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O TIOUCKE YHUBEPCAJILHBIX ITAPAMETPOB
T MOJIEJIENT MOP®OTEHE3A

M. H. Hazapos

ITapamerpsr Mozeeit MOpdOreHesa MOXKHO CINTATH YHUBEPCAILHBIMU B TOM CJIydae, €CJIM OHU O0JIaJaioT
OMOJIOTMYIECKUM CMBICJIOM UM MX 3HAYEHUs] MOI'YT ObITH CBOOOJHO IIEPEHOCHMBI MEXKIY MOJIEJIAMHI PA3HbBIX
KJIaccoB. B pamkax JaHHOI pabOThI B KAIECTBE OCHOBHOTO YIIPABJISIONIETO AKTUBHOCTHIO KJIETOK MEXa-
HU3Ma ObLT BBHIOpAH OOMEH XUMHYIECKUMU MEKKJIETOUYHBIMUA CHTHaJIaMu. J[JIss JaHHOTO CiIydasi mOoJIydeH
HabOp YHUBEPCAJIBHBIX IIapAMETPOB, U Ha €r0 OCHOBE IIOCTPOEHBI JIBe MOJEIN MOpdOreHe3a: IUCKDPeTHAas
UMHUTAIlMOHHAA U YCPeAHEHHaA KOJIMYeCTBEHHAs.

KiroueBblie ciioBa: MOJeJInpoBaHue Mop(boreHe3a, MEXKKJIETOYHBI CUTHAJIbHBIN O6MeH, CcoryiacoBaHue
Mojiese Pa3HbIX KJIaCCOB.

BBenenne

Monenuposanue Mopdorenesa siBjseTcss KOMILIEKCHON 3aJadeil MaTeMaTudecKoil 61oJIo-
run. s ee pemenns ObLIO BEIPAOOTAHO HECKOJILKO aJbTEPHATUBHBLIX IIOIXOI0B C IPHUBJCYe-
HIEM pa3HOI'0 MATEMATHIECKOro ammnapaTa. 11oapoOHBIi 0030p 9THX MOAXOM0B 1 KIacCrdprKa-
[UIO MOJIEJIeH B IIPUJIOXKEHUI K [APCTBY pacTeHuii MoxkHo 1povectsb B [1]. B pamkax mamnuoit
cTaTbu OYIyT 3aTPOHYTHI TOJBLKO TPH KJIACCA MOJENCH: OMOXMMUYIECKIe, NMUTAIIMOHHBIEC U KO-
JmgecTBeHHble. Mogean 6uoXUMIYecKOro HaPaB/ICHUsI CTPOATCS JJIsl OIMMCAHUST BHYTPUKJIC-
TOYHBIX IPOIECCOB, KOCBEHHO BOBJIEUEHHBIX B Mopdorenes. Kak IpaBmo B TAKHX MOJIEJIAX
MOJEIUPYETCsI CUHTE3 U PA3JIOsKeHUE Pery/IsaTOPHBIX BEIIeCTB B KJIETKE, a TaKyKe [AaCCHBHDII
WM aKTHUBHBI OOMEH PEryJIsaTOPHBIMA BEIIeCTBAMU C BHeImHei cpemoii. IIpm sTom camu pe-
I'YJIATOPHBIC BEIIECTBA MOI'YT OKA3bIBATL BJIUSIHUE Ha CKOPOCTb HACTYILICHUs pas3bl Je/IeHNs,
3aIlyCK IIPOrPpaMMHUPYEMOl CMEPTH WM BLIOOP OTIEJbLHON KJIETKON CHenuaIu3aluu s J10-
4epHUX KJeTOK. [IpumepaMu paboT GHOXUMHUIECKOTO HAIIPABJICHUS MOTYT HOCIYKUTH [2-4].
KosmmgecTBeHHbIE MOJEIN TKAHEOOPA30BAHUA IIOIXOAAT K OIMCAHHIO MOP(OreHe3a IIPUHIY-
IMAJIBHO C JIPYTOil CTOPOHBL. JlaHHBIE MOJIENH Jal0T MAKPOCKOIMYECKoe! omcanne THHAMIKH
BCEro CKOILICHUs KJIETOK C HOMOMIbIo cucreM auddepeHnnaabiblX ypaBHeHuii. Ilpu sTom
KOJIMYECTBEHHBIC MOJIEIH MOTYT HMETh MEXaHHYECKYI0 OPUEHTAIIMIO W OIMCHIBATH TKAHD KAK
aHcaMObIb KJIETOK, JJI KOTOPBIX MOJEIUPYIOTCS POCT U JIeJIeHUe Yepe3 YpaBHeHUs I 00b-
eMa KJIETOK M BHYTPUKJIETOYHOro jasienus (npumep [5] u [6]). Apyrum npumepom Kosmde-
CTBEHHBLIX MOJEJIell MOIYT HOC/Iy?KHTh MOJEJN TUIla PeaKiud-1udys3us i peryIsaTOPHBIX
BemecTs, Takue Kak [7]. Tperwil mogxos K MozjesmpoBaHuio MOpdOreHesa 3aKI0vaeTcs B
HOCTPOEHUY MMHTAIUOHHBIX Mojeseil. JljIs JaHHOTO IIOAX0Ja XapaKTEePHO HCIOJIL30BAHUE
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JICKPETHOTO IPOCTPAHCTBA U JIUCKPETHOIO BPEMEHH, & KJIETKH B PAMKAX UMUTAIIMOHHBIX MO-
neseii IPeICTABIAIOTCsT Kak 00beKThl (PUKCHPOBAHHOIO oObeMa u GopMmbl. Bee KioueBble
cocrapisiomue Mopdorenesa, Takue Kak JeleHre KJIeTOK, HACTPOMKK TUIIOB | T. J. B 10700~
HBIX MOJIEJISIX BOCIIPOM3BOJISITCS € MOMOIIBIO OIIPe/IeIeHHOro Habopa npasmil. Kiaccuaeckum
[PUMEPOM MMHUTAIMOHHON MOJIEJIN SIBJISIETCSI MOJIEJIb KJIETOYHBIX aBroMaToB (cM. [8]).

