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MOJIEJTMPOBAHUS KUBOU KJICTKH
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Hncmumym mamemamuuecxkux npooaem ouonocuu PAH, I[Iywurno, Mock. o61., Poccus

Annomayusn. OnuUChIBAa€TCS CO3JAHHBI  KOJUICKTHBOM — HH()OPMAIMOHHO-
BBIYHCIUTENBHEIN mopTan «MaremaTnyeckas kimeTka» (http://www.mathcell.ru),
BKIOUarommii B cebs 3D-momens 3yKapHOTHYECKOH KIIETKH, CHa0XEHHYIO
BO3MOXXHOCTSIMH HaBHTallMd BO BHYTPEHHEM MPOCTPAHCTBE M CBSA3aHHYIO C
WHPOPMALIMOHHON  COCTaBIAIONIEH MOpTaia, OJHIUKIONEIUIO 3HAHUK 1O
MaTeMaTHYeCKOH OMOJOTMH M KOJUICKIWIO OPHTHHAIBHBIX MOJENeH OTIeTbHBIX
KJICTOYHBIX MTPOLCCCOB.

[Tpobnema pa3paboTKH aJieKBaTHOW MOJAEIH KMBOM KJIETKH JaBHO BOJIHYET YMBI YUCHBIX.
Jlonroe BpeMs MOJCTHPOBAINCH OTAENBHBIC KJIETOYHBIE TIPOLECCHl  (KMHETUYECKHE
HpeBpaIleHHs, MPOIECChl pocTa KIETOK W MX kojoHuid u ap.), B CCCP mepBbie paboThI,
JieTIaBIIMe POOKHME TMOIMBITKM IIOCTPOUTh MAaTEeMaTHYECKYI0 MOJENb  KJIETKH IEIHKOM
nosiBUIMCh B cepeanne 80-x rogoB XX Beka [1]. OqHako OOJBIIOrO PacHpOCTPaHSHUS 3TH
paboTel He mony4ywian. JIMIIb JOCTHKEHHS MOCIEAHUX TOJO0B B 00NacTH OHONOTHH H
KOMITBIOTEPHBIX M KOMMYHUKAI[MOHHBIX TEXHOJOIMU Jald HOBBIA HMMITYJIbC aKTHBU3AIMU
3THX padoT. BriepBbie MosSBIIIACH BO3MOKHOCTh IPUCTYIUTH K PEIICHHUIO 334k TIOCTPOCHUS
UHTEIPUPOBAHHON KOMITBIOTEPHOH MOJEIH JKUBOW KieTku, kietku In silico [2, 3]. B aroii
00JIaCTH MJIET aKTUBHAsI COBMECTHasE paboTa OMOJIOTOB U MaTEMaTHKOB, TIOJIOKEHUE MEHSIETCS
o4YeHb ObICTpO. B Hacrosimee BpeMss MOACTUPOBAHHUE KJIETOYHBIX MPOIIECCOB HAXOIUTCS Ha
caMoM TiepeTHeM Kpae KIETOYHOH U MaTeMaTHYeCKO OMOIOTHH.

CaMbIM MepBBIM MTPOEKTOM Takoro poja owut npoekT E-CELL [4], mosiBieHue u pa3BuTHe
KOTOPOTO CBSI3BIBAIOT C MTMYHOCTHIO aupektopa Institute for Advanced Biosciences at Keio
University. M. Tomita mnepBeiMm B 1996 roay pemmn co3gaTh CAWHYIO MOIETH
caMoBocHpou3Bosmeicss xuBoi  kietku [5].  IlepBbiIM  0O0BEKTOM Ui TaKOro
MojieTTMpoBaHus Obuta BeIOpana Oaktepuss Mycoplasma genitalium, remom koTopoii, Kak
M3BECTHO, MUHMMAJICH M COCTOUT U3 127 renoB. [lepBblid ONBIT MOKa3all, 4To JUIs YCIIEIIHOTO
pemeHusi 3ToW 3a7add HEOOXOJMMO OOJIBIIOE KOJHMYECTBO AIKCIEPUMEHTANBHBIX JIaHHBIX,
KOTOPBIX K TOMY BpeMEHH OBLIO HEIOCTaTOYHO. I[IpOeKT pa3BHBAaeTCS B HalpaBlICHUU
NOJTYYCHHS HOBBIX JAaHHBIX U MX MHTETPAIlMH B MOJCIH (PYHKIIMOHUPOBAHUS YEITOBEUCCKHUX
OPUTPOLIMUTOB, MHTOXOHIpHH, xemoTakcuca y E. Coli u np.

JIpyruM W3BECTHBIM MPOEKTOM IO MojenupoBanuio kietku sisercs Virtual Cell
(VCell), mporpammusiii komrmieke, co3aannbiii The National Resource for Cell Analysis and
Modeling (NRCAM) [6]. Pecypc mpencraBiser coOOi HpOrpaMMHYIO IatdopMmy Jist
MOJCTHPOBAHHUS  KJIETOYHBIX  NPOLIECCOB, OHA  CBS3bIBACT  OWOXMMHUYECKHUE U
ANIEKTPO(U3NOIIOTHYECKUE  JaHHBIe,  OINUCHIBAIOIIME  OTACIbHBIE  PEaKIuH,  C
IKCTIEPUMEHTAIEHBIMU MHKPOCKOTTHYECKUMH JTAHHBIMH, OITUCHIBAIOLIIMMHU ux
BHYTPHUKIIETOYHOE pacrojiokeHne. Kierounele (usmonornyeckue COOBITUS  MOTYT
OITMCBHIBATHCS SMIMPHUECKIMHU reomeTrprueckuMu coodpakenusmu. Virtual Cell cocrour u3
JIBYX KOMIIOHEHT — OWOJIOTMYECKON M MaTeMaTuyeckoi. McciemoBarenb MOXET cO37aBaTh
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Ouosornyeckue OOBEKTHI, A KOTOPBIX IpOrpaMMa CO3JaeT MaTeMaTHYeCKUl KOog,
HEOOXOAUMBIN JUII UMHTALUHN JIEATEIBHOCTH 3TUX 00BekToB. C MOMOIIBI0 MPOTrPaMMHOTO
obecnieuenus Virtual Cell moxxHO co3naBaTh AeiCTBYIOIIME MOAEIH OTACIBHBIX KICTOYHBIX
IIPOLIECCOB.

CymiecTByeT psii OPYyrHX IPOrPaMMHBIX KOMILUIEKCOB i MopenupoBaHus [7-13],
HEKOTOPbIE M3 HUX MOJB3YIOTCS PECypcaMu BBIYUCIMTENBHOU TpUA-HHGPACTPYKTYphl [14,
15]. ns Toro, yToOBI pa3Hble KOMIIBIOTEPHBIC HPOrPAMMBbI, CO3IAaHHBIC IS Pa3IMYHBIX
OTIEPALIMOHHBIX CUCTEM U JJISl PAa3JIMYHBIX BRIYUCIUTEIBHBIX MIaT(HOPM MOTIIM 0OMEHUBATHCS
MEXy COOO JaHHBIMU OBUIN CO3JaHbl CIIEUANIbHbIE CTAHAAPTHI AU 3alIUCH MOJEIEH.

[lepBbIM TakuM CTaHIAPTOM JUISL TIPEACTABICHUS B MAIIMHHO-YATaeMOM ¢opmare ceTen
onoxumuueckux peakuuii O0bu1 SBML (Systems Biology Markup Language) [16], on
npeIHa3HavalICs IS 3alUCH METAa0O0IMYEeCKHX CXeM, IMyTel Mepeaadyrd CUTHAIOB B KIIETKaX,
PETYJISTOPHBIX CETEH.

Cranmapt npezacraBieHuss Ouonormueckux gaHHeix SBML ocnoBan Ha cranpmapre
XML. MarucrpansHoe HampasieHue pasButus \Web-TexHojoruii B TmocieqHee Bpems
CBSI3aHO C HOBBIM PACIIMPSIEMBIM sI3bIKOM pa3merku fokymeHtoB XML (Extensible Markup
Language) [17]. Ctanmapt sToro si3bika ObuT mpuHAT KoHcopunymoM W3C [18] B despaie
1998 roga u B mocneaHee BpeMsl MOJIY4YaeT LIMPOKOE PacHpOCTpaHEHUE. DTOT CTaHAapT
NO3BOJISIET OTACIUTH JaHHBIE OT cHoco0a MX MPEeICTaBICHHs. DTO JieNaeT BO3MOKHBIM
CTPYKTYpPUPOBAaHUE JaHHBIX, INPOTPAMMHUpPOBAHHME OINEpaldid HaJg JaHHBIMH H HX
aBTOMATHYECKOE pElaKTHpPOBAaHUE, YTO, B CBOIO OuYepelb, IO3BOJISIET IepeaaBaTh
UHPOPMALIMIO CAMBIMU PA3IUYHBIMUA CIIOCOOaMU JIFOOBIM ITU(PPOBBIM YCTPOHCTBAM, a TaKKe
OpraHu30BaTh  B3aUMOJACHUCTBUE TNPWIOKEHUH M  NPEIOCTaBICHHE HHTEPAKTHBHBIX,
B3aMMOJIEHCTBYIOLIUX IPYT C APYTOM BEO-CEPBUCOB.

