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HA3AN OIMABIEHUE BMNEPELQ

lmaBa 9
CUCTEMbI, COCTOALUME N3 BOJIbLUOIO YNCITA YACTUL

CyliecTByeT LenbIid KNacCc AeTepMUHUPOBAHHBIX MeTOAOB KOMMbHOTep-
HOTO MOZENUPOBAHUS TBEpALIX, XUAKUX, Fa3006pasHLIX Tesl, OCHOBAHHLIX Ha
pacyeTe 3Heprumv U CUN B3AUMOACUCTBUA YACTULL, HOXOXKACHUU UX CKOPOCTEU
N KOOPAUHAT. ANbTEPHATUBOU SBNSHOTCS CTOXACTUYECKUE MeTOABL UCCNeno-
BAHWUA PA3SIUYHBIX COCTOAHUM CUCTEM, COCTOSLMX U3 6OMBLIOFO YMCNa YacTUL,
OHU 3aKNHOYAHOTCA B MHOTOKPATHOM MOAENTUPOBAHUU UCCNefyeMoro npolec-
Ca C YY4eTOM BNUSAHOLWMX HA Hero CITyYaMHbIX (PAKTOPOB U CTATUCTUYECKOU 06-
paboTke Mosyyarowmxca pesynbTaTos. Vicnonb3oBaHWe 3TUX MeTOAOB MO3BO-
nseT UCCNeaoBath SBMEHUS MOJEKYSPHOU (PU3MKU, TUAPO- U FA30AUHAMUKM,

(PU3UKK TBepAaoro Tena u 1. a. [1-12].

9.1. MeToa KnaccMyeCKou MOMEKYNSPHON AUHAMUKMU

TTpocTelwen cuctemon, coctodiiert U3 60NbWONO YUCIIA YacTUL, 9BnS-
etcs ra3. Ee mukpococtosHue B AAQHHBIN MOMEHT BpeMeHU XapakTepusyeTcs
KOOpPAUHATAMU U CKOPOCTAMU BCeX MOJIeKyJsl,  MaKpOCOCTOsHUe - TemnepaTty-
pou, AasneHuem U obbemom (Unu Temnepatypoun, 3Heprmein u obbemom). Ka-
XAOMY MAKPOCOCTOSAHUIO COOTBETCTBYeT 60sblioe YUCNO PA3fIUYHBIX MUKPO-
COCTOSHUU. Pe3ynbTaTUBHBIM CNOCO6OM U3yYeHUS 3TOU CUCTEMbI Ha4 MUKPO-
CKOMUYECKOM YPOBHe BNAeTCS MOAESIUPOBAHUE ABUXEHUS YacTULL C MOMO-
WbFO KOMMbFOTEpa. B 3TOM U 3aKNHOUaeTCa MeTOA MONeKynapHOU AUHAMUKU
(metoa M), npeanonararoWwmii YUcneHHoe UHTerpupoBaHUe ypasHeHUU ABU-
XeHUa n onpepeneHue NONOXeHUS U CKOPOCTU KAXAOM YaCTULI B MOMEHTLI
T=tA7, rpe t=1,2,.... lllar no BpemeHU BbIBUPAFOT TAK, YTOBLI OTKMOHeHWe

pe3ynbTata YNCIIEHHOro peleHuna OT TOYHOro C TeYyeHUnem BpemeHu Bo3pacTa-
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No 6bI KK MOXHO MeASieHHeW. YCTOMUYUBOCTb BLIYUCIUTESIbHOM NpoLeAypbl
KOHTPOMUpYyeTCcs Mo BLINOSTHEHUHO 3aKOHA COXPAHEHUs 3Hepruu.

BerumncnutenbHeie BosmoxHocTu IBM He nossonaroT paccumtath Aguxe-
23
Hue Bcex 10°° monekyn (1/6 monb), B BBIMMCNUTENbHBIX 3KCMEpPUMEHTAX

