoro rnoaxojaa CTaHOBUTCS yBeJIM-
YEHHBIH pazMep MUKPOCXeMbl U HaJIMUMe TOIOJTHU-
TEJIbHBIX COCAMHEHW BHYTPU Hee, 3a4acTyIO C MC-
M0JIb30BaHUEM JJUHHbBIX COENTUHUTEIBHBIX TPOBOJIOB.
DT0 00CTOSITEILCTBO OTPULIATEILHO CKa3bIBAETCS HA
HaJeXXHOCTU MHKPOCXEMBI, YTO MOXET NMPUBECTH
K TIOJIHOM ee HENPUTOAHOCTHU IJis1 3KCIJyaTaluu
B CYPOBBIX YCJIOBUSIX, TAKMX KaK OTCEK ABUTaTess
WJIM KopoOKu mepenady. Kpome Toro, moakjaruyeHue
TOTIOTHUTETbHBIX COeMMHUTEBHBIX IIPOBOJIOB HATPy-
JKaeT BHYTPEHHIOI0 KOMMYHMKAIIMIO, CHUXKAs TPOU3-
BOJUTEIBLHOCTh M U3MEHSISI TTOBEAECHUE MPOTOTUIIA 10
CPaBHEHMIO C peaJIbHBIM YCTPOMCTBOM, BHOCSI TAKMM
00pa3oM, TOMOJTHUTEIbHbIE TTIOTeHIIMaIbHbIe OIIUOKU.

Iloddeprxcka omaadku Ha ocHoee IMYAAUUU HA
kpucmaane. boyiee pacripocTpaHeHHO! aJbTepHATHU-

Boit BcTpoeHHBIM ICE gBasieTcss aMynslus Ha Kpu-
cranne (on-chip emulation), paclunpsiioniass BO3MOX-
HOCTH OTJIanKu o0biuHOM SoC 3a cueT co3naHus Ha ca-
MOM KpHUCTaJljie TOMOJHUTEbHbIX MHCTPYMEHTAIbHBIX
cpeacTB coopa gaHHBIX [16]. Takue cpeacTBa OOBIYHO
BKJIIOYAIOT B Ce0$ JIOTUKY yIIpaBJIeHM ST TOUKaMU OCTa-
HOBa, MO3BOJISIONIMMU OCTAaHABIMBATh CUCTEMY IMPU
JIOCTUXKEHUHU OMpPeAesIeHHOTO ajipeca B CErMeHTe Kojia
WJIM JOCTYIIe K OMpenejeHHON sSuelike maMsTh. AT-
MapaTHBIE PECYpPCHl OTJIAIKU paboTaloOT MapaieibHO
C OOBIYHBIM peXHUMOM GyHKIIMOHMpoBaHUs SOC, 1o-
9TOMY TMOBEIEHNE CUCTEMbI MPAKTUYECKU HE MEHSIETCSI.
CorylacoBaHHO€E MOBEACHUE CUCTEMBI [IeJIaeT CTpaTeruu
OTJIaJIKM Ha OCHOBE CAMO3MYJISLIUU MOAXOASIIUMU
JUTS1 OOJIBLLIMHCTBA TIPUJIOXKEHU I, BKJIIOUast pa3padoTKy
CJIOXKHBIX CHCTEM peasibHOIO BPEMEHH.

TexHosorust AMyJISILIMU Ha KpUCTaJljie TTIO3BOJISIET UC-
MOJIb30BaTh TAKOM MHCTPYMEHTApUil, KaK TpaCCUPOBKA,
KOTopasi MpeaoCcTaBIIsSeT pa3padboTuYMKaM J0CTaTOUYHYIO
MH(POPMAILIUI0 00 aKTUBHOCTU CHUCTEMbI BO BPEMSI BbI-
MOJTHEHU ST TSI TOCENYIOLIETO YIyOJIEHHOro aHaIu3a.

Eie omHUM MpenMy1ecTBOM TPacCUPOBKU SIBJISI-
eTCs €€ CIOCOOHOCTh (PUKCUPOBATh COOBITHS, IIPUBO-
Jsie K BOSHMKHOBEHUIO IMTPOOJIEMBI, a HE TOJBKO €€
nocyeAacTsus. [lonaepxxaHue MpaBUIbHOTO BPEMEHHO-
ro nopsiika COObITHI TaKKe MUMeeT BaXXHOe 3HAaYeHUe
IUIS TIpeIOCTaBJICHUS pa3paboOTUUKy JOCTOBEPHOM
“HPOPMALI M.

TpaccupoBKa Ha KpucTajje 3HAaYUMTEIbHO OTJMYA-
ercsa oT BcTpoeHHbIX ICE, KoTopble BBIIAIOT TOJIHKO
HeoOpaboTaHHbIE CUTHaJIbl. BcTpoeHHas TpaccupoBKa
JIOIycKaeT MepBUYHYI0 00pabOTKy JaHHBIX, HAIPU-
Mep, UX cXaTue, HeoOXoauMoe ISl HabJoaeHUus 3a
HECKOJIBKMMHM BBICOKOCKOPOCTHBIMHM BCTPOCHHBIMH
mpoleccopaMy U JOCTYTIOM K JaHHBIM.

ITo Mepe pa3BUTUSI UHTErPaJIbHBIX CXEM pa3BHBa-
Jlach U nojaaepxkka omianku. Kaxmnas u3 yeTslpex pac-
CMOTPEHHBIX TEXHOJOTUM UMEET CBOM MPEeUMYIlIeCTBa
u HegocTtaTku. CoBpeMeHHasl TEHACHUUS OTJalKu
3aKJII0YAETCSl B TOM, UTOOBI B 3HAYMTEJbHON CTEEHU
¢GOKyCHPOBATHCSI Ha OTCJIEXMBAHUU TPYyTHOOOHAPY-
>KMBaeMbIX CITOPaANYECKUX OLIMOOK, MOCKOJbKY HX
WHOTAa HEBO3MOXHO OOHApYXHUTh C MOMOIIbIO Me-
TOIOB TPAaAMLIMOHHOW nmocMepTHON oTiaaku. Ilpo-
¢dunupoBaHue U ONTUMHU3ALUS CUCTEM PEaATbHOTO
BpPEMEHU TaKKe B OOJIbIION CTENEHU 3aBUCIT OT Ha-
JIMYMS CPENCTB aIllapaTHON TPacCUPOBKHU.

YnpaBneHue SoC ¢ HeCKONMbKMMU
npoueccopHbLIMU sigpamu

CnoxHble MHorosiaepHble SoC-ycTpoiicTBa C He-
CKOJIbKMUMU TIpolieccopaMu U TepudepuitHbIMU
YCTPONUCTBAMM CTABSIT HOBbIE MPOOJEMHBIE BOIIPOCHI
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paspaboruynkam SoC. CoBpemeHHass SoC — 3T0 He
MPOCTO MHTETpalUsl HECKOJbKHUX CXeM Ha IeyaTHOM
IJ1aTe, a HOBBIM MOAXOM K IMMPOEKTUPOBAHUIO, TpeOy-
IOLIMA 9BOJIIOLIMY METOMOB MPOEKTUPOBAHMSI.

Humepdpeiicot ynpasaenus 3anyckom u 00cmynom
K namamu. TpallIMOHHBIM MHTepdeiicoM paspa-
60Tk SoC sBisieTcs TaK Ha3blBaeMblii MHTepdelic
yIpaBjieHUs 3aryckom (run control). OH UCTIONB3YeTCS
IJIST yIpaBJeHUs pab0OTO MUKPOKOHTpOJIepa WU
omHosaepHoro npoueccopa SoC. B yacTHOCTH, OH IO-
3BOJISIET Pa3pabdOTUMKYy 3aMycKaTh M OCTaHaBJIMBAThb
TakHe yCTPONCTBA, KaK MpPOLECcop.

HexoTopsie ycTpoiictBa SoC MCHONB3YIOT CBO
cOOCTBEHHbBI NponpueTapHblii uHTEpdeiic [17], on-
HaKo IIMPOKO pacrpOCTPaHEHHBIM PELICHUEM SIBJISI-
€TCS MCMOJIb30BaHUE CYIIECTBYIOLIErO MopTa TECTHU-
poBaHus rpanmdyHoro ckanupoBanus (JTAG) [18].
ITpuMmeHeHUe B LEIsIX OTJIaAKHU CTaHAapTU3UPOBAHHO-
ro uHTepdeiica TeCTUpOBaHUS He TpeOyeT TOMOIHU-
TeJbHBIX BEIBOJOB Ha IJIATE, UTO JAET 3TOMY ITOIXOLY
MOTeHLIMAJ JJIs1 BHEAPEHW S Ha pa3HbIX IjaTdopmax.
CucteMbl ¢ HECKOJbKMUMHU TMpOLeCCOpaMU Ha Iie-
YaTHOM IJjiaTe paHee BKJIOYAIM HECKOJIbKO MHTEP-
(eiicoB oTIagKM, YaCTO OCHOBAHHBIX Ha CTaHIApTE
IEEE 1149.1, xoTopblii IepBOHAYajabHO TpeaHa3Ha-
qaJjicd sl CTPYKTYPHOTO TECTUPOBaHUS LIM(PPOBBIX
nevyaTHbIX 11aT. PanHue SoC-ycTpoiicTBa ¢ HECKOJIb-
KHMMHU MPOLECCOPHBIMU SIAPAMU ObIIU CKOHCTPYHU-
pPOBaHbI MyTEeM WMHTErpaluu OOJbIIMHCTBA HEKOraa
OTIEJIbHBIX KOMIIOHEHTOB Ha OIHOW CUCTEMHOU Tie-
yaTHOW mnJjiate. MHoOrue u3 siiep UMeoT COOCTBEHHbIE
BcTpoeHHbIe KOHTpoJiepbl TAP (Test Access Port), 4To
JejaeT aKTyaJbHbIM BOIPOC O TOM, KaK YIPaBJsTh
MHOXeCTBOM KOHTpoJuiepoB TAP, coxpaHsisa nmpu aToM
cootBeTcTBUe cTaHaapTy IEEE 1149.1. B pa6ote [15]
MpeaokeHbl HECKOJIbKO BapUAHTOB PELIEHUS DTOrO
BOIpoca, BKJIIOYAsl MOMYJISPHBIM BapuaHT BKJIIOYE-
HUs Bcex KOHTpoJsiepoB TAP B ofHY LIENMOYKY CKaHU-
pOBaHMUSIL.

OpHako mpeajioXeHHBIN B paboTte [15] Tak Ha3bI-
BaeMbIif areHT-OPUEHTUPOBAHHBIN MMOAXON BUINTCS
aBTopaM OoJiee yaauyHbIM pelieHueM. [lo cyTu, aToT
MOJXOA SIBJSIETCS CAENYIOLUIMM SBOJIOLIMOHHBIM Ia-
rOM B Pa3BUTUM CHCTEM Ha KpHUCTaJlIe, o0ecrieunBas
BHEIPEHUE CUCTEMHO-OPUEHTUPOBAHHON MapajgurMbl,
B KoTopoi Kaxaas SoC nMmeeT onuH KoHTpoJuiep TAP
IS CBSI3M C BHEIIHMMU MHCTPYMEHTaAaMU OTJIaAKH
u TectupoBaHus [19]. CrenyeT OTMETUTD, UTO yCTapeB-
11IMe MPOLECCOPHBbIE Apa HE MOTYT ObITh U3MEHEHHI,
MO3TOMY TMPUAETCSA UX TOAACPKUBATh, TOKA OHU HE
OyayT BbIBeeHBI U3 AKCcILTyaTanuu. Konrposiep TAP
Ha YPOBHE KpHUCTaJlJIa LEAUKOM, KOTOPbI B3aUMOICI-
CTBYET C MHTepdelicaMu OTJIalK1 KaxJa0ro sapa, ooe-
creyuBaeT 0oJjiee MaclITadUpPyeMyl0 apXUTEKTYpYy.

CyluecTByeT peanusalus uHTepdeiica, Ha3bIBae-
mast JTAG+, coueraloniast B cebe aceKThl KaK LeH-
TpajbHOM, TaK M paclpenesieHHON apxuTekTyp [16].
B Heit ucnonb3yeTcst OMUMH LEHTPaJIbHBI KOHTPOJLJIED
TAP u nenoyka CKaHMpPOBaHUS AJisl CBSI3U CO CIELU-
aJIbHBIM OTJIaIOYHBIM ITPOLIECCOPOM (AareHTOM OTJIaI-
KM), KOTOPHIH, B CBOIO O4Yepeab, UCITOJIb3yeT CIeIH-
aJbHYIO CUCTEMHYIO LIMHY JJS1 JOCTyMNa K NMaMsTu
1 BHYTPEHHEMY COCTOSIHUIO OCTaJbHBIX MPOLIECCOPOB
SoC. DTo cyllIecCTBEHHO OTIMYAeTCs OT TaKUX pellle-
Huit, Kak EJTAG [20], roe oT/agouyHbli compoueccop
MPUBSI3aH K KaXXI0MY MPOLECCOPHOMY SIAPY U AOCTY-
TIeH C TTOMOIIBIO 1IETI0YeK CKAaHMPOBAHMS. YCTapeBILINe
siipa MOAAePKUBAIOTCS MYyTEM MOAKIIOUEHU S LIeTIoUeK
CKaHUPOBaHUS K LIEHTpaJbHOMY KOHTpoJiepy TAP,
KOTOPBII obecreyrnBaeT BbIOOP MeX Iy BCTPOSHHBIMU
koHTpoJuiepamu TAP 1 areHToM oT/iaaKu.

Konmpoav xo0a evinoanenus SoC-ycmpoiicme
¢ HecKkoabKumu aopamu u maiimepamu. B 00nbIINH-
cTBe coBpeMeHHBIX SOC-yCTpOIICTB TOYKMU OCTaHOBA
MOJAJAEPXKMBAIOTCS amnnapaTHbIMU Tpurrepamu. B cu-
CTeMax C TPAaCCUPOBKOW TPUITEPbl TakKkKe MOIYT MUC-
MOJIb30BaThCs [JIS 3allycKa U OCTAaHOBKM cOopa Tpac-
Chbl, a TakXXe (puabTpalluy COOBITUM IS COXpaHEHUS
MPONYCKHOM CITOCOOHOCTH M 00beMa MaMsITH. DTOT
npouecc GUIbTPALMU U3BECTEH KaK KBaIuHUIIMpoBa-
HME TPacChl, IIOCKOJBKY BEIOMPAIOTCS TOJIBKO Hanbo-
Jiee MOJIE3HbIE AJ1s1 TTOCIEAYIOLIEro aHAINU3a COOBITHUSI.

BonpinHCcTBO cnoXHbIX SOC-yCTpOMCTB ceifuac
HMEIOT HECKOJILKO CUCTEMHBIX TAliMEPOB, UTO YCIIOX-
HSET CHHXPOHU3AIUIO COOBITU, ITPOM3OIIECAIINX Ha
pa3HBIX siaApax. DTO 0OCTOSITENILCTBO TaKXKe BAUSIET Ha
OTJIaJKY, TOCKOJIbKY YCJIOXKHSIET OCTAHOBKY paboTaro-
et cucteMbl HenukoM. [lpyu ucnonb30BaHUM OTHOTO
cucteMHoro taiiMepa Bcsi SOC MOXeT ObITb OCTaHOBJIE-
Ha OMHOBPEMEHHO, HO C Pa3HbIMU WJM HECUHXPOHU-
3MPOBAaHHBIMU TaliMepaMM CYILIECTBYET BEPOSTHOCTH
paccMHXpoHuU3auuu AaHHbIX [21]. XoTs pacCMHXpoO-
HU3aUUs JaHHBIX MOXET ObITh OOHapy>KeHa, BOIPOC
¢ niepesamnyckoM SoC octaercs. [To-npexxHeMy oqTHUM
W3 TJIABHBIX OTJIAJIOYHBIX IEUCTBUN OCTAETCS TTOJTHBIA
OCTaHOB W TOCJIEAYIOLIUI 3amycK BCcell CUCTEMbI Ha
KkpucTtanie. Ytoobl u36exaTb U3MEHEHUSI TTOBEACHM S
CHCTEMBI, BCE €€ KOMIIOHEHTHI JOJIXKHBI OBITH OCTa-
HOBJIEHBI B OJMH U TOT XK€ MOMEHT BpeMeHU. OgHUM
U3 pelIeHU A SIBJISIETCS OCTPOECHUE paclpeaeIeHHOro
KOMMYyTaTopa JJisl BceX OTNamouyHbIX muH [22]. TIpe-
MMYIIIECTBOM TaKOTO PEIICHUS SIBJISIETCS TOT (haKT, YTO
KOMTIOHEeHThI SOC MOAKIII0YAIOTCS K 001IeMYy OJI0KY,
JNEACTBYIONIEMY KaK LIEHTPaJbHbIHI y3€J1 1151 AeTepMU-
HUPOBAHHOI MapIIPyTU3aLIMKM CUTHAJIOB IIPEPhIBAHUS
¢ MMHUMAaJbHOU 3aepKKoii. Mcronb30BaHUE KOMMY-
TaTtopa Mo3BOJsIET pa3paboTUMKy HACTPOUTh, KaKue
sgapa OynyT pearupoBaTh Ha CUTHAJbI TIpepbhIBaHUSI.
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Moapepkka TPaCCUPOBKU

PaccMmoTpeHHbIe 10 cuX HOp PYHKLMY MOAAePXKKHI
Ipoliecca OTJAaaK1 B OCHOBHOM CBSI3aHBI C KOHTPOJIEM
Y HaOJIIOIGHUEM 3a COCTOSTHUEM CUCTEMbI B OT/AEJIbHbIE
MOMEHTBI BpeMeHU. YTOObI HATH CJIOXHbBIE OLIUOKH,
pa3paboTyrKaM HEOOXOAMMO IIPOCMOTPETH CPE3BI CO-
CTOSTHUSI CUCTEMBbI 32 HEKOTOPOE BpeMsl 10 MpOosiBJie-
HUs omUOKU. YTOOBI MPenoCTaBUTh AOCTYIT K 3TOM
nHpopmanuu, SOC MOXKET MoJiydyaTb 1 00padaTbiBaTh
JaHHBIE O CBOEM COCTOSHUU B PEXHMME peaibHOTO
BpeMeHU. 3aTeM MoJy4YeHHasl Tpacca CTaHOBUTCS J10-
CTYITHOM JUUTSI BHEIITHUX CPEACTB pa3pabOTKM MO0 ye-
pes3 nopT oTnaaKu/TpaccupoBku [7, 20, 22—25], nubo
MyTeM COXPaHEHUSI BO BCTPOCHHON MaMsTH, OTKyJa
€€ MOXHO CYMUTHIBATh B aBTOHOMHOM pe€XHMe C T0-
MOIIIbI0 MHTepdelica yrmpaBieHUs 3anyckoM [20, 24].
TpaccupoBka — 3TO He MPOCTO MOJIE3HBI UHCTPY-
MEHTapuil A8 OTJaJAKU OAHOSIAEPHBIX cucTeM. OH
Takke KpalitHe HeOOXOOMM IUISI OTJIaAKU B3aMMOeH-
CTBUSI MEXTY HECKOJIBKMMU TIPOLIECCOPHBIMU SIAPAMM
W aKTUBHBIMU TlepUGepUHBIMH YCTPONCTBAMU.

CraHaapTHbIE MHCTPYMEHTAJIbHbIE CPEJACTBA COO-
pa JaHHBIX O Tpacce MPOCTO PETUCTPUPYIOT MOTOK
yIpaBJeHMUS MPOLECCOPHOro sapa [25], mpoTokoau-
pysl TUIT BBIMOJHSIEMbIX MHCTPYKIMIA B MOPSIAKE UX
nosiBieHus1. CylIeCcTBYIOT TaK>Ke MHCTPYMEHTaIbHbIE
MeXaHU3MBbl PETUCTPALIMK COOBITUI JOCTYIIA K JaH-
HBbIM [23], KOTOpBIE TTOMOTAIOT HAWTU OIIUOKHU, CBSI-
3aHHbIe C OOIMMMU MEePEMEHHBIMU, OJOKMPOBKAMU
WU APYTUMU B3aMMONIEUCTBUSMHU, TAE BaXXeH MOPSII0K
cobOpITHit. OTCNeXWBaHWE NJAHHBIX BCeX aKTUBHBIX
YCTPOMCTB TaKXe OYEHb BaXXHO, MOCKOJbKY HE BCE
B3auMojeiicTBUs cBg3aHbl ¢ npoueccopom [10]. ba-
30BasI Tpacca IMPOTpaMMBl MOXET COIepXaTh TOJIBKO
WH(pOopMaLIO, IOCTATOYHYIO 1JisI BOCCTAHOBJIEHMU S
MOTOKa ymnpaBjieHHWsI B aBTOHOMHOM pexume. OHa
MOXET OBITH HOITOJHEHA MOAPOOHBIMU CBEAECHUSIMU
0, HafmpuMep, 3alylIeHHON 3aj1auye WJIM BO3HUKILIEM
npepbiBaHUM. Tpacchl KPUTUYECKHU BaXKHBIX CUCTEM,
MPUMEHSIEMbIX, HalIpUMep, B KOCMUUYECKUX arlmapa-
Tax, MOTYT BKJIIOYaTh ropasgo 0oJblie gerajieid [26].

TunuyHasi Tpacca MOTOKA JaHHBIX COAEPKUT Ta-
KYI0 MHGOpMalIMIo, KaK HayaJbHBIN aapec JaHHBIX,
WX pa3Mep W 3HaUYeHMS, a Takxe ¢jar gocTyna —
yTteHue i moaudukaius. IlepudepuitHbie ycTpoii-
CTBa MOTYT TaKXe MPeAOCTaBISITh HOMOJHUTEIbHYIO
MHGOPMALIMIO O COCTOSTHUH, TAKYI0 KaK MPOIYCKHAas
CIIOCOOHOCTH MHTepdelica NI CTaTUCTUKA BO3HUK-
HOBEHU S OIIUOOK COeAUHEHUSI.

HMudbopmaiiys o cocTosHUM, He Tpedyrolasi aHa-
J3a B peaJbHOM BpeMeHH, OOBIYHO CUYMTHIBACTCS U3
pPEeTUCTPOB, OTOOPaKEHHBIX B MaMSITHU, C TTOMOIIbIO
uHTepderica yrnpapieHUs 3alyCKOM.

Cxcamue mpaccwoi. Hekotopbie MHCTpyMEHTaJIbHbIC
cpeAcTBa cOopa JaHHBIX O Tpacce MPU MPOTOKOJIUPO-
BaHWM MTAaHHBIX OT MOTOKA YIPaBJIECHUS T€HEPUPYIOT
MPOCTOE B peaju3alluy cxaTroe coodleHue (puKcu-
POBaHHOUW IIMPUHBI Il KaXJIO0ro MPOLECCOPHOro
TakTa [8, 25]. AnbTepHAaTUBHASI CTpaTerus, omnpee-
JneHHas ctanaapTom NEXUS [23] u ucnionb3yeMas He-
KoTopbIMU npousBoguTeasaMu SoC [7], 3akiodyaeTcs
B TOM, 4TOOBI (POPMUPOBATH COOOIIEHUST Pa3IMIHOMN
IUIMHBI U OTIIPABISATH MX TOJBKO MPU HEOOXOIMMO-
CTH. YMEHBIIICHUE pa3Mepa COOOIIEHUI B CTaHIapTe
NEXUS nocturaercs 3a CYET TOTO, YTO 3a4aCTYIO IIPO-
rpaMMBbl, BBITIOJIHSIEMBIE Ha IIPOIIeCCope, 00pallaroTcs
B ITaMATh HA KOPOTKOM JMalia3oHe aIpecoB (Hampu-
Mep, 00paboTKa MacCMBOB). B aToM ciiyyae BO3MOXHO
XpaHUTh U MepeaaBaTh TOJIbKO YacTh aJpeca, a He BeCh
azipec LEITMKOM (TaK Ha3bIBaeéMOE PA3HOCTHOE CXKATHE,
differential compression). HekoTopble pOU3BOIUTEIU
MOJIb3YIOTCS YHUBEPCATbHBIMU aJITOPUTMAMM CKATUS
JIaHHBIX, TAKMMHU KakK Koabl Xaddmana [27].

B crangapre NEXUS onuceiBaeTcsi ajiroputm
cXXaTusl JaHHBIX O Tpacce, B KOTOPOM COOOILEHUS OT-
MPaBJISIOTCS TOJABKO JIJIsl COOBITUM, TPeOYIOLINX CUH-
XPOHU3AINH, TAKNX KaK MHCTPYKIIUHW BETBICHUS WU
trap-mHCTPYKINHA. BMecTO OTmEeNTbHEBIX COOOIIeHMH
IUTSL TTOCJIeMOBATEIbHBIX MHCTPYKLUMI TOACUUTHIBACTCS
YUCJIO MOCJIeA0BATEIbHBIX MHCTPYKIIM M, BBITIOJTHEHHBIX
¢ MOMeHTa (DOPMUPOBAHUS MPEABIIYIIIETO COOOIIECHMS,
1 3TO YMCJO BKJIIOYAETCS B CleAylollee COOOIIEHUE.
DaKTUUYECKU peub UIET O IPOTOKOIMPOBAHUM HE OT-
JETbHBIX MHCTPYKIIMM, a EeJBIX JUHEHHBIX YUYaCTKOB
Koma. Takoil momxond MO3BOJISICT 3HAUNTEIILHO YMEHb-
IIUTh pa3Mep TPacChl, HO MIPU YCIOBUH, YTO Y UHCTPY-
MEHTAJILHOTO CPEACTBa aHaIM3a JaHHBIX O TPacce NMe-
eTCA JOCTYM K MCXOMHOMY KOIY, MCITOIb3YST KOTOPHIM
MOHO BOCITPOM3BECTHU MOBEAEHUE MPOrPpaMMBbl.

Haub6onee a¢pheKTUBHBIM METOAOM YMEHBIIICHUS
00BbeMa TpacChl SIBISIETCS BO3MOXHOCTD YITPaBICHMS
TPacCUPOBKOM Ha YpOBHE OTHENBHBIX allliapaTHBIX
Monayiaeit SoC, a Takxke (UIbTpalUs COOBITUN MO
pa3HbBIM ycioBUsIM. K TakuM OTHOCATCSI, HalIpuMep,
COOBITHSI TOJTBKO UYTEHUS VJTY TOJIBKO 3aITMCH TaHHEIX,
COOBITUSI BBIMIOJTHEHUSI TOJbKO MHCTPYKIIUA COMpPO-
lieccopa 1JiaBalouiein apupmMeTuku u T. 1. [28].

Ynpaeaenue mpaccupoexoii. Kpome crnoco6oB
reHepallMy TPAacChl TaKXKe Ba>KHbI METOIbI YIIpaBJe-
HUS cOOpPOM Tpacchl U ee xpaHeHUs1. COOpOM JaHHBIX
0 Tpacce MOXHO YIpaBJSATh BPYUYHYIO 4epe3 BHEII-
Hut uHTepdeiic. OqHaKO ynpaBjeHUE C MOMOIIbIO
OIpeJeIEeHHbIX allapaTHO-MPOrpaMMHbBIX TPUTTEPOB
b6onee 3¢ppeKTUBHO, MOCKOJBKY ITO3BOJISIET pa3pa-
0OTYMKAM TIOTYYUTH JaHHBIE O CUCTEME B MOMEHT,
HEMOCPEACTBEHHO MPELIeCTBYIOIIUI TPUTTEPHOMY
coObITHIO ("M0"-AaHHBIE), UJIU CPa3y 3a HUM MOCeay-
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omuii ("mocne"-manHeie) [28]. Coop "mocie"-maHHbIX
MoJie3eH B CUTYalllu, KOTaa pa3paboTuyuK Moao3peBa-
€T 0 HaJIMUMKU HEKOPPEKTHOTO MOBEIECHMUS CUCTEMBI,
HayMHas ¢ ONpeaeIeHHOTO COOBITHSI, B TO BpeMsI Kak
cOop "no"-maHHBIX HYXKEH, Korma pa3padoTynK He yBe-
pPEH B IIpUYMHE OLIUOKU U XOUeT YBUAECTh U3MEHEHE
MOBEICHM S CUCTEMBI BILJIOTH IO TIPOSBIICHUS OITMOKM.
CaMblii TPOCTOM MOAXO0A K TPACCUPOBKE CHUCTE-
MbI C HECKOJIbKMMU SIApaMu 3aKJI104aeTcs B TOM, YTO
CPEICTBO YIIPAaBJIEHUS TPACCUPOBKOU MEPEKIITIOIACTCS
MEXIY KaXIbIM SIIPOM — MCTOYHUKOM Tpacchl [22].
OnHako Tako# MOAXod He OpPUEHTUPOBAH Ha CUCTEMY
LIEJIMKOM M UMEET OrpaHMUYEHHOE NMpUMEHEHHE TaM,
rae siipa B3auMMOIEUCTBYIOT MeX 1y COOOiA.
Hacrtos1iasi cucteMHO-OpUEHTUPOBAHHASI KOM-
OMHMpPOBaHHAsI TPAaCCUPOBKA NOJXKHA 00ecreurnBaTh
COIJIACOBAHHOE MPEACTABICHUE O B3aUMOIECHCTBUIX
BHYTPHU CUCTEMBI. AJITOPUTM OObEIMHEHUS COOOIIe-
HUH OT KaxKJI0ro UCTOUHUKA SIBJISIETCS Ba>XXHBIM (ak-
TOPOM B yBeJIMYECHUU 3(PGHEKTUBHOCTU TPACCUPOBKU.
ITpu HanMYKMK pa3HbIX CUCTEMHBIX TallMEPOB HEOOXO-
JMMO YMETh YIOPSIAOYMBATh COOOIICHUSI, UCTIONb3YS
Jiornyeckoe BpeMs. B aTom ciyyae pa3paboTuuK Mo-
JIYYHUT JOCTOBEPHYIO KAPTUHY TOTO, YTO TTPOUCXOIUT
BHYTpU SoC B ueyioMm. IlonydeHHass Takass o6pa3om
Tpacca I0o3BOJsIeT pa3paboTuMKy OOHapyXKMBaTh
OIIMOKHM, CBSI3aHHBIE C TTapauIeIM3MOM, BKJIIOYasl 10-
CTYIl K 00LIMM mnepeMeHHbIM. OIHUM U3 pelIeHUI,
CIOCOOHBIX O0BEAUHUTH TPACCHI U3 HECKOJbKUX UC-
TOYHMKOB B ITPAaBUJILHOM BPEMEHHOM MOPSIAKE, SBISI-
eTcsl ceTb Ha KpucTaie (Network-on-Chip, NoC [29]).
B ycrpoiictBax SoC ¢ pa3HOPOIHBIMU MTPOLECCOP-
HBIMU SIIpAaMU 4acTO HET APYyroro BbIOOpa, Kpome
KaK IBITaThCS O0BEAMHUTH JaHHBIE OT HECKOJBKO
OTAEJbHBIX CUCTEM TPACCUPOBKU, MOCKOJbKY KaxX10€
CEMEICTBO MPOLIECCOPOB UMEET COOCTBEHHbIE peau-
3allMM OTJAJOYHBIX CPEACTB U UHTepdeiicoB. Bae-
JieHWe O01Iero cTaHAapTU3UpPOBAHHOTO UHTep(deiica
OTJaJKU PELInJIO Obl 3a1a4y CUCTEMHOI MHTErpalvu.

PekomeHaaumu no noaaepxke oTnanku

J st OTITaIKW! CIOXHBIX CHCTEM Ha KpUCTaJje pas3-
paboTynKaM TpeOyIOTCI MHCTPYMEHTAaJbHbIE Cpell-
CTBa, YYMTHIBAIOILIME HAJIUYNE HECKOJIBKUX IPOLEC-
COPHBIX SIIep M aKTUBHBIX TTepU(EPUIHBIX YCTPOMCTB,
KOTOPBIE SIBJISIOTCS KITFOYEBEIMU KOMIIOHEHTAMU BEICOKO-
MMPOU3BOIUTEILHBIX BCTPAUBAEMbBIX CHCTEM. PaznuHble
APXUTEKTYPHI S1Iep, HAJTUUYMEe HECKOIBbKMX CUCTEMHBIX
TaiiMepoB, TpeOOBaHUS K paboTe B peaJlbHOM BpPEMEHU
1 TIOBBILLIEHHASI CJIOKHOCTD APYTUX KOMITOHEHTOB CUCTEM
Ha KpHCTaJijie MoKa3ajay OrpaHudYeHUs TPaguIIMOHHBIX
METOIOB ITOCMEPTHOM oTinanku. [Ipumenenue nHdpa-
CTPYKTYpbl oTiagku u tectupoBanusi (JTAG, JTAGH,

EJTAG) nnist oTnanku Bceil CUCTeMbl Ha KpUCTaJlIe He
SIBJISIETCSI XKM3HECTIOCOOHBIM METOIOM. B 0CHOBHOM 3TO
CBSI3aHO C TeM OOCTOSITEILCTBOM, YTO TECTOBasi MH(ppa-
CTPYKTYpa COCpeaoTOYeHa MTOYTH UCKITIOUUTEIbHO Ha
JIesITeJIbHOCTU, CBSI3aHHOM C TecTUpoBaHUEeM. [1loaTomy
HcciefoBaHue 1 pa3paboTKa HOBBIX METOIOB, YUUTHI-
BaIOIIMX BCE aCIEKTHI OTIAIKH, IIPUHECIIO OBl TTOJIb3Y
SoC. OT™MeTHM, YTO 3TO pelIeHUEe AOJIKHO 3aMCHUTh
YCTOSIBILIMECS METOAOJOTUU TECTUPOBAHMSI.

MexaHU3M amnmapaTHBIX TOYEK OCTaHOBA, IO
CYTH, OCTaeTCsl He3aMEHMMBIM CPEICTBOM OTJIaAKMU.
JonojiHeH1e 3Toro MexaHu3Ma (pyHKIIMOHATbHBIMU BO3-
MOXHOCTSIMU TPACCUPOBKHU (BMECTO CO3MAaHUS OTAETBbHBIX
arnmnapaTHbIX CPEICTB TPACCUPOBKU) MOMOXET CHU3UTD
HaKJIaJHbIe pacXo/bl Ha OJAAEePXKaHNUE CPEACTB OTIAAKU.

IIporpaMMHBIE METOIBI M CpenCcTBAa OTIAAKHU XO-
POIIIO U3YUYEHBI M OYIYT OCTABaThCS LIEHHBIM MHCTPY-
MeHTapueMm. OmHaKo JJ1s1 TOBbILIEHUS 9(PheKTUBHO-
CTHM HEpa3yMHO Npu MpoekTupoBaHuu SoC rnojaraTb-
¢s TOJIBKO Ha MPOTrpaMMHOE oOecreueHue.

Hnst cucteM peajlbHOr0o BpEeMEHM TpacCUpPOBKa
SIBJISIETCSI MUHUMAJbHBIM TpeOOBaHUEM M JOJXHA
OBbITh yCUJIEHAa HAaJMYMEeM MEXaHW3MOB QUIbTpALIUU
U amIaparHbeIMU Tpurrepamu. MHorosaepHbeiM SoC
TpebyeTcs: MHGPPACTPYKTYypa A1 OObEIUHEHUST Me-
XaHU3MOB cOopa Tpacchl KaXXJA0To KOMIOHEHTA, C
COXpaHEHUEM TIPU 3TOM MCTUHHOTO BPEMEHHOTO 110~
psiiKa uX coOoOlIeHUM ¢ uaeHTU(GUKaIuein NCTOYHU-
ka. [Toka cyumecTBylOT TOJbKO 0a30Bble pELICHUS,
clienoBaTe/IbHO, HEOOXOAMMO pa3padaThiBaTh U UCCIIE-
JIOBaTh HOBbIE METOMOJOTUH AJIsI MOAAEPXKKU Oy AyIIUX
MOKOJICHU I 00Jiee CIOXHBIX CUCTEM Ha KpucTaJlie.

OnHoI U3 TaKKX METONOJIOTUIA, IO MHEHUIO aBTOPOB,
MOXET SIBJISITHCS KOHLICTTIIMSI KOHTPOJIMPYEMOTO BBITION-
HeHus [30]. B aTolt KOHLENIMU BCE MHCTPYMEHTAb-
HbI€ CPENCTBA OTVIAAKM TECHO UHTEerpupoBaHbl. Kpome
TOro, camMa CHCTeMa Ha KpHUCTaJlJIe ellle Ha 3Tarle Mmpo-
eKTUPOBaHUSI MOJyYaeT MMEHHO Te CPeACTBa OTJIAAKH,
KOTOpbIE HAIlpaBJIeHbl Ha JIOKAJIU3ALIMI0 U YyCTpaHEHUE
TUIIMYHBIX OLIMOOK 151 TOM 1ieIeBoii 001aCTH, MO KO-
TOpYIO 3Ta cUcTeMa pa3pabarbiBaeTcs. Pazpaborunku
arnrmnapaTHbIX KOMIIOHEHTOB ¥ ITPOrpaMMHOT0 obecrieye-
HUS JOJKHBI IOHUMAaTh, YTO UM HEOOXOIMMO TECHO CO-
TPYAHMYATh C TOYKU 3pEHUS OTpeneaeHUs 3a1ad U 11t
JIOCTUKEHU S TPAKTUYECKUX PE3yJIbTaTOB.

IIpu coBpemMeHHOM TIOonXxone K pa3paborke SoC,
opueHTHpoBaHHOM Ha IP-610Kku, BaxXHO, YTOOBI
MoAAePXKKa MPOIeCCOB pa3paboOTKM M OTIAIKU CTa-
Jla CaMOCTOSITEJIbHBIM OJIOKOM MHOTOKPAaTHOTO HC-
nojb3oBaHus. Takoil OJIOK JOJXEH ObITh OTAEIEH
OT 1UIaT(OPM U IIPOLIECCOPOB, OH IOJIXKEH 00JiagaTh
cneurUuKon A5 KOHKPETHOrO MOCTaBlUIMKa, UMEThb
CTaHAapTU3MPOBAHHbIE MHTEPdENUCHI, MOJOOHBIMU
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TeM, KOTOpbIe OIpeaeaeHbl B padote [31].