B otnuuune ot cBoero npenmiectBeHHuKa - si3bika HTML, XML sBnsercss "oTKpbIThIM"
S36IKOM. B HeM He (QuKcHpyeTcs MHOXECTBO TETOB, HCIOJB3YEMBIX [UIS Pa3METKH
nokymeHTtoB. Coznarens XML-gokymeHTa wuiaM Habopa JIOKYMEHTOB MOXET caM
KOHCTPYHPOBATh HEOOXOAMMBIE €My TETH, OMpPEeNisisi UX C IMOMOIIbI0 METacpEeACTB S3bIKa
XML - Habopa CHHTaKCHYECKHX KOHCTPYKLHUH, Ha3bIBa€MbIX JACKJIAPALUSAMH PA3METKU
(Markup Declaration).

S3pik XML 1o3BoJsieT ONMChIBaTh JIOTHYECKYIO CTPYKTYPY JOKYMEHTOB B TEPMHHAX
COCTaBJISIFOLIMX WX AneMeHToB. Takue omucanus - Document Type Definition (DTD) u XML
Schema - MoryT mojiep)KuBaThCsi B rII00ATBHON Ccpelie He3aBUCUMO OT 3K3eMIusipoB XML-
JOKYMEHTOB ¥ MOTYT yHUQUIMPOBATBCS B HHTEpEcax pPa3lMYHBIX COOOIIECTB
nojb3oBaresiel. brarogaps 3ToMy MOYKHO CO3/1aBaTh HOBBIE SI3bIKM Pa3METKH, a/IeKBAaTHBIE
HNOTPEOHOCTAM Pa3INYHBIX cPep IPUMEHEHUS.

Koncopunymom W3C pa3paboraHbl pazivyHble CHEIMAIM3UPOBAHHbIE CTaHIAPTHI,
HampuMep S3bIK pa3MeTku MaremaTuueckux TekcroB MathML (Mathematical Markup
Language). MathML, onmceiBast coBokymHOCTE XML-(yHKIHIL, TO3BOJISET OCYIIECTBISAT B
WWW wmHorouncnennsle mMatemarnuyeckue omnepauuu. MathML Moxer ucnonb3oBaThCsl C
LENIbI0 KOAUPOBAHUS M IPEJCTABICHHUS MAaTEeMAaTUYECKOTO COAEP)KaHUsS IS MOCIeAyromen
BBICOKOKQUECTBEHHON BHU3YalIbHOW MHTEPIPETANNH IS IPUIIOKEHNH, B KOTOPBIX OCHOBHYIO
pOJIb UTPACT CEMAHTHUKA.

C 2000-ro rtoma cymiecTByeT MexayHapomHoe coobmectBo SBML  Team, onHo
NOJ/ICP)KUBACTCS  MPaBUTENbCTBEHHBIMU mporpammamu  CIIIA, Snonun u  AHIIUH.
CooO1miecTBO co3AaHO A pa3padOTKH U COBEPIICHCTBOBAHUS CTaHAApTa IMPEICTaBICHUS
MoJieNiell U MporpaMMHOro obecnieueHust st paboTsl ¢ 3TuM dopmarom. Cranmapr SBML
CTall aKTUBHO WCIIOJB30BAThCA pa3padOTYMKAMH TMPOTPAMMHOTO  OOeCredeHust s
UCCIIeIOBaHHUS METa0OJIMYECKUX acleKToB KieTku [19-21], B HacTosmiee BpeMsl CyIIECTBYET
6onee 120 mporpaMMHBIX KOMIUIEKCOB, mojanepxuBaromux crangapt SBML. Cpeam Hux
MHOT'O CEPBHUCHBIX MPOTpaMM, HANpUMEp, [UIA BU3YAJIM3alUU META0OIMUYECKUX CeTeH, s
rpadM4ecKoro 3aJaHus HOBBIX CETeH mepenayn curHaia u skcropra B SBML u ap. Bee onn
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nepeunciensl Ha caiite coobmectsa SBML [16]. Co3marenu cranmapra 3amucaid Psiji
U3BECTHBIX K TOMY BPEMEHH B JHMTEpAType METa0OJMYECKUX ceTeil B OMOIMOTEeKy Mojenen
SBML. A no mepe pocta MOMYJISIPHOCTH 3TOTO CTaHAApPTa M MOJ BIUSHUEM IOSBUBIIETOCS
no3nHee cranpapra CellML, xotopblit o0nanan OOJIBIIMMH BO3MOXKHOCTSAMH M TO3BOJISUI
3aluchiBaTh MareMmaruyeckue (GOopMylibl, pa3pabOTUMKU CTaHIApTa JOMOJHUIU  €ro
nporpamMmmHbiM lakeroM MathSBML [22] mis pabotel ¢ SBML-monensimu. OH mo3Boisiet
cMoTpeTh Mojenu Ha dkpaHe (B dopmare SBML), KOHBepTHpPOBAaTH HX B CHCTEMBI
OOBIKHOBEHHBIX JH(PepeHINaTbHbIX YPAaBHEHUH] AJIs pacueTa U BU3yaJH3allMHd Pe3y/IbTaTOB
B cpeae Mathematica, mepeBoauth Moaenu B aApyrue (Gopmarhbl MPEACTABICHHUS U SBISCTCS
IPOTPAMMHBIM KOMIIJIEKCOM C OTKPBITHIM KOJIOM.

Hpyroii dhopmaT npeacTaBiIeHUs MOJENIeH KJIETOYHBIX IMPOIIECCOB, MMEKOIIMK B CBOEH
ocHoBe TexHosoruto XML u HekoTopoe Bpemsi koHkypupoBaBmmii ¢ SBML, ocHoBan B
Nuctutyte  OunommxkeHepuun  npu  YHuBepcutere  Oxmanga, Hopas — Semangus.
Crienanu3upoBaHHbIl  CTaHAApT OOMEHa JaHHBIMH B OOJIACTH  MaTEeMaTHYECKOTrO
moaenupoBanus CellML [23-25] ucmons3yer cnenuanusupoBannbie Haactpoiiku MathML,
RDF, Dublin Core Metadata Set. ®opmar CellML nosyunicst 10BOIbHO YHUBEPCATIbHBIM, OH
MO3BOJIAET IMPEACTaBIATh MaTeMaruueckue (Hopmyibl, rpaduyeckiue CXeMbl U JIHarpammbl,
JaHHbIE O MyOJIMKAmMax. ABTOpHI CTaHAapTa CO3JAIM 1O JaHHBIM JIMTEPATYPHBIX
UCTOYHUKOB  CBOIO  KOJUIGKIIMIO  MOJeNed, HauyuHalmach  3Ta  KOJUIGKIMS  C
ANIEKTPOPHU3NOIIOTUYECKUX MOJIeNed U Mojenel nepefaun (TpaHCIYKIMH) CUTHAJIOB, M03%Ke
CTaJla BKJI0YaTh B ce0s1 MOJIeIN METa00Iu3Ma, UMMYHOJIOTHUECKUE U JIP. MOJIEIIH.

Hano ckasatb, uro, popmar CellML He Tak cuibHO pacnpoctpaneH, kak SBML, HO oH
CBITPaJl CBOIO IIOJIOKUTENBbHYIO pPOJb B COBEpPUICHCTBOBAHMU (popmara MpeacTaBIeHUsS
MOJIeJIC W BKIIOYCHHU B HEr0 HEOOXOIMMBIX KOMIIOHEHT, KOTOpble caemamu SBML
COOTBETCTBYIOIIUM  COBPEMEHHbIM TpeOoBaHusM. Hamuuume OOJBIIOrO  KOJMYECTBA
pa3sHOYHKIIMOHAIBHOTO ~ TPOTPAaMMHOTO  oOecredeHus s paboTel ¢ MOEISIMH,
npenctaBieHHbIMU B hopmare SBML, cnenano 3ToT cTranmapt 3anucu OUOJIOTHYECKUX CXEM
¥ B3aMMOCBSI3€i MEXy MX KOMIIOHEHTAMH TJIABEHCTBYIOIIUM B MUpPE. DTO MPHUBEIIO K TOMY,
4To MHOrue 000coOJeHHble (opMaThl MpPEACTaBIECHUS JAaHHBIX, B TEPBYIO OdYepelb
MeTabOoJIMYECKUX, B HACTOSIIIIEEe BpeMsi KoHBepTHpYroTcs B hopmar SBML [26] u cobuparoTcs
B e/IUHYI0 0a3y JaHHBIX, KoTopas npuHauiexut EMBL.

baza nanubix BioModels [27, 28], koTopast akkymynupoBajia Bce KpyIHEHIIUEe B MUpe
pa3po3HEHHbIE KOJUISKIIMM Mojenei, B uyuciae mpounx komwieknun SBML u CellML,
MOJJICP)KUBAaET HamOoJiee W3BECTHBIE HA CETONHSIIHUN JeHb (OpPMAaThl TPEACTABICHUS
JIaHHBIX, B TOM YHCIEC W HE YIMOMSHYThIe 37eCh [cM., Hampumep, 29]. Bo3amoxHo, Korma-
HUOYIIb U3 Pa3pO3HEHHBIX MOJIENIEH PA3IMYHBIX KJIETOYHBIX MPOIECCOB, NPEACTABICHHBIX B
3TOH 0a3e JaHHBIX, MOKHO OyzeT coOpaTh OOLIYI0 €AMHYIO MOJIENb KIETKH.

