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MHOI0 JI4 M0JIEKYJ BOAbI B CTaKaHe?

/\ Yucno Mosekyn B 1 cm® Boasl ipu
= HOPMAJIbHBIX YCI0BHUAX ~ 107 mTyK

Jlopa KenbBUH: €CJIM 3a4EPIIHYTh U3 OKEaHa CTaKaH BOIbI U
IIOMETUTH BCE MOJIEKYJIbI B CTAKaHE, a 3aT€M BBUIMTh OOpPaTHO B
OK€aH U TIIATEJIBHO BCE MEPEMEIIATH, TO 3a4EPIIbIBA €IIIE Pa3 B
crakaHe Oynet nmopsaka 100 Mojekynn u3 mepBoro crakaHa.

COBpEMEHHBIM BapyaHT OalKy: 65 MIIH JIET Ha3a]l KaIis CIFOHBI
IWHO3aBpa yIajaa B pydeu, a 3aT€M pacTBOPHUIACH B MUPOBOM
okeaHe. Eciin ceryac 3a4epriHyTh CTaKaH M3 OKEaHa, TO B HEM
OyzaeT 4-5 MoJIeKyN CIIOHBI JUHO3aBpa.




i
JJ1d onucaHus IBUXKEHUS B TAKOU CPEJIE
HET HEOOXOIUMOCTH CJICIUTD 3a KAXKIIOU
MOJIEKYJION B OTAECJIBHOCTH - BBOAUTCA
[IOHATHUE CHIAOULHOU CPeObl

YpaBuenune Hasbe - CTOKCA:

I 1 q
% = —(7- V)P4 VAT —-Vp+ f
ot p

OTO JICTCPMUHHUCTCKOE ONMMCAHUE CUCTEMBIL,

HUITHOPHUPVIOIIICC gl)J’IYKTya[!I/II/I
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MHOro i1 MOJIEKYJ Y4acCTBYeT
B FeHHOM peryasiuuun?

KonaudecTBO MOJIEKYII, BOBICUEHHBIX BO
BHYTPUKJIETOUHbIE OUOXUMUYECKUE PEAKIIUU ~
10?-10° (cxopocts pabotsl PHK-nonumepassl
10 50 HyKJICOTHOB /CEK)

... naTbaecdar (50) HyKJIeoTH 0B
B CEKYHAY!
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PoJib CAVYAUHBIX QJIVKTVAIIMNI B
FeHEeTUYECKUX CUCTEeMAaX OY€Hb BAa)KHA!

Tpedyercsa croxacTuyeckoe onMcaHue
AUHAMHAYECKON CUCTEMBI
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MHOroKOMIIOHEHTHASI pearupywumas cpeiaa
0€JIKOBBIX MOJICKYJ Xi

1

1

CroxacTruueckoe
ONMUCaAHHUE:

A1

SDEs, ecamu dx.
SBOAIOITHA IIO dtl = F(Xl) + fn

oise
Bp CMCHU

JlerepMuHHCTCKOE
OIUCAHUC:

ODEs, ecamn dX

SBOAIOITHASA TOABKO L=F ( X i)

110 BpEMEHU dt
PDEs, ecan
5BOAOIIHA o0X, _ F(X)+D 52 )Z(i
110 BpEMEHU ot "

1 IIPOCTPAHCTBY

1

(OCHOBHOE KHHETHYIECKOE

ypaBHEHHE (MACTEP-YPABHEHUE)

OP(X.,t)
or
—ow(n'|n)P(X,t))dX

[(@(n[n")P(X",1)
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Macrep-ypaBHeHue

(OCHOBHO€ KMHETHYECKOE YPABHEHHE):
paboumii npumep r3 kauru K. I'apaunepa

1.3. TTIPOLECCHI POXKAEHUA — I'MBEJIA

[lIupokuil Kpyr sSBAEHHUN MOXXHO MOAEIMPOBATH CNELUHAILHBIM KIACCOM
NPOLECCOB, HA3bIBa€MBbIX NpOLECCAMHA poXxaeHus — rubenu. Haszpanwue,
OYEBHIHO, MPOUCXOAUT M3 PAaCCMOTPEHUS MOMyNAUMN JTIONEH HNH KMUBOT-
HbIX, B KOTOPBIX OTAEAbHbIE HHAHUBUAYYMBI POXKIAKOTCA U ymHuparoT. Hau-
Oonee u3BeCTHA MOAENb CUCTEMbl XHILUHHUK — JXXepPTBa, COCTOSIUEH H3 XKHU-
BOTHBIX ABYX BHUIOB, IPHYEM OJHH H3 HHX OXOTHATCA 32 APYTMMH, KOTOpbIE

obecneyeHb! HEMCTOIIMMBIMH IHILEBLIMH pecypcamMu. Beems 0603HauyeHus
X — XeprTBa, Y — XUIIHUK, A — [HIIA XXEPTB, 3AMUIIEM BO3MOXXHbIE

