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ABsTRACT. At the turn of the 20th and 21th centuries there was such
meaningful scientific progress in molecular biology as mapping of the
human genome. This event is a start of the new period in development
of the life science often called as post genome era. At the same time
there were also qualitative changes in computer technology that multiply
increase possibilities of computer’s technology using for processing and
storage of the huge information data. The intensive increased volume of
experimental data generating by methods of the modern system biology
stimulates a development of computer data bases for information pro-
cessing and storage from literature and also stimulates a development of
software for analysis and studying of complex models from these data
base. The existing variety of computer tools solving the system biology
tasks and modeling of the molecular genetic systems (MGS) in particular
allows us to use the different approaches for solving of the assigned tasks.
At the same time there is necessary to face the challenges under selection
of the definite software. There are specificity of the model formats in this
software and doubling of his functionality in other computer systems. In
the judgment of specialists the decision of the compatibility problems of
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different specialized systems and development of free and open formats
on data presentation are key in the achievement of purpose to develop the
integrative systems supporting technologies of complex model analysis.
We have represented the integrative computer system that oriented
on construction and numerical analysis of models describing dynamics of
the MGS functioning in pro- and eukaryotes. The system consists from
the next program modules: module MGSgenerator and module STEP+-.
Module MGSgenerator is an intermediate unit in generation process of
the mathematical models on basis of the gene networks reconstructed
in GeneNet. Module STEP+ allows us to realize the numerical analysis
of the model representing by autonomous system of ordinary differen-
tial equations. The mathematical model converts from our specialized
format SBML in input STEP+ format by MGSgenerator module. We
have tested the integrative computer system on basis of the MGS model
describing intracellular auxin metabolism in a plant cell.
Keywords: integrative computer system, gene network, molecular ge-
netic systems, intracellular auxin metabolism in a plant cell.

1. BBEJIEHUE

Komnern 20-ro - mawamo 21-ro croseTns O3HAMEHOBAH 3HAYUTEIBHBIM HAYIHBIM
JOCTHKEHHEM B OOJACTH MOJEKYJAAPHON Ouojorun — pacuingpoBKOil IeHOMA,
Ye/oBeKa (Bceill reHeTHuecKoil uHGOpMAIMY, CoAepKaIelica B KaxKI0H KieTke
OpraHuaMa). DTo coObITHE CUNTAETCS HAYAIOM HOBOTO MEPUOMIA B PA3BUTHM HAYK O
JKU3HE, YACTO HA3BIBAEMBIM MMOCTTEHOMHOM 3poii. O MHOBPEMEHHO ¢ 3TUM B 00JIaCTH
KOMIBIOTEPHON TEXHUKH TAK)KE IIPOU3OINLIN KAYeCTBEHHbIE M3MEHEHU:d, KOTODBIE
MHOI'OKPATHO HOBBICHJIA BO3MOXKHOCTH HCIIOJIB30BAHUS KOMIIBIOTEPHBIX TEXHOJIOIUH
JUTst 0OPabOTKY U XPAHEHUST OFPOMHBIX WH(ODOPMAIMOHHBIX MACCHBOB. DTO TPUBEJIO
K PE3KOMY YCKOPEHWIO TEMIIOB HAKOILIEHUsT MH(MOPMAIINY BO BCeX 00IaCTAX 3HAHUS,
B TOM dYHCJe W B 00OJacTW HAyK O KU3HW. B 9acTHOCTH, B MOJEKYJISPHOI
OMOSIOTMY ¥ TeHeTUKe Pa3paboTKa CKOPOCTHBIX METOIOB CEKBEHUPOBAHMUS T€HOMOB
npuBesia K OBICTPOMY POCTY KOJIMYECTBA OPraHuU3MOB € pacmudPOBAHHBIMUA
reHomMamu. Pasutne BbICOKOI(DDEKTUBHBIX dKcnepuMeHTaabHbX JIHK-anmnoBbrx,
IIIIP TexHONOrMl MNO3BOJWIA W3ydaTh JAUHAMHUKY 9KCIDPECCHH (aKTHBHOCTH)
TBHICAY TEHOB OJHOBPEMEHHO, CTPOUTh KapThl 0emoK-OenkoBbix, JIHK-6enkoBbix
M WHBIX KjaccoB B3amMmometicrBuii. [logBuiaoch HOBOE MOKOJIEHHE METOIOB
BBICOKOPA3PEIIAOIIEl MacC-CIIEKTPOMETPUHU, KOTODPBIE MO3BOIAIOT HAOIIOIATH 38
guHavukoit m3menennss PHK, 6enkoB, m3ydarb MOTOKM HU3KOMOJIEKYJISIPHBIX
COEIMHEHUI U T.I. B PEXKWMe PEAJIbHOT'O BDEMEHH.

PazpaboTka HOBBIX IKCIEPUMEHTANBHBIX METOIUK MPUBEIA K CTPEMUTEIbHOMY
pocty 00ObEMOB [AHHBIX, KOTOPbIE HeJIb3d XaPaKTEPU30BATh WHAYE KAaK
nHGOPMAIIMOHHBIN ~ «B3pPbIB». Bce Bo3pacraiomuii  00beM  HaKAILIHBAEMOM
nadOpMaME  CTUMYJIUPOBAJI  pPa3paboTKy KOMIBIOTEDHBIX TEXHOJIOIHWil ee
obpaborku, xpanenust u aHagn3a. OmanM u3 3GQEKTUBHBIX MOAXOI0B K AHAJIUIY
OMOJIOTMYIECKUX JTAHHBIX SB/ISIETCS METOJ MATEeMATHIEeCKOr0 MOIETUDOBAHNS.

MaremarndyecKkne MOJETU TO3BOJISIOT €CTECTBEHHBIM 00pa3oM OObeIVHATH B
PaMKaX €IMHOM KOHIIENITYAJIbHON CXEMbI IKCIIEPUMEHTAIbHBIE JTAHHDBIE, KACAIOIIHECS
3aKOHOMEPHOCTEH CTPOeHus u (DYHKIMOHNPOBAHNSA OMOJIOTMIECKUX CHCTEM HA BCEX
YPOBHSX X OPTAHU3AINN, HAYUHAS C MOJIEKYJISIPHOTO, T€HETUYECKOTO, KJIETOIHOTO
U 3aKAHYWBAS YPOBHSIMHU OPTAHOB, TKAHEH, OPraHU3MOB, TTOMYJISIUA U IKOCUCTEM.
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[Ipu 5TOM BO3HHKAET BO3MOXKHOCTH COIOCTABJIEHUS U AHAJIM3A PA3HOMACIITADHBIX
IKCIIEPUMEHTATBLHBIX JTAHHBIX, aHAJIN3a TPUIMHHO-CIIEJICTBEHHBIX CBsA3ell Mexmy
MOJIEKYJIIPHOU CTPYKTYPOU, TUHAMUKON U (HEHOTUTTMIECKUMY XapaKTEPUCTHKAMHI
JKUBBIX CHCTEM, Pa3pabOTKU KOMIBIOTEPHBIX CHCTEM JJIs POBEJIEHUs YUCTEHHBIX
SKCIIEPUMEHTOB | T. .