MojenupyeTtcs cuctema us 10> -10* uyacTuu. 310 COOTBETCTBYeT O4YeHb He-
6onbwomy obbemy rasa, HaxXoAaWerocs MpyU HOPMANbHLIX ycrnosuax. YTobbr
mogens u3 1000 uvactuu obnasana CBOUCTBAMU peanbHOU CUCTEMbI, COCYA
pa3bUBAFOT HA A4eUKU KYbUUeCcKOoU pOpMBI C ANUHOM pebpa L v ymcnom uac-
TuY N . Pebpa aueex 06pasyroT TpexmepHyro nepuoamyeckyto pelwetky. Cpea-
Ha8 ANWHa npobera U 3(MEKTUBHLIN PaanYC CUT MEXMONEKyIIpHOro B3au-
MOAEUCTBUA AONMXKHLI 6bITb MHOMO MeHblue L. TTpu 3TOM MOXHO cuuTaThb, YTO
TpexXMepHbIM COCyA 3anOsiHeH OrPOMHBIM YUCITIOM OAUHAKOBBIX s4eeK, more-
KyJibI B KOTOPbIX ABUXYTCS MOXOXUM obpasom. Ecnu monekyna BbIXOAUT U3
S4Yeliku, TO OHa BXOAUT B ApPYryrO g4yelKy. OTO O3HayaeT, YTO C MpOTUBONO-
NOXHOW TPaHU KybUYeCKoU a4erku BHYTpb AOJIKHA BOWUTU TaKas Xe MoneKyna
C TOW Xe cKopocTbto. [lna Toro 4tobbl NpeAcTaBUTb ABUXEHUE BCeX MOJIeKyn
B COCyAe, AOCTATOMHO paccmoTpeTb ABUXeHUe HebOoNbWOoro Yumcna 4actuu B
OAHOU a4elike. CuMTaeTCA, YTO pacnosioOXKeHUe MOJSIeKy,nl B APYrUX averkax
MOBTOpPAETCA, OHU ABNAOTCA KaK 6bI KOMUAMU PacCMATPUBAEMOM AYEUKU
(puc. 9.1.1), noaToMy Takue Kpaesble YCNOBUS HA3LIBAHOTCS MepUOAUYECKUMU
[2: 7].

B oaHOMepHOU Mopenu rasa Monekynbl ABUXYTCS BAONb oTpeska OA
ANUHLL L, oTpaxascb OT ero KoHUoB (CTeHOK oaHOMepHoro cocyaa). CeepHem
oTpe3ok B konbuo (puc. 9.1.2), 3amkHyB ero Ha camoro cebs, Tak, YTo YacTuua,
BbIXOASLLAS U3 COCYAA Yepe3 MpaBbIv KOHel, A, 3aXO0AUT C TOU XKe CKOPOCTbHO
yepe3s nesbIk KoHel O. B aBymepHOM cnyyae KBAAPATHBLIN COCYA NpeBpaliaeTt-
ca B Top (puc 9.1.3): BepTUKaNbHbIE U FOPU3OHTASIbHBIE CTOPOHBI CKIEUBArOTCS
TAK, YTO KOFAAQ MOSEKyna BLIXOAUT U3 COCYAA Yepe3 HUXHIOKO CTeHKY, TaKas xe

MOJeKyJ1a C TOU Xe CKOpPOCTbHO BXOAMUT Yepe3 BepXHHOHO CTeHKY.
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Puc. 9.1. 3ambIkaHUe OAHO- U ABYMEpHOU S4eliku Ha camy cebs

TTpy Takom noaxone YUCNO YACTUL B KAXAOU SYelike OCTaeTcs Heus-
MEHHBIM, a UX ABUXeHUE B PassIUYHBIX SYEUKAX COMSIaCOBAHHLIM, YTO He COOT-
BETCTBYET peasibHbIM CUCTEMAM U NPUBOAUT K owmnbKam. [1ns ux ymeHblueHus
MCNOSb3yOT CTOXACTUYECKUe rpaHUYHLIE YCNoBUA: 4acTula, Nepecexarollas
rpaHULYy, yAansetcs U3 PacCMOTPeHUs, HO Yepes ClyuyamHbIe MPOMEXYTKU
BpeMeHU B CNyuyarHbIe TOUKM MPOCTPAHCTBA B SYEUKY BBOAATCS HOBbIE MoOne-
KyJibI, UMeroLme CIyYaliHbIe CKOPOCTU. 3TO AOMXKHO MPOUCXOAUTbL TAK, YTO6bI
COXPAHANMUCb cpefHee 4ucno Yvactul (NAIOTHOCTb), UMAYNbLC CUCTEMBI U ee
3Heprusa. PaccMoTpeHHbIN BbIWe MOAXOA UCMONb3yeTcs ANS MOAESUPOBAHUS
XUAKOCTEU U AOCTATOYHO NNOTHLIX ra3os [8].

3aaaHUe HaYanbHLIX KOOPAUHAT U CKOPOCTEeM BCeX MONeKyn onpeaens-
eTcs pelwaeMon 3agader. Ecnu mopenupyertca ras, 4YacTUUbBI pacnonararot
6ecnopsaaoYHO Tak, YTOObI OHU He HaKNaAbIBANUCH Apyr Ha Apyra. TTpu usyye-
HUU XUAKOCTEW U TBepAbIX Tes YacTULbI pacnonararoT YnopaaoyYeHHO U KOM-
nakTHo. [lns uccnenoBaHUs PaBHOBECHBIX COCTOSHWUM HayanbHbIe CKOpOCTU
AOJIKHLI 6bITb 30AAGHBI TAK, YTO6LI MONMHASA 3Heprus COOTBETCTBOBASIA HEKOTO-
POV TemnepaTtype U BLIMOSHANCS 3aKOH COXPAHEHUS UMMYNbCa.