NPOLECCHI:
(1.3.1a)

Ny
(1.3.16)

Vb ¥
Vs B, (1.3.18)
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Macrep-ypaBHeHue
(OCHOBHO€ KMHETHYECKOE YPABHEHHE):

paboumii npumep r3 kauru K. I'apaunepa

Jlerko HaiTu MonenesHeie aHPEpeHIHaIbHBIE YPABHEHHS VIS X H V, NpPEa-
CTABNAOILIMX YHCNEHHOCTH ocolett X u Y. Tak, HanpuMep, Ha OCHOBE Nep-
BOH (OPMYJIbl MOXHO NPHHATbL, YTO CKOPOCTh pOXaeHus ocodelt X mnpo-
NOPUHOHAJIbHA NMPOM3BEACHHIO X M KOJIMYECTBA ITHLIM; HA OCHOBE BTOPOH,
4YTO CKOPOCTH YBEIUYEHHS YUCICHHOCTH 0coO0edl Y u paBHas €l CKOpOCTH
NOTJIOLIEHUS XXepTB X NPONOPUHOHANBHBI XV, a U3 MOCIEIHEro COOTHOLIe-
HUSE MOJKHO 3aKJIKOYHTh, YTO CKOpOCThL rudenu ocodelt Y npocTo nponop-
uroHanbHa y. Takum oOpa3zomM, Mbl MOrJIM Obl HAMKCATH CAEAYIONIHE YPAB-
HEHUSA !

d
L — kuax — koxy (1.3.2a)
4

== kzxy e k3y . (1.3.26)

dy
d




3
7 11 of 31
[THUILY

Macrep-ypaBHeHuE
(OCHOBHOE KMHETHUYECKOE YPAaBHEHHUE):
pabounii npumep u3 kauru K. I'apaunepa

KoHeyHO, peanbHble CHCTEMBI HE CIENyKT TOYHO peulieHHsM nudde-
pEHIMaJIbHBIX ypaBHEHHUN, a (QAYKTYHUDPYIOT OKOJO HHX. Cneayer yudecThb
3TH QJIYKTyauHuH, U NpoIle BCEro CAEAATh 3TO ¢ NOMOIIbIO YNPasAaowe20
ypasHerua 048 npoyecco8 poxoeHus — cubeau. Msl 3apaeMm pacnpenene-
HHE BepoATHOCTH P(x, y, f) anga yuciaa ocodedl B 3anaHHBIA MOMEHT M
MILIEM BEepOATHOCTHBIN 3aKOH anA u3MeHeHui (1.3.2). [Ipu aTtom npennona-
raeéM, 4YTo 115 OECKOHEYHO MaJIOr0 BPEMEHHOI'0 MHTepBajia Af HMEIOT Me-
CTO cheayromme GOpMyJibl OJIK 8EPOAMHOCMENU Nepexo0o0s:

Prob (x — x-+1; v —y) = k,axAt (1.3.3a)
Prob(x — x—1; v — y+1) = k,xpAt (1.3.36)
Prob (x — x: v — y—1) = k;)At (1.3.3B)

Prob (x — x; y — ) = 1 —(kjax 4+ kyxy 4 k;p)At. (1.3.3r)




Macrep-ypaBHeHuE

(OCHOBHOE KHHETUYECKOE YPABHECHHUE):
pabouunii npumep u3 kHuru K. I'apaunepa
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CnenoBatenbHO, MBI IPOCTO 3aMEHSEM, CKaXKeM, OObIUHbIE YDABHEHUS I
CKOpOCTell Ha BEPOSATHOCTHBIE YPaBHEHHs. 3aTEM Mbl HCIOJIL3YEM IPUEM,
KOTODPBI# IIPUBOAUT K TAKOMY K€ YPABHEHHIO, KAKOE MCIIOJIb30BaIU DiH-
IUTEHH U OpYyrue, T. €. K ypaBHeHHI0 Yenmena — KonMoroposa, a KMEHHO
3alIMCLIBAEM BEPOATHOCTH B MOMEHT ! + Al Kak CyMMY WIEHOB, KaKablii
U3 KOTOPBIX NPEACTABISAECT BEPOATHOCTh MPEAbIAYLIEIO COCTOAHHSA, YMHO-
’KEHHYIO Ha BEPOATHOCTb IEpexoda B cocTosHue (x, y). Takum obpazom,
Mbl HaxOOHUM

eyt A;: — PN _ galx — DP(x — 1, 3, £) + kalx + 1) (r — 1)