Mogesnn, co3aHHbIe B PAMKAX PACCMOTPEHHBIX HAIIPABJICHUI, MMEIOT OIMH OOIIuii Hexo-
CTATOK — y3Kylo 00acTb npuMeHumocru. Ha siesie 9T0 03HAUaeT, 9TO PE3yJIbTATHI, IIOJy-
YeHHBIE C TIOMOIIBIO OJHOM MOJIEJIN, KAK [PABUJIO, HE MOIYT OBbITh UCIOJIB30BAHBI B MOJIEJISIX
npyrux HanpaeiaeHnii. OJJHO M3 BO3MOXKHBIX PEIIEHNUi, KOTOPOe MO3BOJIHUT CBA3aTh MOJIEIN
Pa3HBIX KJIACCOB B €JUHYIO CHCTEMY, 3aKJIIOYACTCS B MCIOIb30BAHUN YHUBEPCAIBHBIX MaKpPO-
IapaMeTPOB B MMHTAIMOHHBIX U KOJMYECTBEHHBIX MOJensx. KpurepmeMm yHMBEpPCAIBLHOCTH
JIst TTApaMeTpoB OyieT BBINOJHEHNEe TPeX CBOHCTB:

1) Ha/IMIMe GUOJIOTMIECKOTO CMBICJIA ISl KAXK/I0T0 U3 IapAMETPOB;

2) BO3MOYKHOCTD OTICHUTH>
PUKJIETOYHON GHOXUMUY;

3Ha'UYEeHNe KarK/I0TO U3 ITIapaMeTPOB C ITOMOIIHIO MOJieJieil BHY T-

3) cBOGO/HAS IEPEHOCUMOCTh 3HAYEHUIl IapaMeTPOB MeKJly UMUTAIMOHHBIMU U KOJIAYIe-
CTBEHHBIMHU MOJIE/ISIMMU.

Hcnonb3oBaHne yHUBEPCAJBHBIX IIapaMETPOB Ha IMPAKTUKE JeTaeT BO3MOXKHBIM IIPUMe-
HEHUE AJITOPUTMOB HMEPAPXUIECKOIO HUCCACTOBAHUS MOjejeil. DBuoxmmmyeckas Momaenb a-
eT IepBoe HUpUbJINKEHNe JIJIsi YHIBEPCAJILHOTO ITapaMeTpa, KOTOPOe YTOYHSAETCs C IIOMOIIBIO
YCPEJIHEHHO! KOJIMYEeCTBEHHON MOJIEIN, a 3aTeM MPUMEHSETCHS B MMUTAIMOHHOI.

1. Boibop yHUBepCAJIIbHBIX IIAPAMETPOB

B kagecTBe OCHOBHOIO MeXaHH3Ma, YIIPABJISIONIEIO aKTHBHOCTHIO KJIETOK, ObLI BBIOpaH
oOMeH xuMuIecKuMu curHasamu. llpm 3Tom 3¢pdeKThl 0T CUTHAIOB JJIst YIIPOIIEHUsT ObLIN
OrPAHMYEHBL: 3aIlyCKOM IPOrpPaMMUPYEMOil CMEPTH, YCKOPEHUEM WJIM 3aMeJJIEHUEM CKOPOCTH
MIPOXOXKIEHNsT KJIETKAMU KJIETOYHOTO IIUKJIA, 8 TAKKE BBIDOPOM THIIOB JJIsI OYIyIIHUX JOUEPHUX
KJIeToK. Jljist 9T0r0 Ciydast OBLIN IOJIYyYeHbI CIeAyIONIne yHUBEPCaIbHbIE IapaMETPbL:

o T'={7,...,Tp} — THUIBI KJIETOK;
e Ig(71),...,Ig(7) — UHTEHCUBHOCTU CUHTE3a CUTHAJIOB;
° Pe(Tl,Tl), P e(TnaTn) — BEPOATHOCTHU IEPEIadYN CUTHAJBHOTO BO3JCUCTBUSA KJIETKE

upu croskaosenun ¢ cururanoM (0 < Pe <1 );

o Pr(ri,m),...,Pr(m,m,) — upnopurersl cursanos ( Pr >0 );
e D(m,71),...,D(Ty, T) — HOBbIE THIIBI JIJIs JOUEPHUX KJIETOK;
o K(m,711),...,K(Th,Tn) — 371€MeHTapHBIE TIPUPAIIEHUs CKOPOCTU HACTYILJICHUS JCJICHUS