3akntoyeHue

CucTteMbl Ha KpUCTaJUIe 3BOJIOLIMOHUPOBAIU 10
OYEHb CJOXHBIX YCTPOMCTB, HO MPU 3TOM MOAAepKKa
CPENCTB UX Pa3pabOTKU U OTAAAKH (GaKTUIECKU OCTa-
Jlach Ha TIpeXXHeM ypoBHe. Bo3pacraroliasi C10KHOCTb
apXUTEKTYPbl C OJHOKW CTOPOHBI U TOBBIIIEHHbIE Tpe-
OOBaHMS K BBICOKOMY YPOBHIO Ka4eCTBa U HaAEKHOCTH
C Jpyroil CTOPOHBI clesiadu MOAAEPXKKY pa3paboTKu
pelraronuM HakKTOpOM AJs YCHEIUIHOTO CO3MaHusl HO-
BBIX COBPEMEHHBIX CUCTEM Ha KpucTayie. C OMOILbIO
"MpaBUIBbHBIX" MHCTPYMEHTANbHBIX CPEACTB MOXHO
peIIUTh BOIMPOCH COOTBETCTBUSI HOBBIM ITOBBIIIEH-
HBIM TpeOOBaHMSIM COBPEMEHHBIX CJIOKHBIX CUCTEM Ha
kpuctasie. s npoaBuKeHUsI UHTErpaluyd CUCTEMBbI
BaxKHO, YTOOKI IToaAepxkKa pa3padoTku SoC nepecralia
(hoxkycupoBaTbCsl UCKJIIOUMTEBHO HA HENOPOTUX U Me-
Hee 2deKTUBHBIX apxXUTeKTypax. byayiiiee oTiaaku,
HECOMHEHHO, B CUCTEeMHO-OPUEHTUPOBAHHBIM pellle-
Huu. Kak nokazaHo B HacTosileil paboTe, 31ecCh ObLI
JOCTUTHYT ONpeAeeHHbIH Mporpecc, HO MHOTHUE pa3-
paboTuuku SoC He creliatr BHeAPSTbh HOBbIE METObI
1 MHCTPYMEHTAJbHBIE CPEACTBA OTJIAAKU, B KOTOPBIX
OCTPO HYXJAeTCsl KOHEYHBIH MOJIb30BaTENb.

B HacTosiiieit paboTe BblAeNAeHbl 00JaCTH, B KO-
TOPBIX €CTh BO3MOXHOCTD IJIS1 JaJlbHEHIIINX HCCe-
JoBaHui. O4eBUIHO, UTO Y KaXJIOi CUCTEeMbl Ha
KPUCTaJLJIe €CTh CBOE COOCTBEHHOE MpelHa3HaueHUe
U cienymoouie u3 aToro TpedoBaHusi. CooTBETCTBEH-
HO, TI0 Mepe pa3BUTHS TEXHOJIOT U HEOOXOTUMO U CO-
BEPILIEHCTBOBAHUE CPEJACTB OTJIAJKU TAKUX CUCTEM.
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The ubiquity of complex devices built on systems on chip (SoC) with multiple processor cores poses new chal-
lenges for developers of embedded systems. New development tools specifically designed for complex systems on
chip can help solve them, but these tools are usually limited by the functionality of debugging support tools. High-
quality debugging support with advanced features is necessary to take full advantage of complex SoC devices while
reducing development time. The article discusses various mechanisms and ways to implement support for debugging
systems on chip designed for complex real-time systems used, for example, in the Internet of Things (loT) paradigm.
This review includes an assessment of the available solutions and their suitability for use with the next generation of
complex systems on chip with multiple processor cores. It is shown that many existing solutions do not allow devel-
opers to easily take advantage of complex functions integrated into the next-generation SoC. The basic debugging
support functions for multicore SoCs are summarized and discussed. Recommendations are given for SoC develo-
pers and for the future direction of research in this area in order to provide a more suitable basis for new development
tools. Such tools are extremely necessary for all embedded hard real-time systems and are of high importance for
minimizing the complexity of their development.

Modern systems and devices implementing the Internet of Things paradigm are increasingly required to have
sufficiently high real-time performance while maintaining low power consumption. These requirements lead to the cre-
ation of multicore SoC solutions with support for a wide range of peripheral devices and communication protocols. The
systems are limited by the requirements for working in harsh conditions, such as, for example, in the engine compart-
ment of a car or on a radar tower. The development of embedded hard real-time systems, in which a task that fails to
be completed on time can lead to physical damage of the device, is a complex process.

Effective tools, such as interactive debuggers and profilers, are an integral part of solving these problems and
are vital for developing reliable embedded systems. Modern technologies now allow the integration of the entire
system on a single silicon chip, known as a system on a chip (SoC), which leads to the relocation of existing external
interfaces, widely used for development purposes, to the chip. Traditionally, communication within an embedded
system is carried out using an external processor system bus, which is implemented in the form of tracks on a
printed circuit board. The printed circuit board must support the appropriate interfaces of development tools that
require a physical connection, such as, for example, logic analyzers and oscilloscopes. Previously, placing exter-
nal interfaces on a chip left fewer options for external analysis tools and, in fact, makes developers "blind" to the
internal state of the SoC. Without a reliable and consistent representation of the state of the embedded system,
the detection of defects or errors in the system may become difficult or even impossible. The main solution to the
problem of the lack of external interfaces is to provide access to internal nodes from outside the system through
existing interfaces. There are many different approaches to achieving the required visibility, and they are outlined
in this review.
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aBNALNOHHbIA TEXHUYECKUI YHUBEPCUTET

CucTeMHbIN NHKNHAPWHT YNHPOBLIX ABOMHNKOB
Oprann3ayioHHo-TeXHNYECKNX CICTEM
C cnonb3oBannem METO[0B NHTENNEGKTYANbHOIO aHANN3A

PaccmompeHa npobnema paspabomku yugpposbix d80UHUKO8 Op2aHu3alyUuOHHO-MEXHUYECKUX
cucmem. lNpednoxeH memodorioaudeckulli nodxod 0518 opaaHu3ayuu fnpouecca NPoekmuposaHus
Uughposoz2o 080UHUKa Op2aHU3ayUOHHO-MEXHUYECKUX cucmeM, 06beduHsrouwUl s3maribi MPOeKmMuposa-
Hus1, MemoOdbl U Moderu, a makxe obecrnequgarowull cucmeMHbIl UHXUHUPUHE yugpoeo2o 080UHUKaA.
PaspabomaHa modesib nod0epKKU NpUHAMUS peuleHuli 8risi QuagHOCMUKU MEeXHUYECKO20 COCMOSIHUS
obbekma (mexHu4eckoeo ycmpolicmea), 0cHo8aHHas Ha Memodax cumyaluUuoHHO20 aHaiu3a U He4emkou
noauku, obecrneyusarowjasi CUHmMe3 achheKMuBHbIX pelweHuUl 8 PasuYHbIX cumyayusix U coyemaHusix
pasHOPOdHbIX ¢hakmopoe, xapakmepu3syuiux 06bLeKmM U €20 BHEWHH cpedy.

Knrodeenble cnoea: Lugppoeol d80lHUK, Memodbl MOOeupo8aHus Lughposbix O80UHUKO8, CUCMEMHOE
rnpoekmupogaHue yugpposbix A80UHUKO8, MemMOObI UCKYCCMBEHHO20 UHMesIiekma

BBeaeHue

HpaiiBepoM MHHOBALIMOHHOTO Pa3BUTUSI BbICOKO-
TEXHOJIOTUYHBIX MPEANIPUATUN B KOHTEKCTE YeTBEP-
TOW MPOMBIIIIJICHHOU PEBOJTIOLINN CTAHOBUTCS TEXHO-
Jorus "uudposoit ABoiHUK" (LI1) Kak BUpTyaJIbHbII
MPOTOTUM PeasibHbIX MPOU3BOACTBEHHBIX MTPOLIECCOB,
U3AEeANI, TOTOBBIX NponykKToB. Mcnonb3oBanue LI/
CIMOCOOCTBYIOT POCTY KOHKYPEHTOCIIOCOOHOCTU MpPO-
MU3BOAMMBIX U3AEJUI 3a CYET TMOBBILIEHUSI CKOPOCTHU
BbIBOJA MX Ha peIHOK. IIprMeneHue L1J1 obecrieunBaeT
000CHOBaHME pellleHUN 3a cueT ObICTPOUl MPOBEPKU
U3MEHEHU A, BHOCUMBIX B KOHCTPYKILIVIO U3JIETNS U €TO
COCTaBHBIX YacTell, B XoJe LIU(PPOBLIX UCTIBITAHUIA.

B Poccun BriepBhie B MUpe pa3paboTaHa HOPMaTUB-
HO-TeXHUYeCcKasl JOKYMEHTAlus, perjaMeHTUpyolas
npouecchl pazpadboTku u mpumeHenus 1. B 2021 r.
NPUHAT HAMOHAJBbHBINA cTaHAapT "KoMIlbloTepHBIE
MoJeau U moaenupoBaHue. Lludposble IBOMHUKU U3-
nenmit. Oomue HOHO}KeHI/Iﬂ"', onpenesIonii oo1me
MOJIOXKEHU S IOCTPOSHUSI M AKCILTyaTallMu IM(PPOBBIX
JTBOUHUKOB U3JICTUMN.

OnHako opraHM3allMOHHO-METOAMUYECKOe 00e-
clieyeHue mpolecca pa3paboOTKU U MCIOJb30BAHUS
LI/ ocTaeTcst He 10 KOHLIA IpOpabOTaHHBIM C TOUKH
3peHM s COrIacoBaHMS 3a/1a4 MO OMMCAaHUI0 00bEeKTa

L TOCT P 57700.37—2021. KoMnbloTepHblE MOIEIU U MOJE-
nupoBaHue. Lludposbie nBOMHUKY u3aeanii. OOLIMe MOJIOXKEHMS.

MOIEIVMPOBaHUS U yIipaBaeHus. st opraHu3aiu Ta-
KOI paboThI TpeOyIOTCI MPpUMEHEHNE CUCTEMHOIO MO~
XOJla ¥ MPOEKTUPOBaHME 00BEKTa/TIpoliecca, YINThIBasK
pa3Hble aCMeKThl — BBHITIOJTHSIEMBIe (DYHKIIMH, BKJTIOYAast
UASHTU(UKALMIO U pellieHre BOZHUKAIOIIMX ITpo0ieM-
HBIX BOIIPOCOB B Mpoliecce ero (pyHKIMOHUPOBaHMUS,
YPOBEHD CJIOXHOCTHU, HAa3HAYEHME, STAIbl )KUZHEHHOTO
LIMKJIa U IpyrUe CBOMCTBA U OCOOEHHOCTH.

Ilenbio uccnenoBaHusi, pe3yabTaTbl BHITIOJHEHU S
KOTOPOI'0 MpeACTaBJEHbl B CTaThe, SIBJISIETCS pas-
paboTKa opraHu3allMOHHO-METOAMYECKOro obecre-
yeHus1 npoekTupoBaHus LI opraHuzalMOHHO-TEX-
HUYECKUX CUCTEeM, 00eCIeurBaIOIIEro CUCTEMHBIMI
CHHTE3 2TaroB MPOEKTUPOBAHUS, MHCTPYMEHTapUsI
(METOIOB 1 MOJIEJIeil) 1 pe3yabTaTOB, HAIPaBAEHHBIX
Ha ycKopeHHBI nHXuHupuHr L. Takoe opranu-
3a1lMOHHO-METOINYECKOe OoOecreyeHue MOJKHO
ObITh TaKke MPUMEHUMO AJis pa3paboTKU MPOTO-
tuna [/l opraHU3allMOHHO-TEXHUUYECKUX CUCTEM Ha
aTare XXM3HEHHOI 0 IIMKJIa "co3maHue 1 pa3padborka”
C TeM, YTOOBI UCCieN0BaTh BO3MOXHbBIE HEMPEIBU-
JNICHHBIE TPYIHOCTU U COOU, a TAKXKE YMEHBIIUTH
MOCJEACTBUS HENPEeABUICHHBIX HeXXeNaTeJIbHbIX CO-
CTOSIHUM CUCTEM IPU UX JAJbHEHIIECH SKCIITyaTallu K.

s peanusaiiuy Ueau pelaoTcs nepeyncicHHbIe
Jnajnee 3amadm.

1. O6o01EeHEe TOAXOO0B U METOMNOB MOAECIMPO-
BaHUs U npoekTupoBaHusa LIJI opraHu3aliMOHHO-
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2. Pa3zpaboTka METONOJIOTUM CUCTEMHOTO MHXH-
HupuHra L/l nas opraHuzaluu npolecca npoeKTH-
poBaHus /I opraHM3allMOHHO-TEXHUYECKUX CUCTEM.

3. B pamkax npororumna I/l moctpoenue Monenu
MOAJAEPXKKU MPUHSITUS PEUICHU 51 TMarHOCTUKU
TEXHUYECKOTO COCTOSTHMSI YCTPOMCTBA U TIPUHSTHUS pe-
LICHUH TI0 YCTPAHEHUIO €T0 HEUCIIPABHOCTEN HA OCHO-
B€ METOJOB MCKYCCTBEHHOr0 MHTEJJIEKTa U HEUeTKOM
JIOTHKM.

1. MeToAabl MogenupoBaHuUAa U NpUNoXxXeHusA
LlM(*)pOBbIX OBOWHUKOB opraHn3aymMoHHO-
TeXHU4YeCKUX CUCtemMm

1.1. O606LWweHne cyLlecTBYOLWMUX NOAXOA0B U
MeTOA0B MoAeNMpoBaHUs LUdpoBbIX ABOWHUKOB

MOXHO BBIAEIUTDH TPU TPYIIIHI TIOAXOM0B U METO-
JIOB, UCIOJIb3yeMbIX sl mpoeKTupoBaHus LIJI;

e METOJbl, OCHOBAHHbIE HAa MaTeMaTUYECKOM
MOJeNMpOBaHUM (PU3MUYECKUX MPOLECCOB (CTPYK-
TypHble Mojenu obbekTa) (Simulation-Based Digital
Twin) [1-3];

e METOIbI, OCHOBaHHbIe Ha HaHHBIX (Data-based
Digital Twin) [4, 5];

o THOpuaHEBIC MeTonbl (Hybrid Digital Twin) [6, 7]

OCOOGEHHOCTY MPUBEAEHHBIX METOMOB daHBbI
B Tab1. 1, rae 00001LeHbI TOAXOAbI K MOASIMPOBAHUIO
B paMKax omnpeae/leHHbIX XapaKTepUCTHUK.

MaremaTtuueckoe MoneJupoBaHue obecreyrBaeT
oTpaxeHue B MoAeau (U3NYECKUX CBOUCTB (IIPUH-
IUMOB (PYHKIIMOHUPOBAHMUS) 00BEeKTa/mpoliecca.
dusndeckast MomeNIb 00ecIeYnBaeT KOMITBIOTEPHOE
MoJeupOBaHue (U3MYECKUX MPOLECCOB, MPOTeKa-
IOIIMX BO BPEMEHM, a TaKXe OMHUCaHWe 3aKOHOB UX
(byHKIIMOHMpPOBaHUS U CBA3€l C BHELIHEW cpenoil.
[TocTpoeHue Takux mMonesieil Ha MpakKTUKe CBSI3aHO
C IpMMEHEHMEM METOI0B MaTeEMaTUYeCKOTO Mporpam-
MUpOBaHUS (MccienoBaHus ornepauui) [8], umura-
LIMOHHOT'O MOJAEJMPOBAHUSI HA OCHOBE Pa3HbIX €ro
napajaurm u Moaxoa0B — CUCTEMHO-IMHAMUYECKOTOo,
IUCKPETHO-COOBITUIHHOIO MM areHTHOTO MOAEIU-
poBaHus [9].

MaremaTrueckoe MOAeJIMPOBaHUE SIBISIETCS KJIIO-
yeBbIM KoMIToHeHTOoM L. JIng co3maHus Moneseit,
KOTOpBIE TPUMEHSIOTCS TIPM CO3MaHUM CUCTEMHBIX
mogneneit, IIJI MoXeT UCnoab30BaTh pe3yabTaThl JAe-
TaJbHBIX TPEXMEPHBIX YUCACHHBIX pacuyeToB, BbI-
MMOJIHEHHBIX ¢ MPUMEHEHUEM MEXIUCIUTIIMHAPHBIX
CAE-pemareneit. B 3aBucumMoctu oT Liead MaTema-
TUYECKME MOIEIU MOTYT OBbITh HNECKPUITUBHBIMU
UJIU ONMTUMU3ALIUMOHHBIMU. llenbio meCKpUNTUB-
HBIX MOJeJieli SIBJISIETCSl YCTAHOBJIEHME 3aKOHOB W3-
MEHEeHMS mapaMeTpoB Moaeau. ONTUMU3ALMOHHAs
MoOJe/ib 00ecreuyrBaeT MOMCK IKCTpeMyMa IeeBoi

(GYHKIMU TIpU HAJIUYUU OTPAHUYEHUI C MCHOJb-
30BaHMEM YHCJIEHHBIX METOAOB. B 3aBUCHMMOCTU OT
CTEIIeHU OMpeaeeHHOCTU UCXOMHOW MHMOPMaIUKU
U yyeTa BpeMEeHHOro (hakTopa MOTYT MCITOJIb30BaThCs
METOJIbl IMUHEHHOT O, HEJIMHEHHOT O, CTOXaCTUYECKOTO
MpOrpaMMUPOBaHMSI, TEOPETUKO-UTPOBBIE METOMHI,
METOAbl HEUYETKOMN JIOTUKHU.

MMmuTanmoHHbIe MOAEIM KaK MOAKJACC MaTeMa-
TUYECKUX MOJeJel NensiTcsd Ha cTaTMYeCcKHe U AU-
HaMUYeCKHUe; JeTePMUHUPOBAHHBIC M CTOXAaCTHUYE-
CKMe; TMCKPEeTHBIE U HelpepbiBHbIC. B HEMpepbIBHbIX
WMUTALMOHHBIX MOJEJSIX MepeEMEHHbIE U3MEH STIOTCSI
HEIPEPHIBHO, COCTOSIHUE MOIEJIUPYEMON CUCTEMBI
MEHsIeTCSl KaK HermpepbiBHAasi (GYHKIUS BPEMEHHU, U,
KakK TMpaBUJIO, 3TO U3MEHEHUE OMUChIBAeTCsI CUCTEMa-
MU nuddepeHIManbHbIX YpaBHEHU. B 1rcKpeTHBIX
MMHUTAIIMOHHBIX MOACNISX IMEepeMEHHBIE N3MEHSIIOTCS
JUCKPETHO B OIpeaeJeHHble MOMEHTHI UMUTALIMOH-
HOrO BpeMeHM (HACTyIUIEHUs cOoObITUit). JJuHaMuKa
JUCKPETHBIX MOJeJell IpeacTaBiseT co0oil mpolecc
repexo/ia OT MOMEHTa HaCTYTJIEHU ST O4epPEaHOTO COObI-
TUS K MOMEHTY HaCTYMJIEHUS CJIEAYIOIIEero COObITUS.

MonenupoBaHue, OCHOBAaHHOE Ha JaHHBIX, BKJIIO-
yaeT B cebs METOIBI MHTEJUIEKTYaJhbHOTO aHaIu3a
JaHHBIX, UCKYCCTBEHHOro MHTeJlJIeKTa, Big Data
and Advanced Analytics. Kaxablii U3 3TUX METOAOB
MpenbsIBIsIET 0COObIe TpeOOBaHUS K HEOOXOAUMbBIM
BBIUMCIUTEJbHBIM pecypcaM. Hanpumep, MeToabl
WHTENJIEKTYyaJbHOIO aHaJu3a JaHHbIX TPeOYyIOT Xpa-
HUJUILL O0JbIIOr0 00beMa C BBICOKOW MPOMYCKHOM
CIIOCOOHOCTBIO IJis cOopa M MOJy4yeHUs AOCTyIia
K aHaJUTUYECKUM JTaHHBIM, a TaKXe BBICOKOI Mac-
IITAOMPYEMOCTH BBIYMCIUTENBHON CUCTEMBI IJIST UX
00paboTKM; AJIs1 MIPUMEHEHUSI METOIOB MalllMHHOTO
0o0yueHus1 TpeOYITCS Y3Jbl C YCTAHOBJIEHHBIMU I'pa-
(bryecKUMU YCKOPUTESIMU.

Monenu Ha OCHOBE MHTEJIEKTYaJbHOTO aHalIu3a
naHHbIX (Data Mining) NpuMeHSIOT i OOHapyxXe-
HUS B JTaHHBIX paHee HEM3BECTHBIX, HETPUBUAJILHBIX,
MPaKTUYECKH TOJE3HbIX U NJOCTYIHBIX MHTEpIIpeTa-
LIMK 3HAHW I, HEOOXOMUMBIX IJIsI IPUHSITUSI CTPaTETn-
YeCKU BaXKHbIX pelieHui. McKyccTBEHHBIN MHTENJIEKT
1 MalllMHHOE 00yyeHue 3¢ GheKTUBHO UCIOIb3YIOTCS
B 3agadax nporHo3upoBaHus B L[JI. IIpumeHeHue
3TUX METONOB MO3BOJISIET JOCTUYb YPOBHS MPOTHO-
CTMYECKOI TOYHOCTH BbILIIE, YeM Ha 6a3e TpaaullMOH-
HBIX METOAOB UMUTALIMOHHOr0 MoaenupoBaHus [10].

Hcmonp3oBaHue "OONBIINX JAaHHBIX' MMEET CBOU
OrpaHUYEHMSI, CBSI3AHHBIE C HETIOJIHBIMU UJIU 3a11yM-
JICHHbIMU TaHHBIMU, TPYAHOCTSIMU B MpeackazaHUu
peaKux coObITUM. MeToabl SKCTPANOAsSLUUA He II0-
3BOJISIIOT CAENaTh TaKue MpeackasdaHus. YCTaHOBKaA
1 00CIY>XKMBaHUE JATYMKOB CTOSIT HEJIEIIEBO, AAaTYUKU
MOABEPKEHBI OLIMOKAM M COOSIM, MOT'YT JaBaThb He-
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Tabauya 1

CpaBHUTEIbHBIA aHAJIM3 MOJeJiel M(POBBIX IBOMHMKOB OPraHM3aHOHHO-TEXHHYECKUX CHCTEM

XapakTepucTuKa

TToaxon K MoAeIMPOBAHUIO

MaremaTuyeckoe
MOZIeTMPOBaHE

MoaenupoBaHue,
OCHOBaHHOE€ Ha JaHHbIX

T'ubpugHoe
MOZEJTMPOBaHUE

Cnoco0b onucaHus
CHCTEMBbI

OmnuceiBaeT 3aKOHB (PYHKIIMOHU-
poBaHUs 00beKTa (Impolecca) u
€ro CBSI3U C BHELIHEN cpenoil.
MonenupyeTcst TOBeIeHUE CH-
CTEMBbI, BBISIBJISIOTCS MPUYUHHO-
CJIeICTBEHHBIE CBSI3U U 3aKOHO-
MEpPHOCTHU

CTpouTcs Ha OCHOBAaHUY UMEIO-
LIUXCS SMIIUPUYECKUX TaHHBIX

C IpUMEHEHHEeM MHCTPYMEHTOB
MalIUHHOTO O0y4YeHMUSI.

3agavya MOCTPOCHUSI MOACIU
CBOIMTCS K MOAOOpY MapaMeTpoB
MOJIEJTM M KOMTIO3ULIUY (PYHKIIMA
U3 HEKOTOPOI'o ceMeicTBa

CTpOMTCSI HA OCHOBE 3aKOHOB
(GYHKLIMOHUPOBAHUS U HACTpau-
BaeTcs (amanmTUPYETCs) C YYETOM
SMIUPUIECKUX TaHHBIX

IpuHLMI Mogens "6esoro smuka”, mogenu- | Mogens "dyepHoro siuuka”, mome- | Mopens "ceporo suka”
MOJIEJTUPOBAH U poBaHUe MPUYMHHO-CJIEACTBEH- JIMpOBaHUE KOpPpesauuid

HBIX CBSI3Ei
Hanpasienue CBepxy BHU3 CHU3y BBEpX CBepxy BHM3, CHU3Y BBEPX
MOJETUPOBAHUS
OnucaHue HeonpenenenHocts nndopma- BeposiTHOocTHOE omnucaHue JleTepMUHUPOBAHHOE,
U CTeIeHb LMK KOHTPOJMPYETCsSI BXOMHBIMK nHdOpMaIMU Ha OCHOBE pacripe- | BEpOSITHOCTHOE
OnpeieeHHOCTU JNIAaHHBIMU ¥ TOYHOCTBIO MOJIEJIU- JIeJICHU M JaHHBIX B 00y4YarolInX
WHbOpMAINU poBaHus. OmucaHue — NeTepMHU- | BHIOOpKax

HUPOBAHHOE, BEPOSTHOCTHOE
MeToab YucieHHbIe METOBI, METOIbI CraTUCTHYECKME METOIbI, METOAbl | MeXIMCIUTITMHAPHbBIE MOAETU
MOJAETUPOBAHMS KCCJICIOBAHMS ONepalnii, METOABl | IKCTPATOISILIUU, METOABI MalllMH-

VMUTAIIMOHHOTO Y CUTYaIl[MOHHOTO | HOTO OOYYeHMsI, METOIBl aHATH-

MOJETUPOBAHMS TUKHU OOJIBIINX JaHHBIX
IMporHoctuyeckass | [IporHosupoBaHUe B IMUPOKUX TpyaHOCTb B MpencKa3aHuM peakux | Beicokast mporHoctuyeckas
CIOCOOHOCTD MHTepBajax 3HaYeHU MapaMeTpoB, | COOBITUM, a TAKXKE B YCIOBUSIX CMOCOGHOCTD B Mpeaesax

OMUCHIBAEMBIX MOJAECJIbIO HEMOJHBIX JAHHBIX M 3alIYMJIEHHOM | IITAaTHBIX/BHEIITATHBIX CUTYALIW it

nHGbOPMaIUK, a TAKXKe 3a TIpeieslaMu
00y4YamIInX BEIOOPOK

IMpuopureTHBII Ipunsitue pelieHuit ocHoBaHo Ha | [IpuHsATHE pelieHUt OCHOBaHO Ha | PellleHue Kak MpsIMBIX, TakK

MOAXOM K IPUHSITUIO
pelIeHu’ 1
yHOpaBJIEHUIO

aHaJIM3€ COBOKYITHOM MPOU3BO-
IUTENBbHOCTU (9D (HEKTUBHOCTH)
CHUCTEMBI.

®opMUpOBaHUE YIIPABICHYECKUX
peLIeHU I Ha OCHOBE PEeLIeHUs 00-
paTHBIX 3a/1a4

aHaJM3e JaHHbBIX MOHUTOPUHTA,
NUArHOCTUKMU.

dopmupoBaHUe yIpaBIeHYECKUX
pelIeHUi Ha OCHOBE MPOTHO3UPO-
BaHWS U pELIEHUS TIPIMBIX 3a1a4

1 00paTHBIX 3aja4 yIpaBJIeHUsI

Tun cucreMbl
yIIpaBJICHUS

VipasyieHue 10 OTKJIOHEHUIO,
yIpaBjeHue ¢ aganTanuein

VipasjieHue 10 OTKJIOHEHHUTO,
yIpaBjeHue ¢ afganTanuein

YnpasieHue Mo OTKJIOHEHUIO
C y4eTOM CJ1abbIX CUTHAJIOB CPE/Ibl;
pedaekcuBHOE ynpaBieHuUe

Dram XU3HEHHOTr o
LIAKJIA CUCTEMBI

Bce cranun

DKcntyatauus

PocT, cTabMABHOCTH

CxeMa paboOThI

YucnaeHHoe MoaeaupoBaHue +
MaTYUKU — cOOp MaHHBIX —>
[loT*-nnardopma

Haruuku + IloT-nmaardopma—
cOOp TaHHBIX —aHAJTUTUKA
JMAHHBIX

MaremaTuueckoe MOIeIMpOBaHUe +
JaTYNKU — cOOp JaHHBIX —>
[IoT-nnaTpopma — aHAIUTHKA

HMHcTpyMeHTabHbIE
cpeacTBa

Matlab Simulink, ANSYS,
AnyLogic, Ithink u np.

R, Python, Statictica, GPSS u np.

MeXaucuuIInHapHbie
naaTdopMbl

* [IoT — Industrial Internet of Things.
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IIpaBUJIbHBIC TTOKA3aHUS, a pe3yIbTaThl MOTYT Tiepe-
rpyXaTh NOJb30BaTesIeii N30BITOUHONM MH(POPMALIUEHA.
bes cTpykTypHOIl (MaTeMaTU4YeCKO, (PU3NIECKOI)
MO TPYIHO OMPEAcINTh 00JAaCTH TEXHUYECKUX
YCTPOMCTB, TJe 1eJ1eco00pa3Ho pacnoaratb JaT4YUKU.
CO0p UCXOOHBIX TAaHHBIX C JATYMKOB SIBJISIETCS TOJIBKO
JacThIo TIporecca MofeaupoBanus. Ha ararre, korma
nosiBJsieTCsl oOpaTHas 3ajada, T. €. Korga HeoOXo-
JMMO Ha OCHOBE JAHHBIX, MOJYUYEHHBIX C JaTYUKOB,
BOCCTAaHOBUTH KapTHHY IPOUCXOMSIIEro, 6e3 MaTe-
MaTUYECKON MoJesiM 3Ta 3ajJaya oKa3blBaeTCsl TPYA-
HOpa3pelnMoi, Tak Kak OO0JbIIMHCTBO COOpaHHBIX
JAHHBIX SBJISETCSI HENPUTOAHBIMU, "MYCOPHBIMU", U3
KOTOPBIX OYEHB CIIOKHO BBIJIEINTH COMEPKATEIHLHYIO
4acTh, aJIeKBaTHO OMUCHIBAIOLILYIO0 OOBEKT (ITPOLIECC).
IIpu aTOM MaTemMaTuyeckoe MOJAETUPOBAHUE 00b-
€KTOB (IIPOLIECCOB) B COUETAHUU C MOJEISIMU, OCHO-
BaHHBIMHW Ha JAHHBIX, JAaeT OOJIbIIE BO3MOXHOCTEH
ISl TIPOTHO3UMPOBAaHU S, YeM MOJEJM, OCHOBaHHbIE
TOJIBKO Ha 0a3e TeXHOJOrMi MAallMHHOTO OO0y4YeHMUsI.
MonenupoBaHue, OCHOBAHHOE Ha JaHHBIX, KaK MPaBy-
JIO, OTPAaHUYEHO JIUIIIb TATIOM DKCIUTyaTalluu U3AEUSL.
Maremaruyeckue MoIe/ I, OCHOBAHHBIE Ha (PU3NYECKUX
mpolieccax, 6oyee MepCceKTUBHBI B 3aa4aX CUTyallH-
OHHOT'O aHAJIN3a U IJIs IPUHSTHUS PEIIeHUI B YCIIOBU-
SIX, 3aJaHHBIX BeIpaXkeHUeM "uto Oyaer, ecau?". Kpome
3TOro, THOPUIHBIE MOIETU MOTYT UCITOJIb30BaThCS B HE-
TIOBTOPSIOIINXCSA CUTYalIMSX, KOTJa HET JOCTAaTOYHBIX
JAHHBIX IJIS1 MPUMEHEHMST CTATUCTUUYECKHX METOJOB.

Ha 6a3ze ponoiaHuTeabHON MHGOPMALIUU, TTONY-
YEeHHOW Ha 3Talle 3KCIIyaTalluy, TMOBHIIIAeTCs YpO-
BEeHb aJlcKBAaTHOCTU TUOpumHOi Mopenu, T. e. LI/
o0yuaeTcsl M TO3BOJISIET B AaJbHENIIIEM IMTPOTrHO3UPO-
BaTh YPOBEHb BO3MOXHBIX OTKJIOHEHHMI OT IITaTHBIX
PEXMMOB, MOBPEXACHU 000PYTOBAaHUS UJIU OLEHUTD
ero ocTaTo4YHbIN pecypc [7].

CrnenyeT OTMETUTD, YTO Ha pa3HBIX dTamax co3aa-
HUS UUdpoBOi Moaean 00bEKTa CYILECTBYET pa3HbIi
00beM JaHHBIX O TTOBeAeHUU (PU3NYECKOr0 00BbEKTA.
Ha stane pa3paboTKu TaHHBIX OT peajJbHOro 00beKTa
HET, MOCKOJBKY HET CaMOro (pM3n4ecKoro U3meaus
(mpoaykrTa), u JTaHHbIE 00 00BEKTE MOTYT OBbITh MOJY-
YeHbI TOJILKO Ha OCHOBE MOJEIMPOBAHUS (PU3UUECKUX
MIPOLIECCOB, OMPEALISIONINX CO3AaHNe U (DYHKIIMOHU-
poBaHMe Oymymiero manenusa. Ilo Mepe HaKOIIEHUS
JAHHBIX 00 U3JEINU, MTOCIeAHUE BCe B OoblIeih Mepe
MOTYT UCITOJIb30BaThCs MJIsI MOCTPOCHUS aHAIUTHYe-
ckux Mopeneit. Ha arame TecTUpoBaHUS U IKCILTya-
TallMy TOTOBOTO U3ACIUS TTOSABIISAETCS eTo "TndpoBas
TeHb . MaTemaTnuecKasi MOeab Ha 0a3e (pU3NISCKUX
MTPOIIECCOB MOXKET CO3MaBaThCS IO 3Talla CO3MaHMSI
peaibHOro 00beKTa U MpeicKa3blBaTh €ro MoBeIeH1e
B LIMPOKUX Npeesax Npyu U3MEHEHU U KPaeBbIX yCJIO-
BUI1 3a1ayM YMCIEHHOTO MOAEJIMPOBAHUSI.

IIpencraBieHHOe 0000IIEHNE CYIIECTBYIOLIUX
noaxonoB npoektupoBaHus L/l opraHu3alMoHHO-
TEXHUUYECKUX CHUCTEM ITO3BOJISIET, C OMHON CTOPOHHI,
CUCTEMaTHU3UPOBATh METOJAbI U MOAEIU, UCTHOIb3Ye-
Mble A1 nmoctpoeHus LI/l Takux cucteM c y4yeTom
TpeOOBaHMI K CUCTeMe yIIpaBJICHMs ONMUCAHUS He-
OMnpenesIeHHOCTHU MapaMeTpoOB CUCTEMbI, CTAAUU
€€ XXM3HEHHOIo LMKJa U APYTUX CYIIeCTBEHHBIX
CBOWCTB, a, C IPYTOil CTOPOHBI, OCYIIECTBIATh BbI-
00p MHCTPYMEHTAPHU S MOACIMPOBAHNSI, aAeKBAaTHOTO
O0BEKTY YIPABJICHUS U €r0 OCOOCHHOCTSIM.

LudpoBble IBOUHUKU C BBICOKMM YPOBHEM aJeK-
BaTHOCTY JOJIKHBI KOMOMHUPOBATH KaK Moneau (pu-
3MYECKUX MPOLIECCOB, TaK U MOJIEJIM, OCHOBAaHHbIE Ha
JaHHBIX. YMHbIe LI/l ¢ MHTeNneKTyaabHBIM yIIpaB-
JIeHHEM IOJIKHBI COBMELIATh 00a Moaxoaa, yCUaInBas
MMPEeNMYIIeCcTBa KaXXJI0T0 U3 HUX.

1.2. MpunoxeHus UMPpPOBbLIX ABONHUKOB

HMcnonbw3oBanue u chepa npuaoxeHuii LI oueHb
Krpoku. OHU UCTIOJIB3YIOTCS B pa3HOOOPa3HbIX Opra-
HU3AIMOHHO-TEXHUYECKUX CUCTEMAX: B TSIKEJIOM Ma-
murHocTtpoeHuu [11—13], B aBTOMoOUNecTpoeHuu [14]
M cymocTpoeHuu [15], B 061acT aTOMHOM 3HEpreTr-
K [16], B aBuakocmmuueckoii [17, 18] u HedTerazoBoii
otpaciasx [19], B apxUTeKTypHOM TMPOEKTUPOBAHUU
U co3aaHuu "yMHBIX" TopoaoB [20], B ceIbCKOM XO3sii-
CTBE, a TaKXXe UX MPUMEHSIIOT AJIsI MOBBILLIEHUS OTle-
pauMoHHON 3(p(HEKTUBHOCTHU MPU NTPOU3BOJACTBE IO~
TPeOUTENbCKMX TOBAPOB [3], TOUHOCTU AUATHOCTUKU
W TIPUHSATUM pellleHuil B 31paBooxpaHeHuu [21, 22],
IUTST IPUBJIEYEHU S KJIMEHTOB U KACTOMU3AIUU YCIYT
B (puHaHCOBOM cekTope [23] u B pereiine [24], nas
OpraHM3aluy JOTUCTUYECKUX MPOLIECCOB U LIEMOYeK
MMOCTaBOK [25], B permoHajJbHOM U MYHUIIMIIAJILHOM
MeHemXMeHTe [26, 27].

BocTtpeboBaHHOCTH U cnekTp npumeHeHus L]
paciupsitores. Tak Kak Mx pa3padboTka v peajausalius
0a3MpyIoTCs Ha psifie CTPEMUTENILHO Pa3BUBAIOIINXCS
TeXHOJ0Tu, To pazBuTue LIl HaNpsiMyO 3aBUCUT OT
pocTa BO3MOXHOCTEH 9TUX TEXHOJOTHUIl. DTO 00YyCI0B-
JIEHO TIepeUMCICHHBIMHU Aajiee (pakTopaMu.

1. Pa3zBuTHEM KBAHTOBBIX TEXHOJOTU U POCTOM
OBICTPOIECTBUS BBIYMCINUTEIBHBIX cucTeM [28, 29].
C mepexooM K KBAaHTOBBIM BBbIUMCIEHUSIM MPOTHO-
3MPYETCS KaueCTBEHHBIN CKAYOK OBICTPOAEHCTBUS am-
MapaTHbIX CUCTeM B OJiMXKaiilliee aecsaTuieTue. DTo
00CTOSITEILCTBO MO3BOJUT BBIMOJHATH YMCISHHbII
aHaJlM3 Ha OCHOBE YXe CYIIeCTBYIOIUX (M Oojee
CJIOXKHBIX) MOJIeJieil 3a BpeMsl, puemMieMoe J1Jisl ore-
pPaTUBHOrO B3aMMOJENCTBUS (PU3MUECKOr0 00beKTa
u ero 1udposoit konuu. CeroaHs KOMIIaHUU paboTa-
10T HaJ pa3paboOTKOI U UCITOJIb30BAaHUEM KBAHTOBBIX
aJrOPUTMOB JJISI MOAEIUPOBAHUS CIOXHBIX (pU3U-
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yeckMx TpoueccoB. Ilepexoa K TaKUM TEXHOJOTUSIM
MO3BOJIMT YCKOPUTH pellieHUe 3a7a4, OCHOBAaHHBIX Ha
YUCJIEHHOM MOJAEJIMpOBaHUM, obecreunBasl Tpedye-
MYI0 TOYHOCTb aJrOPUTMOB B YCJIOBUSIX JOCTYITHBIX
BBIUMCIUTEIbHBIX PECYPCOB (3alayll MHOIronapame-
TPUYECKON ONTUMU3ALMHU U 1P.).