Cpasy nocne 3anycKa NpoOrpammbl MoAersib He HaXOAUTCS B pABHOBECHOM

COCTOSHUU, TAK KAK 4HACTULDBI ABUXYTCA C NPOU3BOJIbHBIMU CKOPOCTAMU. Ona
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TOrO, 4YTO6LI MPOKOHTPONUPOBATL AOCTUXEHUE CUCTEMOM PaBHOBECHOFO CO-
CTOAHUS, BBIMUCNAOT CPefHFOFHO 3HEepruHo YacTULLI, MPUXOASLLYHOCS HA KaX-
Ayro cTeneHb cBOHOALI, CPeAHIOHO KBAAPATUYHYHO (PRYKTYALMUHO CKOPOCTU OA-
HOM 4acTULbI, CpefHee pacCTOsSHUE Mexay ABYMS 4YacTuLlamm B avenike. TTocne
penlakCauMOHHOTO MpoLiecca nepedncrieHHbIe BeSTMUUHBLI CTPeMATCS K paBHO-
BECHBIM 3HQYEHUSIM U PNYKTYUPYHOT BOSIU3U HUX, a pacrnpeaeneHue YacTuu no
CKOpOCTSM cOOTBeTCTBYeT 3aKkoHy Makcsenna.

CornacHo teopeme O pasHopacnpefesieHUU 3Heprum, Ha Kaxayro CTe-
NeHb cBOBOALI MoneKynbl NpuxoauTtca aHeprusa kT /2, rane T - abcontoTHas

TemnepaTtypa. Ecnm yactuubr umeroT nNo s cteneHel ceoboAbl, TO NONyYaeMm:

N 2 N
S m.V; 1 )
— NkT = E —L  otcrona T =—— E m.; .
2 ~ 2 sNk = o

[aeneHve paBHO OTHOLWEHUHD CUIBI, C KOTOPOU MOSEeKyJsibl AeUCTBYHOT
Ha HeKOTOpYyHO NMOBepXHOCTb, K ee nnowaan: p = F/S. OHo moxeT 6bITb HaW-
AeHO KAk NMIOTHOCTb MOTOKA UMMYNbCa Yepe3 eAMHUYHYHO Nnowaaky. B apy-
MEpHOM CJlyuae ero HaxoAaT TaK: MbICSIeHHO pasfAenatoT NPSMOYrOJIbHLIN CO-
CYA rOpU3OHTASNBHOW NIUHWEU ANTMHOMU S U NOACUUTLIBAFOT YUCIIO MOMEKYn 7,
KOTopbIe Nepeceknu ee 3a Bpema A7 . Toraa aasneHue pagHo p =mv /(SAT).

Opyro meTon pacyeta AaBfieHUS COCTOUT B UCMOJIb3OBAHUU TeOpembl
supuana. TTpu 3Tom AaBneHUe CBA3LIBAFOT C U3MeHeHUeM UMMYSbCOB CUS B

cucTeme U UCnonb3yroT POopMySly, KoTopas BbIBeAeHa B [2, c. 179-180]:

N
NkT 1 _
=2 () RE ),
p= N 2

—

rAe 7; - paauvyc BeKTOp i-W monekynsl, F; - pasHoAeWUCTByrOLLAS BCeX CUN,

AeUCTBYFOWMX HA [-HO 4acTULy CO CTOpOHbI BCex Apyrux N —1 monekyn,
s =2 - pasamepHOCTb Moaenu.

XaoTuueckoe ABUXEHUE MONEeKysl MOXeT 6bITb OXAPaKTepU3OBAHO Cpea-
2 - - 2
HUM KBaapaTom ux cmellenus R(7')" =<|7(7,) -7 (7)) ">, roe 7=1, —1].

[pyro xapakTepucTUKOM ABUXEHUS YaCTULL SBNSeTCS aBTOKOppenauuoHHas
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xapakTepuctuka ckopoctm Z(t') =<v;(1))0;(17) >/ < ul-2 (r1) >, nokasbIBarO-
Las, HACKOJIbKO UX CKOPOCTb B MOMEHT T, TeCHO CBA3AHA CO CKOPOCTbHO B MO-
MeHT T; =T, —7'. Y NNOTHbIX ra30B U XUAKOCTEU cpefHAa ANUHa npobera
MOJIeKy1 masa, No3TOMY yxXe NMpu HebonblWUX pasHOCTAX T'=T, — 7] BeNUYU-

Ha Z(t') cTpemutca Kk Hynto. B asymepHom cnyuae Z(7') =<v;, (71)U; (72) +
+Uy, (rl)ul-y (t7)>/< UZ%C (r7) + Ul%, (r1) > [2: 7). Kak cneayeT u3 aproauyeckou

rMnoTessl, cpeaHUe Nno BpeMeHU 3HaYeHUs PU3NYECKUX BEeNTUYUH, XapaKTepu-
3yOLUMX AGHHYHO MOJSEKyJly, PaBHLI CPpefHUM CTATUCTUUECKUM 3HAYeHUSM No

BCEM MOJIEKYJIGM B AGHHBIA MOMEHT T .