W TPOTPaAMMUPYEMON CMEPTH;

o V(m),..., V(1) — obbembl KineTok ( Vipax = max V(1) ).

2 VHuBepcaibHBIe MAKPOIAPAMETDBI SIBJISIFOTCS CPEJCTBOM YCPEAHEHHOTO OINCAHYS JHHAMUKH CKOILIEHHST
KJIETOK, ¥ KaK CJIEJICTBUE HE SABJIAIOTCS MapaMeTpaMu MOJeIell BHY TPUKJIeTOUHOM 6rnoxumuu. [lostomy mosm nx
OLIEHKOIl ITOApa3yMeBaeTCs yCpeJHEeHHBI MOUCK II0 aHAJIOTUM C OIIEHKOH TeMmIlepaTypbl Ha OCHOBE KMHETHKN
OTZEJIbHBIX MOJICKYJI.
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Tumn xieTkn 7; B paMKax OMOXHMUYECKON MOJEIH MOXKHO 33aTh JABYyMsi HabopaMu 3HatIe-
HU{l: COCTOSTHUSIMEU® T'€HOB U KOHIIEHTPAIUIMUI PETYJIATOPHBIX BEIIECTB, a TaKKe I'PAHUTIAMU,
B Ipeeax KOTOPBIX JAaHHbIe 3HAUEHUsI MOTYT MEHSIThCA. s BHEITHero HabIIoqaTe s THIT
KJIETKH IPOSIBJISIETCSI B CHEIUAIU3AINNA KJIETKH, (popMe noxost? u JOTYCTUMBIX THUIIAX JIJIs €e
TTOTOMKOB.

HYCTB KJIeTKa THUIIA T CIIOCODHA CO3JaBaThb k BUIOB Pa3/IMYHbIX CUT'HaAJIOB:

{51(7'), ce ,Sk(T)} .

J1J1s1 Olpe/ieIeHHOCTH TIOJIOZKHM, ITO B €IHHMUILy BPEMEHH KJIeTKa BbIIesseT B cpegaeM: [;(T)
curuasnos Sj(7), rne j = 1,k. Torma B xadectse I5(T) BBIOEpEM [5(7) = min; I;(7). B arom
cJlydae MOXKHO BBECTH yCpPeJHEHHBI curuaia S(7) Kak HabOp peasbHbIX CHIHAJIOB:

11(7')
Is(T)

S(T): 51(7'),...

S(7) ) - (1)

Bepositoctu Pe(T, T, ) niepejjadu CAUrHAJIBHOIO BO3/IEHCTBUS CO CTOPOHBI CUTHAJIOB S( T, ) KJIeT-
Ke T HAIPSMYIO 3aBUCAT OT CIIOCO0A Iepeadn CUTHAIBHOTO DA3/parkKeHusl BHYTPb KJETKH.
J11s1 pacTBOPUMBIX B KHPaX CUIHAJIBHBIX MOJIEKYJI Sj(Tyx) BEPOSTHOCTb MX IIEPEIadl depe3
MeMOpaly KJIETKH OIPEIEIISeTcss pacTBOpUMOCTbIo. Ecim ke curnansl S;(7y) ais nepepadu
BOB/IEICTBUSI CBS3BIBAIOTCS C PEIENTOPAMH, TO BEPOSITHOCTDH Nepeiadi 3aBHCHT OT KOJIMYe-
CTBa JAHHBIX PEIENTOPOB Ha MeMOpaHe KJIeTOK Tulla 7. 3Has BepostHocta Pe(T,S;(7y)) mist
OTJIEJIBHBIX XUMUIECKUX CUTHAJIOB, MOYKHO IPUOIM3UTEIBHO ONEHUTh BEPOSTHOCTL Pe(T, T, )
Jyist yepeanennoro o gopmyse (1) naeanusuposannoro curtana S(7,) Kak:

Pe(r,7,) = ﬁ S L) - Pe(r, 85(r2)). 2)

j=1

[Tpuopurers curuanos Pr(T, T,.) TeM GoJibIiie, YeM CUIbHEE KJIeTKa PearupyeT Ha CUTHAJIBHOEe
pazzpazkenne. Jljisi OTJ€IBHOTO XUMHYECKOTO CHIHANA S (T, ) IPHOPUTET MOXKHO IO OIIpeie-
JIEHHIO CYUTATD PABHBIM CyMMAPHOH GHOIOIMYIECKO]l AKTHBHOCTH BTOPHYHBIX [OCPEIHUKOB®
KOTOpBIe OBLIM 3aJIefiCTBOBAHbI IIPH Iepejade pa3AparkeHns BHYTPb KJIETKU THUIA T. JHasl
npuopurerst Pr(7,.5;(7)) A1 OTIEIBHBIX XUMIYECKHX CHIHAIOB, MOXKHO OIEHHUTH IIPHOPH-

rer Pr(7,7T:) ¢ HOMOIIBIO yCPEIHEHMUsI, IOJTHOCTHIO AHAJIOIUIHOTO (hopmyite (2):

Pr(r,7.) = %Zg(a)-mw, Si(7,)- (3)

j=1

st Beraucsennst D(T,T,) Hy?KHO € HOMOIIbIO GHOXUMHUYIECKOH MOJIEIH BOCIPOU3BECTH BO3-
JeiicTBre curHasioB S (7T, ) HA KJIETKY THUIA T U OIEHUTb B KAKOil TUII MOXKET mepeiiTu T 1moce
BO3JIEHCTBUSI. AHAJIOMMYIHO MPOU3BOAUTCs TTOUCK K (7,7, ), JIMIIb 32 TeM UCKJIIOUYEHHEM, 9TO
OIEHNBAETCS BJIUSHUE CUTHAJIOB HA CKOPOCTH MPOXOXKJIEHUS KJIETKOU 7 KOHTPOJLHBIX TOYEK
KJIETOYHOTO ITUKJIA.

3B mpocreiimem ciiyuae COCTOSIHIE I'eHa MOMKHO OIIPENENNTh KAK KOJHYECTBO AKTOB KOINMPOBAHMS TEHA
B €JMHUILy BPEMEHU.

4®opma 1okost — 310 (HOPMA KJIETKH B OTCYTCTBUE COKPAICHHSI.

5Tlon GHOOrIYeCcKO# AKTUBHOCTBIO TOIPA3yMEBACTCA YHUCIO0 PEAKINHA B GAMHUILY BPEMEHH, KOTOPDLIC Ka-
TaJN3UPYIOT BTOPUIHBIE CUTHAJIBHBIE [TOCPEIHIK.
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Hy:xHO orMeTnTh, 9TO A1t (pOpMAIbHON IEMOHCTPAIN yHUBEPCATIBHOCTU IPUBEIEHHO-
ro Habopa mapaMeTpoB TPebyeTcsl MOKa3aTh MX HPUMEHHMOCTD JJjIsl MOCTPOCHHUSI KaK MMUTa-
[IMOHHBIX, TaK W KOJUIECTBEHHBIX Momeseit Mopdorenesa. B paMKax maHHON pabOThI ObLIN
IIOCTPOEHBI JABE JeMOHCTPAIMOHHBIE MOIE/IN: 0a30Bas IMUTAIIMOHHAS U 6a30Bast KOJMIECTBEH-
Hasl, KOTOPbIe HUCIOJIB3YIOT JaHHBI HAOOp ITapaMeTpoB.

2. Onucanue 6a30BOIl KOJIMYECTBEHHON MOIEJIN

ITepeMeHHBIMI KOJIMYECTBEHHONW MOJIEIN OYIyT:
e N(7,t) — IMCIEHHOCTH KJIETOK KaK (DYHKIUH OT THUIIOB T;
e vy(7,t) — UHTEHCUBHOCTH JleJIeHHs] /TIPOrPAMMUPYEMON CMEPTH.

CurnaJjbHoe BOB,HGfICTBI/IG OJJHUX KJIETOK Ha JAPYyrue€ MO2KHO ITOCYHUTATH KaK:

I f( <_/7N) 2 .
Sig(r — 7. ) = | SwniGzy W= 7 N) >0
0, else.

B srom Bbipazkennn SumlInf(r, N) = Y. Inf(7 « 7, N) — 570 cCyMMapHOe CUHAJILHOE BO3-
IeiicTBHE.

SumInf(r, N)

Sig(r — 7, N) | - | -Siglr — 7, N)

Inf(r <7, N) Inf(t < 7, N)

Puc. 1. Pacnpenesenne cyMMapHOTrO CUTHAJIBHOTO BO3IEHCTBHS.

Jlnst anmymmposannst 3bdeKTa oT KIeTOK, Ubsl THCICHHOCTh MEHBIe eJIMHUILIC BBesieM
npuBeennbe dncaennocTd 1o dopmyiae: N(7) = o (N(7) — 14 ¢) N(7). B kauectse dbynk-
IIIM 0 MOYKHO HCIO/IB30BaTh Kak (byHKImo Xepucaiina, Tak u curmomnny o(x) = 1/(1+e~%/¢),
rae 0 < ¢ < 1. Ilpu sToM OT/IE/IBHOE SIEMEHTapHOe CUTHAIBHOE BO3jeiicTBHIE:

) Pr(r,7) - Pe(r,7) - 8OO - pr(r £)N(7) > 0
Inf(r «— #,N) = Disp,(N)
0, Pr(r,7)N(7) = 0.