Mpe1 MPEACTaBIIsIEM POCCUICKHI MIPOEKT «Maremarnueckas KIIETKa)»
(http://www.mathcell.ru), KOTOpBII UAEHHO OTIMYAETCS OT U3BECTHBIX HA CErOJHAIIHUN JI€Hb
pecypcos.

XKuBble opraHM3Mbl OpPEACTABISAIOT CcOOONW MO0  OTHENbHBIE  KIETKH, JIMOO
MHOTOKJIETOUYHbIE 00pa3zoBaHus. PaccmarpuBasi KJIETKY B 3JEKTPOHHBI MHKPOCKOI, MOYKHO
YBHUJIETh B HEW JJIMHHBIE LIETU CIIOKHOU (POPMBI U3 COTEH aTOMOB — O€JKH M HYKJIEHHOBBIE
kucnotsl (JIHK u PHK). B kneTke nmeercst MHOXXECTBO THUIIOB O€JIKOB, CpeId HUX (PEPMEHTHI,
JeMCTBYIOIIME KaK KaTaJu3aTOPbl PAa3MYHBIX METa0OJIMUYECKUX MPOLECCOB, U CTPYKTYPHBIE
OenKH, SIBISIFOIMECS €€ CTPOUTEIhHBIM MaTephajoM. B KIeTKaxX BBICIIMX OPraHU3MOB
UMEETCSl MHOXKECTBO JPYTUX OEJNKOB, BBIMOJHSAIOUMX ClENUalbHble (DYHKIMM — aHTHTEIa
UMMYHHOH CHCTEMBI, TOPMOHBI U JIp.

Knerounble mporecchl TreHeTHuyeckd ymnpasisieMbl. CHHTe3 (epMEHTOB, KOTOpbIE
YOpaBISIIOT MeTabonusmoM, ympasisercs reHamu. Monekynsl PHK mepenocst ot JIHK
HEOOX0uMYI0 Uil CUHTe3a (epMEHTOB MH(OpPMAIMIO M YCTAHABIMBAIOT CBS3b MEXIY
TCHETUYECKUMHU U METa0OJMYECKUMHU XapaKTePUCTHKAMU KJIETKU. Takasi cucremMa peryisiiui
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JIAXHO u ngp.

NpUJaeT KIETOYHBIM MpolieccaM Ype3BbIYalHYI0 YCTOMYMBOCTH. B mociegHue Trojbl
pacudpoBaHbl HHPOPMALMOHHBIE TOCIE0BATEIFHOCTH I€HOMOB MHOTHUX OpPTaHU3MOB, a
TaK)K€ YCTAHOBJICHA IPOCTPAHCTBEHHAs CTPYKTypa OIPOMHOrO KOJUYECTBA Pa3IuUHbIX
OeNKOoB.

BaxxnelinM CBOWCTBOM KIJIETKM KaK LIEJIOCTHOM CHCTEMBI SIBISIETCS HAJIMYUE TPAHULIBI —
KJIETOYHOM MeMOpaHbl. JKUIKOCTh BHYTPH KIETOYHOM MEMOpaHbI Ha3bIBAETCS ITUTOILIA3MO.
PacTutenbHble KIETKM MMEIOT JOMOJHUTEIBHYIO JKECTKYIO KIETOYHYIO CTeHKY. MemOpaHa
npeicTaBiIsier co0oi JUMUIHBIA OWUCIONH CO BCTPOCHHBIMH MOJIEKyJaMH O€JKOB, OHa
MIOCTOSIHHO HaXOJUTCS B aKTUBHOM COCTOSIHMM — OTKPBIBAETCS M 3aKPBIBAETCS, BIIyCKasi OHU
BELIECTBAa BHYTPb U BBIIIYCKasl Ipyrue HapyxKy. Bcs nestenbHoCT MeMOpaHbl HallpaBiieHa Ha
MOJJIEpKAHUE KIIETKM KaK OTAEJIbHOM CYIIHOCTM M 3alIUTy OT BPEIHBIX BHEUIHUX
BO3JICHCTBUM.

Bce snmepHble kieTkM M OOJNBIIMHCTBO OakTepuil HMMEIOT BHYTPEHHHE MeEMOpaHBbI,
OTPaHMYMBAIOIIKME BHYTPEHHIO CpEAy KIETOYHBIX OpraHejul — sApa, MHUTOXOHJIpPUH,
XJIOPOIUTACTOB B (POTOCUHTE3UPYIOUINX KIETKaX U JPYTHUX.

B muromnmasme  KJIETKHM, OTpaHUYEHHOM  MEeMOpaHOH, MPOUCXOIST  CIIOKHBIC
OMOXMMHYECKHE IMPOLECChl, B XOJE€ KOTOPHIX MOCPEACTBOM XHMHUYECKUX peakuuid u
HHEPreTUUECKUX IIOTOKOB KJIETKAa HENPEPbIBHO IUTAET, PEMOHTUPYET M BOCIPOM3BOAUT
camoe ce0s1. DTOT mpolece Ha3blBaeTcsi MeTabonu3MoM. [IpoayKThel OTHUX peakLuil BIAI0TCS
cyOcTparamMu Ui IpyTrux, oOpasys Henmu MeTaboNndecKux peakmuid. Llenu MMeroT ToukH
pa3BETBICHUS — PEaKUUU, TPOAYKTH KOTOPBIX MOTYT OBITh MCIOJH30BaHbl HE B OJIHOM, a B
HECKOJBKMX METa00JIMUeCKHX LersiX. MeTtadoinueckue mpoIecchl MpeCTaBIsAI0T CO00M ceTH
C LUKJIaMH.

[lo-BuguMoMy,  OUHaMUKa  CaMOBOCIPOM3BOJCTBA M COCTaBIIET  KIIKOYEBYIO
XapaKTEPUCTUKY KXUBOTO. B COOTBETCTBUM C 3TUM ONpPENEICHUEM BHUPYChl HE SBISIOTCS
JKUBBIMH, TaK KaK He O0JIalal0T COOCTBEHHBIM MeTaboim3MoM. J[Is mpom3BOJCTBAa HOBOU
BUPYCHOM YacTHIIBI COTJIACHO MHCTPYKINH, 3akoaupoBanHoi B ee JIHK, nyxHo no6GaBuTh
MeTaboIN3M JKUBOM KJIETKU-XO03MHA.

Jaxe y mnpocTedmmx MeTaboauyecKass CeThb Ype3BbIYAWHO CIIOXKHA. bBOJBIIMHCTBO
IIPOLIECCOB  YCKOPSIFOTCS  ()epMEHTaMM M TMPOUCXOAAT C HCIOJIb30BAaHUEM HSHEPrUu
BBICOKODHEPTE€TUYECKUX bochopconepxanux MOJIEKYI AT " JIpYTux
BBICOKODHEpreTudecknx  coeauHeHni. Ilpm  nmomomm  tpancnopreix  PHK  cers
KAaTaJIUTUYECKUX PEaKIUi U 3Heprernyeckas cetb ATD cBs3aHbI C TEHOMOM, KOTOPBIM cam
ABJISIETCS CII0)KHOM CETbI0, II€ FeHBI IPSIMO WJIM KOCBEHHO PETYIHUPYIOT padboTy Apyr Apyra.

B cBoeil nesTenbHOCTH KJIeTKa MOCTOSHHO CTaJIKMBAETCS C (PM3UYECKUM M XMMUYECKUM
JaBJIEHUEM CO CTOPOHBI OKpyXkaromied cpenbl. [loHnmanue ocoOeHHOCTEM (PHU3UYECKUX U
XUMHYECKHUX IIPOLIECCOB, NMPOTEKAOIIMUX BHYTPU JKMBOM CUCTEMBI M HAa €€ TpaHUIE C
OKPYKaIOIIEW CpeloM, TAaK K€ BaXHO /I IOHMMAHMS OCHOB JKHM3HM, KaK IIOHHMAHHE
OCHOBHBIX  OHOJOTMYECKMX T€HETHYECKUX HH(POpPMAIMOHHBIX MporpamMMm. [JaBHOM
TPYAHOCTBIO 37I€Ch SABJIETCS HEOOXOIMMOCTh MHTETpallMM Pa3IMYHbIX oOjacTe OMONOTrHH,
(GU3UKK, XUMUM U MaTeMaTUKH JUIS OMMCAHUS CYLIECTBYIOIIMX M CO3JAaHUSI HOBBIX MOJeNeil
dbyHKIIMOHUpOBaHUs KJIeTKU. OO00OIIeHHas MOJeNnb >KMBOW KIETKH JOJIKHA OIHMCHIBATh
Oouonornyeckne W (U3NYECKHE MOJENIU MPOTEKAHUs Pa3IMYHBIX MPOIECCOB, CYMMHUPOBATH
0a30BbIe MaTEMATUYECKHE MOJIEIH STUX MPOLIECCOB.