B macroamee BpemMsa  apceHas  METOIOB, KOTOPBIH  MOXKeT  OBITH
WCTIONIB30BAH JIJIST  MOJIEIMPOBAHUS YKUBBIX CHCTEM, JOCTATOYHO IIMMPOK U
BKJIIOUAET UCKPETHBIE, HETPEPHIBHBIE, CTOXACTHYECKWE W KOMOWHUPOBAHHBIE
nogxomet [1, 2, 3, 4, 6]. B cmiy HOBBIX BBI30BOB, CHOPMHUPOBABIIHXCS
B TOCTTEHOMHYIK) 3Dy, [OJYyYWIW PA3BUTHE  KOMIBIOTEPHBIE  CHUCTEMBI,
OPWEHTHPOBAHHBIE  HA  MATEMATHYECKOE  MOJEJUPOBAHUE  OHUOJOTHIECKUX
cucreM. YKaykKeM JIHINb HEKOTOpble U3 HUX, B OCHOBHOM WCIIOJIb3yeMbie B
HayaHoM coobmectee: E-Cell (www.e-cell.org/software/e-cell-system), Dbsolve
(http://biosim.genebee.msu.su/en/), Virtual Cell (http://www.vcell.org/),
Cellerator (www.aig.jpl.nasa.gov,/public/mls/cellerator), Pathway lab
(http://innetics.com/), Netbuilder (http://strc.herts.ac.uk/bio/maria/NetBuilder/).
Apropsl xopowo wuzsectHoro nakera Mathematica (http://www.wolfram.com)
— YHUBEPCATBLHOTO CPEJICTBA JIJIsI PEIeHUsT MaTeMaTHIeCKUX 3334, TaKKe
He OCTAaBUIM 0€3 BHUMAHHS OWONOTHIECKHMe TPOOSEeMBbI W TPUCTYIUIA K
paspaboTke mpeaMerHo-opueHTHpoBaHHbIX pecypcoB Cellerator ' MathSBML.
g coBMeIenns pa3iudHbIX CPEICTB MOIETUPOBAHUS OHOJOTHYECKUX TTPOIIECCOB
pPa3paboTINKaMU KOMIIBIOTEPHBIX CUCTEM MMPEJIOKEH OTKPBITHIM KOMIIbIOTEPHBIH
dopmar SBML (http://sbml.org/index.psp). ®opmar SBML siBasiercs crangapTom
MPEICTaBIeHAS MOJeell GHOXUMUTIECKUX DEAKINil, B TOM YHCJIe — CBS3AHHBIX C
MeTaboMM3MOM, Tiepeiaveli CUTHAIA W YIPABICHUEM B OMOJOTHIECKHX CHCTEMAX.
OcymecTBiager MOCTpOEHHE MOJesell peakiuil B BHUIE OJIOK-CXeM € yKa3aHHeM
BHYTPEHHUX CBA3EH.

K macrosiiiemy Bpemenu ofImee KOJIMUECTBO pa3pabaThiBAEMbIX KOMITBIOTEPHBIX
CUCTEM  MOJMEJWDOBAHUS YK€  TPEBBICUIO  coTHIO. Kaxkmas — cucrema
uMeerT  COOCTBEHHBI  HAOOp  CHeNUMAJU3UPOBAHHBIX  (DYHKIIMOHAJIBLHOCTEM,
MpeIHA3HAYEHHBIX I PEIeHus  33Jad9  MOJEIUPOBAHUSA  MOJEKYJSIPHO-
renerndecknx cucreM (MI'C). B To xe BpeMsi MOXKHO OTMETHTH, 9YTO JazKe
B COBOKYIIHOCTH pa3pabOTAaHHbIE CHCTEMBI HE MOLYT [PEIJIOKATH CPEJCTB
KOHCTPYWPOBAHUSI MOJieJeil ¢ yderoM Bcex crenududeckux ocobeHHocTe
crpoernss MI'C, a mMeHHO, yYUTBIBas B3aUMHOE DACIONOKEHWE W OPUEHTAINIO
[EHOB B COCTaBe XPOMOCOM W T'€HOMOB, IIOJIMAJIEJbHOCTD (aJUIeJId — Pa3JIMIHbIe
G opMBI OIHOrO TeHa, OTIIMYAIIINECT HYKIEOTHIHBIM COCTABOM) U MIOJUMODPMU3M
IEHOB; IMOJUKOMIIAPTMEHTHOCTh W  HEPAPXUIECKYI0 OPraHU3AIUI0  [EHHBIX
cereit, TOMM(PYHKIUOHATLHOCTh — MOJIEKYJ,  JUHAMHYECKYIO  MEPEeCTPORKY
OpPraHU3AIMK OMOJOTHIECKUX CUCTEM B TPOIECCe WX POCTAa W PA3BUTHA. Takum
obpasom, mpobisema pa3pabOTKH YHUBEPCAJIBHBIX CPEICTB  MOJIEIUPOBAHUS
OMOJIOTHIECKAX CHCTEM A0 KOHIA He perieHa. B Toxke BpeMmsi Haau<dne OOJBIIOrO
KOJIMYIECTBA CIEIUATIN3UPOBAHHBIX KOMIBIOTEPHBIX CHCTEM U IIHPOKHUI CHEKTP
GYHKITMOHATLHOCTE MO3BOJISET Pa3BUBATL HA X OCHOBE Oojiee YHUBEPCATbLHBIE
CUCTEMBI MOJIETUPOBAHMS.

Panee wamu Obutum  paszpaboranbl  mporpammubie  Momyau  MGSgenerator
u STEP+. IIporpammubiii momynb MGSgenerator [7] npennashaden s
ABTOMATU3UPOBAHHOTO KOHCTPYUPOBAHUS MaTEMATUYECKUX MOZenefl Ha OCHOBE
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CTPYKTYPHO-(DYHKIMOHAJILHOI opradu3anuu reasbix cereit (I'C), anHOTHPOBAHHDBIX
B cucreme GeneNet [8]. TIporpammusiii Mmoxyns STEP+ [9] mozsossier mposoanTh
YUCJIEHHOE UCCJIEIOBAHNE MATEMATHIECKUX MOJIEIIEH, TPEeICTABIEHHBIX aBTOHOMHON
cucTeMoil OOBIKHOBEHHBIX MrbdepeHITNaThHBIX YPABHEHWH.

B pabore MBI mIpeacTaBifeM KOMIIBIOTEPHYIO CHCTEMY, pa3paboOTaHHYIO HAa
ocuose mogyieit MGSgenerator u STEP+. Ilpescrasinsgemast cucrema mO3BOJISET
ABTOMATU3UPOBATH TEHEPAIUIO MOJEJH MO CTPYKTYpE TeHHOW CeTH U TPOBOIUTH
ee YMCIeHHBIT aHagu3. Anpobarus B3auMOAEHCTBUS YKA3aHHBIX MPOTPAMMHBIX
Momyneit Obuia mpoBemena Ha Momenn MI'C BHyTpukIeTodHOTO MeTaboIm3Ma
aykcuna B nobere pacrenus [10, 11].

2. ONUCAHUE TTPOTPAMMHOTO MOJAYJAd MGSGENERATOR

[Iporpammusiit Monyns MGSgenerator siByisieTcst KJII0UeBbIM 3BEHOM B IIPOIIECCE
reHepanuu MareMmarnaeckux momesneii. Ero mems —- mocTpoenne mMareMaTnaecKoit
MOJEIN [0 WMMEIOmeHcd CTPYKTYPHO-(PYHKIMOHAJIBHON OpPTaHu3aIuil TEeHHON
CeTH W DPsJy AOIOJHHUTEIbHBIX KOMMEHTapueB. PeKOHCTDYKIMsI T'€HHBIX CceTei
ocyImecTsisiercs mpu nomotnu cucrembl GeneNet, BXOIAIIEHl B HHTErPUPOBAHHYIO
KoMmmbioTepHyto  cucremy. MGSgenerator umeer  cOOCTBEHHBIH — CTaHIADPT
OpraHu3aluy J@HHbIX U nporpammubiii unrepdeiic (API), ucnonb3ys KoTopsbiii,
MOXKHO pa3pabarTbiBATh MOIYIU TEHEPAIMN MATEMATHYECKUX MOJenell [iis
pasnugHbix ucTo9HUKOB, onuckiBaiomux ['C. Ipunrmun paborsr momyns MGS-
generator coctrout B ummnopre cTpykrypHoit momenn I'C u3 cucremwbr GeneNet,
IIOCTPOEHUN MATEMATHUECKOH MONEIN U cOXpaHeHuu nocrpoerHoit monenun MI'C B
0ase JAHHBIX.