2. PazButueM texHonoruu 5G [30—32]. Ota TexHO-
Jlorust ooagaet 6osiee BLICOKOM MPOMYCKHOM CIOCO0-
HOCTbIO, MEHBIIIUM BpeMEHeM 3anep>KKH, MEHbIIUM
pacxonom sHepruu Oarapeit loI-garunkoB. D10 00€-
CIeYnBaeT poCT CKOPOCTH TMepelauyu CUTHAIOB MEX 1Y
dusnmyeckum oobekToM U ero L1JI. [TpumeHenue cereit
5G MO3BOJUT CKOHCTPYUPOBATh CEPBUCHI BUPTYaJIb-
HOM peanbHOCTH B cocTaBe LI u caenaTh 1OCTyIHOM
BUPTYaJbHYIO BepUGUKALNIO 1 BaJIUIALNIO TOTOBBIX
MPOIYKTOB.

3. Pa3zBUTHE TEXHOJOTUU CUJTBHOIO UCKYCCTBEHHO-
ro uHrejekrTa [33, 34] mo3Bonar crpouts LI/, B KO-
TOPBIX POJIb YeJIOBeKa B MPUHSATUM yIpPaBICHYECKUX
pelleHuil OyneT cBeaeHa K MUHUMYMY. Lludposbie
JBOMHUKU CMOTYT O0O€CIeUUTh MPUHSITUE PEeLIeHU
ABTOHOMHO, KOOPIMHUPOBATh 3TU PELIEHUS C APYTUMU
LI/, BBIIOJHSITH CAMOTECTUPOBAHUE U TMATrHOCTUKY
C TIOCJIEAYIOIINM yCTpaHeHNeM HencrpaBHocTeil. Ta-
KH1e CUCTEeMbl MOAJAEPXKKHU MPUHSITUS pellieHnsT Ha Oa3e
LI oGecrieyat MPUHSTHE CIOXKHBIX PELLIEHUM B arpec-
CHBHBIX M OITACHBIX cpefax 6e3 MPUCYTCTBUS YeIOBEKa.

2. MeTogonorns CUCTEMHOIO MHXUHUPUHra
M NPOEKTUPOBaHUA LM(PPOBbLIX ABONHUKOB
OpraHM3aUunMoOHHO-TEXHUYECKUX CUCTEM

IMpouecc nmocrpoenus LJI siBasieTcss MHOTOCTA-
JUWHBIM U COCTOUT M3 CJIEAYIOIIUX CTaAN: KOHLEM-
TyaJln3alus, IpoeKTUPOBaHUE, IU(PPOBOEC MOACIH-
pOBaHUE M TEXHOJIOTMYEeCKMEe UcHbITaHus (puc. 1).

LudpoBoii ABOMHUK omnpeaeseTcss Kak CUCTeMa,
cocToslas U3 HuGpoBoil Moaenu (PU3nIeCcKoro o0b-
€KTa U JIBYCTOPOHHUX MHMOPMAILIMOHHBIX CBSI3EM
¢ ¢GusnyeckumM o0BHEKTOM MJU €ro KOMIOHEHTaMMU.
B ocnose LIJI aexut nudpoBast Moaelb B BUIAS Ma-
TeMaTUYeCKNX M KOMIBIOTEPHBIX MOIEJICH, a TaKxkKe

DPusnyeckun WHpopmMaunoHHLIe

Mogenke
KOMMYHHWKauun

obbekra

obBLekT

Puc. 1. ITudposoii ABOHKK U CTAJANH €ro pa3padoTKn

Uncpposan

JTOKYMEHTOB, OIMCHIBAIOIINX CTPYKTYPY, GYHKIIHO-
HaJibHbIE BO3MOXHOCTH U MOBEIeHE BHOBb pa3pabda-
TBIBAEMOTO MJIM 3KCILIyaTUPyeMoro o0beKTa Ha pas-
HBIX 3Tanax ero Xu3HeHHoro uukJia. [To pesyibratam
UM POBBIX UJIU UHBIX UCTTBITAHWU I TPOBOAUTCS OLICH-
Ka COOTBETCTBUS FOTOBOM MPOAYKIIUW OTpenesIeH-
HbIM TpeboBaHUSIM. [ludpoBass Moaeab onMUChHIBaeT
CTPYKTYpPY, GYHKLIMU U TOBeAeHUEe pa3pabaTbiBac-
Moro ¢usnyeckoro oonvekra. CoaepxkaHue U pyHK-
LIMOHAJIBLHOCTH UG POBOM MOAEH 3aBUCSIT OT CTAAUMN
JKU3HEHHOTO IMKJa (pru3ndyeckoro oobekta. OleHka
COOTBETCTBUSI LUDPOBOI Moaean (PU3NIECKOTO 00b-
€KTa BKJIIOYAeT MpOLeayphl MPOBEPKU U BaIUAALIUMN
MaTeMaTUYeCKUX U KOMITbIOTEPHBIX MOJEEH.

OpraHu3alMOHHO-METOANYECKOE OOecreyeHune
nmpolecca pa3padboTku 1 ucnonab3oBaHus LI sBisieT-
csI He 10 KOHIIAa TPOPabOTaHHBIM C TOUKHU 3PEHMS CO-
[JIaCOBaHUSI 3a]a4 MO ONMUCAaHUIO0 00BEKTAa MOACTUPO-
BaHMS U yIpaBieHUs (pU3nuecKoro oobekTa), B TOM
yuclie CTPYKTYpPHOro, ¢pyHKIIMOHAIbHOTO, MH(pOpMa-
LIMOHHOTO, a TakXe opMuUpoBaHus pabOT B paMKax
METOJ0JIOTUM YIIPaBJIEHUS MPOEeKTaMu (B TOM UYMCIIE
ruokoit Metomonorun Agile, Scrum-noaxoma u Ap.).
s BoCIoJHEHUs1 3Toro npobeya mpenjgaraercs
chopMUpOBaTh MJaH paboT IO 3Tanam B BUJE Tpua-
IIbl: 3aJ1a4a 9Tana — coAepKaHue 3Tarna — pe3yJibTaThl
aTamna. JlJisg opraHu3alyd Takoil paboThl TpeOyIOTCs
MPUMEHEHHUE CUCTEMHOTO MOAX0Aa U TPOEKTUPOBAHUE
BCEX ATAIOB XKM3HEHHOro LIMKJa 00beKTa, BKJIIOYAs
UACHTU(UKALIMIO U pellieHMe BOZHUKAIOIIUX ITPO0IeM
B TIporiecce ero GpyHKIIMOHUPOBAHUSI.

ABTOpPOM HacToOsllell cTaThbu pa3paboTaHa Me-
TOmOJIOr U, obecreyrBalolias opraHM3alMOHHO-
METOIMYECKYIO TTOAIepPXKKY Ipoliecca pa3paboTKHu
u aKcrutyatanuu 1/l opraHu3aliMOHHO-TEXHUUYECKON
CHUCTEMBI, TIpeacTaBieHHas B Tabj. 2. OpraHuzanus
rpoiiecca MPOEeKTUPOBAHUS OOBbEIMHSIET ITAMbI €ro
MPOEKTUPOBAHMS, METOAbl U MOJEU, a TaKXe 00e-
CIIeYMBaeT YCKOPeHHBIN WHXUHUpWHT LIJI.

I[IpyHUMOIKaABHO BaXXHO, YTO MpeajiaraeMasi Me-
TOHOJIOTUSI YUUTHIBAET crieUU(pPUKY 00bEeKTa yIpaB-
JIeHUSI — OpraHM3allMOHHO-TEXHUYECKON CUCTEMbI KaK

( I. KoHuenTtyanusauus )

C 1I. poeKTupoBanme )

( lNl. UndpoBoe mogenuposaHue )

(IV. TexHonormyeckne UcnbiTaHus )

Crtaguu paspaboTku
uucgpoBoro ABoOWHKUKa

L Y ——
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Tabauya 2

MeTomaoJiorus pa3padoTku nudpoBoro ABOHMKA 00beKTa (Mpoiuecca)

Cranusa

Dram u 3agada dTamna

ConepxxaHue aTamna

PesynbraThl 3Tama

1. KoHuenrtya-
JI3alus

1.1. BeisiBIeHUe IPOTH-
BOpEUUIA

1.1.1. MOHUTOPUHT U aHAJIU3 MPOTUBOPEUUIL
MeXIYy TeKYUIUM U KeIaeMbIM COCTOSSHUSIMU
o0beKTa

IIpoTtuBopeunsi, mpooIEeMBbI

1.2. OnpeneneHue Leiei
M BBIOOp KpUTEpPHEB

1.1.2. ®opmynupoBKa Lejieil pa3BUTUsI 00beKTa

Llenu, xputepuu 3HHEKTUBHOCTHU
pe3ysbTaToB (PYHKIIMOHUPOBAHUS O00b-
eKTa

2. IIpoekTupoBanue

2.1. Jexommo3unus (cka-
HUpPOBaHMUE) 00bEKTa

2.1.1. Coop ucxonHoii nHGoOpMaLIUU 00 0OBEKTE
MOJIEJIMUPOBAHUS

Cratuctnyeckast uanpopmanusa. O63op
JIUTEPATYPBI

2.1.2. CtaTUCTUYECKUI aHAIU3 COCTOSSHUS U
IWHAMUKU Ppa3BUTUS 00bEKTa MOACIUPOBAHU S
Ha OCHOBE IMPUUYMHHOIO 1 (paKTOPHOrO aHaIM3a

OCHOBHBIE TPEHIBI U (HaKTOPHI BIUSI-
HUS

2.1.3. dyHKIMOHAbHAS, CTPYKTYpHAast, MHGOP-
MallMOHHasl AeKOMITO3ULIMsI 00beKTa, IEKOM-
MO3UIMS 110 XXU3HEHHOMY IIMKJIY (Ha OCHOBE
SADT-, ARIS-, BPMN-MeTOmOJIOT M)

DOyHKUMOHAIbHAST MOJIETb
OpraHu3aliMOHHAasl MOJEIb
WHdbopmalimoHHas MoJesb
Monenb XKU3HEHHOTO LIUKJIa

2.2. AHaIM3 OKPYyXEeHUS
o0beKTa

2.2.1. AHanu3 akKTOpPOB BHEILIHE! M BHYTPEH-
Heil cpelbl, OKa3blBAIOIIMX BIMSIHUE HA (PyHK-
LIMOHUpoBaHue obbeKTa, Ha ocHoBe STEP- n
SWOT-ananu3za

PanxupoBaHue (akKTOpPOB MO CTEIEHU
Ba>XHOCTH

2.2.2. OnpenesieHHe BO3MOXHBIX NEPCIICKTUB
pa3BuTus 00beKTa Ha ocHoBe Delphi-ananusa

IIporHo3Hbie OLIEHKU Pe3yJIbTaTOB, CPO-
KOB, MOJIOKEHMSI HAyUHbIX Pe3yJbTaTOB
W MEPOIPUSITUI TTOAIEPKKN BHEIPEHU ST
HOBBIX pa3paboToK. BEIOOp BaxkHEUIINX
HaIpaBJEHUN UCCAECI0BAHUIA

2.2.3. llocrpoenue Wild-kapT

OmnpeneneHue BO3MOXHBIX COOBITUI,
KOTOpbIE MOTYT KapAMHAJIbHO U3MEHUTh
BEPOSITHBIN XOA COOBITHIA

2.2.4. BeIsiBJIeHHE CTEUKXOJACPOB U TMTOCTPOCHUE
JIOPOKHOM KapThl

Matpuibl CTEKX0JIIEPOB, JOPOXKHAS
KapTa IJisl CpeIHECPOYHOrO Pa3BUTHSI
o0beKTa

2.3. CuHTE3 ajNbTepHa-
TUBHBIX peUIEHUI MPO-
0JeM (Ha KaueCTBEHHOM
YPOBHe)

2.3.1. OnucaHue pe3yabTaToOB MPOEKTa B TEPMU-
HaX CyIIECTBYIOIIUX CUJIBHBIX U CJIA0bIX CTOPOH
U OynylIMX BO3MOXHOCTEM U yrpo3 Ha Oase
SWOT-ananuza

AJbTepHATUBHI pelleHUs MPooaeM

2.3.2. OnpenesieHue aJlbTepPHATUBHBIX MyTeEH
MOCTUKEHUS 1IeJIell HA OCHOBE CIIEHAPHOTO
aHaju3a

OmnucaHue TpeACTaBICHUS CUCTEMBbI
(o0beKTa) B OymayleM

3. HudpoBoe MoneaupoBaHue

3.1. Beibop cpencts mate-
MATHYECKOTO ¥ KOMITbIO-
TEPHOTO MOJEIUPOBAHUS
M 3alIUTHl TaHHBIX

3.1.1. OGocHOBaHME BbIOOpPA MaTeMaTUYECKUX
METOIOB U Mojeseit popManuzaunm oobeKTa

Maremaruyeckue MeTonbl (popMain3aluu
o0beKTa

3.1.2. O6ocHOBaHUE BbIOOPA MPOTPAMMHOIO
obecrieyeHU s

IMporpamMmHoe obecrnieueHue

3.2. IlocTpoeHue ma-
TeMaTU4YeCKOU MOIETU
(MomenupoBaHUe, OlLlEHKA
¥ ONTUMU3AIMS)

3.2.1. [locTpoeHne MaTeMaTUIeCKOM MOIETH
00beKTa, BaJIMIALMS U OLlEHKA aleKBAaTHOCTU

Marematuueckast MOJeIb 00bEeKTa

3.2.2. PelieHue 3a1auu CMHTE3a ONMTUMAJIbHBIX
peweHuit. MccaenoBaHue yCTOMYMBOCTUA U
aJeKBaTHOCTHU peLIeHUIt

OnTuManabHbie peUICHU A

3.3. [locTpoeHuEe KOM-
MbIOTEPHON Mojean

3.3.1. HanucaHue MCXOMHOTO KOIa ITPOTrpaMMBbI

[lepBUYHBIN ITPOrPAMMHBIN KO

3.3.2. Otnagka, TeCTUpOBaHUE, BepUDUKALIUS
KOJla Ha UCXOMHBIX JaHHBIX

KomnbrorepHass Moaeab 00beKTa

3.4. ITocTpoeHue cucre-
Mbl MOAAECPXKU MPUHSI-
TUS peLIeHUI

3.4.1. bBecuioBHas uHTerpauus 6JoKa yrmpaBje-
HUs B UbpoByo Moaeab 111

CucTtema onIEepKKU MPUHSITUS
peleHu
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IIpodoaxcenue maba. 2

Cramus DTan u 3amava 3Tarna

ConepxaHue 3Tama

Pe3yn bTaThbl 3TaIla

4.1. IlocTpoeHue BUP-
TYaJbHOTO MOJUTOHA U
MPOBEICHUE CTEHIOBBIX

4.1.1. ®opMupoOBaHME UCIIBITATEIBHOTO CTEHIA

BupTyanbHBII TOJTUTOH: CUCTEMA AJIsI
TIPOBEACHUSI CTEHIOBBIX MCITBITAHUIA
(TexHUYeCKue CPencTBa, MPOrpaMMHOE,
METOIMNYEeCKOe U OPraHM3alOHHOE
obecrieueHue)

OKCIICPUMEHTOB

4. TexHOJIOTHYECKUE
WUCIBITAHU S

4.1.2. TlpoBeneHre BUPTYalbHbBIX KCIIEPUMEHTOB

KonunyecTBeHHbBIE U KaueCTBEHHBIE
XapaKTepUCTUKM 00bEeKTa B pe3ysibTrare
9KCIIEPUMEHTOB

CUCTEMbI MEXAUCHUTIIMHAPHOW TTPUPO/IbI, O0bEANHSIO-
1LIei TeXHUYECKYI0 (ITPOU3BOACTBEHHYIO) CUCTEMY U OpP-
raHU3aLUOHHYIO cHcTeMY (d4enoBeka). OpraHu3alMoOHHO-
TEXHUYECKast CUCTEMa MMEET CIISIYIOIINe OCOOEHHOCTH:

e CaMOCTOSITEJIbHOE lieJielojlaraHue, liejieHa-
MpaBJEHHOCTb MOBEICHMS, B pe3yJbTaTe 4Yero MOXKET
BO3HUKHYTbH CO3HATEILHOE UCKaXXeHe NH(GOPMALINH,
HEBBITIOJITHEHNE TPeOyeMbIX 00S13aTEIILCTB;

e pedaekcuss U MPOrHO3UPOBAHUE MOBEIACHMUS
00beKTa/Cy0obeKTa yInpaBlIeHUS;

e OrpaHMYEHHas pallMOHAJLHOCTb, B pe3yJbTaTe
yero odecrneyrmBaeTcsl MPUHSITUE PELIeHU I B YCIOBUSIX
HeoIpeAeJeHHOCTU U OrpaHUYeHUil Ha 00beM o0pa-
OarbiBaeMOil MHMOpMaALIUN.

ITpennoxeHHbII METOAOJOTMYECKUI TTOAXOM MO-
3BOJIUT, BO-MEPBbIX, OCYILIECTBISITh CHCTEMHBII1 aHa-
JIN3 00bEeKTa MOJACIUPOBAHUS U YIIPABJIEHUS C YUYETOM
HeolpeaeJeHHOCTU BHEIIHEW cpeabl Ha 0a3e pa3Ho-
POAHBIX UHCTPYMEHTAJIbHBIX CPEICTB KaueCTBEHHOTO
U KOJIMUEeCTBEHHOro aHanu3a. Bo-BTOpBIX, OH Ipe-
JOCTAaBUT BO3MOXHOCTb C(POPMUPOBATH aJIcKBATHYIO
MaTeMaTUUYeCKYyl0 MOJe/ib 00bEKTa C YUYETOM pe3yjib-
TaTOB ATalla KOHLENTyaJu3aluu U BbIpaboTaTh KOM-
MNBIOTEPHYIO MOJE/b U OCYILIECTBUTh €€ UCIBITAHMUSI.
B-TpeTbux, 3TOT NOAXOJ MOXET SIBUThCS OCHOBAaHUEM
s nmoctpoeHus: LJI odbekTa/mpouecca u GopMu-
pOBaHUSI CUCTEMBI TIOAAEPKKU MPUHSTUS PEIICHUIA.

IIpu paccmorpernn pu3MIECKOro 00bLEeKTa Ha CTa-
Iun "pa3paboTka” ero XXKU3HEHHOTO [IMKJIa HEOOXOIUM
npototun L, comepXaluii HEOOXOAUMBIE KOMIIO-
HEHTBHI JIJI OMMMCAHUS U CO3IaHUs (PU3NUECKON Bep-
cuu oobekTa. Ha aTOM aTamne 3ajaya COCTOUT TaKXke
B TOM, UTOOBI MPEABUIETh BO3MOXHBIC COCTOSHMUS
00beKTa U pa3paboTaTh CUCTEMY IOAAECPXKKU ITPU-
HATUS PEUICHUW IJII HEUTpaIU3aluu IMOCIEICTBAN
HEMNpeaBUIESHHBIX U HeXeJlaTeJbHbIX COOBITUI.

B oTiivuune OoT TpaaUIIMOHHBIX MOAXOAOB, CBOJIS-
LIMXCI K MPOBEpPKe U MOATBEPXKIACHUIO TpeOOBaHUIA
K pa3pabaTbiBaeMOMY 00BbEKTY, a TaKXKe YCTPaAaHEHUIO
npobjeM 1 cOoeB i MIPOTHO3UPYEMBIX COCTOSTHUM
o0bekTa, mportoTun LI MOXET MOMOYb BbISIBICHUIO
U YCTPaHEHU IO HeMpeaBUIEHHBIX HeXXeJlaTeJIbHbIX CO-
CTOSIHMI. DTa 3a/1aua pelaeTcsl Ha OCHOBE U3MEHEHMUSI

rnapaMeTpOB MOJEIUPOBAHUS B BOBMOXHBIX ITpeeiax
1 UCCeNOBaHUS MHOXECTBAa Pa3iMYHbIX CUTyalMid
1 pa3HOOOpPa3HBIX MOBEACHYECKHMX MaTTEPHOB, KOTO-
pble MOTYT MPUBECTH K CEpbe3HBIM KaTtacTpoduye-
ckuM mpobiaeMaM. Takoe MoaeupoBaHUE MO3BOJUT
CIIPOEKTUPOBaTh (PU3UYECKUIA 00BEKT B BUPTYyaJib-
HOM MPOCTPAHCTBE ¢ HAOOPOM HOBBIX BO3MOXKXHOCTEH
MU 3HAYUTEJIbHO YMEHBIIUTh PUCKU HEXeJaTeJbHOTO
U HempeacKa3yeMoro noBeaeHUsI 00beKTa, a TaKxke
YCTpaHUTb HEraTUBHBIE MOCJEACTBUS TaKUX PUCKOB.

B naHHoO#t paboTe paccMOTpeHbI TOJIbKO Cleny-
e craauu nocrpoeHus 1IJ: koHCTpyupoBaHUe
U MIPOeKTUpOBaHUe, cTaguu 1—2, a Takxe sTtan 3.4
"Pa3paboTka cucTeMbl MOAAEPKKUA IIPUHSATHS pelle-
Huit". B 3TOM KOHTEKCcTe cxeMa (PYHKIIMOHUPOBAHMS
MPEIIOXXEHHOTO METOI0JIOIMYECKOT0 MOAX0/1a BKIIHOUa-
eT cienytonye maru. CHavyajga He0oOXOIMMO TTPOBECTH
UAEHTUDUKALUIO TPOOJIeM U OI1caTh MPOTUBOPEU S,
KOTOpbIe BO3HUKAIOT MpU pa3padoTke u BHeapeHuu L]
B IIPOMBILIJIEHHOCTb. Jlajiee cieayeT onpeaeauThb LeJu
BHeapeHus L[JI, mocTaBuTh 3agauyM UCXOMAsl U3 3TOH
LIeJIU ¥ onucaThb MpoekT. Ha BTOpoM 111are mpoucxoauT
JNEKOMIIO3ULIMSI MTPOEKTHUPYEeMOro (hr3nyeckKoro o0b-
ekta. OnuceiBalOTCd QYHKLUU U CBOMCTBA, a TaKXe
TeXHUYeCKUe TapaMeTpshl. Jlajiee CTpOsITCS €ro CTPyK-
TypHasi U GyHKIIMOHaIbHAsl Moaeau. TpeTuit mar mno-
CBSILIEH aHAJM3y BHEILIHEH cpelbl (yHKIIMOHUPOBA-
Hus oobekTa. C nmomouibto STEP- 1 SWOT-ananuza
OIpeaesIIOTCS yIPO3bl U BO3MOXHOCTHU BHEIIHEH cpe-
JIbl M 9KCTepTHAs OLIEHKA UX BIUSHUS Ha 3 HeKTUB-
HocTh LIJI. Ha yeTBepTOM I11are oCyleCTBISIETCS I10-
CTPOEHUE CUCTEMbI TTOAAEPKKU MPUHSATUS pellieHU
MPU BOBHUKHOBEHUUM HEUMCIPABHOCTEH CUCTEMbI Ha
OCHOBE BBIOpAaHHOI MaTeMaTHUYe€CKOU MOJIENIU U MpPO-
BOISITCS UMUATALIMOHHBIE SKCIIEPUMEHTHI.

3. YucneHHbIN NnpuMep pa3paboTku
npoTtoTuna undpoBoro ABOMHMUKA

B xadecTBe mpuMepa pacCMOTPUM TEXHUUECKOE
YCTPOUCTBO — WHKYOaTOp WHTEHCHBHON Tepanmuu
HOBOPOXJEHHBIX C MUKPOITPOLIECCOPHBIM YIIpaBJie-
HVEeM MOHHUTOPHWHTA ITapaMeTPOB TeMIIepaTyphl, KOH-
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Cuerema
JAATYHROB

CHeTema
YIpaBIeHuA B
oTOBpakeHHA

Mogyms

BBOJA

Jucmneit

CHeresma
CHIHATH3AIHH

!

Huuxaropsl

)=

MHUKPOKOHTPOIIIIEP

Cxema yIpaBIeHHA
AMEKTPOMATHHTHEIM
EIAaITaHOM

DNeKTPOMATHHTHBIH
KIAlaH

Cucrema
TPHHYIHTEIEHOH
IHPKY-TAIHH BO3ayXa

i i

Crerema

KOHLEHTPAITHH
BO3OVXA

Cuerema

Harpesa

Cuerema
YBIAKHCHHA

Mexammsm
PeTyIHPOBAHHA HAKIOHA
H MOIEKEHHA JETCKOMo
MOy

CreTema
B3BEIIHBAHAA

|

Momayms

TenzomaTaHKH

TCHIOHIMEPCHHH

Puc. 2. CTpyKTypHas cxeMa TEXHHYECKOro yCTPOMCTBA

LIEHTpalMM KUCJI0pOoaa, BJIAXXHOCTU BO31yXa, TEM-
nmepaTypbl U Macchbl TeJa HOBOPOXAEHHOIo (aHaJoT
NAH-03-"YOM3" [35]). MUakybaTop mpegHa3HaYeH
JUTSI BBIXaXXMBaHUSI U MPOBEACHUSI UHTEHCUBHOM Te-
panuy HOBOPOXICHHBIX, B TOM YKCJIE HEMOHOIIEHHBIX
¢ kputudecku Majaou maccoii (ot 500 r). MukyOa-
TOp oOecleuyrBaeT PEryJupyeMblii MPUTOK TEIJIOTHI,
TpebyeMylo BJIaXXHOCTb BO3yXa W KOHLEHTpalL IO
KHUCJIOpoaa B IETCKOM MOMYJIe, KOHTPOJIb MacChl TeJa.

Chaavana chopMUpyeM CTPYKTYPHYIO M (DYHKIIHO-
HaJbHYI0O MoJeau ycTpoicTBa. CTpyKTypHas cxema
MpencTaBjieHa Ha pUC. 2 U COCTOMT M3 CUCTEMbI JTaT4M-
KOB, CHUCTEMBI YIIpaBJIeHUS 000pYyIOBaHUEM, CHCTEMBI
PEryJINpPOBaHMUS TeMIepaTypsl M Togadn Kuciopona'.
Hab6nionaembiMu mapaMeTpamMu YCTPONCTBA SIBJSIOTCS:
a) TeMIeparypa Bo3ayxa; 0) TeMieparypa KoxXu, B) OT-
HOCHUTEeJIbHAsl BJIaXXHOCTh BO3[yXa; I) KOHIEHTpalLus
KHCJIOpOa; 1) Macca Tea.

IMocTpoeHre GyHKIIMOHAIBHOM MOJEJIN TTI03BOJISET
YeTKO 3a(pUKCUPOBaTh, KaKMe MPOIECCH OCYIIECT-

1 B cucTeMy HaTYMKOB YCTPOWCTBA BXOMST: AATYMKH TEM-
nepatypbl Bo3ayxa (OCHOBHOW M JOOTOJHUTENbHBIN); MHaTUYUKU
TeMIepaTypbl KOXHM (OCHOBHOW M JOMOJHUTEIbHBIN); MaTYUKU
BJIAXXHOCTH (PETyJIUPYIOIINI U 0OTOOpaXxalolunii); JaTYINKUA KOH-
LEHTPAllMU KucJopoaa (peryJupylonnii M oTobpakalouuit).
PerynupoBaHue TeMmepaTypbl, BJIaXHOCTH W KOHUEHTpALUU
KUCJIOPOJia OCYIISCTBISIETCS C TMOMOIINBIO CHUCTEMBl TPUHYIU-
TEeJIbHOW UMPKYASLIUM Bo3ayxa. B uHKyGaTOpe NPUMEHSIIOT
IBa peXUMa aBTOMATUYECKOTO PEryJIMpOBaHUS TeMIIepaTypbl:
Mo BO3AYXY M MO KOoXe pebeHka. CucTeMa CHUTHAIM3ALUU CO-
CTOUT M3 OWHAMWKOB, MHIMKATOpa ILIEHTPAaJbHON CHUTHAIW3a-
LIMM, KPAaCHOTO MHIMKATOpa TPEBOTM M KPACHOTO MHIMKATOpa
HapyuleHUs] T0Jauyu 2JIEKTPOSHEPIUU. DJIeKTPOMarHUTHBIN
KJIamlaH TpelHa3HayeH IJIs HACBIIIEHUs] BO3AyXa KUCJIOPOAOM.
[TocTynaroiuii B cucTeMy Imogadyu Bo3ayxa KMCIOpOI HarpeBaeT-
Csl M YBJIAXXHSIETCSI BMECTE C BO3IYXOM.

BJISIIOTCS, KakKue UH(pOpMallMOHHbIE 0O0BEKTHl HC-
MOJIb3YIOTCS MPU BBITTOJIHEHUM (GYHKIIUI Pa3IMYHOTO
YPOBHS AeTanu3anuu. Momeslb MoKa3bIBaeT 30HBI OT-
BETCTBEHHOCTH MCIIOJTHUTEJIEH Tpollecca M X0 caMo-
ro Ipoliecca, CBSI3U MPOLIECCOB MEXIY COOON U pe-
3YJIBTATHI BHITTOTHEHUS ITpolieccoB. DyHKITMOHABHAS
MOJENTb SIBJISETCS OCHOBOI sl BEISIBJICHUS ITPOOIEM
U "y3KuX" MecT (pyHKIIMOHUPOBAaHUS Mpubdopa.
DOyHKIMOHATbHAS MOLIENb ITpoliecca QYHKIIMOHUPO-
BaHWS MHKyOaTtopa ¢GopMHpyeTcs Ha OCHOBE HOTAIIUH
CHCTEMHOTr0 MoaenrpoBaHus onsHec-miponeccos IDEFO.
Ha puc. 3 npoaeMoHCTpUpPOBaH MepBbIi YPOBEHDb IEKOM-
TTO3UIIUY W OTPAsKEHBI BBITTOTHIEMbIe PYHKIINN IprUoopa.
Ha cnenylouem miare ¢opMupyercs auarpam-
Ma MPUUYMHHO-CIEACTBEHHBIX CBsI3edl (haKTOPOB sl
BBISIBICHUS] BO3MOXHBIX MPUYUH HEUCIPABHOCTEH
obopynoBaHUS. BBIABICHO, YTO OCHOBHBIMU WC-
TOYHUKAMM BO3HUKHOBEHMSI HEUCIPABHOCTU WH-
KybaTopa SIBISIOTCS CleAyMollue IIecTh (PakKTOpOB:
1) MEAUIIMHCKMIA TIepCcOHa; 2) TEXHUYECKMI MepCcoHa;
3) BHellIHss cpena; 4) cucTeMa AaTYMKOB; 5) cucTema
yIpaBjieHus; 6) cuctemMa nmuTaHust. Ha muarpamme mpen-
CTaBJicHA ITEKOMIIO3UIINS 3THX (HAKTOPOB B BUIE ITPO-
611eM, KOTOpBIE, JEVCTBYS N30JIMPOBAHHO U COBMECTHO,
MOTYT TOBJIEYb HEUCITPABHOCTb 000pyI0BaHUs (puc. 4).

4. Mogenb noanepXKu NPUHATUA peLueHnin
ANnA ANarHoCTUKN TeXHUYeCcKoro cCocTosiHUA
o6opyaoBaHMA Ha OCHOBe MeTOAOB
He4YeTKOMN NOrnKun

BuisiBnenHbIe l'[pO6J'[eMI)I 1N BO3MOXHBIC IIPpUYH-
HbI HCUCITPAaBHOCTHU O6OPYZ[OB8.HI/IH IIOKa3bIBAlOT, YTO
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HOpMATHB LS

noned ot Enmpaznmo:ennoﬁ
PHINOTEPANEBTHYECKON
annapatypil

KBanuHKaLMn

HecoGmonerme
MHETPYKLMM
No IKCNMYATALMH

Puc. 4. InarpaMma npuudHHO-CJIeICTBEHHBIX CBA3eil ()aKTOPOB MOSABJIEHUS HEMCNIPABHOCTEH

[Meauunkckuii nepconan|

paa GaKkTOpOB M MPUUYMH OMUCHLIBAIOTCS HE B KOJIH-
YeCTBEHHOM, a B KauecTBeHHOI (opme. [ToaTomy
TpebyeTcs cucTeMa MOAIePKKHN MPUHSITUS PEIIeHUH,
KOTOpast YYUTHIBAET pa3HbIe LIKAJIbI U3MEPEHUS MO-
NEIUPYEMbIX CBOMCTB 000pYI0BaHU . 3a1a4yl TAKOTO
TUIA MOXXHO peliaTh ¢ IPUMEHEHEM METOMOB UCKYC-
CTBEHHOI'0O MHTEJJIEKTA U MOJEeJIeil HEUeTKOM JIOTUKU.

Hapywenwe
BOIAYIIHOR 3380 CKI
H2-13 NOTOKOD

AOKYMEHTH
N0 IHENNY AT ~ ~
NogroToanesHos
x pabore
B Cate
D6opyaoaarne ﬂ:nr:;’:::a N Io
P ¥ YCTAHOBKD
Al NAPAMETHOD
ofopyacaamme
B CeTh FoTonos
A2 H. a X nporpesy :
¥ ofopynoamive AD 330aHHO#
KOHGUrypayun TEMNETapYPE
A3 Yeranorka olopyaosatme
peby HoaopoxaeHHissh
napaMmeTpos HaxoguTCR
Ad4 Nparpes B uHkyGaTops
A5 TMomewesne CosepuweHne
MAHAMTYNALMA,
B uukyGaTop WEXOEA M3
AB COCTORMMA
Ouenxa
COCTORAHMA
A7 OBopyaosanue,
TexHuecki
nNepcoxan YNPARNEHYECKHX | B WTATHOM DExMMe
pouEHMR —
p \ T
1
MagpusHckai
nepeoHan
Puc. 3. ®yHKnMoHaJbHas cxeMa paboThl TEXHMYECKOTO YCTPOiicTBA (MEPBbIil YPOBEHDb JE€KOMIO3HIIMH)
Cucrema nUTaHKA |Cuc1'elu|a yupannauuﬂ|
HoucnpaBHoCTL
AaTYMKa 3arpARIHOHHD
KHCnopoga HeucnpaeHotT __Heucnpasnocm, GMnuTpa
PelynUpyiomen ‘ AaTMKA fawraTena MNeperpes 1 BbXOA H3 JarpazHeHue
HewncnpasrocTs BnAXHOCTH CTPOA NNABKOA BCTABKH B CHCTOMO KNanasa
PErYNHPYHIWEro MNporpes
AATYHED HoRCIpaBHOCTE Neperpen ABHTaTens
BnaxHocTH pagi " pawratens HeycroiumaocTs NOQLEMHON HeucnpasxocTs
e KoHTAKTA & —— B CHCTEME
oTobpmxarowero BLIKMONATENS MexXaHHIMa ynpeaneims —
HoucnpaoHocT HewcnpasHocTs {Bbon M3 CTPOA yana)
AaT \ P EHETEMBI
KOXH A NOAKNICHEHHA
TeMNepaTypLl BO3gyXa Y - p KHCNOpoga H
xabenn - BOHTHRATOPA
HencnpashocTs INEKTPONHTAHHA
——  OCHOBHOTO AaTyMKa HeucnpasHocTs
i TEMNEPATYPbI nor.wxa
. |HeucnpaBHocTe
Pl | o6opyaoBaHus
BoapoRcTone
METOUHMKOR
! Hiie TENNOTLY, NPAMLIX Mpeasamepessan
—_— oTRRAKANLME OT BoIACACTEHO A3POICNLHOTG CONHENHLIX Ny4ed Henpaounuuan : !WN:PHHBF -
HEMONHEHHA QyHKUMA » ___ RMarHaCTHEa M oLunGKW oﬁom m“"' “"“
HecoGinanenue B NOMELWEHHN 8 MACHTIHKALMH PyA
NPaBHN TEXHHKK npabnem
GezonacHocTH BuaHHe BRAKHOCTH
BOIAYXA B NOMELYEHHH HapyLuoHKHo HOPM W NpaBun
HuakHi ypoBeHs Hapywenne cpoxos TEXHHYCCHOO PEMOHTA

TexXHHYSCKOrD
oBcnysHBaHHA

OTENGKAOLUNG _—
OT HCNONHOHHA YHKUMA
Huaxh yposeHs ad
KBANWHHKALMA

CEKBOIHAKA

|Texnmiecxm'1 nepcoHan

Kareropnst TeXHUYECKOr0 COCTOSIHUST 3aBUCUT OT
0oJibLIOTO YKcia (paKTOPOB, KaK KaUYeCTBEHHBIX, TaK
1 KOJTMYeCTBEHHEBIX. PazpaboTanHas MOIenb paccMa-
TpuBaeT ¢aKTOphl HEUCITPABHOCTH, KOTOPhIE CBSI3a-
HBI C BHYTPEHHUM TEXHUUECKUM COCTOSTHUEM CaMOTO
obopynoBaHus. McciaenyioTcss HEMCIPaBHOCTH, CBSI-
3aHHBIE C JBUTATENEM JETCKOrO MOAYJs, KabeieM
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9JIEKTPONUTAHUS, CUCTEMON TMOAKJIIOUEHUSI KUCTO-
poza, CUCTeMOM KJjlanaHa, KpblJIbYaTKON BEHTUISITO-
pa, TaTYNKOM BJIAXKHOCTHU, TaTIYMKAMU TeMIIepaTyphl
KOXY OCHOBHBIM U JIOMOJHUTEAbHBIM U T. .
Peanuzanus npouecca HEYETKOTO MOJEIMPOBA-
HUS TIPOBOAUTCS MOCPEACTBOM NMPUMEHEHUS MOAY-
ns Fuzzy Logic Toolbox mporpaMmMHOro cpeacrtsa
MATLAB. BrlmtosiHeHME HEUYETKOTO BHIBOJA peaiv-
3yeTcsl Ha OCHOBe ajroputma Mamaanu (Mamdani).
s peunreHWs 3agadyyd OTMATrHOCTUKM TEeXHUYE-
CKOTO COCTOSIHUSI 000pynoBaHUs TpeOyeTcs Kade-
CTBEHHOE €€ OMMCcaHue Ha OCHOBE JIMHTBUCTUYECKUX
BbIpaxkeHu# (J1ormyeckux Ipasui). Mcnonab3yloTcs
25 BXOJHBIX IEPEMEHHbIX, OTPaXalolluX COCTOSTHUE

MOJCUCTEM OOOpYIOBaHHUS, JETEPMUHUPYIOLINX OTHO
U3 YeThIpeX BO3MOXHBIX PEIIEHUI MO AeiCTBHUIO
¢ 000opyIOBaHMEM — BBIBECTUM M3 DKCIIJyaTaluu,
MPOBECTU PEMOHT, NMPOBECTU MOMOJIHUTEILHYIO
MOATOTOBKY K paboTe, OCTaBUTh B 3KCIJIyaTallUu
(tabm. 3).