Koaddurmenr Disp.(N,t) mo3Bosisier y4ecTb paclpe/ieieHue CUTHAJIBLHOTO pas3/ipayKeHust
MEZKJly BCEMU IIOJBEPXKEHHBIMU €My KJIeTKaMU:

Disp(N) = Z N(r%,t).
T T*:Pr(t*,7)>0

VUuTHIBas IOTEPH W HPUPOCT KJIETOK TTOTy<TaeM "

dNEi{;*jt) N Z: 2-vg(r,t) - N(rt) - Y Sig(r — 7, Nva(r*,t) - N(7%,1). (4)

F: D(1,7)=T*

Boipaxkenue st N (7, t):

TTo yMomuaHMIO TAKME KIETKH CYNTAIOTCS MOJHOCTLIO BBIMEPIIMMU B PAMKAX MOJIEJIHL.

"3a smeMeHTAPHDIE MPOMEXKYTOK BpeMenu dt poBHO vg(T,t) - N (1,t) - dt xmerox TMma T AeaATCA WM
yMHpaioT. Ilpu 3TOM BBIGOD MEXKJY CMEPTHIO WJIM JIEJEHHEM C BO3MOXKHOM CMEHOH THIIA OCYIIECTBJISETCS
PONIOPIUOHAIBHO CUTHAIBHBIM BO3IEHCTBUSIM.
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AHaIOru4HO CTPOUTCS BBIPAXKEHHE [Ist [IepectdeTa NHTCHCUBHOCTER JIeJICHHsT/ TPOrPAMMUDY-
emMoit emepru vg(T, t):

dvg(r,t) N )
—@ - Z K (1,7) - Sig(t «— 7, N)
7: K(1,7)>0 (5)
+ o (vg(7,t) —¢) - Z K (r,7) - Sig(T < 7, N).
7: K(7,7)<0

3. Onucanue 6a30BOii UMUTAITMOHHON MOOEN

Nmurammonnasi MOJIE/Ib BBOAUT KJIETKH U CUT'HAJIBI KAK CAMOCTOATEIbHBIE OOBEKTDI, JIO-
KaJIM30BaHHbBIE B IIPOCTPAHCTBE MOJIENH, 8 TAKXKe UCIOIb3yeT AUCKpeTHoe Bpems. [ljs aToro
TPeOYIOTCSA JIONOTHUTEIbHBIE TTapAMETPHI:

e o — pebpo saeMeHTapHOro Kyba,;
e [, H W — pa3mepbl IpOCTPAHCTBA B JIEMEHTAPHBIX KyDax;

e At — 3y1eMEHTaPHBINA TAKT BPEMEHH.

- .

IDal i

=

sz'g/

Vv

i~

Puc. 2. IIpumep npocrpamncrsa.

[Ipu TakoM MOAXO/E MPOCTPAHCTBO MOIETU OyIeT ABISATHCA JIUCKPETHLIM, W €r0 MOXKHO
OyIeT OMHO3HAYHO OIMCATH C IOMOIIBIO CJIEIYIOIMIEr0 OTOOPaYKEHUSI:

Cell(t) : {1,...,H} x {1,...,L} x {1,..., W} — C U {g},

riae C' — 510 MHOXKeCTBO Beex Kierok. Orobpazkenne Cell(t) craBuT B 0JHO3HAUHOE COOTBET-
CTBUe TpOfiKe JUCKPETHBIX Koopamnat (z,2,y) : 2 € 1, H, x € 1,L, y € 1,W conepsxmmoe®
AYEeHKU Ha MOMEHT BPpEMEHU t.

st ynporrernst paboThl ¢ IMCKPETHBIM IPOCTPAHCTBOM KyOOB BBEJIEM CIICIHAJIBHBIE 000~
3HaUEHUs (CM. CBOJHYIO Tab/IHIy 1):

e d € Directions = {1, |,—,+,®,®} — Haupas/eHus;
e d € Directions — nIpoTHBOITIOI0KHOE HAIIPABICHUE s d;

e d(z,x,y) — cocenumii Kyb ¢ (z,x,y) M0 HAIIPABICHUIO d;

8 Iy1st mycroii sraeiiku GymeT BBITOIHATHCS Cell(. ) () = @.
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° Dirsig(z, x,y)(t) — morycruMble HAIIPABJIEHWs! [JIsl [Iepeadl CUIHAJIA:

2€1,H

Dirgig (2, z,y)(t) = {d sd(z,x,y) = (2,2,9) A <m€1L> A (Celli; ;.4 (t) # @)} ;
yeLW

e Dirgiy (2, x,y)(t) — momycrumble HAIIPABJIEHUs! JJIs JIEJIEHUs] KIIETKU:

2€1,H

Dirgiy (2, z,y)(t) = {d sd(zyx,y) = (5,2,9) A <x€1L> A (Cell(z ;.4 (t) = @)} .
yeL,Ww