ITocTpoenne MareMaTHIeCKON MOAENIM OCHOBAHO Ha OOODIEHHOM XHUMHKO-KH-
HerudeckoM monxoze [12, 13], KOTOpbIi NO3BOJIGET OIUCHLIBATH MOJEKYJISPHO-
TEeHETUYECKUe TPOIECCHI, CBI3bIBAIOIINE KOMIIOHEHTHI TEHHOW CeTH, CHUCTEeMOI
muddepentnanpubix ypapaeruit. Monyas MGSgenerator ctaBuT B COOTBETCTBUE
KayKJ0My OHOJIOIMYeCKOMY IPOIECCY HEKOTOPYIO MIabIoHHYI0 (DYHKIUIO U, UCXO/s
u3 310# nHPOPMANH, TEHEPUPYET MATEMATHIECKYIO MOIETb.

CyTb 0DOGIIEHHOTO0 XUMHUKO-KMHETHIECKOTO MOIXO0A COCTOUT B CIIEIYIOIEM.
s onucanusi OMOJIOrMYECKUX IIPOLECCOB, TAKUX, HAIPUMED, KAK TPAHCJIALNALA,
TPAHCKPUIIIUS U T.1., TPUMEHSIIOTCS MabJIOHHBIE MOIEN TPEX PA3IUYHBIX YPOBHEL
caoxkuaocTu. Huzke mpuBeneHbr mabaoHHBIE MOAENH I BCEX Tpex ypoBaeil. Tak,
MPOTIECCHI PEIJINKAIMK, TPAHCKPUIIINN W TPAHCAANNN 0€3 y4IéTa peryasTOPHBIX
BO3JEHCTBU ONMHUCHIBAIOTCA B BUJE [IPOCTOTO YPABHEHUA:

(1) V= J,‘/{J()

rae V' — cKopocTb JAHHOIO Tpolecca, & — KoiaudecTso (koHrnenTpanus) reda, MPHK
B KJIETKE U T. 1., kg — KOHCTAHTa CKOPOCTU PEAKIIUN.

I[Mpy HamUUUKM MOJIEKYJISIPHO-TEHETUIECKON PETYJISIUN JAHHBIX TPOIECCOB
UCTIONIB3YeTC Apyras MabJOHHAS MOIEh OIMUCAHUS:
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rme = — BbigeneHHblii smement (ren/PHK/dbepment), a; — KoHIeHTpaus

AKTUBATOPA, T; — KOHIEHTpAIMsd WHruOuTOpa, ko — KOHCTAaHTA CKODPOCTHU

peaknuu, kiqi, k2,4 — KOHCTaHTBI aKTHBATOpa, K,; — KOHCTaHTa HHIHOUTOPA,

0 — bGazanbHas AKTHBHOCTH (T.e. KOHCTAHTA CKODOCTHM JAHHOIO Mporecca 6e3

yudera Kakux-inb0 MEXaHU3MOB PEryjisald — aKTUBALUMU, MHIMOMpOBaHu#d), R,

gi, hd; — woadpdunmenter Xwmana. [lo ymomgganwio mojaraercs KOHKYPEHTHOE

B3aMMO/IEHCTBIE PEryJISTOPOB MEXKIy CODOH M HEKOHKYDPEHTHOE B3amMoieicTBue

C BBIJIEJIEHHBIM 3JIEMEHTOM ().

Hns onucanuss mporeccoB (hepMEHTATHBHOTO CHHTE3a € YI6TOM MOJEKYIISPHO-

PEHETHYECKOH peryianua W ODpPATHMOCTH PEAKIHNU HCIOIb3yeTcsd erme Gosee
CJIOJKHBII CTOCOD MATEMATHIECKOTO OMUCAHMUSI:

(2) V= l’ko hd 7

S; P, a \ M
ks,[)H p,(]Hk . 5+Z<k i )
(3) V== v i o % i hd.l,m .
H 1+ S n P; 1+Z<ai) ’L+Z(7"i>gl
kmsi  kmpi 7\ k2,qi 7 \ kri

i
riae © — depment (peryisrop), a;, r; — COOTBETCIBEHHO: aKTUBATOD, MUHIUOUTOD,
S- cyberpar (Bxoxm), P- mpomykr (BBIXOH), ko — KOHCTamTa obopora, kso —
KOHCTAHTa IPAMOM peakiun, kp o — KOHCTAHTa 00paTHOH peaknun, ky,s — KOHCTAHTa,
Muxassuca misi cyocrpara, Ky, p — KoHCTaHTa Muxasinca aisd TpoaykTa, ke, ke —
KOHCTaHTHI aKTUBATOPa U HHIMOUTOPA, COOTBETCTBEHHO, ) — Oa3alibHas AaKTUBHOCTD,
hi, g;, hd; — koacpbunmenTsr Xuuia.

N3 Takwx mabaoHHBIX  O70KOB  OpMEUpPYIOTCH  (DYHKIMUA,  33TAONIAE
MpaBble YaCTH CHCTEMBI ODBIKHOBEHHBIX IudDepeHnnaabHbIX YPABHEHWH, T. €.
MaTeMaTH4Ieckyio Momenb. Ha Beixome momyian MGSgenerator remepupyer Tpu
daitna Bo BxomHoM dopmare nporpammuoro monayiaa STEP+:

(1) daiin ¢ KOIMYIECTBOM ypaBHEHUH MOIEIH;
(2) daiin ¢ KOJIMIECTBOM HAPAMETPOB MOJIEJIH;
(3) daiin, comepKamumil 3anUCh yPABHEHUH UCCIEIYEMOM CUCTEMBL.

Ha pucynke 1 mnpeacraBiena »3ieMeHTapHasd (GEPMEHTATHBHAS —PEAKIIHs
IPEBPAITIEHAs] ONHOTO HU3KOMOJIEKYJISPHOTO BENECTBA B JApyroe (peakiusi Ha

pucynke o0O3HAYEHA 3€JeHON CTPEeJKOi, BeIecrsa — .) JanHas peaxiusi

OCYITIECTBJIsIETCA IO, neficTBueM depmenTta — Oeska " (peaknusi MOKa3aHa
HA DPUCYHKE KPAaCHON crpesikoii). CBsa3blBaHME TPETHEr0 HU3KOMOJIEKYJISAPHOrO
BelecTBa ¢ 6eJKOM (CHHAS CTPEJIKA) IPUBOJAUT K MU3MEHEHUIO KOH(MOPMAIMOHHON
(cTpykTypHOI) opranusanuu depmenTa. B pesyabrare 6e10K (DyHKIMOHUPYET
xyxke (uHrubupyercs) u CKOpPOCTb (DEPMEHTATUBHON DEAKIUH YMEHBIIAETC.
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KoMmnesoTepHbIe CHCTEMBI,
noagep:xueatonine SBML

MGSmodeller ~ STEP+

Puc. 1. Biok-cxema aBTOMATHYECKOH TEHEPAIMH W HIKCIOPTA
MaTEeMATHIECKON MOIEIN B Pa3JIMIYHBbIE KOMITHIOTEPHBIE CHUCTEMBI
B COOTBETCTBYOIINX BXOAHBIX (bopMaTax.

[IpepbiBucTag JUHUA YKa3bIBAET HA TO, 9TO Uepe3 Psil MPOMEKYTOUHBIX CTATUH
BTOPOE BEIIECTBO IIPEBPAIIAECTCH B TPETHE.

CTpyKTypHO-DYHKIIMOHAIbHAS ~ OpraHu3arms  (epMEHTATUBHON  pEeaKIuu
PEBPAIIEHNUS BELIeCTB, npeacrasientada B popmare XML (dopmar nporpaMMHOro
momynss MGSmodeller [14], pa3paGoTaHHOrO aBTOpaMHu), SBJISIETCS BXOTHBIMH
JaHHBIMU Jis mporpammHoro moayiaa MGSgenerator. Ins mawuON peaknmm
momyib MGSgenerator comocraBiisier COOTBETCTBYIOINIYIO IMAOJIOHHYIO MOIENb B
TepMuHAxX OOODIIEHHOIO XMMHUKO-KHHETHIECKOI'O MO/IX0/A U, B UTOre, PeHEePUpyer
MaTeMaTHIeCKyI0 Momenb peakimu. llpu stom MGSgenerator mnpemocrasiaser
BO3MOXKHOCTH 3KCIIOPTa MATEMAaTHIeCKOH MOIean B (OPMATHI  PA3JIMIHBIX
KOMIIBIOTEDHBIX cucreM: 1) mnopzepuBaiomux crasgaprabiit dopmar SBML;
2-3) dopmarsr nporpamMubix moaysieii MGSmodeller u STEP+, paspaGorantbie
aBTOPAMU CTATHH.