JInHrBUCTHYECKUE TIEPEMEHHBIE U 00J1aCTh UX BO3-
MOXHBIX 3HAYEHU 1 TTOoKa3aHbl B Ta0JI. 4.

DOYyHKIUY TPUHAIIEKHOCTH IS TAHTBUCTUYE-
CKMX MepeMEHHBIX ITPeACTaBIeHbl Ha PUC. 5, CM. 4eT-
BEPTYIO CTOPOHY OOJIOXKKH.

Baza nmpaBui i NpuHATUS peNIEHUI 110 TEXHU-
YeCKOMY COCTOSIHUIO U JAEHCTBUIO ¢ 000pYyIOBaHUEM
IIPY BOBHUKHOBEHUU HEUCIIPABHOCTEI ONpPeaeIseTCs

Tabauya 3
Onncanne BXOJIHBIX W BBIXOJHBIX NMEPEMEHHBIX
O6o3HaueHue
s OnucaHue IpuHUMaeMble 3HaYSHU ST
Tun nepeMeHHOl — BXOIHAs
1, PerynupoBaHue MoJIOXXEHUS JETCKOTO MOMYJIS 110 BhicoTe | HeBO3MOXHO, BO3MOXHO
1 TlpuBeaeHue IETCKOro MOAYJsl B HAKJIOHHOE TosioXeHue | HeBo3MOXHO, BO3MOXHO
I JBuraresb 1€TCKOTO MOILYJISI HeucnpaseH, neperpes, UCIpaBeH
1 BbikjioyaTeib MexaHU3Ma JETCKOTO MOMYJIS HewucnpaBeH, ucrnpaseH
Is MexaHU3M peryJrupoBaHuUs MOJOXEHUsT IeTCKOro Moayst | OTKIouaeTcsi, He OTKJI0YaeTcst
10 BBICOTE
I TemmepaTypa Bo3ayXa Moj KOJMmakoMm IMoHuxeHHast, HOpMaJibHasl, MOBBILIEHHA s
1 Dunbrp I'psi3HBII, YUCTHIN
I3 Cpok ycTaHOBKM ¢(uJIbTpa bonee 3 mecsileB, MeHee 3 MecsileB
1y Bona B 6auke yBIaxKHSIOLIEH CUCTEMBI OTCyTCTBYET, IIPUCYTCTBYET
i Cuctema KJjanaHa 3arpsi3HeHa, yucras
Iy Wuanukarop KpacHblit, ceTh, lIEHTPaTbHON CUTHATNU3AIIUN
1 Kabenp a1eKTponuTaHus He npucoennHeH, npucoeanHeH
13 3BYKOBOI CUTHAJI "3" "2" mpepBIBUCTHIN, HENIPEPBIBHBII
14 KpblibuaTka BEHTUISITOpA YcraHOBJIeHa HEMPaBUJIbHO, YCTAHOBJIEHA MPaBUJIbLHO
15 BenTuasitop HewucnpaBeH, ucnpaBeH
lig JlaTyuK BJIa>XKHOCTU OTOOpakarolui HeucnpaseH, ucnpaBeH
1 JlaTyuK BJIAKHOCTHU PEryJIUPYIOLIU i HewucnpaBeH, ucrnpaseH
Ig Jatyuk TemrepaTypbl KOXHU OCHOBHOM HewucnpaBeH, ucnpaBeH, He MPUCOCIUHEH, TPUCOSANHEH
Iy JlaTyuk TemMmepaTypbl KOXH JOTIOJTHUTEIbHBII HewucnpaBeH, ucrnpaBeH, He IPUCOCINHEH, TIPUCOETNHEH
o KoHueHTpalus Kuciopoaa Bo3ayxa Huskas, cpenHsisi, BoICOKast
I CucreMa MOAKJIIOUEHUST KUCIOpoaa HeucnpaBHa, ucnpaBHa
I CucremMa ymnpaBieHUs HewucnpaBHa, ncnpaBHa
1 MopanbHBI U3HOC OTCyTCTBYET, IIPUCYTCTBYET
by Ddusnyeckuit U3HOC HeycTpaHuMblii, ycTpaHUMBIA
Iys I1maBkast BcTaBKa [leperopena, He mmeperopeia
Tun nepeMeHHOl — BBIXOIHASA
0, TexHuYeCKOe COCTOSIHUE U eHCTBUE C 000pyIOBaHUEM BbiBecTH M3 3KCITyaTallMu, MMPOBECTH PEMOHT, ITPOBECTU
JOTIOJTHUTEJbHYIO MOATOTOBKY K paboTe, OCTaBUTh
B 3KCITyaTalluu
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Tabauya 4
Onucanue JHHIBUCTHYECKHX NMEPEMEHHBIX
. Jwnanazon
IlepemenHast 3HayeHNe MepeMeHHOMN .
3HAYCHU i1
L, L, 1, Is, I, I§, Iy, 1)y, 1,5, "HeBoamoxHo", "Heucnparen", "He otkitovaercs”, "I'pss3ubiii”, "bonee 3 mecsiten”, (0; 0,35; 0,7)
Ly, Lis, Lig, 117, Iy, 15y, D3, s | "OTcyTcTBYyeT", "He npucoenunen”, "YcTaHoBIeHa HENIPAaBUJIBHO",
"He ycrpansiercsa”
I, L, I, Is, I;, I§, Iy, 1)y, 1,5, "BosmoxHo", "Ucnpasen", "Otkiatouaercs”, "HYucteiit", "MeHee 3 MecsiieB”, 0,4;0,7; 1)
Ly, 1is, Lig, 117, by, Iy, b3, s | "IIpucyrcrByer”, "[IpucoenuHen"”, "YcTaHOBIeHa IpaBUIbHO", "YcTpaHseTcs"
L, I, 1}, 1y "Tlonukennas", "Kpacubiit”, "Huzkas", "HeucnpaBHoCTp" (0; 0,2; 0,4)
L, Ig, 1y, I "Hopmanpnas", "Cets', "Cpennss”, "[leperpes” (0,3; 0,5; 0,7)
L, Ig, 1}, Iy "Tloseiennas”, "Bricokas", "LlenTpanabHoii curHanusauuu”, "McnpaBHOCTD' (0,6; 0,8; 1)
I3, Iig, 119, O, "BeiBecTn u3 skcrutyatanuu”, "HencnpaseH" (0; 0,175; 0,35)
113, Iig, 19, O, "Ilposectu pemoHT", "Ucnpasen” (0,2; 0,375; 0,55)
13, Iig, 1o, O, "TIpepriBucThiit”, "IIpoBecT HOMOJHUTEIBHYIO OATOTOBKY K padoTe”, (0.,4; 0,575; 0,75)
"He nmpucoenuHeH"
15, 1ig, 1, O "HenpepoiBublit", "OctaBuTh B aKcnayatauuu', "[lpucoequHen". (0,65; 0,825; 1)

C MOMOIIbI0 Habopa MPONYKIIMOHHBIX ITPaBUII BUIA
If-Then (BbIGOPOYHO):

— If ({; is "Bo3moxxHO") and ([, is "Bo3MoxHO") and
(/3 is "ucnpaBHocTb') and (/, is "Heucnpasen") and
(I5 is "He orkuarouvaetca”) then (O, is "mpoBecTHu
pPEMOHT");

— If ({; is "Bo3moxH0") and (/, is "BO3MOXHO"
and (/5 is "ucnpaBHocTh') and (I, is "ucnpasen") and
(/5 is "orkumiouaetcsa”) then (O, is "ocTaBUTh B 3KC-
IIyarauun');

— If (/; is "uyncrnrit”) and (Ig is "mpuUCyTCTBYET")
then (O, is "ocTaBUTH B BKCILTyaTaUuu");

— If ({}; is "kpacHbiit") and ({5 is "2") and (1, is
"Huskas'") and (/,; is "ucnpasna") then (O, is "mpo-
BECTU PEMOHT");

— If ({;; is "kpacHbiit") and (/3 is "2") and (I, is
"Huskas'") and (/,; is "ucnpasHa") then (O, is "npo-
BECTHU AOTMOJHUTENIbHYIO MOATOTOBKY K padote");

— If ({5 is "cpennssa”) and (/,, is "ucnpasHa") then
(O, is "ocTaBUTH B BKCILIyaTauuu'");

— If ({;; is "uenTpanbHoit curHanuzauuun”) and (/3
is "3") and (1, is "cpennssa") and (/,, is "HeucnpasHa")
then (O, is "mpoBecTH peMOHT");

— If (Iy; is "mpucytcTByet") and (/,4 is "HeycTpa-
HuMbI") then (O is "BBIBECTH U3 3KCILTyaTaluu");

— If (/55 is "oTcyTcTByet") and (/,4 is "HeycTpa-
Humbiit") then (O is "BbIBECTU M3 IKCILTyaTauu");

— If ({; is "HeBO3MOXHO") and (/, is "BO3MOX-
HO") and (/; is "neperpes") and (/, is "ucnpasen") and
(/5 is "orkurovaerca”) then (O, is "npoBeCTH AOMOJI-
HUTEJILHYIO MMOATOTOBKY K padore").

AKKYMYJUPOBaHUE 3aKJIOUYECHUS MO BCEM Ipa-
BUJIaM MPOBEICHO C MPUMEHEHUEM OMepaluyd max-
Iu3bloHKIMU. [Ipu aedassudukanm Mcnoab3oBaH
MeTOH LICHTpa TSIKeCTU. Peanmsys cucteMy HedeT-

KOTO BBIBOJA Ha 3Tame aeda33nduKamiu, MOJTyIuM
pellleHHe To peXHUMy BKCILTyaTauuu 000pyIoBaHUU
IIPY BO3HMKHOBEHUUM HEMCIIPABHOCTEH B YCIOBHUIX
W3BECTHBIX BXOTHBIX JAHHBIX.

Ansg aHanu3za, ydyeTa M NPUHSITUS pELIEHUH MO
UACHTU(PUKAIIUY TEXHUYECKOTO COCTOSTHUIO U AcH-
CTBUIO C 000pYIOBAaHMEM B YCIOBUSIX PA3IUMIHBIX CU-
TyallMil, onpeaeasieMblX COUeTaHUEM BXOJHBIX Mepe-
MEHHBIX, IPOBEEH CUTYallMOHHBbI aHanu3. Paccma-
TPUBAIOTCSI MHOTOBAapMAHTHBIE CUTYAIlUU C Pa3HBIM
HabOpOM COUYCTAHUIT BXOTHBIX (DAKTOPOB CICIYIOIINX
TUNOB: 1) TOPUT CBETOBOM MHAMKATOP "CETh', 3BYUUT
HeNpepbIBHBIM CUTHAaJ; 2) MUraeT KpacHbIM MHAM-
KaTop TPEBOTH, 3BYUYMT 3ByKOBoU curHanm "3"; 3) He
(byHKIMOHUPYET AETCKUI MOnYJb. BoiOOpouHbIe pe-
3yJbTaThl MOJAETUPOBAHMSI PEIIEHUM IO 3TUM CUTY-
allMsIM TIpeacTaBeHbl B Ta0J. 3.

B cutyannu, mpu KOTopoit TOpUT CBETOBOI MHIN-
KaTop "ceTh"; 3BYUYUT HENPEPbIBHBII CUTHAJ U TJIaB-
Kasl BCTaBKa Ieperopena, TpebyeTcss CPOYHBIN pe-
MOHT obopynoBaHus. Eciy MmuraeT KpacHBIN MHIN-
KaTop TPEBOI'M, 3BYYMUT 3BYKOBOI cuTHaJ "3" 1 1aTYuK
TeMIIepaTyphl KOXXU OCHOBHOI IPHUCOEAVMHEH, a naT-
YWK TEeMIIepaTypbl KOXHU TOMOJHUTEIBHBIA He TIpU-
COeIMHEeH, HeOOXOMMMO TTPOBECTH JOTIOTHUTEIHHYIO
MOATOTOBKY 000pynoBaHus K padbote. Eciu MexaHU3M
peryanpoBaHUS MOJOXEHUS TeTCKOTO MOIYJIS T10 BBI-
CcOTe He OTKJIIoYaeTCs W BBEIKJIIOUATeIb HEUCIpaBeH
W ABUraTejb MOAYJSl HEMCIIpaBeH, TO HeoOXOIUMO
BBIBECTU 000pyIOBaHWE M3 IKCILIyaTallMU.

PaspabGoraHHass Moneib NMPUHSATUS PELIEHUN 10
BBISIBJIEHUIO U YCTPaHEHUIO HEUCIIpaBHOCTe 0060-
pyaoBaHMs B cocTaBe ero 11/l yuuTheiBaeT UBMEHEHUSI
BHYTPEHHMX U BHEIIHUX (PAKTOPOB (PYHKIIMOHUPO-
BaHMS 00OPYHOBAaHUS M IMO3BOJISET B KpaTyalInne
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Pe3yabTaTbl CHTYaHOHHOTO aHAJIK3A

Tabauya 5

BxonHble iepeMeHHBIE
BeixogHast
Curyauuu tuna I Bce
I I I I rnepeMeHHast
11 13 12 25
ocTaJIbHbIe
1. Topur cBeTO- 1.1. KaGespb a51eKTpONUTaHUS HE MTPUCOETUHEH 0,5 0,8 0,2 0,7 0,7 0,59
BOM MHANKATOP 1.2. KaGenb 21eKTPOMUTAHUS TPUCOETUHEH 0,5 0,8 0,8 0,8 0,7 0,92
CceTh"; 3BYYUT
HeTPepBIBH B 1.3. ITiraBkast BcTaBKa Ieperopeia 0,5 0,8 0,1 0,35 0,7 0,376
CcurHajl 1.4. TInaBkasi BCTaBKa He neperopesia 0,5 0,8 0,9 0,2 0,7 0,95
BxonHbie iepeMeHHbBIE
BreixogHas
Cutryauuu tumna 2 A
7 7 7 7 Bce nepeMeHHast
il e 8 19| ocranbHbIE
2. Muraet Kpac- 2.1. laTuuk TeMmepaTypbl KOXH OCHOBHOM 0,1 0,3 0,5 0,8 0,6 0,74
HBIIl MHIWKATOP He TIPUCOEIMHEH, JaTUMK TeMIIepaTypbl KOXU
TPEBOTW, 3BYYUT | AOMOJHUTEIbHBIN MPUCOCANHEH
3BYKOBOW -
CH};HaH ngn 2.2. JaTyuK TeMIepaTypbl KOXHW OCHOBHOM 0,1 0,3 0,9 0,6 0,6 0,65
MPUCOEINHEH, NaTYNK TeMIepaTypbl KOXHU 10-
MOJTHUTENbHBIM HE MPUCOSTUHEH
2.3. JlaTuyMK TeMIlepaTypbl KOXXM OCHOBHOI He 0,1 0,3 0,7 0,55 0,6 0,574
MPUCOEINHEH, NaTYNK TeMIepaTypbl KOXHU 10-
MOJTHUTENbHBIM HE MPUCOSTUHEH
2.4. JlaTuyuK TeMIlepaTypbl KOXXU OCHOBHOI He- 0,1 0,3 0,1 0,2 0,6 0,454
KCIpaBeH, TaTYUK TeMITepaTypbl KOXHU TOTOJI-
HUTEJbHBIN HeHCIIPaBEeH
2.5. laTuyuK TemIepaTypbl KOXHW OCHOBHOI HcC- 0,1 0,3 0,35 0,1 0,6 0,89
MpaBeH, JaTYUK TeMIepaTypbl KOXHU JTOMOJTHHU-
TEJbHBIA HEUCITPABEH.
2.6. laTuyuMK TeMmItepaTypbl KOXHW OCHOBHOM He- 0,1 0,3 0,3 0,4 0,6 0,95
KCIpPaBeH, NTaTYUK TeMIIepaTypbl KOXHU TOIOJI-
HUTEJbHBII UCITPABEH
BxomHble IepeMeHHBIE
BoixonHast
Cutryauuu tumna 3 Bcee
I I I I, Is nepeMeHHast
ocTaJibHbIe
3. He dyukumo- | 3.1. MexaHu3M peryanpoBaHMs MMOJOXEHUS AeT- 1 1 0,7 0,2 0,4 0,5 0,464
HUPYET AETCKUII | CKOTO MOMYJISI IO BBICOTE HE OTKJIIOYAETCS, BbI-
MOJYJTb KJIIoYaTesb He UCIIPaBeH, IBUTraTe b UCIIPaBeH
3.2. MexaHM3M peTyJIUpPOBaHUS TTOJIOXEHU S 1 1 0,1 0,7 0,3 0,5 0,52
JIETCKOTO MOJYJISI O BBICOTE HE OTKJIIOYAeTCs,
BBIKJTIOUATENIb UCIIPABEH, ABUTATEb HEUCTIPABEH
3.3. MexaHU3M PeTyJIUPOBaHUS TIOJIOXKEHUS IET- 1 1 0,3 0,5 0,2 0,5 0,34
CKOT'0 MOAYJISI 1O BBICOTE HE OTKJIIOUAETCSI, BbI-
KJIIoYaTeslb HEMCIIPaBeH, ABUTATe]Ib HEMCITPaBeH
3.4. PerynupoBaHue MOJIOXKEHUS JETCKOTO MOMIY- 0,25 1 0,5 0,9 1 0,5 0,62
JIsl TIO BBICOTE HEBO3MOXHO, MEpPerpeB ABUTraTeNs
3.5. PerynupoBaHue TIOJIOXEHUST JETCKOTO MOMYJIST 0,3 1 0,1 0,9 1 0,5 0,376
10 BBICOTE€ HEBO3MOXHO, IBUTATEIb HE MCIIPaBeH
3.6. PerynupoBaHue MOJOXEHUS JETCKOTO MOIY- 0,1 1 0,8 0,9 1 0,5 0,75
JIsl TIO BBICOTE HEBO3MOXHO, IBUTATEb UCIIPABEH
3.7. [IpuBeneHue AETCKOro MOAYJSl B HAKJIOHHOE 1 0,5 0,2 1 0,8 0,5 0,45
MOJIOXEHNE HEBO3MOXHO, IBUTATENIb HEUCTIPABEH
3.8. [IpuBeneHMEe NETCKOTO MOIYJISI B HAKJIOHHOE 1 0,2 0,6 1 0,8 0,5 0,68
MOJIOKEHUE HEBO3MOXHO, Meperpes ABUTaTe st
3.9. [IpuBeneHMEe AETCKOTO MONIYJsI B HAKJIOHHOE 1 0,6 0,9 1 0,8 0,5 0,7
MOJIOKEHWE HEBO3MOXHO, IBUTaTe/b UCIIPABeH
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CPOKM UACHTU(GULIMPOBATh MPUUUHY HEUCITPABHOCTU
U BbIPaOOTaTh pelleHre MO OBICTPOMY MepeBOaY 000-
pydOBaHMS B IUTAaTHBIM peXuM paboThl. Takue Mepsl
MO3BOJISIT COKPATUTh MPOCTOM, YMEHBIINTD 3aTpaThl
Ha PEMOHTHbIE pabOThl U MOBBICUTH OMNEPALIMOHHYIO
3(pPEeKTUBHOCTH 00OPYIOBAHUSI.

3akntouyeHue

B paGore nmpoBeaeHa cucteMaTH3alusl MOAXOA0B,
METOIO0B IpoeKTupoBaHus 1 Moaeneit I opranu3za-
HUOHHO-TeXHNYecKux cucteM. [IpenmoxxeHHOe 0000-
LIEHUE DTUX TTOJXO0B MOXKET ObITh MOJIE3HBIM JIJISI BbI-
0opa MHCTPYMEHTapH I MOIEINPOBAHMS, AI€KBAaTHOTO
00BbEKTY yIpaBjieHUs], C YUYETOM €ro 0COOEHHOCTEIA.
IMokazaHo, 4TO JISI CIOKHBIX CUCTEM MEXAWUCIIUTLIM-
HapHON MPUPOIBI, TAKUX KaK OpraHM3allMOHHO-TeX-
HUYECKHUE CUCTEMBI, 00JIaJaloIIMX CBOMCTBAMM CaMO-
CTOSITEJILHOIO 1ieJiernoaraHus, pedaekcuu u orpaHu-
YEHHOW pallMOHAJILHOCTU MPU MPUHSATUU PELIEHUI,
HE CYIIEeCTBYEeT KOMILJIEKCHOIO METOHOJOTHYECKOTO
Mnoaxoja JIJisi OpraHu3aluu npouecca pazpadotku LI
B LIEJISIX YCKOPEHHOIO UX MHXWHUPUHTA.

IIpennoxeHHass METOAOJOTUSI CUCTEMHOIO MHXKH-
HUPWHTA IS OpraHU3allMy Ipoliecca MpOoeKTUPOBa-
Hus /I opraHM3allMOHHO-TEXHUYECKUX CUCTEM 00b-
€NUHSIET 3Talbl MPOSKTUPOBAHU I, METOIbI U MOJEH,
U 00ecIeynBaeT YCKOPEHHbI MHXMHUPUHT 1] 00Bb-
€KTOB/TIPOLIECCOB, U3TOTOBJIIEHUSI TOTOBBIX U3AEIUM
(IpOnYyKTOB) BHICOKOI'O KayecTBa.

B pamkax mporotuna I/l pazpaboraHa Monaeib
MOAAEPKKY TMPUHSITUS PEIICHUIN IIs1 TMAaTHOCTHKU
TEXHUYECKOTO COCTOSIHUSI TEXHUYECKOIO YCTPOMCTBA,
OCHOBaHHAasl Ha MeTOoAaX CUTYallMOHHOI'0 aHaJu3a
1 HEYETKOM JIOTUKU, 0OecreunBaioias BO3MOXHOCTb
OIepupOBaTh MPU NPUHSITUU PELIEHUI HE TOJBKO KO-
JIMYECTBEHHBIMU, HO U KAYeCTBEHHBIMM OLIEHKAMU 13-
MEHEHUI (PaKTOpPOB, YTO OOYCIOBIMBAET IOBLIIIICHNE
TOYHOCTHU M HaAeXHOCTU MPUHUMAEMBIX PELIEHUI.
Mogenb obecnieurBaeT cUHTE3 3((HEKTUBHBIX pelle-
HUI B pas3IMUHBIX CUTyallMsIX U COUETAHUSIX pas-
HOPOAHBIX (DaKTOPOB, XapaKTEPU3YIOIINX KaK CO-
CTOsIHUE 000pYJA0BaHU S, TAK U €ro BHEILIHEH cpeabl.

IIpakTHyecKy1o 3HAYUMOCTb MOXET MPeaCTaBISITh
crucTeMa MOAIEPXKKU MPUHSITUSI pEllIeHN T Ha OCHOBE
pa3paboTaHHOI MOjeNu, KOTopasl SIBJSIETCSI OCHOBOM
JUIST yIIpaBJeHUS MpPpU pellleHUM mpoObJeM, CBsI3aH-
HBIX C MOHUTOPUHIOM TEKYILIEro COCTOSIHUS 00b-
€KTOB (MTpUOOPOB, 0OOPYAOBAHUS, TEXHOIOTUUECKUX
MPOLECCOB) U BHIPAOOTKOM aJeKBaTHBIX pELIEHUN T10
YCTPaHEHUIO UX HeUCIIpaBHOCTeM. Bynyuu BCTpoeHHOI
B Mmozaeab /I, Takasi cuctreMa NOAAEPKKU TMPUHSITUS
pellieHut oO6ecneyuT BhISIBJIEHUE U yCTpaHEHUE He-
MpeaBUICHHBIX HEXeJaTebHbIX COCTOSIHUI 00beKTa.
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The article considers the problem of digital twin design of organizational and technical systems. The theoretical
and methodological basis of the research is the fundamental scientific works and applied works of Russian and foreign
scientists in the field of digitalization and digital twins. Following methods are used in the research: system analysis,
statistical analysis, operational research, artificial intelligence.

A comprehensive analysis of approaches and methods for digital twin design of organizational and technical sys-
tems is carried out. It is shown that for complex organizational and technical systems operating under uncertainty,
there is no comprehensive, universal technology (methodological approach) for organization the process of developing
digital twins in order to accelerate their engineering.

The technology for organizing a digital twin design, combining design stages, methods and models, and providing
its system engineering is proposed.

The decision support model is developed for diagnosing the technical state of an object (technical device), based
on the methods of situational analysis and fuzzy logic, which provides the synthesis of effective solutions under vari-
ous situations and combinations of heterogeneous factors characterizing the object and its external environment.

The practical significance of the research is the developed decision support system, which is the basis for control
system in solving problems related to monitoring the current state of technical devices (instruments, equipment) and
developing adequate decisions to eliminate their disfunctions.

Keywords: digital twin; methods for modeling digital twins; system design of digital twins; artificial intelligence
methods
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E. A. Konb4uyruHa, a-p TexH. Hayk, aou,., npod. kadeapsbl, kea_sci@list.ru,
®Irb0Y BO "lNeH3eHCcKu rocyaapCTBEHHbIN yHUBEPCUTET"

CamociHTe3 nporpamMmm Ha oCHoBe MoJenu
NCKYCCTBEHHON XNMMN

lNonHocmbio aemomamudecKull cuHmMe3 rpoepamMmMHo20 obecriedyeHusi cmaHem 803MOXHbIM, K020a
b6osiee npocmele rnpozpamMmbl Unu rnpoepamMmmMHble KOMIOHEeHMbI 6ydym crnocobHbl CIOHMaHHO U Heom-
epamumo npumsiaueams Opye Opyaa u coeduHsamabcs. [ns amou yenu Heobxodumo CKOHCmMpyupogams
crneyuanbHble cpedcmea obecrieyeHuUs CoHMaHHO20 83aumoodelicmausi Mexdy npoepamMmamu, rno-
CKOJbKY 8 Hacmosiwee epeMsi makux cpedcme Hem. B cmambe Ha 0CHO8€e MPUHYUN08 UCKYCCM8EHHOU
Xumuu rpednoxeHsbl anzebpa "cmokoeg” u "ucmo4YHUKO8", KOHUeNyus UCKycCmeeHH020 amoma U Modesib
nod HazsaHueM H,0. Takxe ornucaHbl 3KCrepuMeHmsl ¢ 3moti MoOesibio, 8 KOMOPbIX 80CMPOU3BOOUMCH
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obpa3sosaHue moderibHoU MoneKysbl "80dbi". UICKycCcmeeHHbIe amoMbl POCMbIX 8eLiecms, makux Kak
Kuciopod u 8000p0o0, npedcmassieHbl Kak He3agucUMbIe NPoyecchl, coomeemcmeyoujue 08ym munam
npoepamm. CoeduHeHUs1 Mex0y omoesibHbIMU amoMamMu CmMPOosIMCs C MOMOWbIO COKEMO8, KOmMopble
Heobxo0umbl 0515 uMumayuu obwux Yyacmuy ¢ eHewHUX opbumanel. B xode akcriepumeHmos bbiro
3apeaucmpupo8aHo rnosierieHUe UCKYyCCmMe8EeHHbIX MOMeKyn "800bl" U Opyaux CIOXHbIX sewjecms. OKc-
nepumeHmarbHble pe3yrbmambl 0oKka3asu, Ymo rpocmaeie rnpo2pamMmHbIie eOUHUUbI, peanusyuue
rpedroXXeHHbIe NPUHYUrbI, CrIOCOOHbI CaMOorpou380sIbHO hOPMUPO8aMb CII0XKHbIE MPO2PaMMHbIE CMPYK-
mypbi 6e3 HarpasieHHO20 8HeWHea0 8030elicmeaus. [JocmuaHymeble pe3ynibmamabl ose3Hbl 0715 npo-
epaMMHOU UHXeHepuU, UCKYCCME8eHHOU XU3HU U UCKYCCMBEHHO20 UHmersnnekma 07151 camMopa3eumusi
rnpoepamMmMHo20 0becrneyeHuUs1 U CII0XHbIX JTO2UHECKUX CMPYKmMYyp, CrioCobHbIX K dasibHelwel 380/104uUuU
U caMoco8epuLIeHCmMao8aHUIo.

Knroueenie crioea: asmomamudeckuli CUHMe3 npoepamMmMHo20 obecrnedyeHus!, CloHmMaHHoe camoob6-

pas3ogaHue CII0XKHbIX rpoepaMM, UCKyCCmeeHHas XUMUA, UCKyccmeeHHbIEI amowm

Introduction and background

Software is an important component of modern tech-
nologies, having a critical impact on their quality and
efficiency. Therefore, the enhancement of software, its
paradigms and principles of development, in turn, is im-
portant. The reality of the modern software development
process has two significant aspects.

Firstly, this is an aspect related to the organization and
technologies of software development. Modern software
is created by a team of developers who have different spe-
cializations of the programmer profession and often do not
interact directly with each other. Sometimes the complex-
ity and scale of development is such that the project cannot
be fully comprehend and controlled by one person. This
complicates the software development process and reduces
its reliability due to influence of the limitations based on
the human factor.

Secondly, there is an aspect concerning the life cycle
of software. Programs tend to become obsolete quickly,
and during exploitation they also need to be improved and
adapted. The amount of work on the revision and adapta-
tion of the software may be insignificant, but these works
require the involvement of specialists and time-consuming.
This means spending additional resources to create and
maintain the project, which reduces its effectiveness.

One of the possible solutions is to create programming
paradigms and technologies that allow to automate the
development, improvement and generation of new ver-
sions. This process should take place under supervision,
but without the constant direct participation of a specialist.

In this article, we propose a mechanism that can pro-
vide spontaneous self-development of programs under cer-
tain conditions. This mechanism is designed to ensure the
formation of program structures based on independent
units endowed with specific means of interaction.

The scope of application of the proposed mechanism for
self-development of programs can be arbitrary, regardless
of the application. The proposed mechanism is intended
for the development of general-purpose software and is
compatible with imperative programming tools, allowing
the use of such popular languages as C/C++, Pascal, Perl.

Chemistry serves as a metaphor for creating such a
mechanism. Programs should be formed as a result of

interactions with other programs, similar to the forma-
tion of substances in chemistry as a result of reactions.
Among computer models, the closest analogies are models
of artificial chemistry.

In artificial chemistry models [1—3], programs are
considered as artificial molecules capable to react with
each other. As a result of the reactions, the molecules
(i. e. programs) can combine to form larger and more
complex molecules or programs. So, using the termino-
logy of chemistry, the essence of solving the problem of
self-development of programs is to provide conditions for
the spontaneous synthesis of complex artificial molecules
from simpler ones.

To achieve this, we must possess means to artificially
reproduce forces of attraction and repulsion to make self-
synthesis of artificial molecules selective and asymmet-
ric. We also need to endow our artificial molecules with
energy. The standard analogue of energy in artificial life
and artificial chemistry models [2, 3] is central processor
time. To get energy, artificial molecules, or programs, must
be activated as executing processes. To retain energy, the
processes should strive to extend their execution as long as
it possible. A successful strategy for obtaining such a result
is the formation of cyclic structures, as in living systems.

Life is an existence in a form of dynamically stable
cyclic repetition of the same set of physiology processes
or, in simpler case, reactions. Such an existence possible
as long as energy needed to carry out the processes (reac-
tions) is available. That form of existence observed both
in natural biological life [4] and in supposed non-protein
forms of living, e. g. based on nuclear reactions occurring
inside the stars [5], or on computations in artificial life
models [3, 6—38].

In models of artificial life and artificial chemistry,
cyclic structures representing sets of coupled reactions
or artificial analogues of molecular organisms must earn
demanded amount of energy by performing specified cal-
culations. This simultaneously prolongs the existence of
structures and makes them capable of evolutionary de-
velopment.

The model of artificial life proposed in [8] was aimed
at studying the emergence of such cyclic computing struc-
tures. In the experiments described in [8], it was shown
that in distributed systems, cyclic structures can sponta-
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neously arise, which manifest themselves in the form of
repetitive executions of indirectly interacting processes
(functions).

These structures arising in presence of shared variables,
which are necessary as input data for processes. But the
arising structures are fragile. The cycles are easily corrupted
or completely destroyed by competing processes that avari-
ciously searching for the same input data.

The problem outlined in [3, 8] is that there are no
means to adequately represent the forces of repulsion and
attraction in models, on the one hand, and the selectivity
and asymmetry of interactions, on the other.

Let us consider and compare the known methods of rep-
resenting relations and interactions, more precisely, forces
of attraction and repulsion. Studying the literary sources
concerning models of artificial life and artificial chemistry,
we can find at least three types of such methods:

e based on adjacency and proximity in cellular
automata space, e. g. [9, 10];

o based on the use of common objects, primarily data
structures, e.g [3, 8];

e based on the rewriting and composition of functions,
e. g [11].

The oldest and most obvious method of representing
the forces of attraction came from the theory of cellular
automata [9, 10]. This method is based on the proximity
and neighbourhood factors. The closer the neighbour is to
the cell, the stronger its influence on the cell. The most
influential cells are adjacent cells: they can participate
in mutual state transformations (reactions) according to
the transition rules. The big disadvantage of this method
is the need for centralized management to choose which
of the possible transition rules should be preferred, or
more precisely, which sequence of rule execution should
be performed. This management is performed by central
processor unit (CPU). Thus, execution of the rules is not
arbitrary, although in general selection of rules is equi-
probable, and the strength and asymmetry of the rules are
not defined. The repulsion force is not represented at all.
But, as it was stated earlier, it is preferable that interac-
tions occur spontaneously, due to the properties inherent
in the interacting analogues of the molecules, that is, the
programs. Thus, the use of proximity and neighbour fac-
tors is not quite suitable.

The second group of methods for representing and
establishing relationships is based on the use of common
objects: data structures or labels. The overview and analysis
of such methods is given, for example, in [3]. But again we
are faced with the same problem: the need for a decision-
making centre that must authorize interaction and supply
it with a model analogue of energy. The only energy supply
centre is, as it was stated before, the CPU. In [3, §], it was
revealed that the object methods of representing relations
are weak, indirect, and hardly adequate. They also suffer
from a lack of selectivity and asymmetry. And again, there
is no explicit representation of the repulsive force.

The third way to represent attraction between pro-
grams, which are understood as artificial molecules, is
based on rewriting their source codes and constructing

compositions. In [11], the interaction between programs
that leads to formation of their composition is initiated by
the decision-making centre. This centre arbitrary chooses
interacting programs, thereby representing attraction. The
repulsive force is not represented.

Let’s formulate and clarify the requirements necessary
to obtain the desired representation of attraction-repulsion
relations in computer models:

o these relationships should occur spontaneously and
inevitably;

e relations should be represented through dynamic
interactions, not entities;

e a model in general should not have a decision-
making centre, an arbitrator, or an initiating energy centre;

e cmerging relationships should be direct and stable;

e selectivity and asymmetry are also necessary.

Based on this list of requirements, we return now to
the analysis of the model from [8] and its shortcomings,
and also determine ways to improve the model.

According to one of our statements, any relation must
be represented as a form of dynamics that results from
the activity of the interacting parts. The model from [8]
was proposed mainly to achieve this. The purpose of this
model was to study the possibility of the emergence of dy-
namic cyclic structures formed from a set of independently
functioning processes. These processes unintentionally
interacted with each other by transforming data (symbols)
stored in separate spatial cells.

All in all, this method is close to the methods of the
second group described above, but there are some small
but important features. There is no decision-making centre
in this model, and it is unpredictable which process will
access the data cell first. Also, in this model, there are no
explicitly defined "gluing" common objects, such objects
appear unintentionally.

These features allow studying self-organization of con-
nections between unspecific common-purpose application
programs. This is very important for software development
research. But the resulting connections are weak, and
the programs in the structures are loosely coupled. The
repulsive force is represented implicitly, as a consequence
of the inability of the process to establish a connection,
which compels the process to explore other spatial cells.

Thus, as indicated in [3], we always face the same set
of problems: the lack of spontaneity; the lack of repre-
sentation of the concepts of force and electric charge; the
inadequate representation of the interactions of attraction
and repulsion; the inability to represent the asymmetry
and selectivity of the interactions. The lack of selectivity
and asymmetry implies that two independent processes
implementing different functions, for example, f and g,
consuming the same data A, have an equal ability to be
attracted to the cell containing the data, and there is no
means to change this.

To overcome this set of problems, in [12] it was pro-
posed to establish the principles of artificial physics, a new
scientific branch for the study of principles and methods
that allow reflecting the principles and categories of real-
world physics in computer models. By computer models,
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we mean, first of all, models of artificial life and artificial
chemistry.

Also in [12], a method for representing the electric
charge was proposed. The non-specificity of programs in
model from [8] is both a strong and a weak side. Previously,
we outlined the strong side: it is possible to study unin-
tentional formation of structures from the set of randomly
chosen applications. But the non-specificity makes con-
nections weak and hinders selectivity. To eliminate this,
we must sacrifice the non-specificity and endow programs
with "hooks and loops" that allow attraction modelling.
This corresponds to the "key-lock" or "induced fit" prin-
ciples in the real-world chemistry [13].

Thus, programs or artificial molecules should get
specific tools that allow them to "hook" another pro-
gram or "be hooked" by another program. These tools
are intended to mimic the action of an electric charge
or the interaction of elementary particles in atoms and
molecules of the real-world physics and chemistry. Most
importantly, the relations between programs should not
be represented by tools that are understood as common
objects, but by interactions that are performed using such
tools. In the real-world chemistry, the chemical composi-
tion of substances determines not only the properties of
substances, but also the set of possible reactions and their
course. Similarly, tools that model "hooks" and "loops”
should determine the possible interactions of artificial
molecules, i. e. programs.

In [12], it was suggested to use sockets as such tools.
These tools are communication tools that enable interac-
tions between processes. Therefore, they are the means
to establish relations in the form of dynamics. This is a
unique feature of sockets as inter-process communication
system (IPC) tools.

According to [12], the "hooks and loops" enabling
attraction are understood as "sinks" and "sources" that
jointly model an electric charge. The "sources" represent
electrons from the outer orbitals that are loosely bound to
the nucleus and can be attracted by other atoms or ions.
The "sinks" represent free positions in the outer orbitals
that can be occupied by additional electrons attracted from
other atoms or ions.

Further in this article, we consider a model illustrating
formation of bonds between artificial molecules, or pro-
grams, which for the simplicity are understood as mona-
tomic molecules. As a result, this will allow subsequent
switching to a more adequate understanding of a program
as an analogue of a polymer molecule, or more correctly,
an enzyme with several centres of polarization.