X P(x -1,y — 1, )+ ky(py + DP(x, y + 1, 1) — (kjax + koxy + k;p)
X PR 15t) (1.3.4)

H, nosiaras Af — 0, nonyvyaeMm 9P (x, y, f)/dt. Ilpu HanuCaHUK BEPOSATHOCT-
HbIX 3akoHOB (1.3.3) Mbl mpeamonaraeM, YTO BEPOSITHOCTb KaXXAOro M3
NMPOUCXOAAUIMX COOBITHIM ONpeaensercs NPOCTO 3aJaHueM X U y. ITO
ONATh nocTyaaT MapkoBa, KOTOPbBIM ynoMuHasncs B pa3a. 1.2.1. Ecnu ons
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Macrep-ypaBHEHHE
JIETKO MOJIYYUTh, HO IIPAKTUYECKHU
HEBO3MOKHO PEIINTh, TAK KaK OHO
IPEACTABISCT COOOM CIIOKHEUIIINM THUII
MHTETpO-Iu(pPpepeHINATbHbIX YPABHCHUM B
4aCTHBIX IPOU3BOIHBIX




HNEPMCKHUIA HAI_II/IOHA.JII)HLIIZI = STATE NATIONAL
NCCJIEJOBATEJBCKUA RESEARCH
HOJIUTEXHUYECKUU YHUBEPCUTET

SSA = Stochastic Simulation
Algorithm

[Hutupyemocts padot . T. 'mnnecnu:

CcbINnok 3a rog

2200

550
JI3auens. T. I ninecnmn _------IIIIIIIII|||||| .

1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2(

[1] Gillespie D.’T. Exact stochastic simulation of coupled chemical reactions. J. Phys. Chem.
Vol. 81, pp. 2340-2361 (1977).
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HonvjasipHoCTh ajropurma I 'miajiecnu
(maHHbIe HA HOSAOPH 2019 1)

= Google Akagemus Q

Dan Gillespie | CO3[ATb CBOV MPOOMIIL

HeussecTHas opraHusauma
MoaTeepiKaeH afpec 3MeKTPOHHOM NOYTLI B AoMeHe mailaps.org

Bce HauuHaac2014r

Cratuctuka

HA3BAHME NPOLMTUPOBAHO ron LUTHPOBRHUA 28754 11853
h-uHaeKkc 44 31

Exact stochastic simulation of coupled chemical reactions 9309 1977 HOaexC

DT Gillespie

The journal of physical chemistry 81 (25), 2340-2361

A general method for numerically simulating the stochastic time evolution of coupled chemical 5492 1976

reactions

DT Gillespie

Journal of computational physics 22 (4). 403-434

Approximate accelerated stochastic simulation of chemically reacting systems 1798 2001

DT Gillespie

The Journal of Chemical Physics 115 (4), 1716-1733

2012 2013 2014 2015 2016 2017 2018 2019

Stochastic simulation of chemical kinetics 1735 2007

DT Gillespie

Annu. Rev. Phys. Chem. 58, 35-55

The chemical Langevin equation 1365 2000 CoasToph!
DT Gillespie

The Journal of Chemical Physics 113 (1), 297-306

Y Cao, DT Gillespie, LR Petzold
The Journal of chemical physics 124 (4). 044109

! Linda Petzold N

Arigorous derivation of the chemical master equation 1135 1992 Professor, University of Californi.

DT Gillespie

Physica A: Statistical Mechanics and its Applications 188 (1-3), 404-425 Yang Cao >
Computer Science Department, ..

Markov processes: an introduction for physical scientists 862 1991 ]

DT Gillespie ! Kev!n R. Sanft y " >

Elsevier Assistant Professor, University of..