Tabauna 1
CHeI_lI/IaJIbeIe 0003HaYEeHUA AJidd JUCKPETHOr'o IIPpOoCTpaHCTBa
d T ! — — O ®
d ! T — - ® )
d(Z,I,y) (z+1,x7y) (z—l,a;y) (Z7I+17y) (z,x—l,y) (Z7$C7y+1) (vaay_l)

OtnesibHBIE KJIETKA B UMUATAIIMOHHON MOJIEJN IOJIArafoTCs 10 pasMepaM B TOYHOCTH paB-
HBIMH 3JIEMEHTapHOMY KyOy, U KakK CJIe/ICTBAE BO3HUKAET MOTPEOHOCTH B MACIITAOMPOBAHUN
VHUBEPCAJBHBIX IMAPaMeTPOB B 3aBUCUMOCTU OT PeaJIbHBIX Pa3MEPOB KJIETOK:

o Is(At,a)(r) = Is(r) - At~ (a®/V(7));

o K(At,a)(r,7*) = K(1,7%) - At - (V(1)/a?).

[TepeMeHHBIMEM UMUTAIIMOHHONR MOJIe/ N Oy/LyT UIealu3upOBaHHble KJIeTKH
Cell(; 5 4)(t) = (7,4, da; Ps, Sin, Sig, Sout, Plan),

rje T — THI KJIETKH; Uy — WHTEHCHBHOCTH HACTYIUICHHS JeJIeHHst/cMepTH; ¢q — dasa Je-
JIeHusi/cMepTH; ¢s — dasa CHHTe3a CHTHAJIOB; Sin — CeMeHCTBO CHUTHAJIOB n3 OJmKaiiriero
OKPY?KeHHsI KJIeTKH; Sig — ceMefCTBO CUIHAJIOB, KOTOPBIE OBLIM HPUHSATH KJIETKOH; Sout —
CEMENCTBO CUTHAJIOB, OXKUJAoNmx perpancasnun; Plan = (Thew, Proew) — wian? JeIeHnst.

JnnaMuKka IMATAIIMOHHOM MOJIEJIN CBOJUTCS K IIOCJIEIOBATE/IbHOM Pean3aiun I KaxK-
o Cell(@m’y)(t) CJIEIyIONIero Habopa IMPaBUI:

Oran 1: IIpuem curuanos. [Ijs KaxkIoro curaajia u3 BXOAHOTO cemeiicTBa S € Sin(t)
pasbIrpbIBacTCs cirydaiinoe cobbitue npuema curtana. C BepositHocTbIO Pe(T,Tg) curxas
S = (7g) Gymer nepemernen B cemeiicrBo Sig(t), m ¢ BepositHOCTBIO 1 — Pe(T,Tg) curna
CYUTAETCs IIPOIIE/IINM MIMO KJIETKH U IONaJaeT B ceMeiicTBo Sout(t).

Ortan 2: KoppekTupoBka vg. st Hauaia paccauThiBA€TCS CYMMApPHBIH ITIPUOPUTET
BCEX CUI'HAJIOB, IIOCTYIIUBIINX BHYTPb KJIETKU:

SumlInf (¢) = Z Pr(r,7g).
S € Sig(t)

[Ipuparenue cKOpoCTH ¥4 MOXKHO IMOCYUTATH 110 (pOpMYyIe:

PT(Ta 7—5)

Ava(t) = SumlInf (t)

S € Sig(t)

- K(At,a)(1,7Tg).

9Inan meseHns 3aaeT KAKOM THII (Tnew) MOJIyYaT JOUYEpPHME KJIETKHU I[IOCJIE JEJIEHUsI ¥ HACKOJIBKO IIPHO-
puTeTHBIM (Prpew) GyJeT Takoe JesIeHue.
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KoppekTupoBka WHTEHCUBHOCTH Vg OYIET OCYIECTBIATLCS C yI€TOM TOTO, UTO Uy HE HOJIZKHO
CTAHOBUTHCS OTPUNATETHHBIM:

’Ud(t) + Avd(t)7 ’Ud(t) + A’Ud(t) = 0;

va(t+1) =
al ) 0, else.

Ortan 3: KoppeKTupoBKa IJjaHa gejieHus. /[ljs Bcex BO3MOXKHBIX HOBBIX THUIIOB T4
(B oM wmcsie u jist (0, MOJEJUPYIONIEro TPOrPAMMUPYEMYIO CMEPTh) BBIYHCIISIETCS CyMMAap-
HBII IPUOPUTET
Sump,(74,t) = Z Pr(r,7s).

SeSig(t),

D(r,1s)=T74
OcymecTBisieTcs MOUCK THIIA, KJIETOK T4, JJIsi KOTOPOI'O CyMMApPHBI IIPUOPUTET MAKCHMAJIb-
HBI:

Maxp,(t) = max (Sump,(74,t)), Ta(t) : Sump,(7g,t) = Maxp,(t).