1. Method

1.1. General concept
A model concept is a quintuple of the following type:

V=(S,T, A G, M),

where § — model space; T — model time; 4 — a set of
atoms (monatomic molecules) or symbols in alphabet;

G — a set of rules (grammar rules) to produce complex
molecules (words, or symbol chains) from monatomic
molecules or atoms (i. e. letters, symbols); M — a set of
all permitted molecule types (a vocabulary of all possible
words).

As in [8], all simulation takes place in two-dimensional
closed cellular space S < (N, xNg,), Ny, here and
further is a set of all non-negative integer numbers. The
model time, like in [8], is linear unidirectional: 7" < Ny, .

The full definition of atoms, or monatomic molecules, is

Qa
f= fO=171,
f(z, . z,), nefl, ..., .

This means that the function can be empty, with null
arguments, or with single or multiple arguments.
In general case, a monatomic molecule f e A4 is a

multiargument function f(xy,X, ..., X5 Y1, Y25 -5 Yim)»
where X =(xj, X,, ..., X,) is a vector of variables or null-
argument functions, Y =(y, 5, ..., ¥) is a sequence

of slot symbols, Vy; € {>,<}. This slot symbols represent
"sinks" (<) and "sources" (>) necessary to simulate electric
charge and attraction-repelling force. Any slot symbol in-
dicates a position where another function could be inserted
to create composite function.

The slot symbols provide formation of the complex
molecules according to the following rules from G.

1. First rule is an attraction rule. Slots symbols act in
the reciprocal way: a function f(Xj, >, ¥;) could be in-
serted in a function g(X,, <, ¥;) instead of symbol <, or
vice versa. The resulting transformation is written as
f(Xlﬁ > g(X29 Y2) < Yl) or g(X2’ < f(Xb Yl) > Y2)9
both forms are mutually dual and technically describe the
same thing. Note that both forms f (X, > g (X5, Y3) <, 1})
and g(X,, < f (X}, Y})>, Y,) represent only data connec-
tions between functions, not the order in which they are
calculated. In general, the functions are calculated con-
currently.

2. The second rule, or the rule of repulsion, establishes
that compositions between functions with similar slot sym-
bols, e. g. f (X}, > ¥]) and g(X,, >, 1), or f(X}, < 1))
and g(X,, <, Y;), are prohibited.

3. The third rule defines the decomposition meth-
od. Any complex molecule f(X, > g(X, ¥5)<, ;) or
g(Xy, < f(X}, 1]) >, ¥;) may spontaneously decay into
f(X;, > Y)) and g(X,, < Y;). The direction of the
brackets in complex molecules provides the determina-
tion of the corresponding slot symbols for the components
of decay.

Let us add a definition of the strength of interac-
tions into our model. The strength of interactions is
represented by number of slot symbols. The number
of given slot symbols can be "neutralized” by the same
number of oppositely directed symbols. This means that
n slot symbols in function f(Xj, > ...>,, ¥]) can at-
tract 1< p <n functions with oppositely directed slot
symbols. In the extreme case, this could be done by
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single function with the same strength of attraction:
g(Xy, <1 ...<,, ¥3). Such attraction creates mutually
dual formulas like f (X, > ...>, (X2, V2) <, ... <, 1)
and  g(Xy, < ...<, f(X,71) >, ...>, V2).  Another
extreme case occurs when f(Xj, > ...>,, 1) at-
tracts n various independent functions like
(X1, < N1)s oo By (Xips < Y1), each of which has a
single slot symbol <. The resulting complex molecule is
f(Xl’ < h] (Xlla<5Yll) Zy e < hﬂ (le <>Yln) >s Y])

A set of all complex molecules composed from A by
applying the rules from G is M. The atoms and molecules
from A and M respectively are distributed over the model
space, and this distribution is changing in time. Hence,
the evolution of our artificial chemistry is a mapping
SxT - MuU A.

Note that the considered resulting complex molecules
have a linear or tree-like structure. It is possible to form
more complex and universal structures, for example, cyclic
ones, but these cases are not considered here.

Cyclic structures can be easily obtained by slightly
enhancing this model. However, we do not consider this
enhancement here, so as not to exceed the volume of the
article and not distract from priority task, which is the
reproduction of the forces of attraction and repulsion like
those that act between charged particles. Our next work will
be devoted solely to the representation of cyclic structures.
Now we focus our attention on the general principle of the
emergence of dynamic structures.

In the quintuple V' = (S, T, 4, G, M), nearly all com-
ponents of artificial chemistry are present: AU M is a
set of all possible molecules; G is a set of rules; (S, T)
represents the space-time structure of reaction vessel or
domain, and the only thing that needs to be added to com-
plete the definition of artificial chemistry is an algorithm
for applying rules from G. The aims of this work are to
achieve spontaneity of interactions and avoid introducing
a decision centre into the model, so we are to assume that
the rules are applied arbitrarily. The described model is
naturally suitable for parallel systems with a fine-grained
structure, where each atom or molecule has its own CPU.
In this case, we are dealing with a multitude of indepen-
dent decision-making centres that possesses their own
energy. This makes the process of interaction between
atoms and molecules stochastic. Thus, in our artificial
chemistry, the algorithm for applying rules from G is an
empty set of operators.

Practically, the triple (4, G, M) is a grammar, but
it also defines an algebra of "sinks" and "sources". This
abstract algebra of "sinks-and-sources" is the basis for
a more specific computational model that describes the
process of forming complex programs from simpler ones.
This model is considered and discussed below.

1.2. H,0 model

Here we present a computer model to reproduce the
formation of a water molecule from simpler substances
such as oxygen and hydrogen. That is why we name this
model H,O. The model is obtained by instantiating our
base model V.

As it was mentioned above, the model space S in H,O
model is cellular and two-dimensional. Any cell of the
model space S can be empty or occupied by a single atom
or molecule. The atoms composing the set 4 belong to
hydrogen-like or oxygen-like types. Molecules form M can
be monatomic, diatomic, or more complex.

According to definition of the model V and the algebra
of "sinks-and-sources", it is possible to formulate the con-
cept of an artificial atom as a dynamic entity performing a
computational function, possessing an analogue of energy
(CPU time) and capable of interacting with other similar
entities through "sinks" or "sources" represented by slots
in the notation of V. Thus, an abstract artificial atom is a
combination of a function, the amount of CPU time and
a set of slots.

A hydrogen-like atom (hereinafter, for simplicity,
"hydrogen" atom) has a single electron in its outer orbit,
which can be shared with other artificial atoms of the same
or a different kind. Thus, usually it represents "source" of
electric charge. To make our model more intricate and in-
teresting, we consider the outer orbital of "hydrogen" atom
as not completely filled. There is an empty position there.
So, the "hydrogen" atom is both a "sink" and a "source" of
electric charge at the same time. In the proposed model,
a "hydrogen" atom or a monatomic molecule is light and
capable of migration.

An oxygen-like atom (hereinafter, for simplicity, "oxy-
gen" atom) needs two additional electrons to fill the outer
orbitals. This atom has a simpler functionality than "hy-
drogen" and represents only "sink" of charge. Such artifi-
cial monatomic molecule is heavier than "hydrogen" and
occupies the spatial cell motionlessly.

In addition, as it was proposed in [8], the emptiness of
the cell can be considered as a special type of atom, an
analogue of an inert gas that is unable to form compounds
with other atoms. So we add a special type of atoms &

to A. These atoms perform an empty function; they do
not have CPU time portions and slots.

Atoms and molecules can establish relationships pro-
vided that they are in the same spatial cell at the same
time. This allows atoms and molecules to find a suitable
partner by looking for a logical channel or port corre-
sponding to the socket. The connection between atoms or
molecules established through a socket can subsequently
be broken by any of the interacting partners at any time,
or, on the contrary, last indefinitely.

It is obvious that our model combines the characteris-
tics of at least two methods of representing relationships
and interactions that were identified earlier: to establish
relationships between molecules and atoms, the proxim-
ity of reacting partners is necessary; on the other hand,
reacting atoms and molecules must have something in
common and joint, i. e. a common virtual particle or a
model electron.

It is known that in the client-server architecture, the
client part plays an active role in establishing intercon-
nections, while the server part is passive and driven.
According to this, we consider a negative charge as active
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and represent it as a client socket. The excess positive
charge is represented in the model as a passive and recipi-
ent server socket.

The port number plays the role of a principle quantum
number that identifies an electron shell or a set of electron
orbitals with the same energy level. To establish a connec-
tion between artificial atoms, an artificial atom possessing
free electrons tries to share them with the other model atoms
located in the same spatial cell. In the model H,O this cor-
responds to polling of the ports associated with sockets. When
searching for a port, the "first response” rule is applied: the
number of the first responding port is used.

The port number is associated with both the location,
i. e. the coordinates of the spatial cell, and the number of
the represented period (orbit) according to the periodic
table of artificial elements.

The active client side polls the port numbers in de-
scending order, that is, from the outer orbitals to the inner
ones. Therefore, the construction of a model "water" mo-
lecule is more probable than the construction of a model
diatomic "hydrogen" molecule H,.

Possible chemical compounds consisting of artificial
"hydrogen" and "oxygen" are shown in fig. 1. At the same
time, fig. 1 represents graphic language capable to describe
combinations of artificial molecules according "sinks-and-
sources” algebra. An atom is represented by circle endowed
with "sinks" and "sources"”, which allow to establish con-
nections with other atoms through their "sources" and
"sinks" respectively.

Figure 1 demonstrates the tendency present in our arti-
ficial model chemistry to form long polymer-like molecules
containing chains of "hydrogen" atoms and "hydroxide"
groups. Some of these molecules are exotic and do not
exist in nature, but in our artificial simplified chemistry,
their existence is quite likely.

In our model, we did not aim to fully reproduce the
chemistry of water and hydrogen compounds. We are only
interested in the process of formation and dynamic trans-
formation of structures, so the compounds in our model are
intentionally unstable, and the "hydrogen" atoms are easily
detaching and highly volatile. This approach makes it pos-
sible to obtain and track the history of many compounds,
unlike chemistry with the formation of strong stable bonds.
At this stage of research, it is more important to ensure the
ability of "atoms" to regroup. If necessary, the stability of
the connections can be achieved by slightly changing the
parameters of the model.

To study dynamics occurring in the proposed artificial
chemistry system, it was necessary to conduct an experi-
ment described below.

2. Experiment description

To conduct an experiment with the previously proposed
model H,0, we created software in Perl. This software
consists of several independent programs. The first and
most important of them is a modeling tool that imple-
ments the previously described model. This main simula-

®»®> >®>®>®>
@»@---@---@@

Fig. 1. Artificial atoms and possible molecules in H,O model:

a — "hydrogen"; b — "oxygen"; ¢ — "hydroxide" OH; d — "water";
e — "polymeric hydrogen"; f — "polymeric hydrogen with hydroxide
group"; g — analogues of hydronium type molecules, such as H,OH,,
or H,OH,

tion program also generates an initial configuration file
and maintains the system logs of events. The remaining
programs are auxiliary. They are necessary for analyzing
statistics and presenting it in a convenient and under-
standable form. The simulation begins with the execution
of main program. When the main simulation program is
terminated, auxiliary programs are started and configura-
tion and log files are analyzed.

The key difference between the main simulation pro-
gram and our previous development described in [8] is that
in this study, the independent processes are not associated
with functions and substitution rules, but with artificial
atoms. In the model H,O, we also use sockets as the main
means of interprocess communication instead of shared
memory in [8].

At the beginning of any experiment, each of indepen-
dent processes associated with artificial atom of "hydrogen"
or "oxygen" goes through initialization phase. At this point,
the process creates system of sockets, where passive server
sockets are "sinks" and active client sockets are "sources".

Each process is also connected to a location in the cell
model space, being associated to randomly assigned cell
coordinates (x, y). The process representing "oxygen" is not
mobile and is rigidly associated with its current location.
On the contrary, the process representing volatile "hy-
drogen" is mobile and capable of exploring various spatial
cells. The "hydrogen" process can change its position by
observing its current location in search of molecules and
atoms with which to react. Hence, "hydrogen" processes
initially are active explorers, while "oxygen" processes are
passive responders.

To create effective server socket, we must control the
actual number of established and possible connections. To
achieve this, we use a solution based on the pre-forking
method from [14]. According to this method, the server
must maintain a pool of child processes, and each of these
processes is waiting for binding to an incoming request
from the client. This method has at least two advantages.

First, it is easy to take into account and control both
a quantity of child processes and their system identifiers.
Knowledge of system identifiers allows controlling the
execution and behaviour of child processes by sending
commands to them. Knowing the number of executing
child processes, it is possible to maintain a pool of ready
child processes of constant size. Secondly, the availabil-
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ity of ready child processes significantly increases the
performance of the model by reducing the time expected
for the creation of child processes. But the price for such
advantages is the complication of the model.

The possibility of success of the experiment is based
on the principle of port numbering:

port _number = base + aton(concat(x, y,orbit,orbital)),

where port _number — the number of server port;
base — a starting point, an arbitrary chosen number;
x, y — the coordinates of the spatial cell; orbit — the
number of the corresponding atom orbit, orbital — the
number of the corresponding atom orbital; aton —
a function that converts a string into a number; concat —
the concatenation function.

Any port number can simultaneously receive as many
incoming requests as there are currently vacant positions
available in the corresponding orbit.

As it was previously stated, we used Perl to create
modeling software and the main simulation program too.
The problem with simulation in Perl is the measuring of
time. For Perl programming, the natural and most con-
venient unit of measurement of time is the second. But
the computation speed is much higher, and the same is
true for the speed of movement of "hydrogen" atoms in
the model, respectively. Therefore, it is necessary to slow
down the movement of artificial atoms along the spatial
lattice in order to make the measurement of time and
speed of movement comparable and so that, as a result,
the events of the formation of molecules become observ-
able and distinguishable.

In the case of practical implementation, there is no
need to perform such a slowdown. But in the case of an
experiment, it is necessary to make sure that our initial
assumptions are correct. Namely, that two atoms of "hy-
drogen" can be attached to one atom of "oxygen" simul-
taneously, and strictly no more than two.

One of the functions of the main simulation program
is event logging. The program produces a set of such event
logs. Each log is associated with a "sink" socket belonging
to an "oxygen" atom.

Processes spawned by the main program and represent-
ing "sinks" implemented as server sockets record informa-
tion about newly received and already available incoming
connections (events) in their logs. This information of
events is represented as a pair consisting of a time coor-
dinate and the identifier of the connected client process
(i. e., the "hydrogen" atom). In more complex cases, the
identifier of the process modeling the "hydrogen" atom may
be accompanied by a chain of identifiers of the processes
associated with it.

The purpose of the auxiliary programs is to process
and present statistical data. The first of these programs
explores the temporal sequence of events in spatial cells.
To do this, it generates files for each of the spatial cells,
where all the events that occurred at a given point in
space are indicated for each time coordinate. Owing to
this ordering, it is possible to identify the formation of

any complex molecule, for example, a "water" molecule
when two "hydrogen" atoms join one "oxygen" atom. This
approach allows us to study the simulation results from the
point of view of the activity of "oxygen" atoms.

The second program examines statistics from the point
of view of "hydrogen" activity. This program processes all
log files and creates report files for each "hydrogen" atom
present in the model. These reports reflect the trajectories
of the mobile "hydrogen" atoms. Any record contains the
identifier of the process simulating "hydrogen", the time
coordinate and the coordinates of the spatial lattice.

In experiments, the size of spatial lattice varied from
4x4 to 8x8 cells. According a typical scheme, each of
the model runs lasted for 30 min, and they were repeated
many times with the same results.

The experiment consisted of two parts. In the first
part of the experiment, the artificial atom of "hydrogen"
implemented only the function of the "source". In the
second part of the experiment, the artificial "hydrogen"
atom, after joining the "oxygen" atom, also performed the
function of a "sink".

In experiments, artificial atoms performed only the
simplest operations on the data. The artificial atom of
"oxygen" received messages coming through the "sinks"
and placed the messages in the log. An artificial atom of
"hydrogen" received messages through a "sink" (if there was
one), added its own message and transmitted all of them
further through a socket simulating a "source".

The results of the experiments are presented in
fig. 2 and 3.

1648500413 - (2,3) - 19159
1648500418 - (2,3) - 19159
1648500433 - (2,2) - 19159
1648500448 - (1,2) - 19159
1648500473 - (2,3) - 19159
1648500478 - (2,3) - 19159
1648500483 - (0,1) - 19159
1648500488 - (0,1) - 19159
1648500493 - (0,1) - 19159
1648500498 - (0,1) - 19159
1648500503 - (0,1) - 19159 19152
1648500508 - (0,1) - 19159 19152
1648500523 - (2,0) - 19150 19159
1648500533 - (2,0) - 19159 19150
1648500538 - (2,0) - 19150 19159
1648500543 - (2,0) - 19154 19159
1648500548 - (2,0) - 19154 19159
1648500553 - (2,0) - 19154 19159
1648500558 - (2,0) - 19154 19159
1648500563 - (2,0) - 19159 19154
1648500568 - (2,0) - 19154 19159
1648500573 - (2,2) - 19159
1648500578 - (2,2) - 19159 19154
1648500583 - (3,3) - 19159
1648500588 - (3,1) - 19159
1648500593 - (3,1) - 19159 19154

Fig. 2. A fragment of log registering movements of process with
PID = 19159 (artificial "hydrogen" atom)
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1651251751 - (1,1) - <H-4397->

1651251753 - (1,1) - <H-4379-> <H-4397->
1651251755 - (1,1) - <H-4397-H-4437->
1651251757 - (1,1) - <H-4380-> <H-4397-H-4441->
1651251759 - (1,1) - <H-4380-H-4401-> <H-4397-H-4441->
1651251787 - (0,1) - <H-4397-> <H-4391->
1651251797 - (1,1) - <H-4397-> <H-4389->
1651251799 - (1,1) - <H-4397->

1651251801 - (1,1) - <H-4397-> <H-4405->
1651251803 - (0,0) - <H-4389-> <H-4397->
1651251803 - (1,0) - <H-4397->

1651251805 - (0,0) - <H-4397->

1651251805 - (1,0) - <H-4397-> <H-4378->
1651251807 - (0,0) - <H-4378-> <H-4397->

Fig. 3. A fragment of log registering movements of process with
PID = 4397 (a configuration with two "sleeves" is present)

3. Results and discussion

An example of the results for the first part of experi-
ment is shown in fig. 2. This figure shows a fragment of
the event log. This event log illustrates the history of the
movement of a single artificial atom of "hydrogen". This
atom is modeled by a process with the identifier (PID)
19159. The first column represents a time coordinate; the
second column represents spatial coordinates (pairs of
numbers given in parentheses). The third column contains
the PIDs of processes representing "hydrogen" atoms and
attached to the same "oxygen" atom in the same spatial
cell. One of the PIDs in the sequence is always equal to
19159, since the behavior of this particular process is be-
ing investigated.

This fragment of the log proves that spontancous for-
mation of "hydroxide" (fig. 1, ¢) and "water" (fig. 1, d)
molecules is possible, and the molecules are quite
stable. We see repetitive combinations of {19159, 19154},
{19159, 19150} and {19159, 19152}. From 1648500503
to 1648500508, and from 1648500523 to 1648500568,
there were "water" molecules in the cells (0,1) and (2,0),
respectively. The chemical composition of these molecules
is constant, although the atoms forming them change.

For the second part of experiment, we have modified
the form of data output. The conditions of this part of
the experiment allow each atom of "hydrogen" attached to
an atom of "oxygen" to attract other atoms of "hydrogen".
Consequently, the formation of the molecules shown in
fig. 1, fand fig. 1, g is possible under such conditions.

The most complicated configuration of the molecule
has become similar to that shown in fig. 1, g. This is a con-
figuration consisting of two "sleeves”" coming out of a com-
mon centre. Each "sleeve" is represented as a sequence of
"H" symbols denoting "hydrogen" and the PIDs of the cor-
responding processes. In addition, any of these sequences
are enclosed in angle brackets. A log fragment illustrat-
ing configurations involving a process with PID = 4397
is shown in fig. 3. It is obvious that at the moment of
1651251759, a configuration with two "sleeves", each of
two molecules, has been registered.

Analyzing the results of the experiments, we should
note that simple programs equipped with standard inter-
action mechanisms can spontaneously and unintention-
ally combine into complex structures. These structures
are more obvious and strongly related than those observed
in [8]. There are direct explicit connections between
simple programs in such structures, unlike those ob-
served in [8].

The attraction between reacting program components
is obviously present. Asymmetry and selectivity of interac-
tions are also present in the model, but the repulsive force
is still implicitly represented. It is present as the impos-
sibility of attraction.

All types of complex artificial molecules shown in fig. 1
can emerge in the model, with the exception of "polymer
hydrogen" (fig. 1, e). The reason is the high mobility of
"hydrogen" in the model.

In the model, there is one type of atoms that give up
electrons ("hydrogen"), and two types of atoms that accept
electrons (both "hydrogen" and "oxygen"). This creates
an asymmetry towards the predominance of a positive
charge. As a result, the artificial model "hydroxide" is obvi-
ously positively charged, whereas in nature it is an anion.
Hydrogen bonds between molecules are not possible in
the model, the obstacle is also related to the problem of
charge representation.

In general, this model is only the first approximation
on the way to creating artificial chemistry, in which de-
veloped program structures can be spontaneously formed
from relatively independent components. The model as
a whole and the artificial atom model need further im-
provement.

Conclusions

In this article, we proposed a general concept of an
artificial chemistry model capable of reproducing spon-
taneous interactions between individual programs (func-
tions) performed by independent processes. This concept
includes the algebra of "sinks-and-sources” that allow to
describe the rules for the self-formation of programs. Com-
pared with A-calculus [15], this algebra allows forming
programs with arbitrary structures.

The proposed general concept leads to the formulation
of the concept of an artificial atom and H,O model, an
instance model necessary for conducting experiments in
order to prove the possibility of spontaneous self-formation
of complex programs from simpler ones.

We have also introduced graphic notation describing
the formation of complex molecules from atoms by means
of interconnections through "sinks" and "sources". This
notation is a graphic representation of the "sinks-and-
sources” algebra.

To test our theory, we have developed three types of in-
teracting program components. They come in pure "sink"
and "source" types or a hybrid "sink-and-source” type.

Due to the interactions during the experiments, these
components spontaneously and unintentionally combined
into more complex program structures. The resulting
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structures can only pump data through themselves, but
in the future their functionality may be developed.

The results of the experiments show that the main
hypothesis of this article is correct and such spontaneous
self-formation of program structures is actually possible
under given conditions. The main purpose of the presented
study has been achieved.

The results obtained are important for software engi-
neering in order to increase the efficiency of the software
development process and to make software flexible and
capable of self-improvement during its life cycle. These
results are also necessary for research in the fields of
artificial life and artificial intelligence to study the self-
formation of logical and program structures.

Many models of artificial chemistry are focused on
the study and reproduction of reaction systems occurring
in the real world and living systems. Examples of such
models can be found in [1, 2, 6, 7, 16]. An example of
software created on the basis of such a model of artificial
chemistry and intended for chemical research is given in
chapter 10 in [7].

However, our proposed model is one of the few mod-
els focused on the creation of new software engineering
paradigms and technologies. The advantage of this model
is that it allows compatibility with popular imperative
programming tools and can be used for a wide range of
applications.

But in general, the proposed models need more re-
finement. It is also necessary to continue the search for
means to represent the repulsive force in a more obvious
way. These questions provide material for further research.
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CTpyKTYpHAA MOpndINKALNA KOHEYHOTO ABTOMATA
ANA pewenna npobnembl IKCNOHEHMANbHOTO B3pbIBA

B pside cospemeHHbIx MPpuioxeHul, makux Kak cucmembl 06HapyXxeHus U npedyrnpexxoeHusi 8Mopxe-
Hul, 3KcrepmHbie 3HaHusi hopMasniu3yromcs 8 sude peaynsipHbIX 8blpakeHul, rnocre 4eao npogsooumcsi
rnposepka npuHadnexHocmu crioea peayrsipHoOMy 3bIKy KOHeYHbIM agsmomamom. [lpu amom 3adaya
MOHUXXEHUSI MPOCMPaHCcmMe8eHHOU CII0XKHOCMU MpuU coxpaHeHUU HU3KOoU 8peMeHHOU CIOXHOCMU KpaliHe
akmyarbHa. [lpedcmasneH 0630p co8peMeHHbIX peuweHuli daHHOU 3adayu, OCHOBHOU udeell KOmopbIX
sensemcs nepexod om abcmpakmHo20 KOHEYHO20 asmomMama, rnpedcmaesrieHHo20 mabniudyHo 3adaH-
HolU ¢hyHKyuel nepexodo8, K CMPyKmMypHOMY agmomamy, KOMOUHUpyrouwemMmy abcmpakmHyr 4acme,
XPaHAWYCS 8 namsamu, U pasfiudHbie 0obasku murna 6umosbix Maccugos U CHeMYUKO8.

Knrouyeeble crioea: KOHEYHbIU agmomam, 3KCoHeHUUasbHbIl 83pbie, cemeeable cucmeMbl 06Hapyxe-
HUS1 8MOPXXEHUSI, CMPYyKMypHasi ClIOXKHOCMb, MOHUXEHUE CITI0XHOCMU, peaysisipHble 3bIKU, pe2yrsipHble

8blpaxkeHusi

BBeneHune

IIpyHaaIEeXHOCTh CJIOBA PETYJSIPHOMY SI3BIKY
WCIIOJIb3YETCSI B LIMPOKOM CITIEKTPE CETEeBbIX CIYXKO
U CJIyX0 6e30MacHOCTU Ha OOJBIIMHCTBE CETEBBIX
YCTPOMCTB, TAKMX KaK MaplIpyTU3aTOPhl, MEKCETEBbIE
9KpaHbl, KOMMYTATOPHI YPOBHS 7 M CETEBBIE CUCTEMBI
obHapyxeHus1 BropxkeHuss (CCOB).

Hanubsie CCOB 3auacTyo MHTErpUpoOBaHEI ¢ Oa-
3aMM PETYISPHBIX BBIPaXKEHUM, COCTABIISIIONINX PETY-
JISIPHBIN S3bIK, ONMUCHIBAIOIINYI MTpU3HaKK aTak. JleTek-
TUPOBaHUE BTOPKEHUST MPOBOAUTCS MYTEM MPOBEPKU
TpaduKa Ha HaJUYUE CJOB, MPUHAIEKAIIUX JTAHHOMY
peryisipHomy s3bIKy. bosbiimHcTBo CCOB ¢ OTKpbI-
ThIM UCXOAHBIM KOJAOM, TaKMe KakK Snort, UCIOJb3YIOT
cUTrHaTypHble 6a3bl Perl-coBMeCTUMBIX PEryJIsSIpHBIX BbI-
paxkeHU# 11 peaau3alliy aHajr3a ceTeBoro Tpaduka.
OdhEeKTUBHOCTD UCIIOIb30BaHMS MAMSITH B aJITOPUTMAaX
00paboTKM ceTeBoro Tpaduka B CETEBbIX YCTPOMCTBAX
SIBJISIETCA KPUTUUYECKOM XapaKTEPpUCTUKOM B CUJTY IIPeI-
MOYTUTEJIBHOTO JIJIS CKOPOCTH UCIOJIb30BaHU S TaHHbI-
MU YCTPOUCTBAMU MPEUMYILIECTBEHHO CTAaTUUYECKOM
MaMsITU ¢ IPOU3BOJBHEIM J0CcTynoM (SRAM).

Ha 2022 r. npoBepka NpuHaAJEXHOCTU CJIOBa
B Tpaduke peryasipHomMy s13bIKy 0osbiinHcTBa CCOB
MpeacTaBsieT CJA0XKHOCTb MPU UCIIOJIb30BAaHUU KJlac-
CHUYECKOTO MeTOoAa — Pacrlo3HaBaHUS S3bIKa JACTEPMU-
HUPOBAHHBIM KOHEeUHbIM aBToMaToM (IKA). TTprun-
HO JaHHOM CJIOXXHOCTH SIBJISIETCS YBEJIMUEHUE YuCa

cocTosiHUI pacnio3Hawlero JIKA, 4To KpuTUYHO 181
MaMsITU CUCTEMbl OOHAPYXKEHMSI BTOPXKEHU.

B nmpakTryeckoM MCTIOIb30BAaHUU KOHEYHBIE aBTO-
Mathl B coctaBe CCOB MoryT KOMOMHUPOBATHCS C 10-
MOJHUTENbHBIMU annapaTHbIMU 3J€EMEHTaMM, TUIa
CYETYMKOB, OMTOBBIX MAaCCUBOB, MEPEXONOB MEXIY
MEIJICHHOM 1 OBICTPOI TTaMSIThIO U IPYTUMH SJIEMEH-
taMu. B naHHoO# paboTe nmpuBeaeH 0030p BapuaHTOB
CTPYKTYpPHOI MoaudUKallMM KOHEYHOTO aBTOMaTta
IUIST pellleHUsT po0JIeMBbl yBeJIMUEHEe YKCIa COCTO-
sIHUM pacno3Hatolero JKA.

¢opmaanble NMOHATUA U onpeageneHusn

OCHOBHBIE OIpeaeeHUs] TaHbl B COOTBETCTBUU
¢ paboramu [1, 2]

A3k M, M< A™\{\}, Ha3bIBaeTCI PETYJISPHBIM,
€CIIM eT0 MOXHO TTOTYIUTh IPUMEHEHHEM KOHEUHO-
ro ymucia onepauuili oobeAMHEHUsI, TPOU3BEACHUS
U UTepalluy Hall PETyJISIpHBIMU SI3bIKaMU BUAa J, {a},
ae A. ®opMabHO, PETYIISIPHBIN A3BIK Ha ajhaBUTOM A
3aJaeTCsl PEKYPCUBHO:

1) &, {A} u {a} — peryasipHble SI3bIKU, TAC A — My-
CTOE CJIOBO, ac A;

2) ecnmu M| u M, — perynspHbIe I3bIKH, TO 00b-
enuueHust MU M, = {o;Ua,| oy € M;, 0, e M,} 11 KOH-
xareHauus M, -M, = {aj0, | a;e M, aye M)} 93bIKOB
M, n M,, a TakXe uTepauusa UM 3Be3na KiauHn
My = (MU {oy .0, | o,e My, ie N} — peryasipHbie

MporpammHas uHxeHepus. Tom 13, Ne 9, 2022




SI3BIKU, TIIe PETYIASIPHOCTD SI3bIKa YCTAaHABIMBACTCS 3a
KOHEYHOE YMCJIO onepaluii 00beAnHEHUsI, KOHKaTe-
Hauuu U urtepauuu [1, 2].

Dopmyny, KoTopast OTIMCHEIBAET TOCIECIOBATEIb-
HOCTb Ofepaluii, IpUHSATO Ha3bIBaTh "pEryasipHbIM
BbIpaxkeHUeM", 3a1al0IIMM TaHHBII PEryIsIpHBIN SI3bIK.
®opMaTbHO, PeTyISIpHBIC BHIPaXKeHMS TIPEACTABISIOT
coboii cioBa Haj angasutom AU {U, (,), *, *}, onpe-
JeJsieMble CIAeAYIoIMM 00pa3oMm:

1) &, X, a — peryJsipHble BbIpaXeHusl, TIe ac< A;

2) ecnu R, R, — perynspHbIe BBIPaXEHUS, TO CJIO-
Ba (R,U R,), (R;'R,), (R))* — perynsipHble BbIpaxkKeHUsI.

PerynspHblii 136K, 3aJaBa€MbIil PETYISPHBIM BbI-
pakeHueM, OMpelesieTcsI eCTECTBEHHBIM 00pa3oM,
IyTeM BBITTOJTHEHUS TTOCIeN0BATEILHOCTH OTIe palit
00beAMHEHM S, KOHKaTeHallMd U UTepalluu, 3adaBa-
€MOM TaHHBIM PETYJISIPHBIM BBIPAaXECHHEM.

Ha npakTtuke B 6a3ax Snort, Zeek, Cisco pery-
JISpHbIE BbIpaXK€HU S MPEACTABISIOT C MCIOJb30-
BanueM Hotauuu PCRE (Perl Compatible Regular
Expressions) [3]. IIpuBenem PCRE-0603HaueHus1, KO-
TOpble OyJeM UCIOJb30BaTh B paboTe:

" — MPOM3BOJIbHBIII CUMBOJ U3 an(aBUTa;

"*" — HOJb UM O0JIee BXOXIEHUI TTPON3BOIILHOTO
CUMBOJIa U3 aJ(haBUTa;

"a+" — omHO naM O6oJiee BXOXIEeHUN "a";

"{n}" — 4uCIO BXOXIECHUI, paBHOE 7;

"{n, m}" — 4YNUCIO BXOXIECHUI OT 1 IO M,

"' — mormyeckoe "o0begUMHEHUE'

nAN n__ v

, "—" — joruyeckoe "He";

"[1" — rpymnmoBoii CUMBOJ;
"[0—9]" — nr0060i1 LMbPOBOI CUMBOI;
"[A — Za — z0 — 9]" — mio6oil OYyKBEHHBIN WU

HU(ppPOBOI CUMBOJIL.

®opmansho, KA VHassiBaeTcsa Habop V= (4, O,
Op, 0), Tne A# & — BXonHoM andasut; QO+ J — KO-
HEYHOE MHOXECTBO COCTOSIHUMN; Qp O — MHOXECTBO
3aKJIOYUTEbHbIX COCTOSSHUI; ¢ — (DYHKUUS mepe-
X010B; ¢: AXQ— Q.

MHunmManbHbIl KOHEYHBIN aBTOMAT UMEET OTACIb-
HO BBIJICJICHHOE HavaJIbHOE COCTOSIHHME, B KOTOPOM
HauuHaeTcs paborta aBTomara: V= (4, O, Qp, ¢), e
gy — HayaJlbHOE COCTOSIHUE aBTOMaTa; ¢ < Q.

HeneTepMuHUpOBAaHHBINM KOHEUYHBI aBTOMAT
(HOKA) nmo3BoJisieT OCyIIeCTBSATh Mepexo U3 OIHO-
IO M TOT'O K€ COCTOSIHU A IO IeHCTBUEM OIHOMN U TOM
2Ke OYKBBI B pa3HbIE COCTOSIHUS U MIPEACTaBIIsIeT COOOM
Habop V= (4, O, Op, ¢, qy), TAe A# < — BXOIHOU
andaBut; Q# & — KOHEYHOE MHOXECTBO COCTOSTHUIA;
Opc O — MHOXECTBO 3aKJIIOYUTEIBbHBIX COCTOSHUI;
¢ — dyHKLMs mepexonos, ¢: AXQ— 2°\{T}; gpe O —
HavyaJbHOE COCTOSHHWE aBTOMATA.

CoracHo TeopeMe 00 3KBMBaJIECHTHOCTU AETEPMU-
HUPOBAHHBIX U HEAETEPMUHUPOBAHHBIX KOHEUYHBIX

aBTOMATOB, BCAKUU SI3bIK MPUHUMAETCSI HEKOTOPBIM
HOKA Torma m ToJIbKO TOIia, KOrma 3TOT SI3bIK ITPU-
HuMaeTcst HekoTopeiM JIKA [4, 5]. Kpome Toro, cy-
LIeCTByeT aJropuT™ noctpoenusa u3z HJIKA skBuBa-
nentHoro emy KA [4, 5].

KoHeuHble aBTOMAThl paccMaTpuBalOTCI Kak
YCTPOIMCTBA, paclo3HawlIue (U IpuHUMaloIIe) He-
KOTOpPbIE MHOXECTBA BXOTHBIX CJIOB HaJ KOHEUYHBIM
andasutoM. [TonmHoxecTBO M, Mc A*\{)\}, rne L —
MyCTOE CJIOBO, Ha3bIBAIOT SI3bIKOM Haj ajipaBUTOM
A[L 2]. lyers V, = (A4, O, Op, 9, ¢p) — MHULIHATBHbII
aBromar, Ozc 0. MHOXecTBO M (43bIK M) = {o: ace A%,
¢0(g, o) € Qp} Ha3bIBaeTCA NMPEACTABUMBIM B aBTOMATe
V, ¢ TIOMOILIbIO TIOAMHOXECTBA 3aKJIIOYMTEbHBIX CO-
CTOSIHUI Qp, WK TOBOPUM, YTO aBTOMAT ¥, MpuHU-
MaeT M nocpeactBoM Qp. MHoXecTBO M (s13bIK M)
Ha3bIBACTCS TIPEACTABUMBIM.

B poccuiickoit ntuteparype npeactaBieHuUe si3blKa
MMPOBOAUTCS HE TMOCPENCTBOM COCTOSIHUM, a Tocpe-
cTBoM BbIxonioB [1, 2]. Ilycte V, = (4, O, B, 9, v, q)) —
WHULMANbHBIM aBTOMAT, Tae A # & — BXOAHOK ali-
¢aBuT; Q# I — KOHEYHOE MHOXECTBO COCTOSIHUIA;
B — BbIxonHOI andaBuT; ¢ — GYHKIIUS NIEPEXOI0B, ¢:
AXQ—Q; y — PyHKUMS BBIXOAOB; y: AXQ—B. MHo-
xecTBo M (s13blk M) = {a: ae A% y(q, a)e B' B'c B}
Ha3bIBaeTCH MPENCTABUMBIM B aBTOMare V, ¢ momo-
IIBIO MOAMHOXeCTBA B’ BXOMHBIX CUMBOJIOB, MJIM TOBO-
puM, 4To aBroMar ¥, npuHuMaer M nocpeactsoM B’
PacriozHaBaHume OCPEICTBOM BBIXOAOB MJIU TTOCPEI-
CTBOM PacCroO3HaBaHUS COCTOSTHUSIMU SIBJISIETCS K-
BUBAJICHTHBIM [, 2].

B npukiiagHoit 3amaye NpoBEpKU MPUHAAIEKHO-
CTU CJIOBA PETYJSIPHOMY SI3bIKY 3HAUMMBbIM SIBJISIETCS
MMPOCTPAHCTBEHHAS CJIOXHOCTb peajn3yolIero npo-
BepKy KoHeuHoro aBTomata (KA) — uucio coctosiHuit
pacrnozHaroiiero KA (1 o0beM He0OXomMMO IS ITPO-
BEpPKU MaMsTH), 1 BpeMeHHas CJ0KHOCTh paclo3HaBa-
HUSI — YHUCJIO MEePEXOJ0B U3 OJHOIO COCTOSIHUS B APY-
roe (COOTBETCTBYIOLIMX TakTaM padoTel KA). ITpuHsaTo
CYUTATh, YTO BEIUMCIICHUE 3HAUCHU S (QYHKIIUM TIepe-
XOIOB aBTOMAaTa MMEET KOHCTAHTHYIO CIOXHOCTb —
CBOIMTCS K M3BJICUCHUIO 3HAYCHUS U3 TTAMSITU.