Efficient step size selection for the tau-leaping simulation method 614 2006 e %‘"m?Oh >
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Kak POoCJjia NONVJISAPHOCTD aJITOPpUTMA I 'najecnu

Exact stochastic simulation of coupled chemical reactions
Aetopsl  Daniel T Gillespie

[ata 1977/12
nybnukauuu
AKypHan The journal of physical chemistry

Tom 81
Homep 25
CtpaHuubl  2340-2361
Viapatens  American Chemical Society

Onwucanne There are two formalisms for mathematically describing the time behavior of a spatially
homogeneous chemical system: The deterministic approach regards thetime evolution
as a continuous, wholly predictable process which is governedby a set of coupled,
ordinary differential equations (the “reaction-rate equations”); the stochastic approach
regards the time evolution as a kind of random-walk process which is governed by a
single dif-ferential-difference equation (the “master equation”). Fairly simple kinetic
theory arguments show that the stochastic formulation of chemical kinetics has a firmer
physical basis than the deterministic formulation, but unfortunately thestochastic master
equation is often mathematically intractable. There is, however, a way to make exact
numerical calculations within the framework of the stochastic formulation without having
to deal with the master equation directly. It is a relatively simple ...

Bcero ccoinok  Lutupyetca: 9309

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 201

< >

Cratbu B Exact stochastic simulation of coupled chemical reactions
Akapgemun DT Gillespie - The journal of physical chemistry, 1977
Llutunverca 9309  Moxoxue ctate  Bce Bepcuu ctatbi (42)

[PDF] ¢ cailiTa semanticscholar.org
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B3pBIBHOW pOCT UHTEPECA K alroputmy I niniecnu
(SSA) cBs3pIBaeTCS ¢ BOSBHUKHOBCHHUEM
M PE3KUM POCTOM
MHTEPECA K MATOPA3ZMEPHBIM XUMHUYECKUM
CHCTEMaM C HEOOJIBIIIUM YHUCIOM JACHCTBYIOIIHNX
MOJIEKYII ( )
B HYJIEBbIE I'0JIbI 21 Beka
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Aaroputma I'miecnu
padooraer TOJIBKO na cayuau

ararm 110 BpGMCHI/I

\ At, At

A,

['unore3a MapkoBa [2] TOCTYJIHUPYET, YTO COCTOSIHUE CUCTEMBI B
MOMEHT BPEMEHH { 3aBUCUT TOJIBKO OT MPEABIIYILETO COCTOSHUSA
CUCTEMbI B MOMEHT BPEMEHU —Af W HE 3aBUCHUT OT COCTOSIHUH
CHUCTEMBI, KOTOPBIE OHA 3aHUMAJIA O 3TOTO MOMEHTA

[2] Mapros A..A. PactipocTpanenne 3akOHAa OOABIIIUX YHCEA HA BEAHYUHBI, 3AaBUCAIIIIE APYT OT
Apyra. Vssectus dpusuko-maTemarnaeckoro oomectsa upu Ka-3anckom yHEHBEpCHTETE,

1900,

Y acrcrorvtra Tanrsr 18 ~ 128 1 R4
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bJoK-cxeMa ajJaropurmMa m3 crarbu I'miiecnu [1]

* Input values for ey (v=1,...,M).
*Input initial values for Xi (z=1,...,N).
*Set t=0 and n=0.
*Initialize URN.
f’ }
*Calculate av=hvcv (v=1,...,M).
e 2 M
*Calculate ao= | a_.
v
L vel P
— ! \
2
*Generate r; and r; from URN.
*Take 1=(1/ae)In(1l/ry).
p-1 u
*Take W so that [ a <raae< [ a.
s \.v-lt v=1 >
N
(3
*Put t=t+T1.
*Adjust Xi values according to Ru.
L *Put n=n+l. )
\ J

Figure 2. Schematic of the stochastic simulation algorithm.