B ciayuae ecsm MakcuMasbHbI npuoputer Max p,(t) npeBocxomut Pryeq,(t), To npoucxomur
OOHOBJICHUE IIJIAHA EJICHUS:

7'new((t + 1)) = T_d(t)7

ecsim Maxp,(t) > Prpew(t).
Prnow((t+ 1)) = MaXPr(t), PT‘( ) ne ( )

Ortan 4: Cunre3 m nepemada cur"HasinoB. [lobasisiem B cemeiicTBo Sout(t) curxa-
abl S = (T), KOIN9IecTBO KOTOPBIX 3azaercs mapamerpoMm [g. Ilycrs juist onpenesrenHocTH
Is(t) = m + k/n, tne m,k,n € N. Torma kosmduectBo curaainoB S = (7) MoxkeT OBITH
BBIIHCIIEHO 110 opmyre mi(t) = m + o(¢s(t) — 1 + k/n), tae 0 — sro dbyuknus Xesucaii-
nma. Jlasee yist KaxKI0ro curuasa u3 cemeiicrsa Sout(t) pasbirpbiBaeTcs CiIydaifoe coObITHe
Tepeadn: ¢ PaBHBLIMI BEPOATHOCTSMH CHTHAJ TIEPeaeTCs JIob0ii m3 Ki1eTok Grmmkaitmero
OKPYZ?KECHHs U IOMelaeTcst B ceMeiictBo Sin(t+ 1) sroit knerku. [Tocse 3aBepuienns nepeiadn

nepecuuThiBaeM (haly CHHTE3a CUTHAJIOB 10 (hopmyIie:

os(t) + £, bs(t) + £ < 1;
Gs(t) —1+ L5 o) +E>1

=

ps(t+1) =

33

Dran 5: Jenenue/nporpaMmupyemMasi CMepThb. B 3aBHCHMOCTH OT 3HAYEHUsI Vg PaC-
CYMTBHIBAETCsI KOJMIECTBO 9JIEMEHTAPHBIX AKTOB JIJICHHsI. B Ciydae, eCill They 7 0 1 3aI1aHU-
POBaHO OBLIO JIeJIeHNe, TO KJIeTKa CO3/1aeT HeOOXOMMOe KOJIMIEeCTBO HOBBIX KJIETOK B ILyCThIX
COCeIHUX sTIeHKaX M MEHSIT CBOM THUIl HA Thew. 1lyCThb jiutst onpesenennoctu vy (1) = m+k/n,
rae m,k,n € N. Torjga KOIMIeCTBO aKTOB JEJIEHHUs] MOKET OBbITh BBIYHUCJEHO O (HOpMyIIe
m(t) = m+ o(¢q(t) — 1+ k/n), tne 0 — sro dbyukus Xepucaiina. st HOBBIX KJIETOK HC-
HOJIB3YIOTCS TIAPAMETDPBI (Thew, Uy Dy Dy D, (Thew, 0)), T11€ v4 GEpeTCst OT MATEPUHCKOH KJIETKH.
ITocsie 3aBepIeHns: STAlA OCYIIECTBIIsIEM HIepecieT (hasbl JIeJeHns KakK:

¢a(t) + £, pa(t) + £ < 1;
Ga(t) —1+E ggt) +E>1.

B ciyuae, eciim kjerka Oblia 3alpOrpaMMUPOBAHA HA CMEPTD (Thew = 0), TO ee siueiika cuu-
TaeTCd IIyCTOM, HaUMHAadA CO CJICAYIONIeH uTepaiun.

pa(t+1) =

105 misKaifInnM OKpyKEeHNeM KIIeTKH Cell(. 4,y Oyaem cauTaTh Bee KIeTKH 13 MHOKecTBa Dirsig (2, , 1) (1),
a raxxke camy Cell(; o .-
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3akJ/royeHue

B nepByto ouepenp HY?KHO OTMETUTb, UTO 00e 0OA30BBIX MOJIEIU CO3JABAJUCH B JIEMOH-
CTPAIIMOHHBIX LEJISIX, U KaK CJIeJCTBUE, UX IIPUMEHUMOCTb Ha IIPaKTUKE JijIs OIMCAHUS JU-
HAMUKH PEAJhbHBIX OPTaHM3MOB OyJEeT CYIIECTBEHHO OrpaHWYeHa. 1ak, Hanpumep, 6a3oBas
UMUTAIMOHHAS MOJIEJIb MOXKET JIaTh [PUEMJIEMO TOYHOE ONHUCAHUE JIMHAMUKH (DOPMBI JIUIIH
JIJIsT OPTaHW3MOB, YbM KJETKHM HE yYaCTBYIOT B MUTpAIlMU B Ipenesax TKanu. lIpoanasnm-
3upyeM 0a30BYIO KOJUYECTBEHHYIO MOJEJb HA IIPEJMET CYIIEeCTBOBAHUS U €IUMHCTBEHHOCTH
perennsi. HempepbIBHOCTD 1O TIEpEeMEHHO# ¢ BBIMOIHAETCS BCET/Ia JIJIsi CUCTEMBI yPABHEHUH,
TaK Kak IPsIMOii 3aBUCHMOCTH OT BpeMeHH B ypasHenusix (4) u (5) mer. Yesosue Jlummuna

IO IEPEMEHHbIM Vg U N 6YLLGT11 BBIIIOJIHATBHCA, €CJIM B Ka4€CTBE 0 HCIIOJIb3YETCA CUT'MOHIA

o(z) =1/(1 +e%/c).