JeTepMUHUPOBAHHBIM KOHEUHOU aBTOMAT MMEET
ONTUMAJILHYIO MO MOPSIAKY BPEMEHHYIO CJIOXHOCTb,
OJTHAKO YMCJIO COCTOSIHU I aBTOMAaTa (IpOCTPaHCTBEH-
Hasl CJIOKHOCTb) MOXET PacTU SKCIIOHEHLMATbHO OT
JUTMHBI PEryJsSIPHOIO BhIpaXKeHUS.

HenetepMuHUpoBaHHBII KOHEUHBII aBTOMAT 00J1a-
JaeT HU3KOM MPOCTPAHCTBEHHOM CJIOXXHOCTBIO, TMHEMN-
HO 3aBHCUMOM OT IJIMHBI PEryJsipHOTO BbIPpaXKEHMSI.
I1pu aTOM BpeMeHHasI CIIOXKHOCTb SIBJISIETCSI OCHOBHBIM
HemoctatkoM HJIIKA, Tak Kak BpeMs1 00pabOTKU OIHO-
ro CMMBOJIA BXOTHOTO CJIOBAa, BOOOIIE TOBOPSI, TaKXKe
JIMHEHO 3aBUCUT OT IJIMHBI PETYJISIPHOTO BBIPAKEHMSI.

MporpammHas uHxeHepusa. Tom 13, Ne 9, 2022




IIpu nepexonae OT HeAETEPMUHUPOBAHHOIO aBTO-
MaTa K JeTepMUHUPOBAHHOMY BpEMEHHasl CJI0XKHOCTh
00pabOTKM BXOJHOI'0 CUMBOJIa CTAHOBUTCSI KOHCTAHT-
Hoii. OmHaKo B OOIIEM ciaydyae IIpyd BXOOHOM ajda-
BUTE MOLIHOCTY OoJiee MM PaBHOU IBYM MOLIHOCTD
MHOXECTBA COCTOSIHUI 3KCITOHEHIIUAJIbHO BO3PaCTaeT
OT JUIMHBI PEryJsspHBIX BbIpaxkeHuii [1, 2, 6].

CBsI3b MEXY PETYJISIPHBIM SI3bIKOM M aBTOMATOM
onuchiBaeTcsl TeopeMoii KIIMHU: CIOBO JIEXUT B SI3bI-
Ke TOrJa M TOJIBKO TOIJAa, KOrJa 3aKJIIOYHUTEIbHOE
COCTOSTHME COOTBETCTBYIOIIEIO aBTOMATA JIEKUT B BbI-
JIeJICHHOM TTOJMHOXECTBE.

I'Ipo6nema dKCNOHeHUMnarnbHO pacTtyuwiero
Yyucrna coCTOSAHMN KOHEeYHOro aBTomMmara

B npukiianHbIX 3agadyax pacrno3HaBaHMs peryisip-
HOTO $13bIKa 3HAYUTEJbHON MPOOJIEMON SIBJISIETCS MTPO-
OsieMa SKCMOHEHIMAJbHO PACTYLIEr0 YUCIa COCTOS-
Hui pacnosHatoiiero KA oT AauHBI peryasipHbIX
BBIpaXKEHU I pacrno3HaBaeMoro s3bika [1, 6].

K mpusHakam, BbI3bIBAIOIIMM 3KCITOHEHIIMAIbHbIH
B3pbIB, OTHOCSITCS: UCIOJIb30BAHUE B PETYJISIPHBIX BbI-
paxkeHUsIx couetaHuii "+" u "*" u "cunrtaromumx" BbI-
paxeHuit tuna "{n}" u "[—al{n}".

OTaesibHOE BHUMAHUE YACSIETCS TPOo0IeMe 3KCIO-
HEHIIMaJIbHOTO B3phIBa IJISI SI3bIKA U:’Zl (. * oy * B *),
rae oy, B; — HEIycThle c10Ba B andasure A. U3BecTHO,
4YTO B OOLIEM cliyyae JJisl TIpelcTaBAeHUs si3blKa U3
JAHHOTO KJjacca TpebyeTcsl 3KCIOHEHIIMAIbHOE 10 #
yucyio coctrosHuit KA [7].

ITpoGaemoit 3KCMOHEHIIMAJIbHOTO B3pbiBa HUCCIIE-
JoBateau 3aHuMawTcs 6osiee 20 net. CyllecTBYOT
cJenylolue TP OCHOBHBIX MOAX0AA K PEIIEHUIO ITOM
npo0yieMHbl ¢ ucnojb3oBaHueM KA.

e OrpaHuuyeHUe Ha CUTHATYPhI, 3aJjaBaeMble 3KC-
neptaMu. JJaHHBI MeTON Mpeanojaraet SKCepTHHII
noa0o0p perysspHbIX BbIpaKeHUH, TO3BOISIOLINI CO-
KpaTUTh YUCIO0 coCcTOsHUN naHHoro KA. MuHycom
JIaHHOTO MOJAX0/a SIBJSIOTCS HU3Kasl aBTOMAaTU3alu sl
Moaxoaa W ero BhICOKasi TpyAoeMKocCThb. [Ipu atom
BO3MOXHO KaK paclIMpeHue, TaK U Cy>KeHHUe PacIio3-
HABaeMOTro sI3bIKa MOCJE SKCIMEPTHON pabOTHI.

e Moaudbuxkalys pacrio3HaBaeMOro peryasipHoOro
sg3bIKa. JlaHHBIN MOmXOod IpedroaraeT MosiBJIeHUE
B pELIEHUM MPaKTUUYECKOW 3a7auyu pacrio3HaBaHUS
OIIMOOK MepBOro M BTOporo pozaa. Ilpu atom Me-
TOI AaeT 3HAUYMMOE C IMPAKTUUYECKON TOUKU 3PEHUS
yMeHbIlIeHWE cI0XHOCTU KA 3a cyeT paciimpeHus
peryasipHbIX SI3bIKOB [8].

o Moaudukauus ctpyktypbl KA. JlaHHbIN TIOA-
XOJI 3aKJII04aeTcsl B MonuguKauuu CTpykTypsl KA 6e3
W3MEHEHHUsI paclo3HaBaeMoOro s3blKa W MOXET ObIThb
peaau30BaH:

— kak mogudukauusg KA yepe3 mpuMeHeHUE ai-
TOPUTMOB cxxaTus [9];

— kKak Moaudukauusa cTpykTtypbel KA depes
JI00aBJIeHUE CIelMaTbHBIX CTPYKTYPHBIX 3JIEMEHTOB.

B Hacroguieit pabote nmpeaMeToM MHTEpeca SiB-
nsercsa Moaudukanus cTpyktypsl KA yepes mo-
OaBJjieHUE CIeLMaJIbHBIX CTPYKTYPHBIX 3JIEMEHTOB,
KOTOpasi He TpeOyeT M3MEeHEeHUs pacno3HaBaeMOro
sI3bIKA.

CyuwecTByloLMe CTPYKTYpPHbIe pacluupeHus
KOHEeYHbIX aBTOMaToB

CaMbIMHU pacIpoOCTpaHEHHBIM CTPYKTYPHBIMU
JeMEHTAaMM, PacIIUPSIOMIMMHU BO3MOXHOCTU KA,
SIBJSIFOTCSI CYETUYMKU U AOTMOJHUTENbHBIC 3JIEMEHTHI
nmaMsTH, XpaHsllue ornpeaeeHHble cBoiicTBa KA.
B manHoOM pasmese mpuBeneH CIIUCOK CYIIeCTBYIOMINX
PELIEHU1, OCHOBHOM UIEEN KOTOPBIX SABJSIETCSA IEpe-
XoJ oT abcTpakTHOro KA, mpeacraBieHHOro Tabauy-
HO 33/IJaHHOU PYHKIIMENH NepexoaoB, K CTPYKTYPHOMY
aBTOMaTy, KOMOMHUPYWOIIEeMy a0CTpakKTHYIO 4acThb,
XpaHSIUIYIOCS B MaMSITH, U pa3JIMyHble 10OaBKU TUIA
OMTOBBIX MAaCCHUBOB, CUETUMKOB, noacxeM. [Ipu atom
MIPOCTPAHCTBEHHAS CJIOXHOCTBH OIpeaessieTcs Kak
cyMMa oO0bema MamsiTH, 3aHUMaeMoil abCTpaKTHOM
YacThlo, ¥ CyMMa CJIOKHOCTeH 1006aBOK (T. €. cxeMHas
CJIOKHOCTD). DKCMOHEHIIMAJIBbHOE YUCIO COCTOSTHUU
MepeMellaeTcs B CTPYKTYPHYIO YacThb, TaK 4TO 00111ast
CJIOXKHOCTb OCTaeTCsl MPUEMJIEMOIA.

BBengem TepMuH "MeTacoCTOSHME KOHEUYHOTO
aBToMara’. MeTacocTossHUEe KOHEYHOTO aBToMara —
JIOTOJIHUTENbHBIN TapaMeTp KA B Habope, onuchiBa-
IOLLMIA TOTTOJTHUTENIbHbIE CTPYKTYPHbBIE 271eMeHThl KA.

JleTepMMHUPOBAHHBINI a0CTPAaKTHBIM KOHEYHBIM
aBTOMAaTOM C METAacOCTOSIHMEM Ha3blBaeTcsl Habop
V=1(A4, O, 0, M, ¢, ®), tne A, Q, Qp, M — KOHEUHBIE
MHOXECTBa: BXOOHOI andaBuT, aja¢gaBUT COCTOSIHUIA,
MOAMHOXECTBA 3aKJIOUUTEIbHBIX COCTOSIHUY 1 asida-
BUT METACOCTOSIHUI COOTBETCTBEHHO; ¢ — (PYHKIIUS
nepexonoB, ¢: A X Q@ X M— Q; ® — PYyHKIMS CMEHBI
METacoCTOSIHUS, w: A X Q X M— M.

XpaHeHue 3HaYeH U TOTOJHUTEIBHOTO TTapaMeTpa
KA, oTBeyarwlero 3a BblAeJIEHUE METAaCOCTOSIHUM,
yalle BCEro OCYIIECTBISIETCS MOCPEICTBOM OTAENIb-
HBIX OMTOB, OMTOBBIX MAaCCHUBOB, OMTOBBIX MaCOK
1 CYETYMKOB. DKCIMOHEHIIMAJIbHOE YUCIIO COCTOSTHU I
repemMelaeTcs B CTPYKTYPHYIO 4acTh, TaK UTO 00Iast
CJIOKHOCTb ocTaercs npuemiiemoit. HarnsimHo Takoe
CTPYKTYPHOE TepecTpoeHre OyIeT U3JI0KEHO HUXKeE.

PaccMoTpuM cyuiecTByIolIMe TIPUHILIMITUATbHbIE
pelieHus Tpo6aeMbl 3KCITOHEHIIMAJIbHOTO B3pbIBa
C UCTNOJb30BAHUEM JOMOJHUTEIbHBIX CTPYKTYPHBIX
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JeoliHoli KOHeYHbIll aemoMam C Ucrosib308aHuUeM
6bicmpoll u MedsieHHOU namMssmu

3aHMMasAgch MpoOIeMOl 3KCMOHEHIIMAJIBHOTO
B3pbIBa B MPUJIOXKEHUHU K pACIIO3HABAHUIO BPEIOHOC-
Horo Tpaduka, Kymap u coaBropsl [10] BBOAIT He-
CKOJIbKO MIOHSITUH, XapaKTepU3YIOIINX HEAOCTATKH
ucnojb3oBaHus Kiaccuueckoro JIKA B KoHTekcTe
npo0eMbl BKCIIOHeHIMabHOT0 B3phiBa. Tak, "0ec-
COHHUIIEHN" (B OpUTUHAIE insomnia) aBTOPHI Ha3bI-
BalOT PacTOYUTEIbHOE XpaHEeHUE BCEX COCTOSHUI
aBTOMaTa, BHE 3aBUCHUMOCTU OT BEPOSITHOCTU MX
aktTuBauuu [10].

HeticTBuTeNIbHO, ITpu aHanu3e Tpaduka KA 60jb-
LLIMHCTBO COCTOSIHUM aKTUBUPYIOTCSI PEIKO, U BEPO-
SITHOCTb aKTUBALIMU COCTOSIHUS TafaeT Mo Mepe yaa-
JIEHUSI OT HadaJIbHOro coctosiHusa KA.

ABTOpaMU TIpeajiaraeTcs AeJUTh PEryIsIpHOE BbI-
paxeHue Ha TpePUKCHYIO U Cy(GGUKCHYIO YaCcTH, KO-
TOpBIE OMNpPEACISIIOTCSI BEpOSITHOCThIO mepexoma KA
B COCTOSIHUSI, COOTBETCTBYIONINE CY(PPUKCHOM YacTu.
K BBICOKOBEPOSITHBIM COCTOSIHUSIM OTHOCSIT COCTOSI-
HUSI, ONMChIBAOIIMECS MpedUKCaMU PeryasipHbIX BbI-
paXkeHUii, K MaJIOBEPOSITHBIM COCTOSTHUSIM OTHOCSIT-
cs Te, KOTOPEIE OMMUCHIBAIOTCS XBOCTOBBIMU YaCTIMHK
(cydbdpukcamMm) peryasipHbIX BbIpakeHUil. ABTOpaMu
npeajiaraeTcs XpaHUTh IepeXoabl B BLICOKOBEPOSIT-
Hble cocTosiHUsl [IK A B ObICTpOIt MaMsITH, a TePeXo/bl
B MaJIOBEPOSITHBIE COCTOSIHUSI — "B COCTOSIHMU CHA"
(B MmenyieHHoIt nmamsitu). IlepeknioueHue U3 ObICTPOIL
MaMSITH B MEIUICHHYIO JOJKHO OCYIIEeCTBISATHCS ITPH
HeoO0XOIMMOCTH — IIpU cpabaTbiBaHUU Tpurrepa. [1pn

IS,

5TOM TPUITEPOM SIBJISETCS pacno3HaBaHue Mpedurkca
noacjaoBa ObicTpoil yacThio JIKA.

CTpYKTYPHBIM 3JIEMEHTOM PELIEHUSI SIBJISETCS Me/I-
JIEHHAsI MaMsITh C MepeKoyaTeNIsIMU MEXy ObICTpOi
U MeIJIEHHOH MaMsThio. OCOOEHHOCTh TAKOrO XpaHe-
HUSI COCTOSTHMIA 1aeT BBITOMY 110 00beMy 3aTpayriBaeMOoi
OBICTPOI MTaMSITH, TIPU 3TOM OOpallieHre K MeIJIeHHON
MaMsITU 3aMeIsIeT paboTy JTaHHOM KOHCTPYKUMU TTPU
cpaBHeHUU ¢ Kiaccudeckum JIKA. OnHako nipeaBapu-
TEJbHBIA CTaTUCTUYECKUI aHaIu3 Tpaduka MO3BOJISI-
€T CHU3UTh HEOOXOAMMOCTb OOpallleHUsT K MeIJIeHHON
namMsaTU. TakuM oOpa3oM, KOHCTPYKIMS ITO3BOJISIET
CHU3UTbh 00BbEM 3aTpaurBaeMoOil ObICTPOM TaMsITU Oe3
CYIIECTBEHHBIX BpEMEHHBIX ITOTEPh CKOPOCTU PAOOTHI.

Ha puc. 1 npuBeaeH npumep aBoiitHoro KA us
pabotel Kymap ¥ coaBTOpOB, MPUHUMAIOLIETO SI3BbIK
L, L = R{UR,U R;, IpencTaBIeHHBI 00beINHEHAEM
CIEAYIOIIUNX PETYISIPHBIX BbhIPaXKeHUIA:

R, =*[ghld[—gl*ge, R, =*fag|—il*il~jI*/, Ry =*algh]
i[—I]*[ae]c.

Monudukauus kiaccuyeckoro JJKA aBropamu
MpenyoXeHa ISl NpUKIaaHON 3aga4yu oOHaPYyXKEeHMsI
BTOpXXEHU I MpU aHaiIu3e Tpaduka, 1 cama Moaudu-
Kallusl OpUEHTUPYETCsS Ha TpeaBapUTEIbHBIN aHa-
JIU3 HOPMaJIbHOTO U BpeloHOCHOro Tpaduka. Bonpoc
0 pa3iesIeHUM COCTOSIHUM Ha BEPOSITHBIE M MaJIOBE-
pPOSITHBIE TIpeaJiaraeTcss aBTOpaMU pellaTb SMIIUpUYIe-
CKM, a UMEHHO Yepe3 paCCMOTPEHUE pacipencaeHMs
BEPOSITHOCTE Pa3IMUYHBIX BXOAHBIX CUMBOJOB S
KOHKPETHOTO TpaduKa, aHAJIU3UPYEeMOro yCTpPOii-
CTBOM C OMNKChIBaeMbIM aBToMaToM [10—12].

g CUT

=0 )

@ slow path automata

Puc. 1. /Inarpamma apoiinoro KA ¢ uzo0paxenmem ObICTpOii (C1eBa) M MeNJIEHHO# yacTeil (CmpaBa) maMsTH.
JnarpaMma coOTBEeTCTBYeT NpuHUMaeMoMy A3bIKy L, L = R, U R, U R;, R, =*[ghld[—gl*ge, R, =*fag[—i]*

i[~1%, R;

=.*a[ghli[—I]*[ae]c. Han cTpeakamu nmepexona oTMe4eHA BEPOSITHOCTH NMEPEX0a, MOJYUEHHAS NPH

npeABAPUTEIbHOM aHau3e TpaduKa, NBOHON JHHHMEH 0003HaYeHbI NIPUHUMAaIOMue cocTosnus [10]
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CrneayeT OTMETUTh, YTO B CUCTEME OOHAPYXKEHU S
BTOPXXEHUI, B COCTaB KOTOPOW BXOAUT IMPEIJIOKEH-
HbI nBonuHOI KA, TpeOyeTcs nmpeaBapuTeIbHO BbI-
YUCJISAITh BEPOSITHOCTh COBMNAaeHUSI MpeuKCOB pas-
HOHW MUJIMHBI IPU HOPMAaJbHOM UM aHOMaJbHOM Tpa-
(bvke U Ha OCHOBE TOJYYEHHBIX JaHHBIX XPAaHUTh
COCTOSIHUSI B MEIJIEHHOW MJIU OBICTPO MaMSTH.
Taxum oO6pa3oM, YTOOKI MCITOJIL30BaTh ABOMHON KA
B MPUKJIAAHON 3aJaye HEAOCTAaTOYHO MCIMOJIb30BaTh
CYIIECTBYIOIIYIO 0a3y peryasipHbIX BRIpaxKeHU M, Map-
KMPYIOIINX BPeTOHOCHBIN Tpaduk. Tpedyercd "moob-
YUYUTB' CUCTEMY Ha COOpaHHOM JaraceTe, rae Tpaduk
OymeT pa3MedyeH OTHOCUTEJIbHO YacTOThl aKTUBALIMK
cocTtosiHui cooTBeTcTBYIo1Iero KA. JlaHHoe cBOMi-
CTBO HECKOJILKO 3aTpyAHSIET UCTOJb30BAHUE UHTE-
PECHOTO pelleHusT KOJLJIET.

HdemepmuHupoeaHHbIl KOHEeYHbIU aemomam
¢ bumoebIM Maccueom

Cy11ecTBYeT HECKOJIBKO peIlIeHU, NCTIOIb3YIOIINX
JKA B KOMOMHAUMU C XpaHEHUEM JOINOJIHUTEIbHOM
WHGOPMAIINK B MTAMSITH B BUIEe OMTOBOTO MacCHBa.

JleTepMHUHMPOBAHHDIA KOHEYHbI ABTOMAT C NAMATHIO
(outoBpiM MaccmBoM). Hecrmocobnocts KA 3amoMu-
HaTh "HocelleHHble cocTosSHUA" Kymap M coaBTOpHI
Ha3bIBAIOT "aMHe3ueil” (B opuruHaje amnesia) U mpea-
JlaraloT XpaHUTb METACOCTOSIHUE aBTOMAaTa B BUJE
HECKOJIbKUX (pj1aroB (OMTOB) B AOTOJHEHUE K TEKY-
1meMy cocTossHUI0 aBToMata [10]. ABTOMAT ¢ Takoi
moaupukauuein aBropaMu Ha3BaH "JIKA ¢ mamsTeio”
(B opuruHaine History based Finite Automaton unu co-
kpamienHo — H-FA) [10].

dopmanbHo, KA ¢ maMsaThIoO IIpeacTaBieH Habo-
poMm, H-FA = (4, O, gy, Op, 90, H), Tne A — BXxonHONI
andasut; Q0 — andaBUT COCTOSIHUI; gy — Hayalb-
HOe cocTosiHUe; Jp — MHOXECTBO NMPUHUMAOIIUX
cocTosiHuit; H — OUTOBBIN MaccuB; ¢ — (QYHKILIUS
nepexona, ¢: A X Q X H— Q x H [10]. butoBblit
MacCUB MPUHUMAET COOTBETCTBYIOIIEE COCTOSIHUIO
KA 3HaueHue, paBHOE 1, eCcIM B JAHHOE COCTOSHUE
paHee ObLT OCYIIECTBJICH Mepexol, U 3HaueHue, paB-
Hoe 0, eciu Takoro rnepexoja He ObLIO.

HdeTepMUHUPOBAHHBIN KOHEYHBI aBTOMAT C TIa-
MATBIO CTPYKTYpHO pacimupseT JKA ¢ momoluibio
BCIIOMOTraTeJIbHOU MaMsTU (OMTOBOIO MacCUBa), OCYy-
LIECTBIISIST PA0OTY CIOXHBIX TTEPEXOIOB B 3aBUCHMO-
CTH OT XpaHUMOI1 B NaMATH MH(POpMALIMK. BRI PBIIIT
OT MCITOJIb30BaHMSI OMTOBOTO MacCHBa 3aKJIIOYaeT-
cd B YMEHBIICHUH YHCJIa HEOOXOTUMBIX COCTOSTHUIMA
U YHcJia IepexoioB 32 CUET XpaHEHU ST TOMOIHUTEb-
HOi1 nH(pOpMaAIIUM 0 "TIOCEIIeHHBIX cocToTHMAX. Ha
puc. 2, 6 npuBeneH npumep KA c nmamsatsio (H-FA)
u3 pabotsl KyMap 1 coaBTOpOB, IpUHUMAIOLIUH SI3bIK
L = R,UR,, R, =*ab|—al*c, R, =*def, n naHo cpas-
HeHue ¢ kaaccuueckum JIKA (puc 2, a), ieMoHCTpuU-

pylollee TPOCTPAHCTBEHHYIO BBITOMY MCITOJB30BaAHUS
OMTOBOIO MaccuBa.

Mopguduxkauus KA ¢ naMsaThi0 moj Ha3BaHU-
em HASIC, npenysoxeHHasi rpynnoii aBTopos [13],
nenaeT paboTy cUCTeMbl OOHapy>KeHUsl BTOPXKEHU U
B HECKOJILKO pa3 b0oJiee 3P (PeKTUBHOI.

Pacmmpennblii 1eTepMUHUPOBAHHBIA KOHEYHBIH aB-
TOMAT ¢ OMTOBBIM MaccHBOM. Jlpyrast rpymma uccle-
JoBateneit [14] TakxKe UCITOJIb30BaJIa UACIO C OUTOBBIM
MacCuBOM A5 XpaHeHusI meTtacocTtosiHus JIKA. I'pyn-
na chokycupoBaja CBoe BHUMaHNE Ha OMpeaeJeHHOM
KJIacce SI3bIKOB, BbI3bIBAIOIIEM SKCIOHEHIIMaabHbIi
B3pBbIB U HaKJIaAbIBaIOIIEeM 3HAUMTEIbHOE OrpaHuye-
HUe Ha 3(PPeKTUBHOCTb U CKOPOCTh pabOThI CUCTEM
OOHapyXKeHHUs BTOPXKEHUN — U:’zl(.* ;. *B;. %), rae
o, B; — cioBa Han andaButToMm A [14].

IIpencraBnenHsit "pacimpernabii JIKA" (B mepBo-
HUCTOYHUKE — extended finite automata (XFA)) pelaet
Mpo0OJieMy 3KCMOHEHIIMAJIbHOIO B3pbIBa MJIST SI3bIKOB
Kjacca: U:’:l(.*ai.*ﬁi.*), rae cjioBa o, fB; UMEIOT
onpejaeneHHble orpaHuyeHus [14]. TIpu aTom paciiu-
peHHbIii [JKA 1Mo3BoJIsIeT CHU3UTh YMCIO COCTOSIHU I
pacnosHalomero IKA ¢ O(nl2") yucna cocToaHuit
HaTtuBHoro JIKA no O(nl/) cocTossHU paciliupeHHOTO
AKA, tae / — MakcuMaiibHas IJIMHA CIOB o, ;. Pop-
MaJibHO pactiupeHHbiii IKA — arto (4, O, D, ¢, U,,
(g9, dy), F), rne A — BxonHoii andasut; Q — andaBut
cocTosiHuit; @: Q X A— Q — byHKIUA nepexona; D —
OMTOBBII1 MACCHB C HAYaJIbHBIMU HYJIEBBIMU 3HAUYCHU-
amu; Uy, O X A X D— D — yHKiMst OOHOBJIEHUSI
OuTOBOrO Maccusa; (g, d;) — Ha4aJIbHBIE COCTOSTHU S
usz Qu D; FS Q X D — MHOXeCTBO NPUHUMAIOLINX
KOH(UTypalnid.

JonoTHUTENBHBIM CTPYKTYPHBIM 3JIEMEHTOM JaH-
HOTO PEIICHUS SIBJIIeTCSI OMTOBBIN MacCUB, KOTOPHI
dukcupyet MmetacoctosdHus JIKA B oTHOLIEHUN pac-
TO3HAHHOTO MOACIOBA o;. CHUXEHUE MPOCTPAHCTBEH-
HOW CJIOXHOCTHU peasiu3yeTcsl yepe3 CoOXpaHeHUe 10-
MMOJTHUTEJIBHOTO OWTAa B CITEIMaJIbHOM CTPYKTYPHOM
3JIeMeHTe — OMTOBOM MaccHBe, IpU pacllo3HaABAHUM
aBTOMAaTOM IIEPBOTO CJIaraéMoOro B KJjacce SI3BIKOB
U:, (-* oy *B;.#), tae cnosa o, B He sBAsIOTCA TOM-
cioBamMu IpyT apyra [14].

HannHass moagugukanus paciupenHoro JIKA no-
3BOJISIET "3AIIOMHUTBH', UYTO TEPBOE ClaraemMoe o; U3
Fou.* B;* 6pLIO pacnio3HaHO, U niepeBecTu [JKA B co-
OTBETCTBYIOLIEe MeTacocTosgHMe. [Ipu HaxoXaeHUU
pacuiupeHHoro JIKA B onpeaeieHHOM METacoCTOsI-
HUWH Y TIPY PacIO3HaBaHUU BTOPOTO CJIaraeMoro — f3;,
MPOVCXOAUT paclo3HaBaHue BCero cioBa —.* o.* B;.*.
IIpu 3TOM YMCIIO XpaHUMBIX OUT B OMTOBOM MacCHUBE
COOTBETCTBYET YUCIY MEPBBIX COMHOXUTENEH.

CMUT ¥ KOJIJIETH IIPUMEHSIOT paciunpeHHbIi JI KA
K ellle OMHOMY KJiaccy s3bIKoB. Ha puc. 3 mokasaH
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b,c.ef

Puc. 2. JleTepMUHHPOBAHHBIN KOHEYHbIH aBTOMAT, pacno3Haiommii a3blk L = R, U R,, R, =*ab[—a]*c,
R, =*def nan andasurom A4 (a) u KA ¢ namateio, pacnosnaomuii a3slk L = R, U R,, R, =*ab[—a]*c,
R, =*defnan andasurom A4 (6). [lamars peannzoBaHa XpaHUMbIM ONTOBBIM MaccuBom. Ha pucyHnke our,
Ha3BaHHblii flag, npunumaer 3Hayenue 1 npu nepexone u3 cocrosuus 0,1 B cocrosinue 0 mo cumoay b,

B o0paTHOM cayyae flag npuanmaet 3Havenune 0 [10]

nepexoa oT oobiuHoro JIKA, pacno3Harolero si3bik
L={(* ab* cd)U (* ef* gh)} Han andasurtoM {a, b, c,
d, e, f, g, h} x pacimupenaomy JAKA [14].

Takoe pemeHue TpebOYeT CYILIECTBEHHBIX
OrpaHUYEHM I, HaKJIaJblBAEMbIX Ha pacro3HaBaeMblii
SI3bIK. ABTOPHI YTBEPXKIAIOT, YTO HEOOXOAMMO, YTOOKI
CJIOBA oy U B; HE SIBJISITTUCH TOACTIOBaMU ApyT Apyra. Tpe-
OyeT AeTaJbHOro0 PAaCCMOTPEHMSI BOBMOXXHOCTD OC1adie-
HUS JaHHOTO orpaHuyYeHus. Tak, ecjau cHayaia IpoBo-
IWTH MPOBEPKY Ha aKTUBHBI OUT, a TTOTOM ITPUCBAanNBaTh
ero (puc. 4), To nogoOHOe orpaHMUYeHUE He TpedyeTcs.

ITpu 3TOM Y TIpEeIIOKEHHOTO PEIICHUST OCTAHETCS
KJIaccuyeckasi mpobyiemMa aJIroOpuTMOB OOPBLOBI C IKC-
MMOHEHIIMAJIbHBIM B3PBIBOM TIPU PACCMOTPEHM U JaH-
HOT'0 KJIacca SI3bIKOB Ule (.# oy *B;.*): ecu cydduke
o, ABIIsIeTCs TpeUKCOM f3;, TO JTaHHas MPeaCTaBIIeH-
Has KOHCTpyKL M pacimiupeHHoro JIKA ¢ 6UToBBIM
MAacCHMBOM pacCIIWpsIeT MPUHUMAEMBIN A3bIK. Jlammum
Ha3BaHMWE OTMEUYEeHHOM mpobieme: "mpobiema pac-
mupeHus s3bika". IIpuMepsl, UITIOCTPUPYIOLINAE
JaHHYIO ITPO0JIeMy pacIIupPeHUs SA3bIKa, TMPEaCTaB-
JICHBI Iajiee.
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a)

if (bit){
accept(sig1);

if (bit){

bit=true;

0)

accept(sig2);

if (bit1){
accept(sig1),

bit1=false
- bit2=false

accept(sig2);

Puc. 3. IKA (a) u pacmupennniii JIKA (6), pacnosnaomue a3bik L = {(.*ab.*cd) U (*ef-*gh)} nan andasurom {a, b, c, d,

e f, 8 h} [14]

[ i oit)f
accept(sig1);

else |
bit=true;

}

if (bit}
accept(sig2);

if (bit2){
accept(sig2);

| if (oit1){
accepl(sig1);
)
il else {
|| bit1=true;

biti=false =&
#

[faegl ||

bit2=true;

Puc. 4. Pacmupennsrnii JIKA, pacnosnarommii a3k L = {(.* ab.* ab) U (.* ef.* gh)} nan andasurtom {a, b, ¢, d, e, f, g, h}

TubpudHbie KOHeYHbIe asmomMamabl

Coueranue JIKA n HIKA ngaer omryrumoe mpe-
MMYILLECTBO JJIsI pelleHUs TPOOIeMbl SKCITOHCHLIMAIb-
HOTO B3PBIBA, TTO3BOJISISI KOMOMHUPOBATH MOJIOXUTE b~
HblE C TOUKH 3PEHUST S3KOHOMUU PECYpPCOB U BpeMEHU
CBOICTBA AETEPMUHUPOBAHHOCTU U HEACTEPMUHUPO-
BaHHOCTHU. CyILeCTBYET HECKOJIbKO IMPEIIOKEHU N HC-
nonb3oBaHusa komOnHanuu JIKA 1 HIIKA B KkoHTeK-
cTe MPobJIeMbl 3KCITOHEHIIMAaIbHOIO B3pbiBa [15, 16].

JleTepMrUHUPOBAHHBIA KOHEYHBI aBTOMAT C JIMHEH -
HbIM aBTOMaToM. JIuy u By oTMeyaroT, 4TO IprUYMHa
npo0JieMbl 3KCIIOHEeHIIMaIbHOTO B3phiBa JIK A 3akimio-

o

yaeTcs B OOJIBIIOM YHCIE "He3aBUCUMbBIX COCTOSTHUM
cooTBetrcTByOIIero HAKA (HazoBeM "HaTUBHBIN
HAKA", HAKA = (4, O, QOp, ¢, qy), A3 KOTOPOTO
crpoutcst IKA, e 1Ba COCTOSIHUS v; U v; HATUBHOTO
HAOKA siBisitoTCS HE3aBUCUMBIMU, €CJAU CYILECTBY-
IOT TPY MHOXECTBa aKTUBHBIX COCTOSHUM a, B U 7,
TaKue 4TO v; € o, U; 0, U; €, v; € B, v, v; €y, dns
pelieHus TMpo6IeMbl 3KCIIOHEHIIMAJIbHOI'O B3phIBa
aBTOpaMM TIpeACTaBJieHa KOHCTPYKIIWS, Ha3BaHHas
"IBOMHOM KOHeYHBII aBToMmat” [15]. UToOBI HEe MyTaTh
C ONMCAaHHBIM paHee pelleHHeM, Ha30BeM JaHHYIO
KOHCTPYKIIMIO "MeTepPMUHUPOBAHHBIN KOHEYHBII aB-
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HdeTepMUHUPOBAHHBIM KOHEYHBIM aBTOMAT C JIU-
HelHBIM aBTOMaToM cocTouT u3 JAKA u momonHu-
TEJBHOI0 CTPYKTYPHOTO 3JeMeHTa — KOHEYHOTO
JuHeiHoro apToMata. Knaccuueckuit JIKA naHHoi
KOHCTPYKIMU pacliupsieTcsl 1Mo cpeiacTBaM "pac-
IHUPEeHHBIX" U "yCIOBHBIX" MEPEeXoa0B, KOTOPBIMU
naHHb JIKA B3auMoneidcTBYeT ¢ JIMHEHHBIM. Ta-
kot [IKA aBTOpbl Ha3biBaloT "paciinpeHHbIM JIKA"
JInneitnplit KoHeuHbIit aBToMat (JIKA) — ato HIAKA,
npeacTaBasiomuii coboir KA ¢ nmepexomamMmu Taku-
MU, 4TO M3 KaXJIOTO COCTOSHUS BO3MOXEH ITePeXO
B ce0s1 U B eAMHCTBEHHOE IPYroe COCTOsIHUE, MpU
3TOM B KaXJI0€ COCTOSIHHE BO3MOXEH Mepexoa M3
€IMHCTBEHHOTO COCTOSTHU S, OTJIMYHOTO OT JaHHOTO.
"JInHeHOCTH' aBTOMATa MO3BOJISICT YIIOPSIJOYUTH CO-
CTOSTHUSI U XpaHUTh MEPEeXoabl B BUIe OUTOBOTrO Mac-
cuBa (6UTOBOI Macku), oobemMoM 2|A||Q| 6uT, roe A —
BXonHo# andaBut; Q — andasut cocrosHuii HIKA.
CoCTOsTHUS YIIOPSITOYEHBI TAKMM 00pa3oM, U4TO €Clu
CYLIECTBYET MEePEXOl U3 COCTOSTHUS u (IIPEACTaBICHO
i-M OUTOM B OMTOBOM MAacCCHBE) B COCTOSTHUE U, TO CO-
CTOSIHUE v JOJIXKHO OBITh MpeactaBieHo (I — 1)-M Ou-
TOM, HaxOISIIMMCSI B OUTOBOM MacCHBe CIIpaBa OT i-T0
outa. Ut kaxaoro cuMBona a; u3 andasurta A op-
MHUPYIOTCS 1Ba OMTOBBIX MacCcMBa [UTMHOI paBHOIA |Q):
onpeaesolye nepexoa 6€3 cMeHbl COCTOSTHUS (OUTO-
Bast Macka selfla], tne selfla]lj] = 1< g;€ 9(q;, a)), n nepe-
XO[l B IPYroe COCTOSIHUE 10 JaHHOMY CUMBOJY (OMTOBasI
macka next[a)], te next[a][j] = 1 < ¢; — e o(g;, @)).

4)
g AR A0l
1A 1) ) '

:l‘-‘ @ [AC-Q] {4) i

! NS PP
3)& """""""""" ’

i
1
1
I
I
1

i namocTpalluy Ha puc. 5 TIpUBEIEM pellIeHUe
aBTOpOB 14 sA3bika L = (FBX)U (¥[4 — Q] + [ — Z])).
Penrenue aBTOpPOB MPUBOIUT K U3MEHEHUIO MPO-
CTPAHCTBEHHOM CJIOXHOCTH, OIpeaeasseMoOil YUCIOM
coctosiHuil KA.