9.2. MogenupoBaHue Mornekyn TBepabiMu chepamm

OfHa U3 NpoCTLIX MoAene COCTOUT B 3ameHe MOJIeKyl TBepAbIMU Cpe-
PAMU UINU LWAPAMU ANAMETPOM d , KOTOpbIe NMpU COYAApeHUU OTTANKUBArOTCA.
DHeprua B3aMMOACUCTBUS YaCTUL, LeHTPLI KOTOPLIX YAANeHbI Ha 7, paBHQ:
eciu r<d,

w)
U(r)=
0, ecmu r>d.

B asymepHOM cniyuyae roBOpsT OT TBepALIX AUCKAX, a B OAHOMEpPHOM - O TBep-
ALIX CTepXHAX. B pamkax 3Tux AonylieHUM maTematuyeckas cXema pacyeTos
CyLWeCTBeHHO ynpolaeTcs, Tak Kak OHa He TpebyeT UHTerpupoBaHUS CUCTEMbI
ypasHeHu HbroToHa. OauH U3 BAPUAHTOB pellieHUs 3aAaYM CBOAUTCS K Cre-
Ayrolemy. Ha kaxaom Lware HaxXoAsT MOMEHTbL BpeMeHU Mexay CTOSNKHOBe-
HUSMU MOneKyn U onpeaensroT U3 3TOro paaa 6NUMXarlUM MOMEHT B3aUMO-
AeNCTBUSA KAKOW-NM60 napbl monekyn. TTocne 3T0ro Bce YacTULbL CABUTAHOTCS
BAONb CBOUX TPAEKTOpPUWU Ha COOTBETCTBYHOLME UX CKOPOCTAM paccTosHUS, a
CKOpPOCTU MPOB3AUMOAEUCTBOBABLUMX MOJIEKysl nepecymTbiBaroTca. Tlocne
3TOro npouenypa pacyeTa CHOBa NOBTOpSETCS.

BosmoxeH apyrovi noaxoa, Tpebyrowmii Heckonbko 60NblIMX 3aTPAT Ma-

WWHHOrO BpeMeHU. KoopauHaTtbl monekyn npu ABUXeHUU Mexay coyaape-
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t t t+1
HUAMU pacCUUTLIBAFOTCS Yepe3 npomexyTku A7, kak x; =x; +U;, AT. Koraa

[-9 U J -9 MOJeKy bl B3AUMOACUCTBYHOT (PACCTOSHUE 7;; MeXAY UX LieHTpamu

MeHblwe d ), BBIYUCNAFOTCA UX CKOPOCTU nocne B3aumogeucteus [3]. MoxHo
NPUBIINXKEHHO CUYUTATb, YTO eCNU MOMEKyJIbI UMeroT OAUHAKOBbIE MACChI, TO
npu yAape OHU NPOCTO 06MeHUBArOTCA CKOpOCTAMU. TTpU 3TOM CKOpOCTU MO-

nexys Nocsne ynpyroro yAapa pasHsL: i; =0;, il ; =0;, rAe Uj, U,

ol - CKOpOCTU

MOneKys Ao yaapa. M3meHuB CKOpOCTU, YacTULLT crefyeT OTOABUHYTb APYr OT
ApYTa Ha paccTosHWe, HeCKomnbKo 6onblee d .

TTokaxem, YTO 3TO He coecem npasusibHo. Ecnu j -a yacTuua nokouTes,
TO Nocne yaapa ¢ i-W Yactulien, ABUXYLLeCa CO CKOpPOCTbHO Uj(y, Nony4aercs,

4YTO OHa AOJKHA NPUOBPECTU CKOPOCTb U = Uy, G i -9 YACTULA = OCTAHOBUTLCS
(U; =0). Ha camom pene Tak NpOUCXOAUT TOMbKO MPU LIeHTPAsIbBHOM YyAape.
Ecnu yaap HelleHTpasbHLIN, TO YACTULLT Pa3NeTaroTca TaK, YTO Yron Mexay U;

—

M U; coctaenseT 7 /2. TTpenmyLecTso 3TOro NOAXOAA B TOM, YTO OH NPOCT U

obecneumBaeT COXpaHeHUe 3Heprum U UMMyJIbca CUCTEMBL.

A f(v) AP
pCP’WM\‘U .