Ecnu Ha mpakTHKe CTABUTCS 3aJ1a49a O TOUCKE 3HAYEHUN YHUBEPCAJBHBIX MapaMeTpoB, TO
ee MOYKHO PEIUTD C MOMOIIBIO CJIEIYIOIIEro aJrOPUTMA:

[Mlar 1: C moMombio OHOXUMUIECKUX MOJENeH, UCTIOIb3Ysl IKCIEPUMEHTATbHbIE JTAHHbIE
0 BHYTPUKJIETOYHON OMOXUMUY ¥ CUTHAJILHOM OOMEHE MCCIIEIyeMbIX KJIETOK, CTPOUTCS MEPBOE
TPUOJIMKEHIE [T 3HAYCHUI TTAPAMETPOB.

[lar 2: TToaydyennble Ha MEPBOM IIare MPUOIMKEHHBIE SHAYCHUS TIOJIAraloTCs HAYaIbHbI-
MU JIJTsT KOTmaecTBeHHON Momesn. OOparasich K 9KCIEePUMEHTAIBHBIM JTAHHBIM O JTHHAMITKE
YUCJIEHHOCTEN UCCIIEyeMBIX KJIETOK, MPOU3BOJINTCS YTOYHEHNE 3HAYCHUN MapaMeTpoB C Io-
MOTITBI0 METOIOB OIITUMUBAIAH.

[Mlar 3: TloaydeHHble Ha BTOPOM INare 3HAYEHUS TMApaMETPOB TOJAralOTC HAYAJIbHBIMU
TPUOIMKEHISIMA JJIsT UMATAITHOHHON Mosienn. VToroBbie 3HAUEHNST TAPAMETPOB BBHITUC/TSIIOT-
¢l C TIOMOIIBIO METOJOB ONTUMU3AIMKA Ha OCHOBAHWU JIAHHBIX O MPOCTPAHCTBEHHOM pacipe-
JIEJIEHUU UCCJIEyeMBIX CKOILIEHUN KJIETOK.

[TomobubIit TOIXO/T TO3BOISET YCKOPUTH TIOUCK TTAPAMETPOB, TAK KaK XOPOIIHe HATATHLHBIE
IPUG/IMKEHHsT COKPAIIAIOT BEIYHCINTEILHYIO HAIPY3KY Ha mepeGopHbie'? aaropuTMsl.

Paccmorpennniit B paMkax JaHHOW paboOThl HAOOD YHUBEPCAJILHBIX ApPAMETPOB MOYKET
OBITH 00ODIEH KaK MUHUMYyM JIByMs myTsiMu. llepBoe m Hambojiee oueBHiHOE 000DIIEHUE
HAOOpa YHUBEPCATBLHBIX TAPAMETPOB MOYKHO MOJYIUTh, €CITU OTKA3AThCS OT YCPEIHEHHBIX
curaasios (1) u BBecTH peaibHble XUMUYECKUe CUIHAJIbI B (hopmasu3m Mogeseit. [Tpu srom or-
a/1aeT HeOOXOAUMOCTD B HCIOJIb30BAHUN YCPEIHEHHbBIX BeposTHOCTelH (2) 1 nmpuopureros (3),
MMOCKOJIBKY BMECTO HUX MOXKHO OyjieT paboTaTh HAIPSIMYIO C BEPOSITHOCTSIME U TTPUOPUTETAME
HACTOSITINX XUMUIECKUX CHUTHAJIOB. BTopoe 0600IIeHNe CBOIUTCS K BKJIIOUYEHUIO AJIBTEPHA-
TUBHBIX TyTeH Mepeadn WHMOPMAINN MEXKY KJIETKAMHU B JIOTIOJTHEHUE K XUMUYIECKUM CHUT-
HasaMm. I[IpuMepoM Takoii ajbTEpPHATUBBI SIBJSIETCS] BKJIIOUEHHE MEXAHMYECKUX HATPSIYKEHU
B Mogziesib (em. [9, 10]).
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THE SEARCH FOR UNIVERSAL PARAMETERS
FOR THE MODELS OF MORPHOGENESIS

Nazarov M. N.

The parameters of models of morphogenesis can be considered universal in case they have biological
meaning and their values can be freely exchanged between models of different classes. In the scope of this
work exchange of chemical intercellular signals was chosen as the main mechanism controlling the activity
of cells. For this case a set of universal parameters was obtained and it two models of morphogenesis, the
discrete imitational and the average quantitative one, were built on this base.
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