Wuctutyrom Mmarematuyeckux mpobisem Ouonorun PAH co3man umHpOpmanmoHHO-
BBIUMCIUTENbHBIN MOpTaia 0000IIEHHON MaTeMaTUYECKON MOJENN 3yKapuOTHUECKON KIETKH
(www.mathcell.ru). Dtor wuHpOPMANMOHHO-BBIYUCIUTENBHBIA PECypc NpPU3BaH CIYXUTh
cBOeOOpa3HbIM MHTEep(delicoM Mexay OumosoramMu W mMaremarukamu. OnHON M3 KOMIOHEHT
SBIISIETCS SHIUKIIONEINsT HeOOXOAUMBIX Ul MOJAEIMpOBaHUs 3HaHUH. OHa mpejicTaBieHa B
BUJIE TJIOCCApHs, TIOJICJIEHHOTO YCIOBHO Ha JIBE YacCTH — OJIHA OOBACHAET OMOJIOTUYECKUE U
OMOXMMHUYECKHE TEPMHUHBI, Jpyras — (U3MKO-MaTeMaThdeckue M Ouodusnueckue. ITO
OTBEYaeT 3ajaye MPUBJICYECHHUS MATEMAaTHKOB K M3YyYEHUIO KJIETKHU, MOMYJISIPHO OOBSICHUB
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HUHTETPUPOBAHHAA MATEMATHYECKAS MOJEJIb JKUBOH KJIETKH

HEOOXOUMYI0 OHOJIOTHIO M MPOCYMMHPOBAB MaTeMaTHKY. BHOJIOTH ¢ MOMOIIBIO TaKOTo
uHTepdeiica CMOTyT KOppEeKTHEE CTaBUTh Mepe]l MaTeMaTUKaMH 3a/1a4dl 110 MOJICIIUPOBAHHIO
Pa3IUYHBIX aCIEKTOB JKHU3HM KJICTKH. biaromaps cBoeit apxuTeKType, pecypc MOXKET IIHPOKO
MCIIOJIb30BAThLCS I 00pa30BaTEIbHBIX HYXK]I.

HNubopmanmoHHbIA MaTeprai MPEeACTaBICH B YeThIPEX Pa3IMYHBIX BapHaHTaX:

- B BHUJE OOBEMHOH MOJEIM >KHBOTHOM KJIETKHM C BO3MOXHOCTSIMH HAaBUTAllUd U

BXO0JIaMH/BBIXOJIaMH Ha YPOBEHb TEMATUYCCKUX CTATCH;

- B BHJIE IBYXMEPHOT'O CXEMAaTUYECKOT0 N300paKEeHNS KUBOTHOU M PACTUTEIBHOM KIIETOK

C BXOJIaMH/BBIXO/IaMH Ha YPOBEHb TEMAaTHYECKUX cTaTei (puc. 1);

- B BHJIC MUEPAPXUUYECKOTO JIePeBa TEMATUICCKUX CTaTEeH;

- B BUJIC aBTOPCKHX 0030pOB IO OTJCIBHBIM TeMaM MOJICITMPOBAHUS KJICTKH, CICTaHHBIX

BEIYIIUMU CIICIIMATUCTAMH B COOTBETCTBYIOIICH 0OJIACTH.

O0bemHast MoJeJb JKMBOTHOM KIETKM pEAIN3YeTCsl CIELUAIbHBIM IPOrPaMMHBIM
obecrieyenneM. TpexmepHass MOJENIb JYKapUOTHUYECKOW JKMBOTHOM KJIIETKH MpHU3BaHA
CIIY’)KMTh HarjsJHOW WUIIOCTpalUed Marepuaja, ONMCAHHOIO TEMAaTUYECKUMH CTaThsIMHU,
IIPEA0CTABIIAA M10Ib30BATEI0 BO3MOKHOCTh BUPTYAIIbHOI'O 9KCKYPCa BHYTPb KMBOU KJIIETKHU B
peasbHOM MaciiTabe BpPEeMEHU U SBISISICh, TaKUM 00pa3oM, HArJIAJHBIM CIPABOYHHUKOM.
Bynyan WHTEpakTUBHOW, MOIENb MOXXET HWCHOJNHATh (YHKIHUIO aJIbTEPHATUBHOTO
TpexMepHoro nHTepdeiica Ko BceM MarepuaiaMm, MpeCTaBIeHHbIM Ha caifTe. DTO BBIBOAUT
IIPOEKT Ha IEPEIHMM Kpaill pa3sBUTHs KOMIIBIOTEPHBIX TEXHOJIOTMH, IIOCKOJIBKY B HAaCTOSIIEE
BpeMsl METOJIbl IPEJCTABICHUS] MHTEPPENCHBIX 3JIEMEHTOB B TPEXMEPHOM IPOCTPAHCTBE

SIBJIAKOTCS

OIHUM W3

IIPUOPUTETHBIX

HaIpaBJICHUI

B pa3pabotke wuHTEpdercoB

KOMIIBIOTEPHBIX ONEPAINIMOHHBIX CUCTEM U IPUKIIAAHBIX IIPOTPaMM.

3 MaTeraTEIECHAR KReTES - Microsoft Intemet Explorer

@win  Npases  Baa  HaGpsase  Cepli  CRpasss
- = - —
g v | = 4 INeee 5 Meana i,
Qrem - Q- 1) & |/ pymtewees @mon )| (3 505 L K
Aapec: [ ] tirp: . matheed nafnafens s
Mathematical Cell
B Amuanmog SHLIKION A Marenatesecnan kaeTra - Mitrosoft Internet Explarer
BenoATHICH |\.;"'“""" > AL 2 .l\=|/ foncr . Wobpamos (8} Meana
Bl * sannursga | Havand | 3040880k
3l + CamunpTosman ) TETE,
g HMBOTHAR KNETHA, Enli
B+ [anong:
B+ ZakoH EBAHTOBO KNACCHYECKAA MOAENE NEPEHOCA SNEKTPOHOB
B+ 1o
FEAHTORO-KNACCHWECKEA MOSAL LOAGANPYST NEpEHOs ANEETDOHE BAOAE Wenow
Bl-fopcranms 0 |00 feSecloWEAReOm R 0 COCTIENEHHOR Mz WECEONBEMY 3EEHLER (HIOLEIcMY Ccalmas), KE¥EeR
Bl= flannacuan KOTOPESE NPRACTABAARTCA TAPMOHHMECIHM JEUNANATODOM, B nprpofe B ponM Tak
B+ Moges YERGYKM  CAYHMT REYDUSNoueyRan OoNMWEOHaR Mmongons OHE. o womep
ORF T MOHOMERE - EOMASEMEHTARHWE MENSOTHANWE Nape - CEAZAHW Apyr © apyr
ME:EET P NOCPEACTEOM K THRD (R Hyeneomigreie  ocHoBaHMA.  ofiparyiuy
. HMETALNCHRAR KOMMNSUEHTAPHYHD MAPY, CEAMEHE MENAY coBof pOAODOAMLAUM CERIAMY. Moge
 EMHETVECERR FUMTEBAET  BIANMOGERCTENE  WENLY  whanTOBOA  [(JApAR) W KAACCMYECK
T L R s e [-l:frnpnrvmmp ocwopanna) cactestamie Moneeyna OHK noxcoea wa Teépgoe Te
REDCTHD- TEM, 4TO MApL OCHOBAHWA ynoweds B Hefl kax @ kpucTanne. Ho amo kpacta
B2 AMHEHER mreiibpt, KK Oe OZHOMEPHEIR - KEWNSA NAPE OCHOBIMWA MMEET TONEKD OB
= [ENEHGLH B cocegen, OcHosnps oTmmynen kpactanna [JHE o1 obsiane apnser
HEETD0HE | JuqonnapMaTesgcenl | 870 ANGPHOANMMOCTE, TAX KM NOCARAOBITENRMOCTE NAP OCHORAHNA B M
= BADOATHOCTHAR Eaansioe | I DETHETT (TN3K Y HEPEIYRAPHA
= ATOE TEMELLE | |
: | MM ETENE IR —l'a I—._l._...
MEEAMIMECEAT PEtHIMES Tl (AR AT | |4 HnTepseT
E"E_..‘I'I‘::r - ] T RETHEH!
gl L apacous — B YacTaie
IR |
« nEpewnCa | TR e e B - InexTponuT
EafreniHin . . B+ Ao
s N THEHD- KI'IE ANSCT
DEFIHANIHAR NeREGANSET -
Ofikbe b =l

Puc. 1. Nepapxudeckas CTpyKTypa HHPOPMALMOHHON COCTAaBISIONIEH MTpoekTa «MaTemaTndeckas

KIICTKa».
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B mnepBom BapuaHTe peanu3alMy JaHHOW Mojenau Obuta oOecrmedena real-time
BU3YyalIH3aIusl MEpPBOro MAacIITaOHOTO YpPOBHS JSyKapuoOTHUecKod kieTku. [lomb3oBarens
MOKET BHUJETb OTACNbHBIC KIIETOUHBIE OpraHeilIbl, CBOOOJHO «II€PEMEIAsACh» BHYTPHU
KJIETOYHOTO TMPOCTPAHCTBA (YIPaBIisisi BUPTYaTbHONW KaMepOid, MOMEIIEHHOW BHYTPh MOJICIHN
kietku). Kaxngas mpencraBieHHass B MOJENM OpraHeiuila B 3TOM BapHaHTE peaiu3aluu
SIBJISIACh MHTEP(EUCHBIM 3JIEMEHTOM, MpPH BO3JCUCTBUM Ha KOTOPBIM OCYIIECTBIISIICS
Mepexo/l Ha COOTBETCTBYIOIIYIO CTPAHUILy caiiTa, ONMMCHIBAIOUIYIO JAaHHYIO OpraHeury. JTa
peanm3anusi MOJEIH OCHOBBIBAJIACH Ha MPOrpaMMHOM obOecneueHun ¢Gupmbl Anark, uro
HO3BOJSUIO €l paboTaTh Kak B peXHUME CTAlMOHAPHOM IpOorpamMMsbl, 3arpykaemMoin
M0JIB30BATEIEM Ha CBOW MEPCOHAIBLHBIN KOMITBIOTEP, TAaK U HETIOCPEICTBEHHO B OkHe Internet
Explorer.