[1] Gillespie D.’I. Exact stochastic simulation of coupled chemical reactions. J. Phys. Chem.
Vol. 81, pp. 2340-2361 (1977).
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Aaroputm I'mjajaecnu | 1]
YKCJICHHO BOCIIPOX3BOJIUT PENICHUSI
MAaCTEP-YPABHEHUS JUII XUMHUYECCKON KUHETUKHU

* uMeeTCs [N XUMAYECKAX KOMIIOHEHT X ={X,, X,,....X,)

* uMmeeTcss M XMMHUYECKUX KaHAJIOB (PEaKIHi)

* BBIYMCIIACTCS BEPOATHOCTH AJIA KaXXI0ro KaHajna a, pu=1..M
* BBIUHCISICTCS ITOJIHAS BEPOATHOCTD %o = %au

* TCHEPUPOBAHME JABYX CIYYAUMHBIX YUCETL 7,7 €[0,1]

* BBIYMCJIICHUE BPEMEHH JI0 CICAYIOIICU PEAKIIUNA Af, =—In7/q,

p*—1

o H*
* HaXOXJICHUE KaHAJIa ISl CIEAYIOMIEH PEAKIIMU Y a, <na,< Y.,
u=l1 u=l

[1] Gillespie D.’T. Exact stochastic simulation of coupled chemical reactions. J. Phys. Chem.
Vol. 81, pp. 2340-2361 (1977).
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OCHOBHBIE 3JIEMEHThI AJArOpuTMA

Borpoc Nel: Korjaa npon30ouIeT CASAYIONIAS PEAKIINSA?

no change change
P(R | t)=P(R|t+r) At

—

[ S}

|

‘l b
|

_—

P

i

)

]

probability that change
: comes from reaction r
P()=w/W_
dwell time probability
P(v) = W, exp(-W, 1)

~ lesassesacansaasaaad - -~~~

} .
t+t t+t+At  time

P(7)

H
3¢
P

X X |

P(X,t+ 7| X,t) P(change, At) =
(X,t+ 7| X,t) Wg

(X, t+7| X,t+ 71— Af)
(X,t+7— At | X,t+ 17— 2A¢)

x P(X,t + At | X,t)

XWR

= Wg (1 = Zwr(X)At>

W (1w 2"
m

B nipenene m — oo mony4um:

P(7)

= Wy lim (1 — Wp i)m
m

m-—roo

;
=Wgre &7
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OCHOBHBIE 3JIEMEHTHI AJITOPUTMA

Bomnpoc Nel: korma npon3oMAEeT CICAYIOMAS PEAKIINA?

OTBET: CIEAYIONIas PEAKIKS IPOU30UIET YE€pE3 BPEMS

At=-In—
d
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OCHOBHBIE 3JIEMEHTBI AJTOPUTMA
Bornpoc No2: koropasi peakiys OyaeT CACTYIOMICH?

JI711 TOro HY>KHO OLIEHUTH pacOpeieICHue
OTHOCHUTEJIbHBIX BEPOSTHOCTEH JIJIs1 HACTYILJICHHUS
KaXK0M peaKUuu (aHII. propensities) U COPOCKTUPOBATh
BCE€ BEPOATHOCTH HA OTpe30K oT 0 10 1.

CITy4anHOe YHUCJIO 7,

| |
1-as 2-ad 3-a 4-as

peaKkuus PpeaKus peakuus peakuus
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OCHOBHBIE 3JIEMEHTBI AJTOPUTMA

Bornpoc No 3: Kak BEIYMCIIATH NPOIECHCUTH (CKJIOHHOCTS,
IPEATTOYTUTEIILHOCTD) KXKI0r0 PEaKIIMOHHOIO KaHaa?

Otser [1]:
CKJIOHHOCTb = CKOPOCTh peaKuM * BEPOATHOCTH peaKIuu
(BEpPOSAITHOCTh PEAKIIMM BBEIYHUCIISICTCS 10 3aKOHY
NCVCTBYIOIIAX MAccC)

[1] Gillespie D.’T. Exact stochastic simulation of coupled chemical reactions. J. Phys. Chem.
Vol. 81, pp. 2340-2361 (1977).
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Moaupukanus aaropurma I niitecnu
HA CJIyYad 3ana31bIBaKoIeil 00paTHOM CBA3H
(HeMapKOBCKHe Hpouecchl) [3]

OTAOKCHHAaA pGaKL[I/IH

II1ary 110 BpCMCHI/I

[3] Bratsun D., Volfson D., Hasty J., Tsimring L. Delay-induced stochastic oscillations in gene
regulation. PNAS, Vol.102, No.41, 2005, pp. 14593-14598.
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1lonoyasipHOCTh aJIrOPUTMA V UCCIICIIOBATEIICH
(maHHBIC HA HOSIOpH 2019 1)