ITporpammusiiit moxyas MGSgenerator peanuzopan mo texunonoruu "Plug-in"u
HMeeT MOIYJIBHYI0 apXuTeKTypy. Taxkas CTPyKTypa TEeHepaTopa IO3BOJIsIeT
MOJIKJTI0YATh HOBBIE WCTOYHUKU JAHHBIX O CTPYKTYPHO-(bYHKIHOHAIBHON
opranuzaruun MI'C, skcnoprupoBaTh Mofenn u3 Apyrux 0a3 JaHHBIX, a TaKXKe
JlaeT BO3MOXKHOCTb MUHUMAJIbHBIMU YCUITUAMU U3MEHATH U JAOMOJHATH UMEIOIIHAECST
MPOTPAMMHBIE MOJIYJIM, WHTETPUPOBATH JAHHBIA MOAYJIb B APYTHUE KOMIIBIOTEPHBIE
CHUCTEMBI.
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3. OIIUCAHUE NPOTPAMMHOTO MoAv/d STEP+

IIporpammusiit Mmoayas STEP+ maer BO3MOXKHOCTH TPOBOAWTH KOMILIEKCHOE
u3ydeHre MaTeMaTUIeCKONH MOIean, KoTopas renepupyercs momaysem MGSgenera-
tor B BuIe aBTOHOMHOM CHCTEMBI U3 N AN QEPEHITNATBHBIX YPABHEHUH ¢ BEKTOPOM
[1apaMeTpoB p:

(W W ), >0,

x:mo, t=0.

Baecy f(x,p) — AOCTATOYHO TIaAKad BEKTOP-(DYHKIMA BEKTOPHBIX APIyMEHTOB
x € R" up € R™ B obnactu ee omnpenenenusi. Eciu yCTaHOBUTH COOTBETCTBUE
Mexk Iy mabaoHHoi dbyHKIMed, OnMcanHoi, HanpuMep, ypaBHeHueM (3), U 1IpaBoi
yacrbio ypaBuenus (4), Bekrop-dyukuued f(x,p), TO BEKTOP NEPEMEHHBIX T Oy1eT
COCTaBJIEH W3 KOHIIEHTPAIMIl BEIIECTB, & BEKTOD MAPAMETPOB P — W3 KOHCTAHT
Huoxumuyeckux peakiuii u kodddunuenros Xusuia mwabiaonnoit dyukuuu (3):

€r = ('Ia Siaf)ivaiari); p = (kOa kS,kaP,07k’mSa knLPa kaia k7‘i567 hL7gL7hdL)

Moayne STEP+ comep:XuT aJropuTMbl YHMCJIEHHOTO HWCCIEIOBAHUS DPEIIeHUsT
ABTOHOMHOM CHCTEMBI B 3aBUCHUMOCTH OT TIapAMETPOB:

® METO/IbI HHTEIPUPOBAHNS — MHOTOIIATOBBIM MeTO/ ['upa mepeMeHHoro mo-
PAOKA TOUHOCTH IJIsI 3KECTKUX CUCTEM, METOM, A 1aMca, 171 MHTerPUPOBAHKS
HEKECTKHX cucTeM [15];
® MEeTO TPOJOKEHN PeIeHrs 0 TTapaMeTpy JJid MOCTPOEHUs JUarpPpaMMbl
CTAITMOHAPHBIX peIeHn#i AaBTOHOMHOHW CHCTEMBI B 3aBHCHUMOCTH OT
CKAJIAPHOro napamerpa o € p [16, 17];
e vncnoBoit kputepuii ['onynoBa-Bynrakosa onpenenenus rapaHTHPOBAHHON
ACUMITOTUYECKON YCTONYMBOCTH CTAIIMOHAPHBIX DEIICHUNA B 3aBUCUMOCTH
or mapamerpa « [18].
Meron mpogonKeHWd peIeHusl O MapaMeTpy TpUMeHdeTcd Tak:Ke JJIs
U3yYEHHS 3aBUCUMOCTH DEIIEHUsI CUCTEMbI HEJIMHEAHbIX ypaBHEHUl (He CBA3aHHON
C aBTOHOMHOIi CHCTEMOH)

(5) f(z,a) =0,

OT CKaJagpHOro mapaverpa «, o« € p € R™. TI'paduku omuoit wumn
HECKOJIbKMX KOMIIOHEHT BeKTOp-byHkmunm & = z(q), sBastomeiics pemenuem (5),
OymeM Ha3bIBATH JUATPAMMON CTAIMOHAPHBIX PEMIeHU. MeToa MpOmOKEeHusT 110
napaMeTpy ONHMPAeTCs HA M3BECTHYIO B AHAJIN3E TEOPEMY O HESABHBIX (DYHKIIUAX.
Coruacuo stoit Teopeme rpadukom pemenud (5) B (n + 1)-MepHOM mpocTpaHCcTBE
OyJeT riIagKas MPOCTPAHCTBEHHAA KPUBAA, €CJIH B OKPECTHOCTH IIPOCTPAHCTBEHHOM
KPUBOIi panr MaTpuibl A mpOu3BOAHBIX NpaBbix uacteil: A = [f,, fo] HE3aBUCHMO OT
« Beerga pasen n. [Ipu 3TOM TIaakast TpOCTPAHCTREHHASA KPABASA MOKET HECKOIBLKO
pa3 mepecekarb IMIEPIIOCKOCTh & = o, a* € [ag, 1], 9T0 03HAYAET MHOXKECTBO
perernii (5) mpu o = o.

Wnes Meroma TpPOJZOIDKEHMA IO IIAPAMETPY IJId  IIOCTPOCHHA TJIAIKOL
IPOCTPAHCTBEHHON KPUBOI COCTONT B caeaytomeM. [IycTh Ipu HEKOTOPOM 3HAYECHHIN
« m3BeCcTHO perierne cucrembl (5), u A — wmarpuna [fy, fo], mocTpoenHas Ha
sToM pemenun. [lockonbky panr A paBeH n, TO CyIIECTBYeT HEBLIPOXKICHHAS
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KBaJparHas Marpuna B = [f,], moaydaemas u3 A BbIYEPDKHBAHHEM HEKOTOPOLO
k-ro cronbia. OB03HAYNM Yepe3 z BEKTOpP, KOMIIOHEHTHI KOTOPOTO COBIAJAIOT C
KOMIIOHEHTAMU BEKTOPa, (&, ) MOC/e BbIYEPKUBAHUS KOMIOHEHTBI ¢ UHIEKCOM k,
KOTOPYIo 060o3Ha4uuM 4epe3 p. OnpeneinsB BEKTOP NPOU3BONHBIX 2, KAK DPEIIEHHE
cucTeMbl ¢ Marpuieil B u npasoif 4acTbio f,, HailleM MaKCHMAJbHYIO O MOJLYJIIO
KOMIIOHEHTY BeKTOpa (z,,1) ¢ mumekcom j. Bekrop, cocrosmmii m3 KOMIOHEHT
BEKTOpa (&, (r) MOC/E BLIYEPKUBAHUST KOMIIOHEHTBI ¢ HOMEPOM J, 0003HAUUM Yepe3
U, 8 BBIYEPKHUBAEMYI) KOMIIOHEHTY — 4epe3 A. BekTop u MOXKHO paccMarpuBaTh
KaK pelneHue cucreMbl (5) IpU TOM K€ 3HAYeHWH «, HO ¢ napaMerpom A. Ilpwm
9TOM BEKTOD HPOW3BOMHBIX DEIIEHUsd 0 MAPAMETPY A HAXOAUTCI HOPMHUPOBKOL
KOMIIOHEHT BeKTOpa (2, 1) ¢ HCIONb30BaHIEM /1/Is HODMUPOBKH MAaKCHMAJIBHOMN 110
MOJY/II0 KOMIOHEHTBI BeKTOpa (2,,1). B pesynbrare MakCuMajbHAS IO MOIYIIIO
KOMIIOHEHTa BEKTOPA MPOW3BOIHBIX PEIIeHUsT 0 TapaMeTpy A Oymaer pasaa 1. 910
O3HAYAET, 9TO A\ MOKHO PACCMATPUBATL KAK MAPAMETD CUCTeMBbI (5) B OKPECTHOCTH
paccMaTpUBAEMOTO PEIeHUS .