0 v 0

Ll

<Y

Puc. 9.2. PacnpeaeneHue monekyn no ckopoctam. [lasneHuwe rasa

[nsa mopenuposaHUs MoneKyn rasa TBepAbIMU CTEPXHAMU U TBepAbIMU
AUCKaMu ucnonbsyrotca nporpammer TTP-1 u TTP-2 (TTpunoxeHue). B HuX 3a-

AAHbI Nepuoaunydeckue rpaHuYHbie ycnoeud, BbIMUCNAFOTCA AaBieHUe rasa uU
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Temnepatypa. MOXHO npeaycmoTpeTb OTpaXeHUe MOneKyn OT CTeHOK COCyAQ:
NpU YNpYrom cOyAapeHUU CO CTEeHKOM COCTABMSHOWAS CKOPOCTU MOJIEKyJSIbI,
NepneHAUKYNapHasS K CTeHKe, MeHsieT CBOe HanpasfieHWe Ha MpoTUBOMOJIOXK-
Hoe. Ha puc. 9.2.1 npuseneHo nonyudaroleecs pacnpeneneHue Mornekysn rasa
MO CKOpOCTSM; OHO MOXOXe Ha HopmanbHoe pacnpeaerneHue aycca. M3 rpa-
(PUKA 3aBUCUMOCTU AaBfIeHUs OT BpemeHu (puc. 9.2.2) BUAHO, YTO "MrHOBeH-

HbIe" 3HaYeHWs AaBneHUs p PRYKTYUPYHOT OKOSO CBOero cpeAHero 3HadYeHus

Pep- TToCre HebOomMblMX U3MeHeHUA 3TU NPOrpamMMbI MO3BOMSFOT MPOMOAe-
NUpOoBATb ABUXEHWE MOSeKyn B NnoJie TSXecTu, onpeaenutb CpefHor0 ANUHY

npobera monekyn, CpeAHUM KBaApaT CMelleHUs R(r')2 , GBTOKOPPENALUNOHHYHO
XAPAKTEPUCTUKY CKOpOCTU Z(T'), U3yuuTb 3aBUCUMOCTb AABMEHUA rasa oT
TemnepaTypbl. Mcnonb3ya mopenb “TBepAble cepepbl”, YYeHbIM YAANOCb WUC-
CnefoBaTb (PA3OBLIA NepexXOoA XUAKOCTb-TBepAOe Teno U YCTaHOBUTb, UTO C
POCTOM MJIOTHOCTU CUCTEMbBI KOI(PEPULMEHT CXUMAEMOCTU COBeplIaeT pe3Kkui
CKa4oK [8]. @aKT CylecTBOBAHUS 3TOrO (PA3OBOrO Nepexoaa B CUCTeme Teep-
AbIX Cpep O3HaYaeT, YTO ero NpUYMHAa BbI3BAHA OCOBEHHOCTAMU YNAKOBKU Yac-
TUU, TO ecTb obycnosneHa reomeTpuelt, a He CUNAMU MeXMOSeKynspHOro

B3AMMOAEUNCTBUA.

1

SO'-"-'l :
| |

0 71 (2] T

Puc. 9.3. Bo3pactaHue sHTponuu npu Anpgys3mm rasa
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YT106bI U3YyUUTL yBEeNUUeHUE SHTPONUU MPU AUPPY3UU, MOXHO UCMONMb-
30BATb COBCEM MPOCTYHO MOAeSb, B KOTOPOU ABUXEHUEe MONEeKy pacCYUTHIBA-
eTCs C MOMOLLBIO FeHepaTopa CNyYauHbIX umcen. TTpeACTABUM ANIUHHBIN CO-
CYA, pa3fAernieHHbIN ABYMS NeperopOAKOM Ha TpPU YacTU, KOTOpbIe OTKpLIBAFOTCS
OAHA 3a APYTrOM B MOMEHTHI 7] U 7,. COCYA MOMHOCTbHO 3anOSiHeH MOJsleKya-
MU BellecTBa 1, a B neson vactu ewe umerotca N monekyn selwectea 2. Paso-
6bem COCyA Ha ¥ PABHLIX 3NIeMeHTAapHbIX 06BEeMOB, YUNCIIO MONeKys BelleCTBa

28 j-m obbeme 0603HAUMM 71 ;. TOrAG SHTPONMUS CUCTEMBI PaABHA:

r . .
S=-Y p;jInp; :—Zﬁjlnﬁj.
j=1 j=1
Ncnonb3ya nporpammy TTP-4, moxHO npomoaenupoeatb XxaoTU4eckoe ABuxe-
HWe MOoJieKysl BellecTBa 2, HAUTU 3HTPOMUIO rasa B MocnefoBaTesibHbIe MO-
MEHTLI BpeMeHU U NoNyunTb rpagpuk S(7) B cnyvae, KOraa OTKPLIBAETCS CHA-
yana oAHa, a Nnotom Apyras neperopoaka (puc. 9.3). Ougppysus - HeobpaTu-

MBIW npouecc, B XoAe KOTOpPOro 3HTPONuA BO3pacTaer.