Bo BTOpoM BapuaHTe peanM3all  WHTCPAKTUBHOW  TPEXMEPHOW  MOJENH
JyKapUOTHYECKOM KIJIeTKH Oblla 3aMEeTHO YCIOXKHEHa caMa OObeMHas MoAelb. JTO
MO3BOJIMJIO  3HAYUTENBHO YBEIUYHUTHh JIOCTOBEPHOCTH MOJIEIH, a POCT MOIIHOCTH
COBPEMEHHOM BBIYMCIUTEILHON TEXHUKU MO3BOJIMI HUBEIUPOBATH 3HAUUTEIHLHO BO3POCHINI
00BeM 00pabaThIBaeMBbIX B pealbHOM MacliTade BpeMeHH NaHHbBIX. [locTpoeHne oObeMHOM

MOJIENI MPOBOJMIOCH B HIporpamMMme TpexmepHoro moaeiauposanus/anumanua MAXON
Cinema 4D R9 (puc. 2).

Puc. 2. TpexmepHas MOJIeNb KIICTKH, TTocTpoeHHast B cpeze nporpammsl MAXON Cinema 4D R9.

Jlist BU3yalnu3alud TPEXMEPHON MOJENIHN B PeallbHOM MaciuTabe BpEMEHH U TIOCTPOCHHS
JOTUKA  TPOTPaMMbl  HCIOJB30BaJCS  CBOOOJHO  pacmpocTpaHsemblii  maker  3D-
MoenupoBanus/anumaruu — Blender 2.36 (puc. 4). B ganHo# Mojenu ObUIO peaqn30BaHO
JIBa KIIFOYEBBIX HOBOBBEICHU.
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Bo-miepBbix, Obl1a BBEZIeHA BO3MOXXHOCTH JBYHAIPABJICHHOTO CTYIEHYATOIO M3MEHEHHS
macmrtaba Moxaenu. Ha mnpumepe MUTOXOHAPUM OBbLT  pealn30BaH MEPEXon U3
OOLIEKIETOYHOIO YPOBHSI HA YPOBEHb OTJEIbHON KJIETOUYHON opraHesibl. s sToro Obuin
CIENaHbl CHEIUAIBHBIE TPEXMEPHBIC MOJICIHN KJICTOYHBIX OpraHelll cO 3HAYMTEIhHO Ooliee
BBICOKOM TreoMeTpHuecKkor Jnetanu3zanued (puc. 3). DTO TMO3BOJUT MOJB30BATEIIO
3HAUUTENBHO O0JIee TOAPOOHO U3YIUTh BHYTPEHHEE YCTPOUCTBO KaXI0H U3 OpraHeIlI.

Puc. 3. [leranu3oBaHHas MOJENb KJICTOYHOW OpraHeNUIbl — MHTOXOHAPHH, MOCTPOCHHAs B
nporpamme MAXON Cinema 4D R9.

Bo-BTOpBIX, OBUT BBEACH pacyeT CTOJIKHOBEHHH BUPTYaJIbHON KaMmephl, YIpaBIsieMOi
MMOJI30BAaTCJIEM, C TPEXMCPHBIMU MOACIIAMU KICTOYHBIX OPraHcCIlI. Pacuer IMPOU3BOJUTCA B
pealbHOM MaciuTabe BpeMeHHU. JaHHas BO3MOXKHOCTH SIBISIETCS HEOTHEMJIEMOW YacThiO
10001 UMUTAIIMOHHON MOJIENH, TIOCKOJIBKY HAWIYUIIHM 00Pa30M ITO3BOJISET TOJIb30BATEIO
OI[YTUTh OCHOBOTOJAralolue 3aKOHbI (PU3UKH, COOMIOMAIONINECs] W B paMKaxX JaHHON
BUPTYJIbHOW Cpelbl M TakKuM OOpa3oM 3HAYUTENBbHO YCHUIUTh 3(P(EKT NPUCYTCTBUSA
HAOII0IaTeNs B CMOICTTUPOBAHHOM BHPTYaJTbHOM MPOCTPAHCTBE.
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Puc. 4. Yipapisionas JOruKa WHTEPAKTUBHON TPEXMEPHOU MOJENU 3yKAPHOTHIECKOU KIIETKH,
cosnanHas B porpamme Blender v.3.36.

[ToMuMO BBINIECKA3aHHOTO, B MOJEIb OBUI BBEICH PSJI yCOBEPIICHCTBOBAHHIHA,
HANpPaBIEHHBIX HA yHydlleHHe ee (PYHKIMOHAIBHOCTH. B YacTHOCTH, OBUIM 3HAYUTEIHBHO
pacuIMpeHsbl BO3MOXXHOCTH HaBUTAIMU B TPEXMEPHOM IpOCTpaHcTBe (puc. 5).

%
Ghama

Puc. 5. Mmmoctpanust cnoco60B HaBUralyy 1o TPEXMEPHOI MOJIENH KIETKH.
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Hexotopbie ameMeHTB Mojenu ObUTH TEKCTYpUpPOBaHBI. BbUTH M00aBIEHBI 3BYKOBBIE
a¢ddexTsl, ycunuparomue 3QpdekT oOpaTHON cBsI3U C monb3oBareneM. M3 3a ocoOeHHOCTEH
UCIIOJIF30BAHHOTO MTPOTPAMMHOTO O0eCIieUeH sl JaHHasi MOJEIb MPEaracTcs JHIIb B BUJIC
POTPaMMBI, 3arpyKaeMoO Ha JIOKaJbHBIN KOMIIBIOTED TOJIh30BATEIS.

K HacrosimieMy BpeMEHH BO3MOXKHOCTH HCIIOJIB3YEMOTO paHee IPOrPaMMHOTO
obecrieueHust ObUTH Ucueprianbl. Ha GpoHe 3HAaUNTEIbHOTO HAKOTIJICHUST HCXOIHOTO MaTeprasia
(TpexmepHble MOJENIU OpraHei, (parMeHThl MPOrPaAaMMHOIO KOJa, TEKCTYphl M T.I.) OBLI
OCYLICCTBJICH TIEPEeXOJ Ha HKCIOJb30BaHHE KOMMEPYECKOW CHCTEMBl BH3YaJIbHOTO
IPOrPaMMHUPOBAHHUS TPEXMEPHBIX HHTEPAKTUBHBIX mporpamMm Quest|3D v.3.6 ¢pupmsr Act-3D.
B pamkax »3TOro mepexoia TIeOMETPUS TPEXMEPHOH Mojeau Oblla 3HAYUTEIBHO
ONTUMU3UpPOBaHa. UMCIIO WCIOJIh30BAHHBIX MOJUTOHOB B MOJETH KJIETKH OBLIO JIOBEICHO
(ymenbiieno) 10 115000 ¢ 0JHOBpEMEHHBIM YBEIUUYCHUEM I'€OMETPHUCCKOM JIeTaTH3alMA U

YIYy4II€HUEM BHU3YAJIbHOI'O Ka4€CTBA MOJICIIN.

Puc. 6. VYmnpomeHHas TreoMeTpuueckas MOJENb KICTKH, HWCHOJb3yeMas IS —pacueTa
CTOJIKHOBCHUH.

[TockoapKy TOUHBIN pacdeT CTOIKHOBEHHUI BUPTYaIbHOTO HAOIOAATENS, HAXOISIIETOCs B
OKPYKCHHH MOJIeJIell KIIETOYHBIX OpPTaHesll, ¢ 00beKTaMHU B pealbHOM MaciuTtade BpeMeHU
MIPEACTABISIET COOOM JIOBOJIBHO €MKYIO C TOYKH 3PEHUS BBIYHCIUTEIBLHBIX PECYpPCOB 3aady,
TO JJi1 CYIIECTBEHHOTO YCKOPEHHS JTHX pacueToB OblIa CO37aHa CHelHalbHas
reoMeTpuyecKass MOJENb KJIETKH C JKCTPEMAIbHO HU3KOW JeTanu3arued. Takas Moaenb
CYILIECTBYET MapajljieIbHO OCHOBHOM M HE BU3YaJU3UPYETCs, a JIMIIb YYacCTBYET B pacuere
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CTOJIKHOBEHHUI YIpPaBIseMON MOJb30BATENEM BHUPTYAJIbHOM KaMmepbl, a TaK K€ HEKOTOPBIX
HEOONBIINX TOABIKHBIX OOBEKTOB (HampuMep, My3bIpbKOB ammapara [ombmxu). Yucno
IIOJIMTOHOB B 3TOM Moxenu MeHbwme nodtd B 10 pa3 u cocrasiger 13500.1Iporpammuas
JIOTHKa, OTBEevaromas 3a 0a30ByI0 BH3YaJIM3alMI0 MOJEIel, HAaBUTallMI0 U CHCTEMY pacuera
CTOJIKHOBECHUIi ONHUCaHa C MOMOIIbI0 OJIOK-CXEMBI B Cpejie MporpaMmmHoro makera Quest|3D

(puc. 7).