IIpouenypy onpenenenusa A OymeM HA3BIBATH TapaMeTpU3anueil, a caM mapaMeTp
A — TEKYyIIUM [aPAMETPOM CHUCTeMBbL {5), OCKOJbKY OH OLUDPEUEJSeTCs PEryJispHO
Ha oauH mar A\ B MeToze MPOJOJIKEeHUsT PellieHrsi. B poiu TEeKyIIero napamMmerpa
MOIYT DABHOIPABHO OKA3aTbCs KOMIIOHEHTBI BekTopa (z,). Ilpomomxkenue
PeIeHns 1o TapaMeTPy B COYETAHUM C MapaMerpu3almeil u aJanTanueil TeKyIero
IIIara MO3BOJILIET MOCTPOUTH INJIAJIKYI0 IPOCTPAHCTBEHHYIO KPUBYIO, OIPEIEIsTeMy0
cucremoil (5), KOTOpasi MOXKET COUEPXKATh TOYKH II0OBOPOTA, U, CJIEAOBATEJLHO, B
HEKOTOPBIX 00JIACTSIX W3MEHEHUsI TapaMeTpa (v MMeTh HECKOJIbKO PEITeHUH.

B mporpammuwit  moayas  STEP+  Braouén  umcioBoit  KpuTepuit
TapaHTUPOBAHHOH ACHUMITOTHYECKON YCTOMYMBOCTH CTAIIMOHAPHOTO DEIIeHnsd,
paspaborannoro mox pykopogcrBom akagemuka C.K. Tomywosa. Merom, wHe
TpeBYIONHii BBIYUCAEHNs COOCTBEHHBIX Trcen MaTpunsl SAxobu J = [f;] cucrembr
(4), ocHOBaH Ha OIlEHKe HOPMBI perennst H MaTpuuHOTO ypasHeHnst JIsnyHoBa:

J*H+HJ=—I,

rme I — emmHmyHasg warpuna, J* - marpuia, compaxkennas ¢ J. Marpuma
J — rypBuiesa (r. e. HCCJEIyeMOE€ CTAIMOHAPHOE DEIIeHUEe ACHMITOTUYECKU
ycroituuso), eciau H — 3pMurOoBa [OJIOKUTENBHO OUpedeieHHAd Marpuua. B

sroMm caydae H wmMeer mHTErpasibHOE MPEJACTABIEHNE, B KOTOPOM HCIIOIb3YIOTCS
MaTPHUYHBIE SKCIOHEHTHI MaTpull, J u J*:

o0
H:/ exp(tJ*) exp(tJ)dt .
0

YucnoBas xapakrepucruka k(J) acuMmroTmdeckoil ycroiuwsoctw, ecoum J -—
I'YPBUIIEBA, UMEET BUJI:

/ ()2 d
w() = 2] sup Lo

o0 [0(0)]?

=2l

rae v(t) = [exp(tJ)]v(0).

B wurepammonnom mpomecce Bbrumcaenus K(J) Ha KaxkIOH HTeparyEu
IPEIyCMOTPEHa IIPOBEPKA BBHINOJHEeHHA HepaseHcrBa: k(J) < ko, toe R(J)
— mpubmmkenne k(J) Ha wrepanum, a kg — KOHCTaHTa, 3HAYCHHWE KOTOPOM
3ABUCHAT TONLKO OT TOYHOCTH TIPEJCTaBICHESA dmcaa B OBM. Acwmmrormaeckas
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HMrmezpuposaHue asmoHOMHOL cucimemMsi.
- Bbixod Ha npedernbHbie pelleHuA: —
crmayuoHapHbie peweHus, asmokonebaHus.

4

CmayuoHapHoe peluieHue Kak crmapimosoe
g8 Memode npodorieHuA Ao mapamMempy.

4

Mocmpoerue Buaspamm crmaluoHapHbIX
peweHud Mmemodom NpodorixeHUus Mo na-
pamempy cosmMecmHo ¢ onpederneHuem
YCmoOYusoctu.

J

MHoxecmeeHHOCMb cmalyuoHapHbIx peule-
HUl Mpu 3adanHoM 3HaYeHUuu napamMempos —:--
e | mModenu. Buchyprayuu vucna pewerud u
yomodJyusociu.

Puc. 2. Biok-cxema 4HCIEHHOrO UCCIEIOBAHUSA MATEMATHIECKON MOIEN.

YCTONYUBOCTH TAPAHTUPYETCs, €CJIUM U Ipeaesbaoe 3uadenue k(J) yaosnaersopser
9TOMY HepaBeHCTBY. Ecium e Ha O4epeqHOil UTepaiuy HePABEHCTBO HAPYINAETC s,
TO €OODIIAeTCA TAPAHTUPOBAHHOE 3aKIIOUEHHUE O «[TPAKTHIECKON» HEYCTOMINBOCTH
HCCIIEyEMOTO CTAIMOHAPHOIO PEIIeHMs.

MMonwszoBarennckuit waTepdeiic moayas STEP+ dopvupyer marpuiy Axobu
J = [f:z] v MaTpuily YacTHBIX NPOM3BOJHLIX OT HPABBIX YACTEHl CHUCTEMBI TI0
napamerpamM ® = [f,]. AHATMTHYECKOE MPENCTABIEHUE NTEMEHTOB MATDHIL JTAET
BO3MOXKHOCTH TIOJB30BATENI0 MPOBOIUTH YHUCIEHHOE HCCIEIOBAHUE 3aBUCUMOCTH
pereHug ot 0000 mapaMerpa MOZEH 0 YKa3aHHOH Ha pucyHke 2 cxeme. Takxke
B ABTOMATWYECKOM PEKUME OCYIIECTBIISIIOTCS TPAHCISINS, TEHEPAIlusl U 3aImyCcK
PACYETHBIX TTPOTPAMM.

B cnyuae Boixoma pemenus 3amadum Kommm Ha  aBTOKOIEOAHWS, WMEETCst
BO3MOKHOCTD IPaGUIECKOr0 MPEACTABICHNI TPACKTOPHi B GU3MIECKOH 1 (ha30BOI
IJIOCKOCTSAX, a Takyke B 3D-mepHoM Da30BOM MPOCTPAHCTBE, ¢ BO3MOXKHOCTHIO
BpAIEHUS TPEXMEPHBIX O0BEKTOB. AHAIM3 AMarpaMM CTAIMOHAPHBIX PEIICHU
C TIOMOIIBIO TAOIUI] MO3BOJISET BLISBUTH OM(YPKAIMOHHBIE 3HAYEHUS MapaMerpa
cucTeMbl (TOYKM HOBOpOTa M Touku Oudypkanuu Auaponosa-Xomda), obaacru
M3MEHEHUsI apaMerpa, XapaKTepPU3yIOIIIecss caMOBO30Y K/IeHIeM aBTOKOJIe0aHMil.