9.3. Mogenb “B3anmogencTByloLMe YacTUlbl”

PaccmoTtpeHHas mopenb “TBepable cepepbl” He YUYUTHIBAET MpUTAXeHUe
MOJEeKyJ1 U NO3TOMY He NO3BOMSeT NPOMOAeNUpoBaTh 06beanHeHUe YacTul, B
KJlacTepbl, KOHAGHCALMIO U KpUcTannmsauuto. [1na uccnenosaHus stux ssne-
HUMA ucnonb3lyeTca moaens JleHHapaa-[xoHca, cornacHo KOTOpoU MOTeHLUMU-

QfIbHASA 3Heprua U CUNAa MeXMOreKyIapHOTrO B3aUMOAeUCTBUSA pasHsI [2; 8]:

12 6 13 7
U(r)=E (gj —2(2) . F(r) _12E (2) _(Z)
r r o) r r

TTepsoe crnaraemoe oTBeyaeT 3a OTTANTKUBAHUE YACTULL MPU MANLIX ¥, BTOpOe -
3a NpuTaxeHue npu bonbwux r. Ecnu r =o, TO CUNBLL OTTANKUBAHUA U NpU-

TAXEHUa KOMMNeHCUpYHOT ApYyr Apyra.
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Paccmotpum cuctemy us N uactuu ¢ maccamm m;, i =1,2,...N , Haxoas-
wyrocs B cunosom nose. Mcxoas U3 HaUanbHbIX KOOPAUHAT X;q, Vo U CKOPO-
cTel U;p, He0obX0AUMO paccumTatb ABUXeHUe 4YacTULl B Mnociieayrolme Mo-

MeHTbI BpemeHU. MoaenuposaHue cBOAUTCA K pelleHuro 3aaada Kowwu ans
CUCTeMbI AN EPYPABHEHUM, NOyYarOLUXCS U3 BTOPOTO 3aKOoHA HbroTOHa:
du, 1| - = dr.

dr m drt

—

rae [; - pasHOAeWCTBYHOLWAS BHELWHUX CUN, AEUCTBYHOWMUX Ha i-HO maTepu-
]
anbHYHO TOUKY CO CTOPOHBLI Tefl, He BXOAAWMX B cucTeMy, F'; ; - BHyTpeHHss

cUna, AeUCcTBYHOLWAs Ha [-HO TOUKY CO CTOPOHLI j -1 Touku. [lnsa 3toro opra-
HU3YFOT UMKN NO BpeMeHU ¢, onpepensroT npoekumun R, =F;, +F';.,

R;, = F}, + F';, paBHOAGUCTBYHOLLEI BCEX BHELWHUX U BHYTPEHHUX CUN, AeCT-

BYFOLUUX HA KAXAYHO [-FO MATEpUAsbHYHO TOUYKY B MOMEHT £ +1, 1 3anuceIBaroT
UX B Maccuebl. 3aTem nepeobosHauaroT KOOPAUHATLI BCEX YaCTUL, 3aMNUCHIBAS
ux B maccuebl xx[i], yy[il. B umkne nepebuparot Bce monekynst u onpeaens-
FOT MPOEKLUU YCKOPeHUs, CKOPOCTU U KOOPAUHATLL AN KAXAOU U3 HUX B MO-

MeHT ¢ +1 no popmynam:

t+1 r+1 t r+1 +1 _ ot r+1
=R, /m;, v, =v; +a, At, x; =x; +v;, At

t+1 t+1 t t+1 t+1 t+1
ay, =Ry Imy, vy =0 +a, AT,y =y +U;, AT,

PesynbTtatbl coxpaHaroT B maccueax X[i], y[i], vx[i], vy[i]. CTuparoT usobpaxe-
HUA 4yacTuL B NpeAblAylwmdi MOMeHT BpemeHu ¢ (maccusbl xX[i], yy[i]) u pu-
CYHOT HOBbIEe U306paxeHus, cooTeeTcTByroWwMe MomeHTy ¢ +1. TTpu Heobxo-
AUMOCTU BLIBOASAT 3HAYEHUS TeMnepaTypbl, AABMEHUS U SHeprum B YUNCITIOBOM

Buae. TTocne 3Toro sce nostopsetcs cHosa. TTpumeHseTtca anroputm A-1.

Anroputm A-1
NNPOLEOYPA Sila {==
OJA i:=1 OO N HOEJIATB {A= Fx[i] :=0; Fy[i]:=0; =A}
OJA i:=1 OO N OEJIATB {B= OJIF j:=1 OO N IOEJIATB {C=
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ECIM i<>j TO {D= l:=sqrt(sqr(x[i]-x[j])+sqr(y[il-y[j]));
ECJIM 1<1 TO 1:=1;
F:=-K1/sqr (1) +K2/sqr (1*1) ;
Fx[i] :=Fx[i]+F* (x[1]-x[]j])/1;
Fy[i] :=Fy[i]+F* (y[i]-y[3j])/1+m[i]*10; =D} =C} =B} ==
HAYAJIO INIPOTPAMMEl N:=50; dt:=0.001;
IJIsI i:=1 OO N IOEJIATE {E=
ECJIM i>N/2 TO m[i]:=2 MHAUYE m[i]:=1;
x[1] :=random(280)+60; y[i] :=random(280)+60;
vx[i] :=random(30)-15; vy[i] :=random(30)-15; =}
I[IOBTOPATE OO HAXATHUA KIIABMIN {F=
BEIBOB I[IPOLEOYPHE Sila;
OJA i:=1 OO N OEJIATb {G= xx[i]:=x[i]; yyl[i]:=y[i]~
ax:=Fx[i]/m[i]; ay:=Fy[i]/m[i];
vx[i] :=vx[i]+ax*dt; vy[i] :=vy[i]+ay*dt;
xX[1] :=x[1]+vx[i] *dt; y[i]:=y[i]+vy[i]*dt;
ECIIM x[1]<50 TO x[i]:=349; ECIIM y[i]<50 TO y[i] :=349;
ECIIM x[1i]>350 TO x[i]:=51; ECIM y[i]>350 TO y[i] :=51;
CTEPETB TOYKY (xx[i], yyl[il) -
[IOCTABUTE TOYKY (x[i], y[i]); =G} =F}
KOHEL, IIPOI'PAMMEI