Puc. 7. Biok-cxema, cosmanHas B cpene Quest|3D, ompenenstomas (yHKIHOHAIEHOCTD
IIPOrpaMMbl HHTEPAKTUBHON TPEXMEPHON MOJENN SyKapHOTHUECKOH KIEeTKH.

Hcnonp3zoBanne Quest|3D mo3BONMT CHATH MPAKTHYECKH BCE paHee CYIISCCTBOBABIIHE
OTpaHMYEHHUS W B TOJHOW Mepe HCIOJIb30BaTh BCE HOBEHIINE TEXHOJOIMH TPEXMEpPHOU
BU3yaJIM3allil B pEATbHOM BpEMEHH. Pe3ympTHpyomas mporpaMMa MOXET OBITh
MPE/ACTABICHA KAaK B BHUJE CAMOCTOSTEIBbHON KOMIBIOTEPHOM MPOrpaMMBbI, 3arpykaemMou
[I0JIb30BATEJIEM Ha €ro JIOKAJbHBIM NEepCOHAJbHBIM KOMIBIOTEpP, TaK U B BHUJAE MOJIYJS,
BU3YaAJIU3UPYEMOI0 HEMOCPEACTBEHHO B OKHE OJHOr0 M3 Haubojee paclpoCTpaHEHHbBIX
unTepHeT-Opaysepos (Internet Explorer, Firefox u mp.).

Jia pacmpenuss (YHKIMOHAJIBHOCTH COOCTBEHHO CaMOM MOJENM KJIETKH, a TaKxke
COCTaBa MPOTrPaMMHO-ANIAPATHBIX TIAT(HOPM, CIIOCOOHBIX CIYKHTh CPEION JUIS UCTIOTHEHUS
TPEXMEpPHOW MHTEPAKTUBHOW MOJIENM >KUBOW KIIETKH, BCE CO3/IaHHBbIE HAMM rpaduyeckue u
AITOPUTMUYECKHE PECypchbl ObUIM CKOMIMJIMPOBAHBI B HOBYIO MOJIENb 3YKAPUOTUYECKOM
KJIETKH C TIOMOIIbI0 KOMMEPYECKOro NnporpaMmHoro komiuiekca Virtools v.4.0. Ilonyuennas
nporpamMma (YHKIIMOHAJIFHO aHAJIOTHYHA TporpaMMe, TTOIydeHHOH B cpene Quest|3D.

B HacTosiliee Bpems BBINOJIHEHA MOATOTOBKA TEKCTYPHBIX KapT M NMPOTrpaMMHpPOBAHUE
I3IepOoB, NpeJHa3HAYCHHBIX JJI1 UMMUTALlMU HEKOTOPBIX KIIOUYEBBIX CBOIMCTB MMOBEPXHOCTEH
TaKUX OpPraHeiI, KaK spo, IIEePOXOBaThIi SHAOIUIA3MAaTHUYECKUH peTUKynyM U T.1. Ilo mepe
MOJITOTOBKH MOJIENIeH M TEKCTYp B OJIKaiiliiee Bpemst ITaHUPYETCS:

e yBEIMYCHHE YHCIIA IIar0B MacIITAOUPOBAHHS;

e uH(pOPMAITMOHHOE HAMOJIHEHHE TPEXMEPHON MOIEIH KIIETKH;
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e BBCJACHHME OJJIEMECHTOB aHHUMALMM, IIO3BOJAIOIIUX JEMOHCTPUPOBATH IIPOLECCHI,
IIPOUCXOJSAIINE B KIIETKE;

® [IPOrpaMMHUPOBaHHUE I10JIb30BATEIBCKOTO uHTepdeiica, IIO3BOJIAIOILETO
B3alMOJIEICTBOBATH HE TOJIBKO C 00OBEKTAMU MOJIENH, HO M CO BCEMM MaTepHajlaMy CaiTa;
e TMporpaMMHpoBaHME HHTepdelica B3aMMOACHCTBHUS  IMOJB30BATEIsl MOJEIU C
€BPONEHCKOH rpua-uH(PacTpyKTypOH.

TemaTH4yeckue cTaTbu CHa0XXEHBI PUCYHKAMHU, CXEMaMH, IEPEKPECTHBIMU CChUIKAMH Ha
apyrue crtarbu. Kpome TOro, B HMX IpEACTaBIEHbl CCBUIKM HAa HHTEPHET-PECYpChl U
JUTEpaTypy, € MOKHO IMOJIYUYUTh JIOTOJHUTEIbHYI0O UH(GOPMAIMIO TI0 TeMEe CTaThu. SI3bIK
NpEJCTAaBICHUS MaTepuasia MaKCUMalbHO YIOPOIIEH, [IIyOMHAa TMOJa4d MaTepuaia
COOTBETCTBYET 001Ie00pa30BaTeIbHOMY YPOBHIO 3HAHUM B oOnactu Ouosoruu u xumuu. Ha
YpOBEHb TEMAaTUYECKUX CTaTe ecThb BBIXOJBI C JHOOOro YypOBHS HH(DOPMALMOHHO-
IpOrpaMMHOM cpeasl — B 0030pax, B ONMCAHUAX MOJEJIEH, Jaxe B IMPOrpaMMHO-
MOJIb30BATEIbCKUX  UHTep(delicax ecTh aKTHBHBIE CCBHUIKM Ha  COOTBETCTBYIOLIHE
TEMaTU4YeCcKue CTaThu. B Tekymiel Bepcum mopTaia BbicTaBieHO okoiio 500 Ttemarmueckux
cTaTel Ha PyCCKOM U aHTJIMIICKOM SI3bIKaX.

NudopManuoHHO-BLIYHCIUTEIbHAS cpena UHTECTPUPYET pa3IUYHbBIE
nH(OPMallMOHHBIE M MPOrpaMMHbIE pecypchl. Cpeau HHX CHEelHaTu3UpPOBaHHbIE 0a3bl
JAHHBIX, AKKyMYJUPYIOIIME pPa3HOro poaa HHPOPMAIMI0 O KOMIIOHEHTaX KIICTKH, ¢
(GYHKIIMOHUPOBAHUM M TMPOTPAMMHBIX pa3pabOTKax B MaTEMaTHUYECKOM MOJEIHPOBAHUU
nporieccoB kieTku. ClienaHbl aKTHBHBIC CCBUIKM HA MUPOBBIE HMH()OPMAIIMOHHBIC PECYPCHI.
Kpome Toro, coOpana u BbUTOKE€HA HH(POpPMAIUS (AKTUBHBIE CCHUIKH) O HAYYHBIX WHTEPHET-
W3MaHusIX (KypHaJax), MyOJUKYIOIIMX MaTepHalibl IO KJIETOYHOM Ouonoruu. B
MPEJICTABICHHON Ha CETOMHSAIIHWA JeHb Bepcud MHGOPMAIMOHHON YacTu mopTana Oolee
MOJPOOHO OMHMCAHBI MAaTEMaTHYEeCKHE MOJCIH OHOXMMHYECKUX U OHO(DU3HUECKUX
MPOLIECCOB, MPOUCTEKAIONIMX B MHUTOXOHAPUAX U MemOpaHax. B yacTHOCTH, ommcaHbI
KJIACCUYECKasl, BEPOSITHOCTHAS,, KBAHTOBO-MEXaHMUECKasi ¥ KBAHTOBO-KJIaCCHUECKasi MOJIETTH
TpPaAHCIIOPTa JIEKTPOHOB B JBIXATENbHOM IEMH, PACIONIOKEHHON Ha BHYTPEeHHEW MemMOpaHe
MUTOXOHJIpHI M XJOporuiacToB (y pacTeHuil). MatemaTH4ecKOe MOJIETUPOBAHHUE MEepeHoca
AIIEKTPOHOB B KOMILIEKCax MOJIEKYJI-TIEPEHOCYUKOB, JIOKAJIM30BaHHBIX B
OHEPrOCONPSHKEHHBIX MEMOpaHaX MUTOXOHJpHA © (OTOCUHTE3UPYIONINX OpraHeul —
XJIOPOIUTACTOB pacTeHUH M XpoMaToPopoB (POTOCHHTEIUPYIOMIUX OaKTepud — HMeeT
OoJpllIOe  3HAUEHHME JUIA M3y4eHHs Karabonu3Ma KJIETKH B 00ImeM U Ipoiiecca
OKHUCIHUTETHHOTO (pOChHOpUIpPOBAHUS B HACTHOCTH.