4. ATIPOBAIIMS KOMIILIOTEPHO!M CUCTEMBI HA MATEMATHUYECKON MOIEJIA
I'C BHYTPUKJIETOUHOW PETYASIIUA METABOJIM3MA AYKCHHA

TecrupoBanme (QYHKIMOHAIBHBIX BO3MOMKHOCTEH KaKJI0rO IMPOrPAMMHOIO
MOAYJA CUCTEeMbl TPOBOJNJIOCH JJIA MaTeMaTUuYIecKoi MOaeJ I TeHHOIT ceTu
MeTaboJMIu3Ma AyKCUHA (OCHOBHON TOPMOH DPACTEHMIl, DEryJupyIommii UX pPOCT
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Package Start & Model Create @@gj

Main @ Fieady Madels

odss L -
V14 := p[26]*x[24]; ~
W°’k""9 V15 := p[27]*x[2] *x[25];
vie ({{p[28] *x[18]*{x[20]/p [33]1})—(p [34]*x[18]*(x[26]1/p[32]1) )} F (1+(x[20]/p[33]}+(x[26]/p[32]
& Delete V17 p[35]1+x[27] ;
wis p[36]*x[28] ;
Help w19 p[371+x[29] ;
w20 p[38]1*x[7] ;
w21 ({p[39]1#*x[31]*{x[26]/p[41]) )} -(p[42] *x[31] *(x[3]1/p[40])} )} S{1+(x[26]/p[21])+{x[3]1/p[40]}):
w22 p[431+p[194] ;
w23 ({p[44]*x[30]*(x[32]/p[46]))—(p[47]*x[30]*(x[33]/p[45]1)))/(1+{=x[32]/p[46])+(x[33]1/p[45]}
w24 p[48]*p[195] ;
WwinSiyle w25 (({p[49] *x[22] *{=x[35] /P [56]})—{p [A71*x[22] *{x[4] /P [55]1)) )/ (1+(x[35]1 /R [96]1)+(x[4]1fR[55]1)}
@ Maormal V26 p[38]1+*x[36] ;
 Maxim w27 (P[591#*=[38] *(x[14]1/p[601}) F(1+{x[141/p[601)) ;
V28 p[611+p[197] :
V29 p[62]1+p[198] ;
V3o ((PI[63]1*H[40]1*(x[4] /P[65]))—(P[66]1*x[40]*(x[39]F/P[64]))) {1+ (x[4]/P[65])+(x[39]/p[64]}):
3l p[671+p[199]
V32 p[681+p[200] :
V33 p[691+X[34] ;
V34 pL701+x[41] ;
V35 pL711+*p[201] ;
V36 pL721*x[42] ;
V37 pL731+*p[202] :
v3e (P [741*x[30]*(x[39]/p[761) ) - (P[771*x[30] *(x[41/p[75])}) f(1+(x[39]/p[76])+(x[4]1/P[75])):
w39 pI781+*p[203] :
w40 pL79]1+p[204] ;
Vil ({p[B0]*x[13]*{x[33]1/p[62]) ) -(p[BI1*x[13] *(x[4]1/p[81])} ) /{1+(x[33]/p[82])+({x[4]1/p[81]}):
Va2 p[84]1+*p[205] ;
V43 pI851+*p [206] ;
Vid ({p[B6]*x[11]*{x[4] /p[86])) —{p[89]1*x[11]*{x[I5]1/p[87])} ) {1+ (x[4]/p[B8])+(x[35]/p[87])):
V45 pI90]*x[44] ;
V46 pI91]1+p[207] ;
w47 pI92]1*x[43] ;
Vi (P [93] *x[45]*{x[8]1/p[100]} )} —(p [101]*=x[45] *(x[14] /p[99]1 )} } F{1+{x[8]/p[100] ) +{x[14] /P [9L +
< b4

H S

I@ Modsl Create
E Q>

30.10.2008

Puc. 3. ®parment 3anucum mabsoHHBIX (QYHKIUNA MOIETH
MeTaboM3Ma  AyKCWHA € YY€TOM TEHETUYECKOH pEeryJsisaiuu B
dopmare STEP+.

u passurue [19]) B Kierke pacreHus. PeKOHCTPYKIHS CTDOEHUS TeHHO
CeTH BHYTPUKJIETOYHOM PETYJsuu MeTabo/nu3Ma ayKCHHA B KJIETKE DACTEHUS
OCYIIECTBJIEHA HA OCHOBE JmTeparypHbix AaHubix (107 HaydHbIX MyOIuKaimii)
u 1mpeicTaBieHa B KoMmmbiorepHod cucreme GeneNet. Tak kak 1mporecc
PEKOHCTPYKIIUYM TEHHBIX CETeH TO CyTH SBJSETCS CTPYKTYPHBIM MOJEJINDPOBAHUEM
MOJIEKYJIIPHO-TeHETHYECKUX ~CUCTeM, TO TeHHbIE CeTH, [PEJCTABJICHHbIE B
koMmbioTepHO# cucreme GeneNet, B maspHeiiem OymeM Tak»Ke Ha3bIBATH
CTPYKTYPHBIMHU MOJIETSIMU T€HHBIX CeTell.

CrpykrypHasi MOjesb reHHoil cern merabonuzma aykcuna (CMA) ¢ yuérom
PEHEeTUYECKON Pery/idiuuu 1poueccos (aKTUBALUMU U MHIMOUPOBaHUs) COUEPKUT 62
rera, 56 MPHK u 44 6enka, Brirodaer B cebs 245 MOJEKYASIPHO-TEHETHIECKUAX
MPOTECCOB, YaCTh U3 KOTOPHIX AHAJOTHIHA MTPOIECCY, ONMMCAHHOMY Ha PUCYHKe 1.

Barem ObLT MPOBENEH CPABHUTEIBHBIN AHAIN3 CTPYKTYPHO-DYHKIMOHATHHON
opranuzanuu Merabou3Ma ayKCHMHA y Bbicluux u Husmwmx pacrenuii [20]. Ha
ocuoBe I'CMA nocrpoenst yupouientbie (pejyliupOBaHHbIe) CTPYKTYPHbIE MOJIEIIN
PEHHON CeTyr MeTabo/IM3Ma ayKCUHA BHYTPHU KJIETKU BBICIIHX (MOKPBITOCEMEHHBIE,
romocemennble) ('CMAB) u Hu3mmMX (DATOPOTHWK, MXH) BHIOB DACTEHW
(TCMAH). CrpyKTypHbIE MOJENH PEIYIUPOBAHHBIX TDEHHBIX ceTeil  GbLau
KOHBEPTHUPOBAHBI B [IBE MaTEeMATHUECKHE MOJEIN € TOMOIIBI0 MPOTPAMMHOTO
mozyis MGSgenerator. Ha pucynke 3 mpejcrasien ¢gpparMedT 3anucu B gpopMare
nakera STEP+ wmaremaruueckoii wmomenn ['CMAB. OTa MOmenb COTEpPKUT
45 mepemenHblx u 207 TapaMeTpoB, ONMUCHLIBAaeT 48 3JTeMEHTAPHBIX MOIACUCTEM
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Puc. 4. Iunavmuka nsmenenus KoHuenTpanuu B mogean [CMAB:
1) aykcwna; 2) rtpuntodana; 3) Genka GH3. Tlo ocm y —
KoHIneHTparusa (mM), o ocu x — Bpemst (CeK).

Merabonm3Ma AayKCHHA C Y96TOM TIeHEeTHYecKOoi peryssmuu. Maremarndeckast
voziesib CMAw comepxkur 18 mnepemennbix u 81 mapamerp, omwmcbBaer 17
3JIEMEHTAPHBIX MOJACUCTEM.

Hauanbubie 3HaUeHnsT OOIBITUHCTBA TEPEMEHHBIX U MAPAMETPOB MO B3IThI
U3 JINTEPATyPHBIX HCTOYHUKOB [21, 22, 23, 24, 25, 26]. OcranbHble 3HaUYEHNS OBLIH
OIIEHEHBI HA OCHOBE KOCBEHHBIX 3JKCIIEPUMEHTAJIbHBIX JAHHBIX M OHOIOTHMIECKUX
MIPEICTABIEHUAX O IPUPOJIE U MEXAHU3IMAX PEryJIAlNN MOJIEKYIAPHO- T€HETUIeCKON
CUCTEMBI METADOIN3Ma AYKCUHA, B KJIETKE PACTEHUSI.