B onuH MOMEHT BpeMeHHU MOXET CYIIeCTBOBATH
OIWH aKTUBHBIKM OMTOBBINA MaccuB L, mpeacTaBisi-
IOIIMIA COO0M MaccuB JIMHOM |Q U DUKCUPYIOLINIA
METacOCTOSIHME aBTOMara, BbIpakalolleecsi B Habope
aKTHBHBIX COCTOSSHUIA. AKTUBHBII OUTOBBII MaccuB L
MOKHO BBIYMCJIUTD C TIOMOLIbIO CIEAYIONINX MTOOUTO-
BBIX OMepalii MpU MOJy4YeHU N Ha BXOJ CUMBOJA g; U3
andasuta A: (LN selfla]) U [(LN next[a]) >> 1], toe N,
U m >> moouToBBIe oreparopsl "u", "unm’, n "CIBUT
BIIPpaBO" COOTBETCTBEHHO. AKTUBHBINI OMTOBBIN Mac-
CUB SIBJISIETCSI METKOI paclIMpeHHOro rnepexoaa, oobe-
nuHstionero KA n JIKA. YcinoBHbBII niepexon OCyIlecT-
BIISICTCS TIPW HAXOXICHWW aBTOMara B OMNpeIeIeHHOM
METaCOCTOSIHUM, OMpPeeIsieMOM TeKYIIMM aKTUBHBIM
OUTOBBIM MaccuBoM. KaxXaplil repexo paclliupeHHO-
ro JIKA noyikeH ObITb 3aKOAMPOBAH IBYMsI OWTOBBIMU
MaccruBaMU — KOIMPYIOIIMMU MHAEKC CIEAYIOIEro Co-
crosiHus paciuupeHHoro JIKA u cocrosHus JIKA.

s kaxaoro cuMBoJa U3 ajadasurta A, mocTymnao-
1Iero Ha Bxoj, ABoiiHON KA BBITIOJHSIET clieayoliue
JIercTBUS: 1) B COOTBETCTBUU C MOCTYIAIOIIUM CUM-
BoJioM 13 ajidasuta A JIKA u pacimmpennsiii JIKA co-
BepLLIAOT nepexonbl, pu 3ToM JIKA omnpenensier HoBoe
METacOCTOSIHUE JBOMHOrO aBToMaTa, 3aKOIMPOBAHHOE

Puc. 5. isa IKA, pacno3naomux sa3piku L; =. + B* u L, =*[4 — Q] + [/ — Z], TpeOyomux Tpu u YeTbIpe COCTOSIHHSA COOT-
BeTcTBeHHo (a); IKA, pacno3natomuii sa3bik L = (. + B.*) U (*[4 — Q] + [I — Z]), npeacTaBiieHHbIIi 1eBATbIO COCTOSIHUAMHU (6);
nBoitHoii KA ¢ JuHeiiHbIM aBTOMaTOM, pacnosHawomuii a3bik L = (+B.*)U (*[4 — Q] + [ — Z]), npeacTaB/ieHHbI NATHIO

cocrosinusamu (g) [15]
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Kak "aKTUBHBIM OUTOBBI MacCUB L"; 2) TOMOJTHUTEb-
Hble cocTossHUS JIKA MOTyT OBITh YCTAaHOBJIEHBI KakK
AKTHUBHBIE, €CJIM OHU yKa3aHbI TIEPEX0J0M, BBITIOJIH -
eMbIM paciiupeHHbIM JIKA; 3) paciuupennsiit JIKA
COBEPIIAET YCJIOBHBIN MEPEXOM, €CIU HA 3TO YKa3bl-
BaeT Iepexol, BeImoaHsIeMblil JIKA.
MeTtacocrosinue KA onpenensieTcsd akTUBHOCTbIO
JIOTIOJIHUTEIbHOI'O JIMHEMHOIo aBTOMAaTa, 3aKOAUPO-
BAHHOTO KaK aKTUBHBIA OUTOBBIA MaccuB L. Takum
obpazom, peanusanus pacumpeHHoro JIKA ¢ JIKA
MO3BOJISIET UCIOJb30BaTh ONMMCAHHYIO paHee CXeMy
(uxkcanuu MeTacocTosTHUS Yyepe3 XpaHeHUe OUTOB.
T'oBOpsI 0 CTPYKTYpPHOI OpraHM3aluy KOHCTPYKIINH,
XpaHeHHe OMTOBbIX MAaCCUBOB MOXET OCYILIECTBIISIThCS
yepe3 XpaHeHWe B KelI-TaMsITH (UM BCTPOCHHOM Ma-
MSITH), obecreuynBaloleit ObICTphIi JocTyI. OmHaKo
caMo MOCTPOEHUE ONTUMaJIbHOTO ABOKHOr0 KA ¢ Tou-
KU 3peHUsI MUHUMU3aLMX YMCJIa COCTOSTHUM SIBJISIETCS
3aJa4eil, He UMEIOIIEH ONMTUMAJIBHBIX AJITOPUTMOB.

KoHe4yHble asmomamebl co cHem4yukamu

ITpu peanuzauum kak HIKA, tak u KA cy-
lIeCTBYeT MpobyieMa Hed(p(deKTUBHOTO MojacueTa
BXOXJICHM I OMpeAeJeHHbIX NoABbIpakeH . Beskuit
pas, Korma peryyisipHoe BbhIpaXkeHHe CONEPKUT orpa-
HUYEHUE IJIUHBI k O NoABbIpaxkeHus Tuna R{k},
YUCJIO COCTOSHMI, TpeOyeMBbIX TOABBIpaXkeHUEM R,
yMHOXaeTcs Ha k. BoJblIMHCTBO aBTOpPOB Mpeasia-
raloT pellath JaHHYI0 IIpodiieMy Hea(hOEeKTUBHOTO
ucnojb3oBaHusg KA depe3 gobaBieHNEe CUSTUYMKOB.
OnHako B JaHHOM 0030pe pelleHU TPUBOAUTCS UC-
MOJIb30BaHHWE CUETYMKOB U AJISI pelIeHUs TTPOOIeMBbl
9KCITIOHEH1IMaJbHOTO B3pbIBa.

JleTepMUHMPOBAHHDINi KOHEYHDbIH aBTOMAT ¢ OHTO-
BbIM MAaCCHBOM U cueTunkamu. KymMap u coaBTOpHI BbI-
IensoT HemocTaToK KA, CBSI3aHHBINM C MOSBJICHUEM
B IpUHUMAaEMOM peryisipHoMm si3eike R{k} m R{n, k},
raie R — peryjasipHoe BbIpaxkeHue, clellualbHbIM
Ha3BaHMEeM — "akKalbKyJaus" (B IepPBOUCTOYHUKE
acalculia), B cuny xotopoit kak HIIKA, tak u JIKA
He MOT'yT 3(¢GEeKTUBHO MOACYUTHIBATH BXOXIECHM S
oIpeaeIeHHBIX MoaBbIpaxeHuit [10].

Hng peuieHUs npoOaeMbl 3KCIIOHEHIIMAJTbHOTO
B3pbiBa aBTOpamu [10] nmpenyioxeH JIKA ¢ 6j10koM 10-
MOJIHUTEJbHON MaMSTU U OJOKOM CUETYMKOB (B Iep-
BoucTouHUKe — History based counting finite Automata
unu H-cFA), xpaHsiluux MeTacoCTOSIHUSI aBTOMaTa
B BUJe Habopa 6uToB. KymMap U cOaBTOpbI TOMOJHSIIOT
KoHcTpyk1uio [JKA 6GMTOBBIM MacCMBOM BMECTO TeX
COCTOSTHU 1, KOTOPBIE BBI3BIBAIOT SKCITOHEHITNAIBHBI
B3pbIB TUNa "*" u "+". CyeTUYUKU JOMOJHSIIOT T CO-
CTOSIHUSI, KOTOPbIE COOTBETCTBYIOT IMOABBIPAXKEHUSIM
tuna R{k} u R{n, k}, rne R — peryasipHoe BhIpaxKe-
Hue [10].

®opmanpHo, JKA ¢ maMaThio U cYeTYUKAMU
npeacrasiaeH HabopoMm H-cFA, H-cFA = (4, Q, H, C,
0Op, 0, qy), Tie A — BXogHOM andasut; Q — andaBuT
COCTOSIHMI; H — MHOXeECTBO KOHUTypaluid, puk-
CUPYIOLIMX METACOCTOSIHUE aBTOMAaTa Yyepe3 JOMOJHU-
TeNbHBIN OUT; C — MHOXECTBO KOH(PUTrypauii, Gpuk-
CHPYIOIINX METACOCTOSHUE aBTOMAaTa 4epe3 CUeTIu-
Ku; @ — pyHKuMs nepexoaa, ¢: AXQXHXC— OxHXC;
Qp — MHOXECTBO NMpUHUMAIOIIUX cocTosiHU# [10].
IIpocTpaHCTBEHHBIN BBHIUTPHIII OCYILECTBISIETCS 3a
CYET YMEHBIICHUST MOIIHOCTH ajipaBUTa COCTOSTHUI
(1 Tpedbyemoro odobeMa TaOJIMUYHON OpraHU3aLUU
MEePEexXoa0B) U ONTUMM3AIUU XPAaHEHUS MEPEXOI0B
B BHJC CUCTUMKOB.

Ha puc. 6 mpusenen npumep KA ¢ mamMsaTbio
u cuetunkamu (H-cFA) u3 padotsl Kymap u coaBTo-
poB, npuHuMarouii sA13blk L = R{U R,, R, =*ab[—a]
{4}c, R, =*def.

IMpakTnueckoe nmpumeHeHue aBropamu [10] KA
C TMTaMSATHIO U CYETYMKAMM Ha CYILIECTBYIOIIMX Ja-
TaceTax CHCTEeM OOHApyXXeHHWsSI BTOPXKEHHI TPUBEIIO
K YMEHBIICHUIO YKciaa COCTOSHUNA Ha MOPSAOK MO
CpaBHEHMIO C KJlaccuyeckum JIKA.

Cnenyetr ob6paTuTh BHUMaHNWe Ha OCOOEHHOCTH
MpeacTaBlieHHBIX KymMapoM M coaBTOpaMM CTPYK-
TYPHO-MOAUDUIIMPOBAHHBIX aBTOMATOB: JaHHBIE
aBTOMAaThl UMEIOT OTrpaHUYEHUE Ha MPaBUJIBHOCTH
pacIio3HaBaHUS S3BIKOB, YTO paHee OBIJIO HAa3BaHO
"mpo0bJieMoii paciuupeHund a3bika’. JlanHas mpobiaema
paciiMpeHus s3bIKa MPUBOIUT K JOXHBIM cpabaThi-
BaHUSIM B CUCTeMe OOHApYKEHUST BTOPKEHUIA.

ABTOpBI UHTepecHoro peweHuss KA ¢ mams-
ThIO U CYETUYMKAMU HE aKLEHTUPOBAJIUM BHUMAaHUE

cir

if fetr >0)

¢; if flag=0 d decrement

or ctr0

Puc. 6. lerepMHHHPOBAHHBIA KOHEYHBIH aBTOMAT C MAMSATHIO M CUET-
yukamu (H-cFA), pacnosnaomuii s3sik (*ab[—a]{4}c) U (. * def) nan
angasurom A. CyeTyHK Ha PUCYHKE 0003HAYEH KaAK CIF.

IlamMaTh peain3oBaHa XpaHUMBIM OMTOBBIM MaccuBoM. Ha pucynke
ouT, Ha3BaHHblii flag, npuHuMaeT 3HayeHue 1 mpu mepexone U3
cocrosinuga 0,1 B cocrosinne 0 mo cumBoay b, B 00paTHOM ciyuyae
flag npunumaer 3navyenue 0. CYeTYHK cfr NPUHUMAET 3HAYEHHE
4 TOrJa M TOJILKO TOTA, KOIJa Peau3yeTcs nepexon u3 COCTOSAHUS
0,1 B cocrosanue 0 mo cumBoay b. Jlasee KaxKablii TAKT CYETIHK
YMEHbIIAET CBOE 3HAYeHHe HA equHuIy. COPOC COCTOSHUSA CUETYMKA
JI0 HYJIEBOTO MPOUCXOMMT NPH nepexoae u3 coctTosnus 0 B cocTos-
nue 0,1 no cuMBoay 4. YCJIOBHBI NMepexon peaju3yeT nepexos u3
coctosnus 0 B 0,3 Toraa u TOJBKO TOrna, Koraa our flag npuHumaer
3HavyeHune 1 m cueTywK ctr npuaumaet 3Hayenne 0 [10]
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Ha JTaHHOH mpoOyeme paciuupeHus si3bika. OgHaKoO
He3HauuTeJbHasl MoAM(UKaLIMS PETyIsIPHOTO SI3bIKa,
KoTophlit pacrozHaetcs JKA ¢ nmamsareio (H-FA) Ha
pUC. 2, IPUBOJAUT TOMY, UTO MPEATOXKEHHOE pelleHue
JaeT JIOXHble cpabaThbiBaHUSI B MPUKJIAIHON 3amaye
OOHapyXKeHHUsI BTOPXKEHUIA.

Tak, nmpeobpasoBaHue fA3bplka L = R UR,,
R, =*ab[—al{4}c, R, =*def mocpencTBOM M3MEHEHUS
TEPBOTO PETYISIPHOTO BbIpaxkeHUst u3 R, =*ab|—al{4}c
B perylsipHoe BeipaxXeHue R’ =*ab|—al{4}bc, naet
a3blk L'= R/ UR,, taoe R, =*def, npu 3ToOM Mogudu-
uupoBaHHbil JIKA ¢ namsateio (H-FA) Gynmet npu-
HuMaTh He L', a 13pIK LU L', 4TO U OyJeT obecrneyn-
BaThb JIOXKHbIE CpabaTbIBAHUSI CUCTEMbI OOHAPYXKEHU ST
BTOPKECHUM.

JleTepMHHMPOBAHHBI KOHEYHbI ABTOMAT CO CYET-
YHKAMH IS pelieHns npo0JeMbl SKCIIOHEHIIHAJIbHOTO
B3pbIBA W MpPoOJemMbl pacmmupeHus s3pika. [1pomos-
XeHueM uneu paciuvpeHHoro KA sgBuilach KOH-

cTpykuus aBTopoB bepHagorT u l'anarenko [17].
IIpenyioxeHue aBTOPOB OPUEHTUPOBAHO Ha pellIeHUe
MpoOJIeMbl 3KCITOHEHIIMAJILHOT'O B3phIBA IJIS1 SI3BIKOB
cleAyIoLIero Kiaacca: Uf:l (.* o, % B;.*), THE CTOBA Oy
B, — HenycThle cioBa B andasute A. [Ipu 3ToM KOH-
CTPYKIIMS pelaeT mpoodyieMy pacliMpeHus sI3bIKa.
JaHHas1 KOHCTPYKILIMS TO3BOJSIET U30exXaThb 3KC-
MOHEHIIMAJILHOTO B3PbhiBa MPOCTPAHCTBEHHON CIOX-
HOCTU 4yepe3 pazdueHue KA Ha 1BE€ KOMIOHEHTHI:
"abCcTpakTHYI0", GYHKIIMOHMPOBAaHUE KOTOPOIi 3aa-
eTcsl TAOJIMYHO, a CJIOXHOCTb OMPEACsIeTCS KaK 00b-
eM IaMsTHu, TpeOylolleics A XpaHeHUs TabJMuLIbl
3HAUEeHUM, U "CTPYKTYPHYIO", CJIOXKHOCTb KOTOPOit
ornpeaessieTcsl Kak Yucio 3JieMeHTOB B cxeMe [17].
OO6Owmas cxeMa KOHCTPYKL MU TpeacTaBjieHa Ha
puc. 7. ABToMaT COCTOMT U3 Tpex 0J0KoB. biok 1
C NIOMOUIbIO BBIXONOB pacno3Haet si3blKk LU L,, rae
L= (-*a) Ly= . (-*B;). BerxomHoii anca-
BUT IaHHOro 0JIOKa — MHOXECTBO JBOMYHBIX BEK-

Bxon
|
Biok 1
1 2 n n+ln++2 2n
T T e s T o L ... o
5] C2 Cn
Buok 2
J L) ¢
I .
GISEEY
=N %) S
|
Biok 3
X7 N/ XY
Ny v
1 2 e n HpH}){HTO
Puc. 7. AnnapaTnasi KOHCTPYKUUSA, 1;, 1/, ] t]" — TPUITEPbl; NPAMOYTOJbHUKH Cq, ..., C, 0I0Ka 2 — cyeT-

YHKH, OTCUMTHIBAIOIINE JJIMHY CJIOB, COOTBETCTBYIOMHX f; sA3bIKa L, = U, = 1.*B; [17]
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TOPOB MUHBI 2x. [Ins 1 < i< n, i-91 KOMIIOHEHTa BbIX0O/1a
obpaiaercs B 1 Toraa v TOJBKO TOTAA, KOraa BXOAHOE
CJIOBO NIPUHAIJIEXKMUT SA3BIKY . * o;; ecnn ke n+ 1< i< 2n,
TO PaBEHCTBO i-iI KOMIIOHEHTHl BBIXOHA 1 3KBUBa-
JICHTHO TNPUHAAJECXKHOCTU BXOJAHOTO CJOBAa SI3BIKY
.*B,. IlepBble 7 KOMIIOHEHT BbIxoaa Oyioka 1 nona-
I0TCSl Ha BXOJ 0JioKa 2 M BKJIOYAIOT CYETYUKU, OT-
CYMTBHIBAIOUINE AJIVHBI COOTBETCTBYIOIIUX CJIOB f;.
Ecnu tpebyeMasi niaMHa AOCTUTHYTA, €eAMHUYHbBII
CHUTHAaJI TepenaeTcs Ha BXOH 0Jioka 3, BHIUMCIISIONIE-
ro KOHBIOHKIIMM BbIXOAOB 6jioKa 1 ¢ HOMepaMu OT
n + 1 10 2n ¢ COOTBETCTBYIOLIMMU BbIXOAaMM 0JI0-
Ka 2. BrIxon KOHBIOHKIIMM MOJAeTCs Ha BXOHA Tepe-
KJIIouaresisl, 3allOMUHAIONIETO eIMHUYHBINA CUTHAI.
Takum oOpa3oM, paBEHCTBO BbIX0OJ1a MepekitoyaTes |
9KBUBAJEHTHO BBITTOJTHEHUIO CIEIYIOLIMX YCIOBUM: BO
BXOIHOM ITOTOKE BCTPETUJIOCH CJIOBO o; U HE MEHee
4yeM yepes |B;| TAaKTOB MOcJie 3TOro BO BXOJHOM MOTOKE
BCTPETUIIOCH COBO ;. HecioxHO 3aMeTUTh, YTO 3TH
YCJIOBUS 3KBMBAJEHTHBI TOMY, UTO BXOJAHOE CJIOBO
MIPUHAIEXNT A3BIKY *a,.*B.* [17].

HdaHHas KOHCTPYKILUS paclno3HaeT S3bIK
U:l:](' * 0. % B;.*) KOPPEKTHO, a OTCYTCTBUE IKCIIO-
HEHILIMAJILHOTO B3phIBa 10KAa3aHO aBTOpaMH pabo-
Tol [17] B IpuBEAEHHOU najiee Teopeme.

Teopema 1 (O06 OTCYTCTBMM BKCIIOHEHIIMAJIb-
Horo B3pbIBa [17]). Ins pacnmo3HaBaHUS SI3bIKa
Ule(. %0, % B;. %) TIPEACTABICHHON KOHCTPYKLMEi
Tpedyetcd O(mn log, (mn) + n) OUT MaMATH IS Xpa-
HeHus1 nuarpammel 61oka 1, u O(n log,m) 31eMEHTOB
JUIsI peaju3aluu 0JI0KOB 2 U 3, rie m — MaKCuMaJb-
Haf JJIVHA CJIOB o, U f;.

KoHcTpyk1usi oueBUIHBIM 00pa3oM 060011aeTCst
Ha KJIACCHI SI3BIKOB € OOJIBIINM YHCIOM COMHOXMTE-
neit. CTPYKTYpPHBIM 3JIEMEHTOM KOHCTPYKIIWH, TI0-
3BOJISIIOLIMM PELIUTh OTMEUEHHbBIE 3a1a4u, SIBJSIFOTCS
CueTYMKU. TpUTTEepbl KOHCTPYKIIMU, OTMEUaloline
MPUHSTBIE CJIOBA TUMA o;, GUKCUPYIOT METACOCTO-
sHus KA.

3aknryeHue

B HanpaBieHuu pelieHUs 3agauyy 3KCIIOHEHII M-
aJIbHOT'O B3pbiBa yepe3 nobaBjeHUE CIelralbHbIX
CTPYKTYPHBIX 3JIEMEHTOB 0CO00 YCIEIIHBIMU CTaJIHN
HEKOTOpbIC UAEW U aJITOPUTMBbI, AABLUIME HAYyaJlO Ha-
MpaBJeHUSIM UCCIIe0BaTEbCKOM pabOThl U MPaKTU-
YeCKOro MPUMEHEHMSI B CUTHATYPHOM aHaJIu3e.

Bo-nepBbIX, K TAKMM YCHEIITHBIM PEIIEHUSIM OTHO-
CUTCS MCIOJIb30BaHKe cUeTUUKOB. [Tpu 3TOM HaxXonKu
C UCIOJIb30BAaHMEM CUETUYMKOB KaCcalOTCS MPUHIMITHU-
aJIbHO Pa3HbIX PETYJSIPHBIX SI3bIKOB.

Bo-BTOpHIX, NAes (PUKCUPOBATH METACOCTOSTHUS
KA yepe3 xpaHeHUe TOMOJHUTEIbHOM MHPDOPMALIUU

o coctossHuU KA oTKpblia 1iejioe HalpaBjeHue To-
HCKa B pelleHUU MPpoOIeMbl IKCIIOHEHIIMATbLHOIO
B3pBIBA IJISI pealn3alnuy MPakKTUIEeCKOro IMoKucKa 1o
CUTHaTypaM.

B-tperbux, npaBuabHast komOuHauusa HIAKA
u KA mo3BojsieT UCIIOab30BaTh CKopocTh KA
1 3KoHoMUYHOCTh HAKA, 4TO 6b1J10 MPOAEMOHCTPU-
pPOBaHO Ha IMPaKTUKE HECKOJIbKHMMU UCCAEA0BATEb-
CKMMHU T'PyNIaMu.

B-deTBepThIX, 5 KOHOMUYHOE OTHolIeHUEe K KA
B IJIAaHE €ro PacIoJIOKEHU S K ObICTPOI U MeAJIEHHOMN
MaMsITH MO3BOJISIET YYUTHIBATh SMITUPUYECKUIA OMBIT
HAKOIUICHHOI'0 BPEIOHOCHOTO TpaduKa B cUCTeMax
Oo0HapyXeHU sl BTOPXEHU N 1 MO3BOJISIET 3HAYUTEBHO
COKPaTUTh MOTPEOHOCTU B OBICTPOI MaMSITH JAJIS TIO-
JIOOHOro poja cKkaHepoB Ha ocHOBe KA.

IIpuBeneHHBIC pelIeHWs] ONITUMU3AIINN PECYPCOB
4acTo TpeOYIOT MOJHOTo nepedopa AT HAXOXACHU S
oInTUMaJibHOro peuieHusa. Kpome Toro, mpeajoxeH-
HbIE pellIeHUs He BCeTaa IJIACTUIHBI C TOYKH 3pEHUSI
W3MEHEHU S PETYJISIPHOTO SI3bIKa AJISl CUCTEM OOHapy-
JKEHUSI BPeJOHOCHOTo Tpaduka, U TpeOYIOT MOJHON
nepecobopku KA m mepeHacTpOilKU CTPYKTYPHBIX
9JIEMEHTOB JJIS ajarnTallid K M3MEeHeHUlo Habopa
BPEIOHOCHBIX CUTHATYP.

CrnenyeT OTMETUTb, UTO pellieHUe MPOOJIeMbl IKC-
MOHEHIINAJILHOTO B3PBIBA IS HEKOTOPBIX KJIaCCOB
pPEeryasipHBIX SI3bIKOB UMEET CYILIECTBEHHYIO IMpakK-
TUYECKYIO TMOJIb3Y MPU BHEAPEHUU MPEITOXKEHHbBIX
MaTeMaTU4YeCKUX pelleHUi B paboTarolne CUCTeMbI
aHanau3a Tpacduka Ha BPEIOHOCHOCTb.

Aemop evipaxcaem 6aaeodaprocms A. B. Taramenko
30 KOMMeHmapuu u 006a6AeHUsl, N0360AUBUIUE COCAAMb
pabomy cuabHee.
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In many modern applications, such as intrusion detection and prevention systems, expert knowledge can be for-
malized in the form of reqular expressions. After this formalization, a finite automaton checks whether a word belongs
to a regular language.

Deterministic finite automata have an optimal time complexity, but the number of automaton states (space com-
plexity) can grow exponentially with the length of the regular expression. At the same time, the time complexity is the
main disadvantage of non-deterministic finite automata. Therefore, reducing spatial complexity while maintaining low
time complexity is highly relevant. In applied problems of regular language recognition, a significant problem is the
problem of the exponentially growing number of states of the recognizing deterministic finite automaton depending
on the length of regular expressions of the recognized language — the exponential explosion problem.

There are the following three main approaches to solving this problem using finite automata: 1) restriction on
signatures given by experts; 2) regular language modification — this approach assumes the appearance in the solu-
tion of a practical problem of recognizing errors of the first and second kind; 3) finite automata modification without
recognizing regular language changing. The third approach can be implemented as a finite automata modification
through compression algorithms and particular structural elements.

The paper presents a review of modern solutions, the main idea of which is the transition from an abstract finite
automaton, represented by a table-specified function, to a structural automaton that combines the abstract part stored
in the memory and various structural elements such as bit arrays and counters.

Some ideas and algorithms have become especially successful when solving the exponential explosion problem
by adding special structural elements.

First, such successful solutions include the use of counters. Second, the idea of storing additional information
about the state machine. Third, the combination of non-deterministic and deterministic finite automata. Fourth, the
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economic attitude to the state machine regarding its location to fast and slow memory allows us to consider the em-
pirical experience of accumulated malicious traffic in intrusion detection systems.

Keywords: finite state machine, exponential explosion problem, network intrusion detection systems, structural
complexity, complexity reduction, regular languages, regular expressions
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MoCKOBCKUM MNOSIUTEXHUYECKNIN YHUBEPCUTET

liporpaMmMuo peannsoBanias Mojjenb YyCTPoACTBA KOHTPONA
napameTpoB aBTOMATYecKoil KopobKn nepexnoYenns
nepefay asTomobuna

lMpedcmasneHo onucaHue rnpoegpaMMHO peasnuzoeaHHoU Modesnu ycmpolicmea 051 KOHMpOsis na-
pamempoe asmomamuyecKkol Kopobku rnepeknodyeHus nepeday (AKTI) aemomoburs, komopoe no-
380s15em 8 peallbHOM 8peMeHU omcriexusame makue napamempsl, Kak memrepamypa macna AKrII,
yacmoma epaujeHusi 8asios, UcrpasHOCMb Kak caMux 0amyukoe dassieHus, makK U KrarnaHos, Komophble
omeeyarom 3a HapacmaHue 0asrieHus U yoepxxugsaHue e2o 8 HyXHbix npedesnax Ons 3adelicmeogaHusi
mex unu uHbix damyukoe dasneHusi. briaeodaps ceoell npocmome 3mo ycmpolicmeo MoXem WUPOKO
MPUMEHAMbCS KakK 8 asmocepsuce, mak u 8 npoudsodcmee. Kpome mozo, ycmpolcmeo no3gossem
onpedenume npuduHy HeucnpasHocmu AKTIl Ha paHHel cmaduu u npedomepamumsbs dopozocmosuudl
peMOHM.

Knroueenie crnoea: asmomamuyeckasi Kopobka nepeknodeHus nepeday (AKTIl), mukpokoHmpornnep
Atmega32, damyuku Xosina, mepmope3sucmusHbie damyuku, memrnepamypa macsia, Hacmoma epawie-

HUs earlios

BBeaeHue

XOpollIo U3BECTHO, YTO KOPOOKA MEePEKITIOUEeHU ST
nepenau (KIIIT) B aBToMOOUISIX ycTaHABIMBaeTCs
MEXy IBUTraTeJeM U MPUBOIOM B LIEJSX MEepeHoca
KpYyTS11ero MOMEHTa C JABUraTe]sl Ha MPUBOJHOM
BaJ W )i U3MEHEHMS €ro CKOPOCTH BpaluneHusd [1].
OHa MOXeT ObITh BBINIOJIHEHA C PYUYHBIM UJIU C JIEK-
TPOHHBIM YyTIpaBjieHUeM. ¥ KOpoOOK IMepBOro Tula,
KaK MpaBuJIo, CUEIJICHUE OAHOJUCKOBOE, Y KOPOOOK
BTOPOI'O THIIA OHO MOXET ObITh KaK OJHOAWCKOBBIM,
TakK U IByXAUCKOBBIM. ITpuHuun padotsr KIIIT ocHO-
BaH Ha Mepegade KpyTsIlero MOMEHTa OT ABUTaTeN sl
K MIPUBO/Y, B KOTOPOM OH NpeoOpa3yeTcs B IBUXKEHUE
KoJiec.

Ecnu Obl aBUrateab MMesa XeCTKOe CLENJieHue
C IPUBOJHBIM BaJIOM, TO MPUIIJIOCH OBl TIPU OCTa-
HOBKE TJIYIIUTh JBUTATEb, HEJb3s ObIJIO ObI MJaB-
HO TporaTbhcsa ¢ MecTta [2]. Mcnonb3oBanue KIIII
HeoOXoIMMO, TaK KaK JABUTaTeJlb MPOU3BOIUT CBOIO
MakKCUMaJbHYIO MOILIHOCTb TOJIBKO Ha y3KOM JMa-
Na30He CKOPOCTEH M IPU HAJIMYUU TOJBKO OIHON
nepenayyd 3TO 03Havyayo Obl, YTO ABTOMOOUb UME
Obl OTPAHUYEHHYI0O MAaKCUMaJbHYIO CKOPOCTb WU

OYEHbD IIOXYIO TPOM3BOAUTEILHOCTD Ha HU3KUX CKO-
pocTsax [3].

CeronHs aBToMaTUyecKasi KopoOKa MepeKTI0ueHU T
nepenay (maigee — AKIIII) saBasieTrca HanboJjiee BOC-
TpeOOBaHHBIM TUIIOM TPAHCMUCCHUU TIO LIEJIOMY PSIAY
npuuuH [4]. [Ipexne Bcero, nanHbli Tun KITTT 3Hauu-
TEJbHO YIIPOIIAET MPOLIECC YITPABIEHUS] ABTOMOOUJIEM,
e3/1a CTAHOBUTCS Oosiee KOM(pOPTHOI U 0e30I1acHOIA,
TaK KaK BOIUTEJIb HE OTBJIEKAETCSI Ha TIepeKIIoueH e
nepeaay, MCKJIOYEHbl OIIMOKY MpU BbIOOpE Mepena-
yu u T. . Takxe AKIIIT gBisgeTcs 6osee CIOXHBIM
arperaToMm Io cpaBHeHU10 ¢ MexaHuuyeckoit KITII.
BmecTe ¢ TeM M3BECTHO, UTO YeM CJIOXHEEe YCTPOI-
CTBO, TeM OOJIbIIIE BEPOSITHOCTb BOBHUKHOBEHUSI CEPb-
e3HbIX IoJioMoK [5]. KoHeuHo, Kak U jJ100as Apyras
cuctema, AKIIIT TpeGyeT BHUMaHUSI U PETYJISIPHOTO
o0cnyxuBaHusl. OMHUM U3 YaCThIX MPOOJEMHBIX BO-
MPOCOB, ¢ KOTOPHIM CTaJKMBAIOTCS aBTOBJIAACHbIIbI,
aBasieTcss nosineHue Buopauuu B AKIIII. TMTpuuun
MOXKET ObITbh HECKOJIbKO: U3HOLIEHHbIE JeTaln; HEUC-
MPaBHOCTh I'UAPOOIOKA; BEIXOI U3 CTPOSI TUAPOHACOCA;
HeKoppekTHas padbora ¢ppukuuoHoB. [loaTomy aHa-
3 padborocrnocooHoctn AKIIIT aBnsercs BaxHOi
3ajayeit B COBpeMEHHOM MalllMHOCTPOCHMU.
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1. MocTaHOBKaA 3agaun

IIpu pa3paboTke U HajibHeulleM 00CIyXXHBaHUU
AKIIIT ucnonb3yoTes cienuraibHble CTeHAbl. OqHaKO
OCHOBHBIM HEYITOOCTBOM MX MCIIOJIb30BAHMS SIBIISICTCS
TO OOCTOSITEILCTBO, YTO HEKOTOpPbIE MapaMeTphbl He-
BO3MOXXHO OTCJIeXXMBaTh. K 4nciy Takux mapameTpoB
OTHOCSTCS: YacTOTa BpallleHUsI Ha BXOXHOM M BHI-
XOIHOM BaJjiax; TeMIepaTypa Macja HermoCpeacTBEHHO
C JaT4yMKa; UCIIPABHOCTh JATYMKOB JaBJIeHUS [6].

I[lpyHuMass BO BHUMaHUE OTMEUYEHHBIC BBHIIIE
CJIO)KHOCTH, OblJIa MOCTaBJieHa 3ajadya pa3paboTaTb
U CKOHCTPYUPOBATh MOMOJHUTEIbHOE YCTPONCTBO,
C TTIOMOIIbIO KOTOPOTO MOXHO ObIJIO Obl KOHTPOJIU-
poBaTh 3TU IMapaMeTpbl B COBMECTHOI paboTe co
crenaom AXILINE 97000 ECRH. [JanHoe ycTpoii-
CTBO pa3pabaTbiBaJioCh AJISI TOMOJHUTEIBHOTO Te-
cTupoBaHus saekTpoHHo yactu AKIIII, Tak xak
OBIBIIIVIE B MCITOJIb30BAHUU MATUYUKH, IJIEKTpUUE-
CKHe LIeMU U 3JeKTPOMArHMTHBIE KJanaHbl UMEIOT
CBOWCTBO BBIXIOAUTH U3 CTPOSI U UMEIOIIUMNCS CTEH]T
AXILINE 97000 ECRH He mo3BoasieT ux TeCTUPO-
BaTh U BBISIBJSITh OpaKOBaHHbIE JAaTYMKU U MPOBOAA
(xocnl) [7, 8].

Ha puc. 1 (cM. BTOpy10 CTOPOHY OOJIOXKH) IIPH-
BelleHa dJIeKTpUYecKasl cxemMa pa3paboTaHHOIo aBTO-
pamu ycTpoiicTBa. Ha ocHoBe pa3dpaboTaHHOM 3JIeK-
TPUYECKOI cxeMbl OblJ1 COOpaH OMBITHBIK obOpasell,
KOTOpbIN BKJIIOYAeT B ceOsl MepeuyurcaeHHbIe aajiee
OCHOBHBIE DJIEMEHTHI.

3a ymnpaBjieHHEe YCTPOMCTBOM OTBevyaeT 8-pas-
panHblii MukpokoHTposiep (MK) Atmega32A, no-
CTPOEHHBI Ha ocHoBe apxuTekTypbl AVR RISC [9].
Takoit MK TakTupyeTcss OT BHEUIHEr0 KBapLEBOro
pe3oHaTopa Ha 8 MI'u. JIns orceyeHUs TapMOHMK
BBICLLIETO TMOPsiAKA K KBapLEeBOMY pe30HATOpPY MOJ-
KatouarTcs KoHaeHcatopbl C4 u C5. MK nurtaetcst
OT BHellHero aganrtepa Ha 5 B. Jlnsg ¢unbrpanuun
BBICOKOYACTOTHBIX TTOMeX 1o nuTaHuio MK ciaykut
koHaeHcaTtop C3, a koHaeHcaTop C6 3amuiaeT oT
BO3MOXHBIX KOJIEOAHU I HANIPSKeHU S MuTaHus. s
YMEHBIIIEHHW I HABOIOK M IMOMEX MO IMUTAHUIO BCTPO-
eHHoro B MK aHanoro-miudpoBoro npeodopasoBaTest
(ALIT) npumensierca LC-¢unbTp Ha UHAYKTUBHOCTU
L1 u xonneHncarope C2 [10]. BuyTpucxemHoe mpo-
rpaMmmupoBaHue 3Toro MK ocylectBisieTcs: yepes
CTaHIapTHBIN 6-TTMHOBEINM pasdbeM ISP [11].

Pesucropsl R6 u R7 coennHsIoTCs nocienoBarelib-
HO K gaTtuyuky Xosjia BxogHoro Baja AKIIII, a pe3u-
ctopbl R9 1 R8 — cooTBeTCTBEHHO K JaTYMKy XoJljia
BeixomHoro Bana AKIIII. CurHansl ¢ 3TUX JaTYMKOB
(IN_shaft u OUT _shaft) noctynaoT Ha cxeMy IIpeoo-
pa30BaHUSsI CUTHAJIOB, MOCTPOEHHYIO HA OCHOBE MU-
KkpocxeMbl LM358N, B KOTOpOI1 HaXomsITCsI Ba oIepa-

noHHbIX yeunutens (OY). Haruuku Xojna u OY mu-
kpocxeMbl LM358N nuTtatoTcs HanpsixkeHueM 12 B ot
MOBBILIAIOIIETO cTabKMIM3aTopa HanpsxkeHnst X 1L.6009.
Ha unBepTupytoiive Bxoasl 3Tux OY ¢ noTeH1nome-
tpa RP1 nomaerca nanpsxenue 10,5 B. Ecaiu Ha Bxon,
IN_shaft mepsoro OY nomaeTcsi CUTHaa C HaIpsKe-
HueM, npesbimamuMm 10,5 B, To Ha Beixome 10UT
OyJeT cCUrHaJ ¢ aMILUIMTynou, 6auskoit K 11 B, ecnu
Ha Bxoa IN_shaft mocTymaeT cursan ¢ aMIUIMTYAOMN
meHee 10,5 B, To Ha Beixome 10UT oyaet 0 B. To ke
oymet cnpaBenauBo Ajs Bxoma OUT shaft u Beixoga
20UT Btoporo OVY. Pe3uctopel R5 n R4 o6pa3syior
JeIUTeNb HATIPSXKeHU ST, KOTOPBIM B 3 pa3za yMeHbIIaeT
amruintyny curaaia ¢ 1OUT nepBoro OY, 4ToOkI ero
MOXHO ObLIO mofath Ha Bxoa INTO (Bxoa BHemIHUX
npepsiBanuii) MK. Ananorunuyno, curian ¢ 20UT
BToporo OV mpeobpasyercsa B INTI (BXxom BHELIHUX
npepoiBaHuil) MK, ymeHbl1asich B 3 pa3a Ha JeauTese
HaIpsixkeHu s, o0pazoBaHHOTo pe3uctopamu R2 u R3.

Pesynbrat u3amMepeHusT 4acTOThI BpallleHUST BXOM-
Horo u BbeIXxogHoro BajoB AKIIIlT B nBouuyHOM
Kone mepemaetcsa mmo mHrepdeiicy SPI Ha mukpo-
CXeMy YIIpaBJEeHUSI CETMEHTHBIMU MHIMKATOpPaMU
MAX7219 [12, 13]. Takass MUKpOCXeMa, UCIOJIb3Ys
MeTOI AMHAMWYECKON MHANKAIINT, BEIBOOIUT Ha BEPX-
HUI MHAMKATOP YaCTOTY BpallleHUs BXOIHOTO Baja,
a Ha HUKHUI MHIUKATOP — YacTOTy BpaIlleHUs BbI-
xomHoro Baja AKIIII [14].

Pesuctop R10 oOpasyer menuTesib HampsiKe-
HUSI C TEPMOPE3UCTUBHBIM JaTUMKOM TeMIIEpaTyphl
AKIIII. Curnan "Temper" ¢ gaTynka mocTymaeT Ha
Bxon PAO MK, koTopniii HacCTpoeH KaK aHaJIOTOBBIM
BXon (K HEeMY MOAKJIoUYeH BHyTpeHHuin ALLIT).

Pe3ynbraT M3MepeHUs HaNpsiXKeHUs Ha OaT4u-
Ke TeMITepaTyphl MePeCUYNTHIBACTCS B TeMIIEpaTypy
1 BBIBOJAWTCS Ha 3HAaKOCUHTe3upytowmuii 2KK-nucnneit
B MOJyOAMTHOM pexXuMe.