Komnexmust mogeneit MathCell nipeacrasisier co0oit eno3urapuii HaIMX COOCTBEHHBIX
Mojenell. B HacTosiiiee Bpems oHa BKITIOYAeT B ceOsi:

- KBAHTOBO-KJIACCUYECKYIO MOJIENb MIEPEHOCA AJIEKTPOHA BJIOJIH MOJIEKYJIbI OMOTIOJIMMEPA,;

- MOJIeTb TIEpEeHOCa AIEKTPOHA B (POTOCUHTETUYECKON MeMOpaHe;

- pacyeT PHEepruu PacTBOPEHUsI OMOMOJIEKYS B Bojie MeToioM Mounte-Kapiio.

Moaenbs mepenoca 3apsina Baoab ¢parmenta JIHK (puc.8). Moxaens mo3BoisieT
HCCIIENIOBAaTh  TEpeHOC  3apsna  (dJeKTpoHa MO0  JBIPKM) B HYKJICOTHJIHBIX
[IOCJIEIOBATEIbHOCTSAX Pa3JIMYHOM JJIMHBI M COCTaBa IIpU IPEANMCAHHOW TeMIleparype
OKpPY’KaroIllero pacTBOpa Ha OCHOBE KOMOMHUPOBAHHOT'O KBAHTOBO-KJIACCHUYECKOTO MOAX0/A.
Oparment JIHK u3 N map ocHoBanuii paccMmaTpuBaeTcs Kak nenouyka u3 N caifTos;
W3MEHEHUE MapaMeTpoOB  pa3HbIX  CAMTOB  IO3BOJSET  MOJEIUPOBATH  33JAHHYIO
[IOCJIEIOBATEIbHOCTh ~ HYKJICOTUIOB. [IBHJKEHHME 3apsa ONUCBHIBACTCS  yPaBHEHUEM
[penunrepa, a koneOaHus CalTOB (HYKJICOTHIHBIX Map) — KIACCUUYECKUMH ypaBHEHUSIMU
IBWKEHHs. [l ydera Temmeparypel OKpYXKarolled cpeibl B KIACCHUYECKHE YpPaBHEHMS
JBUKEHHSI CaliTOB N0OaBJEeH JaH)KEBEHOBCKUM WiieH (CiydailHas cuia ¢ OmpeleleHHbIMU
XapaKTEePUCTUKAMM), MOJEIMPYIOUINIA TemrepaTrypHble (IIyKTyallud OKpYXKarolled cpessl.
IIpn MonenupoBanuu quHaAMUKH nepeHoca 3apsana B JJHK nmpoBoasarcs pacueTsl MHOXKECTBA
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JIAXHO u ngp.

OTJIIENbHBIX pPeaTn3aluil — TPACKTOPUN U3 PA3JINYHBIX HAYaIbHBIX JAHHBIX JUIS KJIACCHYECKON
MOJCUCTEMBl U C Pa3HBIMH Ha0OpaMM 3HAYEHHUH Ui CIIy4alHBIX CHJI, C IOCIEAYIOIIUM
OCPEHEHHEM I10 PeAIU3aLUAM.

MW A

A
T —

0000 10 20 5 7 90 100 110 120 130 140 150 160 170 180 1S0 200

Puc. 8. I'padux pacnpeneneHus BEpOATHOCTEH HAXOXKICHUsI JBIPKH MO caitaM ogHopoaHoi G/C-
NOCIIEZIOBATEIBHOCTH € JIOHOPOM H aKLENTOPOM B HEKOTOPHIE MOMEHT MOJEIBHOTIO pacyera.
Pacyersl MoOKasbIBAIOT, YTO 3apsi JOJNTOE BpeMs JIOKAJIW30BaH Ha caiTax JOHOPA; TUHAMHKA
HepeHoca 3aBUCHT OT IApaMeTPOB JOHOPA U aKIeNTopa.

UucneHHbple SKCIEPUMEHTHI MO TMEPeHoCy 3apsiia BAOJb 3amaHHoro ¢parmenta JJHK
MO3BOJISIIOT OIICHUTH BpEMsl TEpeHOCa, HAWTH MECTO KOHEUHOM JIOKaJIW3allud 3apsja,
paccuuTaTh MOJABUKHOCTH 3apsijia B TAKOH MOCIEeI0BATEILHOCTH.

Mopaeb nepeHoca 3J1eKTpoHa B (poTocuHTeTHUYECKO0iT MeMOpaHe (puc. 9). MoaenbHas
CIIeHa MpeJCTaBIseT co00i 00J1aCTh B TPEXMEPHOM MPOCTPAHCTBE, BKIIIOYAIOIIYIO HECKOJIBKO
KOMIIAPTMEHTOB: Y4YaCTOK JBOMHOM (POTOCHHTETHYECKOW MeMOpaHbl, MeXMeMOpaHHOe
IPOCTPAHCTBO (JIFOMEH) M 00JacTh CHapyXu MeMmOpaHbl (cTpoMy). B Mojens BKIHOUEHBI
MOOUJIbHBIE NEPEHOCUUKH AJIEKTpOoHA (TJIACTOLIMAHUH B JIIOMEHE, (eppeloKCUH B CTPOME U
IUIACTOXMHOH B MeMOpaHe), a TakXe BCTPOEHHbIE B MeMOpaHy O€JIKOBBbIE KOMILUIEKCHI
dotocucrem I u I u uroxpomusii b6f kommekc.

[TapameTpamMu MOJENM SIBISIFOTCSI T€OMETPUYECKUE PA3MEPBl MOJEIUPYEMOIO ydacTKa
(OTOCUHTETHUECKOM MeMOpaHbl, W KOJWYECTBO (TUIOTHOCTh) KOMILJIEKCOB. JIBMKeHUE
MOOWIBHBIX  TIEPEHOCUMKOB  OIUCHIBACTCA  OpOYHOBCKOM  JAMHAMHMKOW.  3amarorcs
kod(urmentsl TudPy3un MEepPeHOCYNKOB. B MO yUHUTHIBAIOTCS CTOJIKHOBEHHSI MEXITY
NepEeHOCYMKaMU M OEIKOBBIMH KOMIUIEKCaMH. Peakiuu MexIy I[epeHOCUMKaMu H
KOMIUIEKCAMH OIMCHIBAIOTCS Yepe3 pajuyc B3auMojeicTBHus 0 W BEPOATHOCTb PEaKIHu P.
Ecin mepeHocUMK 3J€KTpOHA MOAXOAUT K CaNTy MOCAJKHM Ha KOMILJIEKCE HA pacCTOSHUE,
MeHblIIee 0, ¢ BepOSATHOCTBIO P BO3MOYKHA CTHIKOBKA U PEaKIIHs TIepeIadu AIEKTPOHA.
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Puc. 9. Cxemaruueckoe n300pakeHHE MOJEIbHOW CLEHBI JJIsi MMHUTAlMM HEepeHoca 3apsijaa B
tdotocunTeTnyeckoii memOpane. PSI u  PSIl  cooTBercTBeHHO 0003HAYAIOT KOMIUICKCHI
tdotocuctem | u I, Cyt - TUTOXPOMHBIE KOMILJICKCHI.

Pacyer 3Heprmum pacrBopeHusi OuomoJieKkyJ B Boae Meroaom Monte-Kapuio.
[IporpaMMHBIM KOMIUIEKC HpeJHA3HAYEeH [ UW3Y4YEHHUs] DHEPreTUYECKUX AaCIEeKTOB
B3aUMOJICHICTBUA HEOOJBIIUX (HECKOJIbKO JIECATKOB AaTOMOB) MOJEKY1 OHOJIOTHYECKU
AKTHUBHBIX BELIECTB WU UX ()PAarMEHTOB C BOAHBIM OKPYKEHHUEM.

KomnerorepHoe MonenupoBaHue MeronoM MoHTe-Kapiio Mo3BOJSET pacCUnTHIBAThH
CPEIHIOI0 DHEPIrHI0 HCCIEAYEeMOM MOJIEKYJISIPHOM CHCTEMbl MO CTATUCTHYECKH 3HAUUMOUN
BbIOOpKe €€ KoH(urypauuii mnpu 3amaHHOM Temmeparype. ['‘eHepauus (BbIOOpKa)
MOJICKYJISIPHOW KOH(HTYpAI[MK BBITONHACTCS MOCPEACTBOM mporeaypbl Metpomomuca [30],
OCYIIECTBIISIOLIEH  CTOXacTUYECKMH mpomecc (MapKoBCKas Iemb) OMyXJaHus B
KOOPJMHATHOM IPOCTpPaHCTBe M3ydaeMoi monenu [30-32]. DHeprus Mex)MOJEKYISIPHBIX
B3aUMOJICHICTBUI PACCUUTHIBAETCS C MOMOIIBIO aTOM-aTOMHBIX MOTEHIMAJIbHBIX (DYHKIMH
[31, 32].