5. YUCJEHHBIN AHAJIN3 B IIPOTPAMMHOM MOJVIE STEP+

Jnst pacyéroB JMHAMHMKM W3MEHEHUsl KOHIEHTDAIMN ayKCUHA, TPUNTOMAHA
(HUBKOMOJIEKYJISIDHOE BEIIECTBO, M3 KOTOPOrO CUHTE3UPYETCS AYKCUH) M OJHOIO
u3 Baxubix ¢epmenToB cucrembl (6enka GH3) pemanacs 3amasa Kommu nHa
uareppase mwo ¢t € [0, 250] (cex). Kak Bummo mn3 pucynkoB 4 wum 5,
¢ TEeYeHHWEM BpeMeHW pemreHue 3agadum Komm  BBIXOIUT HA  yCTONYIMBOE
craimoHapruoe perierve. [Ipu  YHCIEHHOM WCCAENOBAHUM MOJENeH, BKIIOYas
HCCIEIOBAHNE CTAIIMOHAPHOIO PEIIEHUs] METOJOM MPOJIOIKEHUsT M0 TapaMeTpy
B TIOJIOKUTENHHON OOJACTH 3HAYEHWH MEPEeMEHHBIX, APYIhe aTTPaKTOPhI HE
BBISIBIISIIOTCS. YCTOWYHBOCTh CTAITHOHAPHBIX PEIIeHUl MOATBEPKIATACH METOIOM
T'onynoBa-Bynrakosa. YUwuciaeHHbIE pPe3yabTAThI COTTACYIOTCS € OHMOJIOTHIECKOM
MPUPONOA  MOTEIUPYEMBIX TEHHBIX CeTel, Ha3HAYeHHe KOTOPBIX COCTOUT B
HOJJIEPKAHUN MOMEOCTA3 IIEJIEBOr0 MPOAYKTa, (QyKCUHA).
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Puc. 5. JTunamuka usMmeHenns KoHueHTpauuu B Mogean I'CMAH:
1) aykcwna; 2) rtpuntodana; 3) Genka GH3. Tlo ocm y —
KoHIneHTparus (mM), o ocn x — Bpemst (CeK).

MonekyasapHO-TeHETHIECKIE CUCTEMBI SIBJIAIOTCS JUHAMUIECKMMHA HEJTMHEHHBIME
cucreMamu, (PYHKIHOHAPOBAHME KOTOPBIX CYINECTBEHHO 3aBHCHT OT IIPUPOIBI
MOJIEKY/IAPHO-TEHETHYECKIX MEXAHH3MOB M 3HAYEHHSA KOHCTAHT, ONPEIEIAIOIINX
CKOPOCTH CWHTE3a, W JETPAJAIINNA BEImIeCTB. B MOJEIX TeHHBIX CeTeil MEXaHW3Mbl
TpaHCHOPMHUPYIOTCS B KOHKPETHBIE (POPMYJIbI, & KOHCTAHTHI TPAHC(POPMHUPYIOTCS B
napameTpbl, KOTopble BxoaaT B dopmynabl. OnHa m3 3amad, KOTOpas CTAHIAPTHO
pemaerca npm MomenmpoBarmn MI'C, 3akmr09aeTcs B ONPEJETEHWH BJINSHAS
Pa3JIMIHBIX THIIOB MYyTAIMi, KOTOPBIE MOI'YT IPOUCXOIUTH B IEJEBOM MeHeTHIECKOM
cucTeMe B 1porecce ee (pyHKIMOHUPOBAHNA. B KUBBIX CHCTEMAX M3MEHEHUS Jalle
BCETO TIPOMCXONAT HA TEHETHYECKOM yPOBHE. M3MeHeHWss MOryT ObITh pPa3HBIX
TUIIOB: TOYEYHBIE MyTalMu (3aMEeHa OJHOTO HYKJIEOTHAA HA JAPYroi), mesenuu
(yaasmenue HEKOTOPOI HYKJIEOTHIHON MOC/Ie10BATENHLHOCTH), BCTaBKU (106aBieHue
B COCTAB TE€HOMAa HEKOTOPON HYKJEOTHIHOW MOCIEmOBATENBLHOCTH) W T. . Ha
YPOBHE MATEMATHYECKOrO ONIMCAHUS MMUTANNA eHETHYECKUX MY T IIPOBOJUTCS
b0 M3MEHEHUEM CTPYKTYPBI MOJenu (3T0 Tpebyercs B TOM CIIydae, eciu
MyTallMsi MEHSeT HEKOTOPbIE MEXaHU3Mbl B TI'eHHOH ceTu), JubO H3MEHEHHeM
3HAYEHWUIl HEKOTOPBIX I1apaMerpoB (ecju MyTalus He MEHIeT MEXaHU3Mbl
TeHHON CeTH, HO W3MEHSeT KOHCTAHTBI, BXOAAmue B HEUX). HeolGxommMmocTh
B PACCMOTPEHMH TOTO WA HHOTO CTPYKTYPHO-MOJH(DHIMPOBAHHOTO BAPHAHTA
MOJIENIN, TI0 CYyTH, HEOTHEMIIEMO JUKTYETCA CTeUpUKON MOTEIUPYEMOi CUCTEMBI.
Hamporms, wuccnenopanme mnapaMeTpuYecKu MOAWMPUINPOBAHHBIX  BAPHUAHTOR
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Puc. 6. Isvmenenue KOHIEHTDAIMU AayKCHHA B 3aBUCHMOCTH
OT KOHCTAHTBI jerpaganuu PHK rena g¢h3: 1) kpusas s
mozenu PCMAB; 2) kpusas gnsa moxenu 'CMAn. Ilo ocu y —
KOHIIeHTpaIus aykcuna (mM), mo ocu X — KOHCTaHTa AerpaIaliiu

(1/cex).

MOJIESTA TIPEACTABIAET CTAHJAPTHYI) BBIYHCIUTENBHYIO TPOOIEMy HCCIEIOBAHAS
4yBCTBUTEJILHOCTH MOJIEJIU OT MapaMETPOB.

B macrosmieii pabore MBI HCCIENOBAIN TAPAMETPUYECKYI0 YyBCTBUTENILHOCTH
CTAITMOHAPHBLIX COCTOSTHUM, B KOTOPBIC MPHUXOIAT 00 MOIeIn Ha OeCKOHETHOM
WHTEepBajse BpeMeHu. Jlys aHagW3a Mbl HCIOJB30BAJIM METOJ, TIPOJOJKEHHS TI0
napamerpy, peanuzoBaHublli B Momyne STEP4 mma perienuss manuoro Kiacca
3a7a4. BapeupoBaHue 3HAaYEHUE TAPAMETPOB HMPOBOJMJIA B 33JaHHOM JTUAIA30HE:
B unrepsane [1072ag, 1072qq], rae qp — wucxoHOe 3HAYEHME BAPLUPYEMOIO
napamerpa. ['padukn n3MeHenns KOHIEHTpamn aykeuHa B mogensx maasa T'CMAR
nu 'CMAH B 3aBMCHMOCTH OT BAPHMUPYEMOTO 3HAYCHUS MAPAMETPA TPEICTABICHDI
Ha puc. 6, 7 (puc. 6: B 3aBUCMMOCTH OT KOHCTAaHTBI JErpajanuu PHK rena
gh3 (k_degrad Pux_gh3), puc. 7: B 3aBucumoctu or kKodddunuenra Xwuiia
pPeaKIuyu MPEeBPAaNeHns XOPU3MaTa B aHTPAHHUJIAT, KOTOPAas OIMCAHA HA PUCYHKE 1,
(kgl xopusmar < anTpanuiar)). I3 pucyHKOB BUIHO, YTO BAPLUPOBAHUE OITHOTO U
TOTO K€ TapaMeTpa B JBYX MOACISX TPUBOIAT K KATCCTBEHHO PA3JTAIHBIM KPUBBIM
M3MEHEHHsI ero CTAIMOHAPHON KOHIEHTPAaIuu OT mapaMmerpa. llpeacraBieHHBIE
KPHBBIE JIEMOHCTPUPYIOT BIUSHUE CTPYKTYPHO-(DYHKIMOHAIBHOW OPraHN3aMy Ha,
XapPaKTEPUCTUKH TIOBEIEHUS META0OIMIECKON CHCTEMBI AYKCHHA B KJIETKE PACTEHUS
W HeJIMHEHHbIH XapaKTep BAWAHAS MAPAMETPOB CUCTEMbI HA, KOHIICHTPAIAIO AyKCUHA,
B Monesm 'CMABH.
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Puc. 7. 3venenve KOHIEHTpAIMU AayKCHHA B 3aBUCHMOCTH
or Ko3bduenta Xuiaaa peakiuy MPEBPAIeHns] XOpu3Mara B
aarpanunar: 1) kpusag gyis momenu 'CMAB; 2) kpusasa st
mogean 'CMA#. Ilo ocu y — koHuenTpanus aykcnsa (mM), mo
ocu X — Koadpurment Xusia.