CurHaibl ¢ TpeX MeMOpaHHBIX JATYMKOB IaBJie-
HUST MIOCTYIAIOT HANIPSIMYI0 Ha WHAWKATOPHBIE CBE-
toaguoabl LEDI—LED3 yepe3 TokoorpaHU4YMBaloLIe
pe3uctopsel R11—R13.

Hanucanume kxoma ning MK paszpaboTaHHOTrO
YCTPONCTBA OCYIIECTBJSJIOCh B MHTETPUPOBAHHON
cpene pa3paborku Microchip Studio. Pabouee okHO
MporpaMMBbl IIPEICTaBJIEHO Ha puc. 2 (CM. BTOPYIO
CTOPOHY OOJIOXXKMU).

PaccMmoTrpum HacTpoiiky 16-6uTHOrOo Taiime-
pa-cuetuuka T1 Aas u3MepeHUs 4aCTOTHI BpalleHU s
BXoJAHOro 1 BbixomHoro BaysioB AKIIIT (cMm. Tabauiy).
OcHoBHast Mmoaenib AKIIII, ajist KOTOphIX MpeaHa3HAYEHO
JaHHOE YCTPOWCTBO, — 3TO MOCTATOYHO TOMYJsIpHas
6-crynenyarast AKIIIT U660E npousBoncTBa KOMIIAHKI
Aisin, ycTaHaB1MBaeMasl B aBTOMOOMIM KaK SITTOHCKOTO,
TaK ¥ €BPOIENCKOro 1 aMeprMKaHCKOro MPOM3BOJICTRA.
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Pacyer 3HaYeHHs BXOJAHOTO M BHIXOJAHOTO BaJiOB

Ban AKIIIT n v, 00/MUH T, MKC
50 30 000
BxonHoi 40
6000 250
50 27 272
BrixonHoit 44
6000 227

Bxonnoii Baa Takoit AKIIIT umeet 40 3y0LI0B, BbI-
XomHoil — 44. MakcuMaJlibHasl 4acToTa BpallleHUsI, 10
KOTOpPO# TpeOyeTcsi MPOBOAUTH U3MEPEHMUSI, COCTAB-
nset 6000 06/MuH, a MUHUManbHasT — 50 00/MHH.

Bpewms 1, 32 KOTOpO€ MUMO JaTyuka XoJula npo-
XOIUT ONMH 3y0ell Bajia, onpenelisieTcs no hopmyiie:

T = M

rne 7, = 60 ¢ — 3HaueHue Aas mepecyeTa B 00/c;
v — 4YacToTa BpallleHUus Baljia, 00/MUH; 1 — YHCIIO
3y0LIOB BaJia.

Anst uaMepeHUsl MEpUOJOB BPpEeMEHU IJisl BXOM-
HOTI'0 M BBIXOJHOTO BajJiOB IMTPUMEHUM 16-OUTHBII
TaliMep/CUeTYUK MUKPOKOHTpojaepa Atmega32. OH
OyIeT cYMTaTh MKC MEXIy NMPUXOZaMU 3yOIIOB Ba-
noB AKIIII. IMockonbKy cueTymK 16-OUTHBIHA, Bpe-
Ms B MUKPOCEKYHJIaX, KOTOPOE OH CMOXET U3MEPUTh
mpu BpeMeHHU TakTa B 1 Mkc, coctaBut 0,065535 c.
CrnenoBaTelbHO, MUHMMAJIbHASI YacTOTa BpallleHUS,
KOTOPYIO OH CMOXET OIPeAeIUTh, COCTABUT

T 60

M

wn 0,065535-40

B cyuyae, eciim yacToTa COCTaBUT MEHbIIIEe 3HAYE-
HUe, 5TO MMPUBEIET K CpabaThIBAHUIO TIPEPhIBAHMS TTO
MepenoJHeHUIO CYeTUYMKa, U Ha MHAMKATopax OyayT
oTtobpaxkarbcs Tupe ("----").

Hcnonb3yeM pexXnM paboThl TaliMepa/cuyeTunKa
Normal — oH ycTaHOBJIEH B HEM MO yMoJyaHu1o. TakT
taiimepa/cuetunka clkT1 onpenensiercs mo popmye

=22,9 06/MUH. ?2)

VvV =

Jeru
Ik, =2 3
ClK) N 3)

rae fopy — 4actora TakTupoBaHusA dapa MK, I'm
(B pa3pabaTbiBacMOM YCTPOMCTBE OHO COCTaBJISIET
8 MTI'r); N — ko3 pumueHT npeaaenuTess TaiiMmepa,/
cuetuuka T1 MK.

Bri0op ncrounuka raktupoBaHus siapa MK npo-
BoaMuTCs Ha 3akjiaake "Fuses" (puc. 3, cM. TpeTbio
CTOPOHY 00JI0XKM) B mporpamMmMme Microchip Studio
MpU NOAKJIIOUYEHU U MporpaMmaropa K pazbeMmy npo-
rpammupoBaHus ISP. 3nech BbIOpaH BHEIIHUI BBICO-
KOYaCTOTHBIM KPUCTAJJ/pe30HaTOP, BPeMs BBIXOdA
B paboynit peXXM, COOTBETCTBYIOINI 16 TAKTOBBIM
LIMKJaM, M 3aaepxkKa 3anycka 0 mc.

YrtoObl BpeMs TakTa TaliMepa cocTaBuJio 1 MKc,
yacToTa Ha BbIXOAE NMpeaaeauTeNs TaliMepa J0JXKHa
coctaBuTh 1 MT'u. [Ias 3TOro BeIOMpaemM TaKTOBBIA
CUTHAJI OT BCTPOEHHOTO F€HEpaTopa ¢ MPeAACTUTEIEM
Ha 8. DTO BBIMOJHSETCS MYyTEM 3alMCU JIOTMYECKOI
eqnHuLbl B out CS11 peructpa TCCRI1B:

TCCRIB| = (1<<CSI1).

Y1006bl 3ahUKCUPOBATH MOMEHTHI NMPUXOAA CUT-
HaJIOB OT JaTuyuka XoJijia, He0OXOOMMO pa3pelluTh
BHelIHue nipepbiBaHus A5 BxogoB MK INTO u INT1
(KyJa mocTymnaloT CUIHaibl OT AaTYMKOB, Ipeodpas3o-
BaHHBIE KOMIIapaTopoM) I1o meperagy ¢ 0 Ha 1:

GICR| = (I<<INTO) |(I<<INT1);

MCUCR| = (1<<ISCO1)|(I<<ISC11).

YUToObI ONpeaensiTh aKTyaJlbHOE 3HAYEHUE CKOPO-
ctu BpaieHus BajoB AKIIIIT, Heo6xonumMo u3MepeH-
Hoe (B MKC) 3HaueHue B cueTHOM peructpe TCNTI,
MEePEBENCHHOE B CEKYHbI U3 MUKPOCEKYH/, TTOACTa-
BUTH B popmyny (2).

PaccmoTrpumM nmocTpoeHue 3aBUCMMOCTU Hamps-
XKEHUS OT TEMMEPATYPHl JJIsI TEPMOPEZUCTUBHOTO
JllaTyMKa.

B TexHMYeCKMX ONMUCAHUSAX JaTUMKOB TEMITepaTy-
Pbl OOBIYHO MPEAOCTABIISIOTCS TAOIUYHBIE 3aBUCUMO-
CTU WX CONMPOTUBJIEHUS OT TEMIEPATYPHI.

DTO MO3BOJISIET POBECTU ONEPATHBHOE U3MEPEHUE
COMPOTUBJIEHUS TEPMOPE3UCTUBHBIX TAaTYNKOB MYJIb-
TUMETPOM B PEXUME OMMETPA, YTO UCIIOb3YETCS MIPU
MpOBEeIEHUU MX AMAarHOCTUKU. ['padpudueckoe mpemd-
CTaBJIeHUE XapaKTepUCTUKMU U300paxxXeHo Ha puc. 4.
Cyns 1o npeacTaBJIeHHON 3aBUCMMOCTH, JaHHBIN
JMIATYUK SBJSIETCS TEPMUCTOPOM, TaK KaK UMEET OT-
pULIaTeNIbHBIN TeMIlepaTypHbI KO3(hGUIIUEHT (C po-
CTOM TeMIlepaTypbl CONPOTUBJIEHUE TaJaeT).

Hanpsxenue, usmepsemoe MK, onpenensieTcs mo

dopmyie

Uy =%, @
80 3 R, -10°0Om
60 -
40 -
20 -
0

-40 -20 0 20 40 60 80
T,°C

100 120 140 160

Puc. 4. T'paduyeckoe npencrapiieHne 3aBECHMOCTH CONPOTHBJICHHS
OT TeMIepaTypsl JJs TEPMOPE3UCTHBHOTO JATYMKA B JIOrapudmu-
YeCKOM Macmrade
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Puc. 5. 3aBucumMocTn M3MepsieMOro MUKPOKOHTPOJLIEPOM HAMPSI-
JKEeHHS OT TeMIepaTypbl:

1 — R ,=1000m; 2— R,=1xOm; 3 — R, = 10 kOm

rae U, — HanpsikeHue nutaHus gatuuka (5 B); R, —
MOCTOSSHHOE CONPOTUBJIEHUE ACIUTEN S HATIPSI)KEHU S,
R, — COTNpOTHUBIIEHUE TEPMUCTODA.

IIpoBeaem pacueT 3aBUCMMOCTU H3MEPSIEMOro
HaIpSIXKeHWs] OT COMPOTHBIICHMS AaTYMKa IJIST Tpex
pa3HbIX 3HaYeHUI R,. PaccunTanHbIe 3HaYEHUS PEa-
CTaBJiIeHbl TpachUYecKU Ha pUC. 5.

IIpu conporusieHnuu R; = 100 Om 3aBUCUMOCTD
U3MEPSIEMOT0 HATIPSI>KEHU ST OT TeMITepaTypbl 3aHUMaeT
TOJIBKO TIOJIOBUHY OT U3MepsieMoro auamnasoHa ot 0 1o
5 B. Ilpu conportusienuun R, = 10 kOM Ha TeMmnepa-
Typax 6osiee 80 °C, Ha 10 °C uameHeHus1 TemnepaTyphbl
W3MEHEeHMe HamnpsikeHus: cocTaBUT MeHee 50 MB, uTo
CKaXeTcsl Ha TOUHOCTU U3MEPEHM ST, 0COOEHHO YUUThI-
Bas TO, YTO oHM OyayT npoBoautcs ALIIT B 8-OuTHOM
pexume. [Ipu conporusnennun R, = 1 kOm Ha 10 °C
MU3MEHEHM S TEMITEPATypbl UBMEHEHUE HATIPSIXKEHUSI CO-
craBuT He MeHee 100 MB maxke Ha rpaHUYHBIX y4acTKaxX
xapakTepucTuku. [ToaToMy BbIOMpaemM XapakTepUCTU-
Ky ipu R, = 1 kOm.

IMockonbky MK omnpenesnsieT TeMmieparypy o Ha-
MPSIKEHUIO HAa TEPMOPE3UCTUBHOM IAaTYMKE, TO He-
00X0AMMO TMEePECTPOUTh 3aBUCHUMOCTb Ha pHUC. 5 TIpU
R, = 1 xOM Tak, 4ToOBI MO OCH abcuucc OBLIO OT-
JIOXKEHO HampsKeHue, a 1Mo OCU OpAMHAT — TeMIIe-
parypa. Takast 3aBUCMMOCTD IIpeACTaBIeHa Ha puc. 6.

I,C 15_‘%

110 - T

60 - ~

10 -

-40 T T T T .‘z.
0 1 2 3 4 5

UB

Puc. 6. 3aBUCHUMOCTb TeMNmepaTypbl OT M3MEPSIEMOr0 MHKPOKOH-
TPOJLIEPOM HANIPSIKEHHUS € MOTMHOMHAJBbHO# (/) M TuHeliHo# (2) an-
Hueii Tpenaa. Toukamu noKa3aHbl 3KCepUMEHTAJIbHbIE 3HaYeHus 1:

1 — y=—4,182x> + 34,259x% — 112,79x + 192,8; 2 — y = —35,057x +
+ 150,72

ITonydyeHHasi 3aBUCUMOCTb SIBJISIETCSI HEJMHENHOM.
Hdns toro yto6s MK Mor nepecuuTsiBaTh 3HaAUECHUE
HampsiXKeHUsI B TeMIeparypy, B Imporpamme Microsort
Excel Obl1M TOCTpOEHBl JUHUU TpeHaa (MOJMHOMU-
anbHast [ v MuHeliHasa 2 Ha puc. 6). JlaHHbIe THHUN
MO3BOJISIOT MTOA00paTh MaTeMaTUYeCKYyI0 (PyHKIIUIO,
HamboJiee ONITUMAJIBHO OIMMCHIBAIOIIYIO TTOJYYECHHYIO
3aBUCUMOCTh. B pesyabTaTe pacuera mojydaeTcs
TabJuIa ¢ mapaMeTpaMM U pe3yJbTaTaMu MOJAEIH-
poBaHud. JInHeiitHasg GYHKIUS JOCTATOYHO MPO-
CcTa, HO HE TOYHO OMKCHIBAET peasibHYIO (PYyHKIIMIO.
[MonuHoMuanbHasg GyHKUMS U30BITOYHO CIOXKHAas
s TIOCTaBJI€HHON 3amadyu, ¢ KOTOpoi OydeT pa-
o6oratb 8-O6uTHBIM MK. Ilpu BbiNoOJHEHUU 3TOH 3a-
Jaunu Ha omHoM MK Henb3sl UCMOb30BaTh MaMSITh,
4yTOOBI 3aMUCHIBATh B Hee MoJMHOMBI. Kpome Toro,
IIpY 3alKNCH MOJIWMHOMUAJNBHON QYHKIMHU B MaMSITh
OyleT MOTEePSIHO LIEJOUYUCIeHHOEe 3HAaUYeHUEe, KOTO-
poe HYXHO OyAeT MOACTaBJSATh B KaueCTBE OIle-
paHna. B ¢Bg3u ¢ 3TUM Haubojee ONTUMaIbHBIM
BapuaHTOM OyayT SIBASITbCS pa30MeHue JUHUU Ha
TPU ydyacTKa W JIMHEapu3alus UX MO OTAEIbHO-
CTU C TOJIyYeHUEM MaTeMaTUYeCKMX ypaBHEHM it
(puc. 7). Ilpu 3TOM BO3MOXHO HCII0JIb30BAaHUE Me-
TOJa MOCJeI0BaTeIbHBIX MPUOIUKEHU M, HO TI0 Mepe
NpuOJMXKEeHUs K 3aaHHOW TOYHOCTHM Jyulle BOC-
MOJIb30BaThCSI METOAOM YTOUHEHHOI0 MaKCHUMyMa.
B pesyabTaTe nMHeapu3aluMu IOJy4yaeTcs cucTeMa
JIMHeHbIX ajaredbpanvyeckux ypaBHeHuit (CJIAY),
KOTOpasi MO3BOJISIET ONMPEACIUTD MOJOKEHUE U pa3-
Mepbl KaXJI0ro oTpe3ka JUHUU.

Ecnau paccmaTrpuBath rpaduk B JMHEHHON IIKa-
Jie, TO MOXHO Ccpa3y YBUIAETb TPU Ba’KHbIE BElIU:
BO-TIEPBBIX, TIPU YBEJIMUYCHUN HAMIPSIXKEHUS] C TOYKH
3peHUs aHAJIOTOBOM JIOTMKHW HabJ0AaeTcsl yBeanyve-
HUE MOTPebIIeMOro ToKa, BO-BTOPBIX, MPU MPEBbI-
IIEHUHW HEKOTOPOTO IMopora (Hanpumep, 5 B) Ha BbI-
XOJ€ MUKPOCXEMbI MOSIBJASIETCSI CUTHAJ JIOTMYeCcKon 1.
B-TpeTbux, T1MHeiiHasI anMpOKCMMAaLIMS XOpOl1Io paboTaeT

T, °C

140 - . ]
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100 - ...

80 4
60 - ATV
40 - P
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0 6...'
220 - i)
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Hanpsxenue, usmepenHoe ALl MEkpokoHTpOLIEpa, B

Puc. 7. 3aBucuMocTh TeMOepaTyphsl OT W3MEPSIEMOr0 MHKPOKOH-
TPOJIEPOM HANPSIKEHUS C TPEMS JMHEAPU30BAHHBIMH YYACTKAMM:

1 —y=-59221x + 171,74; 2 — y = —26,802x + 127,62; 3 —
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JUIS1 aHAJIOTOBBIX CUTHAJIOB U HE OYeHb XOPOIII0, a UHO-
r1a BoBce He pabotaet, st uudpoBoro curuaia. Tak
YTO Ha MPAKTHUKE YaCTO MPUXOAUTCS TMOJb30BATHCS
CJIOXHOM amnmnpoKcumalueid (Hampumep, CrijlaiiHOM).
B-yeTBepTHIX, YACTO [JI ANIIPOKCUMAILIUUA KCITOJIb-
3yI0TCS HE OIMH MOJMHOM, a HeCKoJIbKo. Harnpumep,
JUISL TpeX TOUueK — veTbipe U T. A. YeM Oosbliie Mo-
JIMHOMOB yYacTBYET B alllPOKCMMAalLMU, TEM Jy4llle
oHa "criaaxupaeTcs" U T€M MEHbIIEe BJIWSHUE pas-
Opoca napaMeTpoOB OTAEJIbHBIX IOJMHOMOB. B 0011eM
cllyyae — 4yem 0oJibliie TOYEK B3SITO B MOJUHOMHOM
YPaBHEHUU allMPOKCUMUPYIOIIero hyHKIIMOHAA, TEM
Xy>K€ KauyeCTBO aIllpOKCUMAIIUHU.

3aBUCUMOCTb TeMIIepaTypbl OT uaMepsemoro MK
HanpsiXKeHUs ¢ TpeMs JIMHeapu30BaHHBIMU yyacTKa-
MU MpeAcTaBjieHa Ha puc. 7.

TTo Mepe yBeMueHUs HANpsIXKEHUS TeMIepaTypa na-
JIaeT, 1 COOTBETCTBEHHO, COMIPOTUBJIEHUE TaKKe IMalaeT.

2. MogenupoBaHue paboTbl ycTpoOMCTBaA
C noMouwbio nporpammbl Proteus

Hanee paccMOTpUM MOAeIUpPOBAaHUE PaOOTHI
ycTpoiicTtBa. s mpaBUJIbHON HAaCTPOMKU pabOThI
YCTPOIMCTBA OHO OBLIO CMOIEIMPOBAHO C MCITOJIB30-
BaHHeM nporpaMmbl Proteus. JIaHHBII CUMYJISITOD SIB-
JISIeTCS YHUBEPCAJIbHBIM CPEICTBOM, MO3BOJSIIONINM
MOJIeIMpPOBaTh pabOTy peasibHOTO ycTpoiicTBa. Cpenu
OCHOBHBIX (DYHKLIMT MOXHO BbIIEJIUTD:

e MOJEIMpPOBaHUE paboOThl YyCTPOICTBA;

e BBIBOJ pE3YyJILTATOB;

e 3aIMyCK MPOLEAYPHI;

e TIOJIyYeHUE TOAPOOHBIX OTYETOB O paboTe
YCTPOMCTBA.

Mognenp ycTpoiicTBa B mporpamme Proteus mpen-
CTaBJieHa Ha pHUC. 8, CM. TPEThIO CTOPOHY OOJIOXKKHU.

OcuuagorpaMMbl CUTHAJIOB, MOCTYyMNAlOIMX Ha
Bxoabl INTO u INTI1, ¢ nmarpamMmMoit, mOSICHSIOLICH
MPUHLIMAI U3MEPEHUS] YCTPOMCTBOM YaCTOThI BXOMHbBIX
CUT'HAJIOB, MPEACTaBJeHbl Ha pUC. 9, CM. UeTBEPTYIO
CTOPOHY O0JIOXKKH.

M3mepeHne 4acTOTH TPOBOAUTCS ONMCAHHBIM JIa-
Jiee crnocodom.

e Jlnst uBMEpEeHUs YacTOThI BpallleHUsI BXOJHOTO
BaJia BKJro4aeTcs BHelHee npepbiBaHue INTO (Bxom-
HoIt BaJi) 1o nepeaHeMy ¢hpoHTy. Kak ToJbKO Ha BXO[
INTO mocTtynut mMIynbc, cpaboTaeT ImpepbiBaHUE,
KOTOpO€ 3aIlyCTUT cyeTuyuK T1, IIUTEeNbHOCTh Kaxk-
JIOro TakTa KoToporo coctasisieT 1 Mmkc. ITo nmpu-
XOJly BTOPOIO MMITYJbCa MPOUCXOAUT BBIKJIIOUEHUE
BHelrHero npepeiBaHust INTO, ocTaHOBKa cueTuYnKa
U 3aM1Ch B IEPEMEHHYIO pe3ybrata U3MepeHusI AJI1-
TEJILHOCTH TIeproia CUTHAJa BXOAHOIO BaJia 3HAYEHU ST
cuetHoro peructpa TCNTI.

e Jlng u3MepeHUs1 4aCcTOThl BpalleHUST BHIXOTHOTO
Basia BKJouyaeTcsl BHellHee npepbiBaHue INT1 (Beixoa-
HOM Bas) mo mepenHeMy (GpoHTy. Kak TOIbKO Ha BXO.
INTI mocTynuT uMMysabC, cpaboTaeT MpepbiBaHue, KOTO-
poe 3anycTuT cuetuuk T1. [To mpuxony BToporo uMmnyJib-
ca MPOUCXOIUT BBIKJIIOYEHHE BHEILITHErO IMpepbiBaHUS
INTI1, ocraHoBKa cueTuuKa M 3alUCh B MEPEMEHHYIO
pe3ysibraTa U3MepeHUsl JIMTEJIbHOCTHU Meproia CUrHaia
BBIXOIHOTO BaJjia 3HaYeHUs1 cueTHoro peructpa TCNTI.

B npumepe Ha puc. 9 (CM. YETBEPTYIO CTOPOHY 00-
JIOXKM) IMTPU UBMEPEHUU YACTOThI BPALLIEHU ST BXOIHOTO
BaJsia B cueTHOM pervctpe TCNTI1 3HaueHne cocTaBu-
JI0 855, cnemoBaTeIbHO, YacToTa BpalleHUs (B 00/MIUH)
st BxomHoro Basa cocrasisier 60/(0,000855%40) =
= 1754 06/muH. 1151 BeixomHoro Baja 3HadeHue B TCNTI
cocTaBwIo 1425, cienoBarenbHO, YaCTOTa BpallleHUsI Bbl-
xomHoro Basia 60/(0,001425x44) = 956 06/MuH.

Hnsa pabotsl ¢ MK OCHOBHBIMU MCTOYHMKAMMU
NnojydyeHUsT MHGOpMALIMU SIBISIOTCS MOACUCTE-
Mbl Reference Manual, a Takxe Data Sheet. B Hux
JllaHbl XxapakTepuctuku MK, Ha3zHaueHUe BbIBOAOB,
3JIEKTpUUYECKHUE MapaMeTpbl, ONMMCAaHUE YITpaBs-
IOIIUX PErMCTPOB, OMKMCaHUE MepudepuiiHbIX MOI-
cucteM. AILIIT MK u3MepsieT HalpsikeHUe Ha BXOIE
PAO/ADCI1 u nepecunThiBaeT 3HaUCHUE HATTPSIKEH U ST
B TeMIIepaTypy, KOTopas oToOpakaeTcsl Ha 3HaKOCHUH-
tesupyloueM KK-gucniee.

IlepecueT ocyiecTBasIETCS IO OAHOM U3 Tpex Ghop-
MYJI, B 3aBUCUMOCTU OT U3MEPEHHOr0 HaMpPsIKeHUS:

< 1,1 B, o T=171,4 — 59,9221U,

I/IBM;
eciu 1,1 B< Uy, < 4,3 B,

to T= 127,62 — 26,8020,

U3M>

eciu Uy, >4,3, to T = 352,87 — 78,249U,,,,.

B npumepe Ha puc. 8 (cM. TpeThIO CTOPOHY 00-
JIOKKH) TTOKa3aHO, YTO MpU HampsikeHuu 2,55 B Ha
noteHuuomerpe I Ha KK-gucnnee 2 orobpaxaercs
temneparypa 60 °C.

s npoBepKU 3aBUCUMOCTEM TPUMEHUM BTOPY1O 13
npeacTaBieHHbIX GopMyir: T= 127,62 — 26,802%X2,55 ~
~ 60 — BepHO.

Takum obpa3oM, Ha OCHOBE MPOBEACHHON PabOThI
OBLJIO CKOHCTPYMPOBAHO YCTPOMCTBO IJ1s KOHTPOJIS T1a-
pameTpoB AKIIIT aBroMobuJIs, KOTOpOE MpenHa3HAYEHO
JIJIS TIOBBILICHUSI TOYHOCTH TUATHOCTUKU TAHHOTO TUTIA
ycrpoiicTB (puc. 10, cM. 4eTBEpPTY1O CTOPOHY OOJIOXKKH).

ecnu Uy,

3akntovyeHue

OnucaHa MporpaMMHO peaju30BaHHAasT MOIENb
yCTpoOMCTBa AJ151 KOHTpoJsl napaMeTpoB AKIIIT aBTo-
MoOuiis. JJaHHast Moeab MO3BOJISIET HE TOJbKO B pe-
aJbHOM BpPEMEHU OTCJIEXMBaTh KPUTEPUU, KOTOPbIE
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MPEeABSBISIOTCS IJISI OLIEHKU KadecTBa (DyHKIIMOHU-
poBaHug ycTpoiicTBa (Temreparypa macia AKIIIT; ya-
CTOTa BpallleHWs BaJIOB; UCITPABHOCTb JATYUKOB aB-
JIEHU S U KJIallaHOB, KOTOPbIE OTBEYAIOT 3a HapacTaHUe
JaBJCHUS U YACPXUBAHMUS €ro B HYXHBIX Mpeaeaax
IS 3a7eICTBOBAHM S T€X UJIM MHBIX JaTYMKOB JaBJe-
HUS), HO Y IPUMEHSITh MOJIyYeHHbIE CXEMHbIE PE3YJIb-
TaThl JJIs1 aHaJIM3a MoXOXUX cucteM. PaccMoTpeHHoe
YCTPOMCTBO GJarogapsi CBOei MpoCTOTE MOXET UMETh
IIMPOKUH CIIEKTP MPUMEHEHMS KaK B aBTOCEPBHUCE, TaK
U B IpousBoacTBe. Kpome Toro, oHo mo3BoJIsieT onpe-
IenuTh NpuuyuHy HeucnpaBHoctu AKIIIT Ha paHnHei
CTaIuM U TIPEIOTBPATUTh JOPOTOCTOS LM PEMOHT, YTO
JlaeT 9KOHOMMYECKYIO BbITOAY OT €TI0 UCIOJIb30BaHUSI.
CHnpoeKTUPOBAaHHOE YCTPOMCTBO pabOTaeT UCIPABHO
B peaJlbHOM BpEeMEHM, OToOpakasli JaHHbIE YaCTOThI
BpallleHWsI BXOIMHOTO W BBIXOJHOTO BajiOB Ha CEMU-
CerMeHTHBIX MHAMKaTopax. Ha mucriee BuIBOASITCS
TaKXe JaHHbIE O COCTOSIHUM TeMIepaTypbl TEPMO-
PE3UCTUBHBIX HAaTYUKOB. YCTPOMCTBO UMEET Maaylo
Maccy U rabapuTHbIE pa3Mephbl, YIOOHYIO MHAWKALIWIO,
YHUBEPCAJbHbI pa3beM MOAKJIIOUEHUSI, MOXKET ObITh
3alMTaHO OT JItoOOoro 6Jioka MUTAHUS MOCTOSTHHOTO
TOKa C HampskeHueM 5 B 1 mMmeeT morpenrHocTh u3-
Mepenus meHee 0,5 % Ha naTepBae ot 50 mo 6000 06/
MUH. Bce nepeuncieHHbIe oKa3aresu IeaoT YyCTPoii-
CTBO YHMBEPCAJTbHBIM U ITPOCTHIM B MCIIOJIb30BAaHUM.
A BBICOKM KJ1aCC TOYHOCTU MO3BOJISIET MPOBOAUTD HE
TOJILKO PEMOHTHO-BOCCTAHOBUTEIbHbIE PAOOTHI, HO
U pabOTHI, CBSI3aHHBIE C Pa3pabOTKON U IIPOEKTUPOBaA-
HueM HoBbIX AKTIII, B ToM umce a1 aBToTpaHCHopTa
C TUOPUAHBIMU CUJIOBBIMU YCTAHOBKAMMU.

TakuMm o6pa3om, NMpeacTaBaeHHOE MTPOrpaMMHO pea-
JIN30BAaHHOE YCTPOMCTBO KOHTPOJIsI ITapameTpoB AKIIIT
SIBJISIETCS aKTyaJIbHbIM U HEIOPOTUM pelLleHUEeM, YTO
MO3BOJISIET HE pa3pabaTbhiBaTh U HE MCIOJb30BaTh J0-
POTOCTOSIIIINE CUCTEMBl HATYPHOT'O MCCJIEIOBAaHUSL.

Cnucok JuTepaTypsl

1. Salamandra K., Tyves L. Modeling of cyclic gearshifts
in automatic transmission for vehicles // Engineering for Rural

Development. 17th International Scientific Conference. 2018.
P. 2071—2078. DOI: 10.22616/ERDev2018.17.N331.

2. Blokhin A., Barakhtanov L., Fadeev E., Lubichev P.
Research of robotized manual transmissions for all-terrain vehicles
// ARPN Journal of Engineering and Applied Sciences. 2017.
Vol. 12, No. 1. P. 20—32.

3. Hsauos A. C., JIaunenoypckuii B. B., ®axpyraunos U. U.,
Dkumos II. M., Ueanos B. A., Kyxmazoe K. 3. KoHTposnb Tex-
HUYECKOTr0 COCTOSIHMS aBTOMAaTH4YeCKOW KOpoOKuM mepenay //
Huga IMToonxbs. 2019. Ne 4 (53). C. 121—128. DOI: 10.36461/
NP.2019.52.3.018.

4. Abyzov O. V., Dobretsov R. Y., Sidorov A. A.,
Galyshev Y. V., Krasilnikov A. A., Uvakina D. V. Stationary text
complex for vehicle and tractor gearboxes // International Review
of Mechanical Engineering. 2020. Vol. 14, No. 2. P. 127—132. DOI:
10.15866/ireme.v14i2.18267.

5. Benadenko JI. C. Tumbl UCTIOTHUTENbHBIX MEXaHU3MOB
COBPEMEHHBIX THIAPOMEXaHUYECKUX Mepenay OTeUeCTBEHHBIX U 3a-
pyOexxHBIX TIpou3BoaUTENEl // MexaHuka MalluH, MEXaHU3MOB
u MmarepuaioB. 2016. Ne 3 (36). C. 34—42.

6. Liu J., Li Q., Yu L., Zeng Q. Synthesis of multi-row and
multi-speed planetary gear mechanism for automatic transmission
// Mechanism and Machine Theory. 2018. Vol. 128. P. 616—627.
DOI: 10.1016/J.MECHMACHTHEORY.2018.07.007.

7. Okumos II. M., JIsunendypckuit B. B., Bopucos H. B.
KoHTposb HeucnpaBHOCTEN aBTOMAaTUUYECKON KOPOOKM mepenay
// BionnereHb TpaHcnopTHOi nHpopMmaiuu. 2017. Ne 10 (268).
C. 16—19.

8. Anexun B. A. TlpoexTupoBaHUE 3JIEKTPOHHBIX CUCTEM
¢ ucnonb3zoBanueM SYSTEMC u SYSTEMC-AMS // Poccuiickuii
TexHosornyeckuii xxypHai. 2020. Tom 8, Ne 4 (36). C. 79—95. DOI:
10.32362/2500-316X-2020-8-4-79-95.

9. AnmcumoB U. A., Xuonoros P. A. OGocHOBaHME aKTyallb-
HOCTH MCCJIEIOBAHMSI 3aBUCUMOCTHU pacXoja TOTJIMBA JBUTATE sl
Ha pexXuMe X0JIOCTOro xoma oT pexxuma pabotrsl AKIIIT u Temrte-
paTypHbIX ycioBuii // HayuyHo-TexHuuYecKuit BecTHUK [TOBOTXbSI.
2013. Ne 6. C. 120—122.

10. 3yes C. M., Bapaamos /I. O., Jlaspukos A. A., Maue-
es P. A., IlImaTkos 0. M. KpaTkuii TOTKOBBIIT pyCCKO-aHTJIUI-
CKMI TEPMUHOJIOTMYECKUI cioBapb-cripaBouHUK. M.: UH®PA-M,
2021. 200 c. DOI: 10.12737/1242228.

11. Turner J. D., Austin L. Sensors for automotive telematics
// Measurement Science and Technology. 2000. Vol. 11, No. 2.
P. R58—R79.

12. Mauxnees P. A., 3yes C. M., CkBopuos A. A., Bean-
kuii M. JI., CeuanoB M. B. DkcrniepyMeHTalIbHbIC UCCICIOBAHUS
JABC ¢ eMKOCTHBIMU HAaKOMUTENSIMU dHepruu // BecTHUK ma-
mmHocTpoenust. 2021. Ne 2. C. 32—36. DOI: 10.36652/0042-4633-
2021-2-32-36.

13. Maunees P. A., 3yes C. M., Cksopuos A. A., JlaBpu-
KoB A. A. CucTeMbl 3JIEKTPOCTAPTEPHOTO MycKa C BHICOKOBOJIb-
TOBBIMM MCTOYHUKaMU Toka // [IpobGaeMbl MalIMHOCTPOEHU S
n asromatusanuu. 2020. Ne 1. C. 66—71.

14. Maunees P. A., 3yes C. M., Jlaspukos A. A., I'pedenun-
koB H. II. UccnenoBanme pexxnuMoB pabOThl EMKOCTHBIX HAKOTIU-
TeJiell 9HEPTUU B CUCTEMax MycKa aBTOMOOMJIBHBIX JABUTATEJNEi
// U3Bectuss MI'TY "MAMM". 2019. Ne 1 (39), C. 29—35. DOI:
10.31992/2074-0530-2019-39-1-29-35.

A Software-Implemented Model of a Device for Monitoring
the Parameters of an Automatic Gearhox of a Gar

S. M. Zueyv, sergei_zuev@mail.ru,

MIREA — Russian Technological University, Moscow, 119454, Russian Federation,
D. O. Varlamov, e-mail: varlamovd@mail.ru, U. I. Akramoyv, ulugbekakramov97@gmail.com,

V. V. Kuksa, ya.vetal11@yandex.ru,

Moscow Polytechnic University, Moscow, 432700, Russian Federation

MporpammHas uHxeHepus. Tom 13, Ne 9, 2022

467




Corresponding author:

Sergei M. Zuev, PhD, Associate Professor,

MIREA — Russian Technological University, Moscow, 119454, Russian Federation

E-mail: sergei_zuev@mail.ru
Received on July 15, 2022
Accepted on July 28, 2022

The paper presents a description of a device for monitoring the parameters of an automatic transmission of a
car, which allows you to monitor in real time such parameters as the temperature of the automatic transmission oil,
the rotational speed of the shafts, the serviceability of both the pressure sensors themselves and the valves that are
responsible for the increase in pressure and keeping it within the required limits to activate certain pressure sensors.
This device, due to its simplicity, has a wide range of applications, both in car service and in production. In addition,
the device allows you to determine the cause of the automatic transmission malfunction at an early stage and prevent
costly repairs.
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sensors, oil temperature, shaft speed
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Pucynku k cratpe C. M. 3yesa, /1. O. Bapaamosa, V. . Akpamona, B. B. Kykcebi

«ITPOI'PAMMHO PEAJIM30BAHHAS MOJIEJIb YCTPONCTBA
KOHTPOJISI IAPAMETPOB ABTOMATHUYECKON KOPOBKU
IHEPEK/TIOYEHUS ITEPEJTAY ABTOMOBWJIS»
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Tool Device Interface Device signature Target Voltage
AVRSPmill | ATmega32A v |Isp v |[Apply| loxiesso2 50V )
Interface settings Fuse Name Value
Tool information @HIGHEQOTRST ] //
)LOWBODLEVEL [ gron_out detection at VCC=27 V. ~ ’
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(1)LOW.SUT_CKSEL

Oscillator calibration
Ext. Crystal/Resonator High Freq; Start-up time: 16K CK + O ms ~
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- Fuse Register  Value
Lock bits HIGH %
Production file ow 0xDF
Copy to clipboard
Auto read py to clipl
Verify after programming Program ] [ Verify | | Read ]

Starting operation read registers
Reading register HIGH...OK
Reading register LOW...OK
Read registers...OK

B Read registers..OK

Puc. 3. OxHo ycraHoBKH ¢pbl03-0MTOB MUKPOKOHTpPOILIEpa
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Puc. 8. Monein pa3paboranHoro yerpoiicrsa B iporpamme Proteus:
1 — motenmuometp; 2 — KK-mucreit
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Pucynxku k crathe C. M. 3yesa, /1. O. Bapaamosa, Y. . Akpamosa, B. B. Kyxkcebi

«ITPOI'PAMMHO PEAJIM30BAHHASI MOJIEJIb YCTPOMCTBA
KOHTPOJISI TAPAMETPOB ABTOMATUYECKOM KOPOBKI
ITEPEK/TIOYEHUS ITEPEJITAY ABTOMOBWJIS»

5 B/nen.

{<— Bucmmnee npepbisannce Macrab:

10 TiepeHeMy poHTy 100 MKc/ne.

INT1/PD3 RAWeEY i— 956 06/MuH

INTO/PD2 ;—l— ﬂ# 1754 o6/Mun

1425
TCNT1 855 TCNT1
Taitmep/ .0 T .0 —
CUCTYHK T, = 855 MKc T, = 1425 mMrc

T1

Puc. 9. OCHPI.]I.]IOFpaMMa BXO/IHbIX CHT'HQJIOB € JIATYUKOB B IIPpOrpamMmme Proteus

0) |

Puc. 10. Yeranoska Ha ucnbitateiibHoM credje AXILINE 97000 ECRH (a),
a TaK;ke BHYTPeHHUit BUJ (0) U BHENHUIA BUJ (8) yeTpoiicTBa

Pucynoxk k cratbe E. B. Opuosoii

«CUCTEMHBIA UHHKUHUPUHI ITUOPOBLIX JIBOMHUKOB
OPTAHUBAITMOHHO-TEXHUYECKNX CUCTEM C UCITOJIb3OBAHUEM
METOJIOB UHTEJUIEKTYAJIbHOI'O AHAJIN3A»
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