Mogenupyemass cucrtemMa HpeACTaBiIsieT co00M sAueiiky B (opMe MNpsIMOYroJbHOIO
napajuleJienunesa, 3aloJIHEHHYI0 MOJIEKYJIaMH BOJbl M COJEPXKAIIyl0 HCCIEeTyeMYIo
MOJIEKYJIYy B LEHTPaJbHOW 4acTH MOZENU. Pa3Mepsl sUelKH U KOJIMYECTBO MOJIEKYJ BOJBI
BbIOMpAlOTCS  (aBTOMATUYECKH) TakuM 00pa3oM, UTOOBI HHEPrusi B3aUMOJICHCTBUS
pPAcTBOPEHHON MOJIEKYINbI € Mepu(epUiHBIMU BOJHBIMH MOJIEKYJIaMH OblIa CYIIECTBEHHO
MEHBIIIE 3HEPTUU BOJOPOJHBIX cBsized. [l ycrpaHeHus KpaeBbIX 3G (EeKToB Ha sUEHKy
HaJIararoTcsl NEPUOANUYECKNE TPAHUYHBIE YCIIOBUS.

DHeprusi pacTBOpeHHs (i OECKOHEYHOro pa30aBieHHUs]) OyIeT BBIUYMCIATHCA Kak
pPa3HOCTb CPEAHEN SHEPTUU MOEINPYEMOM CUCTEMBI (pacTBOpEHHAs MoJieKyna + N MOJeKys
BOJIbI) U CpEJHEl SHeprum BOJHOM cucTeMbl 0e3 HccleayeMOoil MOJIEKYJbl (B HECKOJbKO
MEHBIIIEH sueiike Te ke N MOJIEeKy BOJIbI).

Jlig yckopeHHusi cueTa M TMOJyueHusi 0Oosiee HaJEKHBIX pPEe3ylIbTaTOB PEKOMEHIYeTcs
pa3buBaTh OOJIbIIME MOJEKYJIbl Ha HEOOJNBIIME U, 110 BO3MOXKHOCTH, 3JEKTPOHEHTpaIbHbIC
¢dparmenTsl. Pacyer 1y 60IBIION MOJIEKYIIBI MOKET 3aTSIHYTHCS Ha JECSTKU YacoB, TO3TOMY
B JAHHON BEPCHM IPOrpPaMM HMEIOTCS KOJIMYECTBEHHBIE OTPAHMUYEHUS HA YUCIO aTOMOB
(MakcumanpHOe yucio ¢pparmeHToB 20, MakCHUMaJbHOE YHMCIIO aTOMOB BO (hparmente 30, He
6omnee 2000 MoIeKyTT BOJIBI).
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JIAXHO u ngp.

JlanHOe mporpaMMHOe OOECIeuYeHHEe MOKET HCIOJIb30BATbCA B PA3IMYHBIX ILENAX -
(byHIaMEHTATBHBIX HCCIENIOBAHUAX W MPUKIAJHBIX pa3padOTKaxX JIEKapCTBEHHBIX CPENICTB.
Hampumep, ¢ ero noMomip0 MOKHO HOJy4aTh OTHOCUTEIIBHBIE TAHHBIE JUIsl OLEHKH SHEPTUH
pacTBOpEHUsI MOJIEKYJ M3 TOMOJIOTMUYHBIX PSAJIOB, a 10 TEMIEPATypHbIM 3aBUCUMOCTAM
OLICHUBATh SHTAIBIIUNHHBIC U SHTPONHUIHBIE 3PPEKTHI pACTBOPEHHUS.

Jlnst KakJI0ol MOJENU €CTh JEMO-BEpPCHsI MPOrpaMMHOTO OOecredeHusi, KpoMe TOro,
M0JIb30BATENIO MPEOCTaBISAETCSI BO3MOXHOCTh pacueToB B ' PUI-undpactpykrype, uro naer
BO3MOXXHOCTh YUYHUTHIBATh B MOZENSAX OoJiblle JaeTayied, T.e. YCIOXHATh Mojenu. Hamm
MO/JIEJIHM UCTIONB3YIOT Pa3IM4HbIe MAaTEMaTHYECKHE almaparsl - perienue quddepeHanbHbIX
YpaBHEHUH, HIMUTALIMOHHOE MOJCIMPOBAaHUE, MOJenupoBanue metonoM Monte-Kapio. [l
OpraHMu3aIH TAKUX PACUYe€TOB CO3/IaHO CIEIHAIbHOE MPOrpaMMHOE 0OecreueHne, COCTOAIIEE
U3 JIBYX YacTel - UHTepQEiic MoIp30BaTels U CHcTeMa opranu3anuu Beraucienuit 8 [P/

~afx
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PacCYHTERACTCA KBAHTOBO-KNACCHNECKAA MOAeRNs NMepeHoca BoOymmerna BRome parmenta OHK
KOTOPBIT PACCMATPHBACTCA KAK MEMOYKA, COCTasNerHan w3 N cafiToe, Kamnbil H3 KOTOPLIX BCRCT
cefa KaK rapMoMMeckii ocuwuiaTop. TIPHHATO, 9TO IUIOCKOCTH OCHOBAMIGT HyKNeoTWAOS
Napauesbibl APYT APYTY, @ PACCTOAHHA MEHAY IUIOCKOCTAMH OCHOB3HWR COCERHHX CaATOB
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Puc.10. Uutepdeiic, co3aanubiii st padOThI ¢ MOJICIBIO epeHoca 3iekTpoHoB B JJHK.

Wutepodeiic nonp3oparens (puc.10) peanusyeT HHTEpaKTUBHBIN Mpoliecc BbIOOpa MOJENN
M TI03BOJICT 3a/1aBaTh IMapaMeTpbl MoJeNeld M3 MHOXKECTBA JOMYCTUMBIX 3HAUYCHHWH. ITO
OporpaMMHOE O00€CIeUYeHUE TAaKKe BU3YaJU3UPYET BBIXOJHbIE JAHHBIE pacueToB U
NpeCTaBIsIeT WX B YAOOHOW Ui BOCHPUATHS TOJB30BareieM Gopme. Moaenn KOJUIeKINN
MathCell cHaGxeHbl MOIPOOHEHIIMMHU ONMCAHUSAMH Ha JBYX S3bIKAX — PYCCKOM H
AHTJIMIICKOM, ¢ OOBSICHEHHEM BCEX MapaMEeTPOB MOJIENEeH M UX JIOMTYCTUMBIMU 3HAYCHUSIMH.

Oco0pix ycunuit TOTpeOOBANO CO3MaHME CUCTEMBbI 3amycka 3amanuii B [PUJI-
uHpacTpykTypy. B Hacrosiee Bpems Ha HalleM HOpTaje MOXKHO 3allyCTHTh 33JlaHH€ Ha
CYET, a 4Yepe3 HEKOTOpPOEe BpPEMs IOJYUUTh pe3ysbTaTel cueta. CUCTeMa 3amycKa 3aJaHui
paboTaeT ¢ BHyTpeHHeM 0a30i JaHHBIX 33JaHUN, CTABUT MX B CBOIO BHYTPEHHIOIO OYepelb,
3agaHus U3 ouepenu 3amyckatorcss B ['PUJI. Drta cuctema yHuBepcaiabHa, oHa paboTaeT C
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m000# 3aadeil, yTo NenaeT pa3MenieHrue HoBbIX 3anad B [Pl TpuBHansHO# mporieypoil.
Ecnmu 3anyck 3amanuss B [PUJ[-uHdpacTpykTypy HE TNOIy4aeTcsi HU3-3a OTCYTCTBHUS
HEOOXOIUMBIX PECYpPCOB, IPOrpamMMa-poOOT uepe3 OIpelesIeHHbIE IPOMEKYTKH BpPEMEHU
CHOBa IIOBTOpSAET INOMBITKY 3alycKa 3ajJayd, OHA JKE€ OTCIEKHUBAET CTATyC 3aJauud Hu
OCYILIECTBIISIET IOJYyYEHUE PE3ylbTATOB IO OKOHYAaHMU cyera. [losmb3oBarens, 3HAKOMBINA C
OC Windows, He 00si3aH 3HaTh HUYETO O CTPYKTYpe W mporpaMMmHoM obecnieueruu ['PU/I,
komanaax OC Linux.

B mnanax kosinektuBa unTerpamms B kKoiuiekiuio MathCell npyrux pacueTHbix moneneit,
KOTOpBIE TPaJMLAOHHO HCIOJIB3YIOT B CBOMX pacueTax CYIEPKOMIIBIOTEPHBIE MOIIHOCTH
kinactepa MUMIIb PAH. Takas wuHTerpamus mnoapa3ymMeBaeT coO3/laHue yIOOHOTO BeO-
uHTepdeiica 11 3aaHus TapaMeTpoB MOJEIMPOBAHUS, 3allyCKa Ha CUeT, IPEJCTaBICHUs U
MHTEPIIPETALIMU PE3YJIBTATOB PACUETOB.

Pabora BemmonHeHa npu yactuuHoi nouepxkke PODU, rpanter NeNe 07-07-00313, 06-01-08039,
06-07-89274, 07-07-00280, 06-07-89303, 07-01-00490, a Takxke CpelCTB MEXKIYHAPOTHOTO MPOCKTA
EGEE 11 6-i1 PamouHnoi1 mporpamMmer EBpornetickoit komuccun (koHTpakT Ne031688).
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