6. 3AKJIIOYEHUE

B nyGawkanuu mpesicraBieHa HOBas KOMIIBIOTEPHAs CHCTEMa TIEHEpalud U
AHAIN3a MATEMATHIECKUX MOJEEH MOJIEKYISPHO-TEHETHIECKUX CUCTEM HA OCHOBE
aByx mporpamMmubix momayseir — MGSgenerator u STEP+, koropeie Bxomar B
HHTErPUPOBAHHYIO KOMIIBIOTEPHYIO cUcTeMy, padpabarbisaemyto 8 Ullul' CO PAH.
AkTyanbHOCTD pa3paboOTKU JAHHON CHCTEMBI JUKTYETCsT HEOOXOINMOCTBIO PEIIeHN S
psila KOMMBIOTEPHBIX MPOOJeM, CTOAINMX HA COBPEMEHHOM 3Tale CHCTEeMHOMN
OUOJIOrUK: COBMECTHUMOCTb PA3JIMYHBIX CHEIUATU3UPOBAHHBIX KOMIIBIOTEPHBIX
MPOTPaMM M CHCTEM, Pa3pabOTKa OTKPBITHIX (DOPMATOB MPEJICTABJICHUsT JAHHBIX,
MOCTPOEHNE U YHUCIEHHOE NCCaeIoBanne Maremaruaeckux moaesneit MI'C, cozmanue
6a3pl  JAHHBIX MAaTEMATHYECKWX MOJeiell yKa3aHHOTO THHa. BO3MOXKHOCTH
KOMITBIOTEPHON CHCTEMBI JEMOHCTPUPYIOTCA HA MPUMEPE MOISJTUPOBAHUSA TEHHOMN
ceTu MeTaDoIM3Ma, AYyKCUHA B KJIETKE PACTEHUH.

Pekoncrpykimss 'CMA 6bi1a poBefieHa Ha OCHOBE 60Jiee €Ta JIMTEPATYPHBIX
HCTOYHUKOB B KOMIbIOTepHOH cucteme GeneNet. Ha ocHoBe cTpykTypHO-(DYHK-
MUOHAJIBbHON opranmm3aruu u Momyas MGSgenerator Obuirm  aBTOMaTHYECKU
CTEHEPUPOBAHDBI JBE MATEMATHYECKUE MOMAETN MeTaboIm3Ma ayKcuHa B QropMare
mporpamMuoro cpegcrBa STEP+ g BbICIIHX ¥ HU3MIAX BHUIOB PACTEHUIT,
COOTBETCTBEHHO. UWCJEHHBIN aHAIW3 MATEeMATWYECKUX MOIAeTeil  moKasaJ,
YTO HCCTAEeAyeMas CHUCTEMa WMEeT OIHO YCTOWYWBOE CTAIMOHADHOE peIleHue.
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Ilonyvennsiii pe3yiabrar cOIVIaCyercsi C OHOJIOIMYECKUMU IPEJCTABICHUAMHU O
MPUPOIE MOMEJUPYEMBIX TEeHHBIX CeTeil: MOAJepXKAHWe TIOMeOoCTa3ad IIEJIEBOrO
npoiaykra (aykcuna). CpaBHUTEJNbHBIA aHAIM3 3aBUCHMOCTH CTAIMOHAPHOIO
peleHnss OT U3MEHEHWs 3HAYEeHWs TMapaMeTPOB ObLT MPOBEIEH IS  JIBYX
MaTeMaTHIeCKuX Mojeseii Merabonm3Ma ayKCHHA, ONUCHIBAIOIIAX HCCIEAYEMYIO
MOJIEKYIAPHO-TEHETHIECKY O CUCTEMY y BBICIINX U HU3IIUX BHUJOB PACTEHUN.

ApromaTuueckasi reHepanus MaTEMATHYECKUX MojeNeil MeTabosn3Ma ayKCUHa,
B KJIETKE pACTeHHus ¢ TOMOIMBI0 mnporpaMmmuoro wmomynas MGSgenerator u
aHagu3 wmozeneir B mporpammuOoM Mmomyiae STEP+ mokaspBaloT HE TOJBKO
COCTOSITEIHHOCTh Pa3pabaThIBAEMON KOMILIEKCHON KOMIIBIOTEPHONW CHCTEMBbI, HO
M TO3BOJIAIOT IIOJYYUTh HHTEPECHBbIE OMOJIOrUYeCKue PEe3yIbTATHI O JUHAMHKE
GYHKIIMOHUPOBAHUS U 3BOIONUOHHLIX 3TAmax MTpeodpa3oBaHUsa MOJEKYJISPHO-
TEHEeTUYIECKUX CHCTeM MW MeTaDO/M3Ma, ayKCHHA, B YacTHOCTH. PazpaboraHHasi
KOMIIBIOTEPHAS CHCTEMa, MOXKET ObITh MOJIE3HA Mpu pa3paboTKe U aHaJMU3e
MaTeMaTuIeckux Momeneit mupokoro kpyra MI'C. @yHKIHOHATBHBIE BO3MOKHOCTH
KaXKJIOr0 U3 IPOrPAMMHBIX MOIyJell pPa3pabOTaHHONW CHCTEMBI IO3BOJLIOT, B
OTJIMYHUE OT APYTUX AHAJIOIMIHBIX CHCTEM, IIPE/ICTABIEHHBIX BO BBEIEHUU:

a) MOIEIUPOBATH MOJEKYJIAPHO-TEHETUYECKUE CHCTEMbI € YYeTOM  BCeX
crierudrIeckux OCOOEHHOCTENl WX CTPOEHUsS Ha OCHOBE ODODIEHHOIO0 XUMHUKO-
KHHETUIECKOT0 METOA M MeTOoHa 0000ImeHHbIx MyHKINi X Minia;

6) NPOBOAUTL HOJHOMACIITAOHBIN AHAJIU3 4yBCTBUTEJILHOCTH MATEMATUIECKON
MOJIEJTH HA OCHOBE TOJIXOI0B, PEAJIM30BAHHBIX B porpaMMuoM momyiie STEP4-.

OTMeTnM, 9TO B HACTOSIIIIEE BPEMST HE CYIIIECTBYET AHAJIOTUIHBIX KOMITBIOTEPHBIX
CHCTEM, KOTOpPbIe OBl DPEAM30BAIN KOHBEMEDPHYIO TEXHOJOTHK) ABTOMATHIECKOLH
TeHepaluyl MATeMATHIeCKOW MOJEIH Ha OCHOBE CTPYKTYPHO-(YHKIHOHAIBHON
opraamzarmt = MI'C ¢ mociemyroiuMm — aHaIW30M  Pe3yJbTaToB — pacdera u
qyBCTBUTEJBHOCTH MOJEIN K BapbupoBanmio mnapaverpos. Hecomuenno,
paspaboTaHHAsT CUCTEMA He SIBJISIETCS YHUBEPCAJIBHBIM CPEICTBOM, MO3BOJISIIOIIUIM
PeIaTh Bce TPobIeMbl B 0OJIACTH MOIETHPOBAHNS YKUBBIX CUCTEM, UMEHHO MOITOMY
MBI TTAHUPYEM TTPOBOIATH A/ IhHEHIIIee pA3BUTHE NAHHONU CHCTEMBI B HATPABIEHUN
MOBBIIIEHNS CTEIEHN ABTOMATU3AIMK IPOIECCA TeHEePAIUd MATEeMATHIECKUX
MOJIeJIeH, a TaK2Ke Pa3BUBATb METOJIbI AHAINU3a MOJEJIEH.
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