= Google Akapemus Q

Dmitry Bratsun ‘ COB[IATH CBOV MPOGMITb |

Perm National Research Polytechnic University
MoaTBepkaeH aapec 3NeKTPOHHOI NoYThl B AoMeHe pstu.ru - [naBHas cTpaHuuya

fluid mechanics nonlinear dynamics complex systems biological physics MpouuTHpOBaHO MPOCMOTPETb BCE

Bce HauuHas c2014r

Cratuctuka

HA3BAHWE NMPOLIMTUPOBAHO ron HTHDOBEHITE 1353 727
h-uHaexc 15 12
Delay-induced stochastic oscillations in gene regulation 563 2005 i10-nHaeKc 25 19

D Bratsun, D Volfson, LS Tsimring, J Hasty
Proceedings of the National Academy of Sciences 102 (41), 14593-14598

160
On Marangoni convective patterns driven by an exothermic chemical reaction in two-layer 66 2004

systems 120
DA Rratcnin A Do it
80
Bcero ccuinok  Liutupyetca: 563
40
0

2012 2013 2014 2015 2016 2017 2018 2019

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

CoasTopbl
EFL (CUTOPNYSICS LENers) 09 (9), 740 Afidici Zakhiarow
q 2 2 ; 5 9 * ‘ University of California, Merced >
Modelling spatio-temporal dynamics of circadian rythms in Neurospora crassa 32 2011
DA Bratsun, AP Zakharov -

. Len Pismen
Computer Research and Modeling 3 (2), 191-213 y  Technion >
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CroxacTnueckoe onucanue nas moaean Nel

@l‘ A Xt
!B o J1eTepMUHUCTCKOE ONMCAaHUE:
X! C oyt M=A-Bx(t)—Cx(t—7)
ITycts P(n,t) — BEPOATHOCTH TOT'O, YTO CUCTEMA B MOMEHT BPEMEHU ¢

oOJ1aiaeT 1 MoJIeKyJIaMu OeJlka B MOHOMEPHOM (popme
Mactep — ypaBHeHHE (OCHOBHOE KMHETHY€ECKO0€e YPABHEHHE):

dP(n,t)
dt

= A(P(n—1,t)— P(n,t))+ B(n+1)P(n+1,t) —nP(n,t)) +
+Cim(P(n+1,t;m,t—T)—H(n)P(n,t;m,t—T)) n=0..00

n=0

[Ipu OoaBIIMX BpeMEHaX 3alla3/ibIBaHUsI MaCTeP-ypaBHEHUE PACLCILISCTCS:

P(n,t;m,t —7) = P(n,t | m,t —t)P(m,t —7) = P(n,t)P(m,t —1)
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B3aumopeiicTBue 3a0a31bIBaHus U IIyMa:
BO30YKJICHUE CI0KHBIX KBa3UPEr'YIIPHBIX KOJICOAHUH B
nogkputudeckor oomactu (Moaenb Ne3)

Mogenps fuHaMUKH O€aKa ¢ 0OpaTHOM 3ama3/bIBaIOIIEH CBA3bIO
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Rayleigh number R (D.U.)

NEPMCKWM HAIITMOHAJIbHBIN

nucC CJIE}[OBATEJII)CKHFI
HOJIUTEXHUYECKUU YHUBEPCUTET

STATE NATIONAL
RESEARCH

115111 POLYTECHNICAL UNIVERSITU OF PERM

BzaumoaencTBue 1mymMa u 3amnas3ibIBaHus
B KOHBEKTHUBHOM TETIIE, aKTUBHO YIPABIAEMOU C ITOMOIIBIO
OTpHUILIATEIILHON 0OpaTHOM CBS3H

==

1 Experiment: steady state, oil, At=0 []
1t Theory: primary Pitchfork bifurcation &
Experiment: oscillatory mode, oil, At=0 O
Theory: primary Hopf bifurcation, t= 0.3 -—-~-
0k Experiment: secondary oscillatory mode, oil, At=0 A |
Theory: secondary Hopf bifurcation, t=0.3 ——
Experiment: irregular convection, oil, At=0 7/
Theory: chaos via period doubling cascade, T=0.3 —e—
2 | ] ] ] ! ]
0 1 2 3 4 5 6

Feedback gain coefficient K (D.U.)

Power spectrum (A.U.)

0.5

0.4

0.3

0.2

0.0 4
0.0

0.8 1.2

Frequency (rad/s)

0.4 1.6

Onset of subcritical oscillations:
K=4, R=2;

Noise amplitude 1s 10%

from the initial signal.