YT06bI YMEHbWUTL NOrpelHOCTb BLIMUCIEHUM U obecneunTb coxpaHe-

HUe 3Hepruu CUCTeMBI, UCNONb3YHOT anroputm Bepne B ckopocTHOU popme:
XM =x oA+ at(Ar)2 /2, a' = F(x”l)/m , ol = + (a' + at+1)Ar/2.
CyluecTByeT U Apyras maTematuyeckas cxema:
-1 t t+1 ot t t+1 -1
X;  —2x; +X; F; 1 F X, —X;
L Lt -k xf+1:2xf—xf by Zix Ag2, o, ="~
2AT

Arz m; m;

TakXe NPUMeHSHOT anropuT™m € NOAYWArom: 1) BLIYUCNSFOT HOBbIE 3HAYEHUS

+1 2
KOOPAMUHAT YaCTULIbL: X =y +quAr +a§CAr /2. 2) paccuuTLIBAFOT Npome-

12
XyTOUHOE 3HaueHue ckopoctu L.T'? =v! +4'Ar/2; 3) onpenenstor Hosoe
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1 1ot 12
sHaueHue yekopermsa: a't = FIN (™Y m: 4) uenonbsya 002w o' He-

1 1/2 1
XOAAT HOBOE 3HaueHme ckopoctu: LLT =vt2 L ! AL /2.

O O
O
O Ol
o OCBD O
o
o DO

O

Puc. 9.4. MoaenuposaHue KoHAeHCAUMU ras3a npu oxnaxaAeHUU

S70T noaxoA peanusosaH B nporpamme TIP-5. C ee nomowbro MOXHO
NpoMoAenupoBaTb ABUXeHUe 6pOYHOBCKOU YaCTULLI, AUPEPY3UO, KOHACHCA-

LIMFO U UcnapeHue, paccuuTaTb Temnepatypy, AasreHue (oboumu cnocobamu),

o 2
cpefHUM KBaApat cmelleHus monexkyn R(7')”, aBTOKOppenauuOHHYHO Xapak-
TepucTuky ckopoctn Z(t'). [ina Toro utobur Temnepatypa Mofenu rasa ocTa-
BANIACb MOCTOSAHHOW U paBHOU 1], UCMOSb3YHOT YCNOBHBLIN onepaTtop: If T>T1

then b:=0.999 else b:=1.001;. KoappuuueHt b BX0AUT B BbIpaxeHUs

ANS MpoOeKUU CKOpOCTU vl-t,;rl = bol. +afx+1Ar U Ul-l;_l = bul-’;, + afyﬂAr. 370

nossonset "3ameanatb” v "pasroHaTb” Monekynbl, TO eCTb MOHUXATb U MOBLI-
watb Temnepatypy. TTpu oxnaxaeHUU NpoUCXoaUT "KOHAeHcaums": MONeKy bl
cobuparotca B kannm (puc. 9.4). TTpu "HarpesaHun” kannu “ucnapsarortcs”,
npeBpaliaroTca B ras.

Ana “"HabnropeHua" cnyyarHoro 6nyxAaHUsS 4acTul U MOAESIUPOBAHUA
AUPPY3UU ABYX FA30B Ucnonb3yeTca nporpamma TTP-6, B KOTOpoOM yuuTbIBG-
eTCca TONbKO OTTaNKUBaHUe monekyn. Kak suaHo us puc. 9.5.1, oaHa U3 koop-
AWHAT MOJeKyJlbI, HaXOoAsLeWucs BAANIUN OT CTeHKU COCyAd, U3MeHseTCs Chy-

YamHLIM 06pa3om. M3HauyanbHO “KpacHble" MoSieKynbI ¢ Maccamu m; 3anon-
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HAFOT NIeBYHO MOSIOBUHY COCYAQ, a “3esieHbIe” MONeKy bl C Maccamu m, - npa-
Byro (puc. 9.5.2). Bcneacteue XaoTUYeCKOro ABUXEHUS MOMEKysl NpouUCXoamuT
MUX CAMOMpPOU3BOSIbHOE MepemellnBaHMe; KOnM4YecTBo Yactul, B obeux noso-
BUHKAX COCyAa BbIpasHuBaetcsa. Ecnu maccy oaHow u3 yactuu caenats 8 100
pa3 6onblue, a ee ulobpaxeHue BbIAENUTL APYTUM LIBETOM, TO yAacTcs npo-
mofenupoeatb 6poyHOBCKOe ABuxeHue. BHecsa Hebonblune nsmeHeHUs B Npo-
FPAMMY, MOXHO MOJSTYYUTb HA 3KpaHe TPAeKTOpUHO ABUXEHUS OOHOM MOSeKy bl

WU 6pOYHOBCKOM YacTULBL.
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Puc. 9.5. [isuxeHue oaHom monekynbl. Moaenb Aumepy3mmn Agyx rasos

9.4. PazButue metoga MOneKynsipHon AUHaAMUKMU

Meton M1 nossonseT uccnenosatb ras, XMAKOCTb, NSIA3MY, ra30B3BECH,
CYCMNeH3UU, 3MySIbCUU, (PYHKLUOHUPOBAHUE XUMUYECKUX PeaKkTOpoB, AOMEH-
HbIX neyeln, ABUraTesielt BHyTpeHHero CropaHus, pakeTHbIX asurartenei. C ero
MOMOLLbHO YAGNOCb NPOBEPUTL pasHOObpasHblie TeopuUu XUAKOCTU, YpaBHEHUS
COCTOSHUSA XUAKOCTEW U HeuAeanbHbIX ra30B, pelnTb pasfvyHbIe 3a4a4U Teo-
PUU MNepeHoca, U3yYUTb paBHOBeCHbIE U HepaBHOBeCHbIE CBOMCTBA Cpeabl,
KOHAEHCAUUo, KpUCTann3auuko, rMApoAUHAMUYECKUE TeueHUs.

Passutnem metona M ctan meroa 4actuu, KOTOpLIU 3aKNHOYaeTCs B

NpeAcCTaBieHUM Tesla COBOKYMHOCTbHO KPYMHBIX WApPOO6pA3HLIX YacTULL, B3aU-
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MOAEUCTBYHOLWMX U ABUXYLUMUXCS B COOTBETCTBUU C 3AKOHAMU KNACCUYECKOU
MexaHuku. TTpu yaaneHum YacTuubl NpUTATUBAKOTCS, @ NpU COAUXEHUU OT-
TankuearoTca. [BuxeHue Kaxaom YacTuLbl MOXeT bbITb pacCYUTaHO U3 BTOPO-
ro 3akoHa HbroTOoHa. MHOrAG UCNOMb3yHOT YACTULILI-MApKepLE, NO3BOALOLME
BU3YaNU3NPOBATbL ABUXKEHUE PA3SIUYHLIX Cr0eB XUAKOCTU UNnu rasa. B kavect-
Be MpUMepa UCNOSb30BAHUS MeTOAA KPYMHbIX YaCTULL PACCMOTPUM MOAENb
naaeHus BA3KOro Tesa Ha BbICTyn. KomnbroTepHas nporpamma npeacTasneHa B
kHure [5], pe3ynbTat moaenuposaHUa - Ha puc. 9.6. 3aKOH B3aUMOAEnCTBUA
MaKpo4acTUL, NoAobpaH Tak, YTO Teno TepsieT CBOHO MepBOHAYANbHYHO (POPMY,

HO He pacnaaaeTca Ha oTAesibHbIe HYacTu.

Puc. 9.6. TTapeHue cTonba BA3KOW XUAKOCTU Ha BLICTYN

Ewe oaHum npumepom sgsngetcs ob6TekaHWe ra3om MpenaTCcTBUS
(puc. 9.7.1). Ucnonb3yetca nporpamma u3 [5]. Yactuubr nepemelyatotcs BHU3
noA AelCTBUEM BHelHeW CUMbLI, AOCTUMAS HUXHeM rpaHULbI pacyeTHOW 06-
NacTu, OHU UCYe3aroT U NOABNAFOTCA Y ee BepXHeW rpaHuLbI. XOopowo BUAHO,
UTO Yy MepefHel CTeHKU Tesla KOHUeHTpaums vactuu (a 3Ha4YMT U NNOTHOCTDL
rasa) CylecTBeHHO BbIle CpefHel, a 3a NpenaTcTBUem - Huxe. AHANOTUYHO
MOXHO NPOMOAENUpOBATL ABUXEHWe TONMbl nrodev U obTekaHue el

npenaTtcTeug.
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Puc. 9.7. ObTtekaHue raszom npenartctems. ObpasoBaHWe HACHIWEHHOro napa

[suxeHue rasa n XUAKOCTU MOXeT 6bITb UCCNefoBAHO MeTOAOM Kre-
TouHbIX asTomaTos (KA). B rnase 4 onucaH AeTepMUHUPOBAHHLIN KA, yunTbI-
BAFOLWMIM CTONKHOBEHUE YacTuUL, Apyr ¢ Apyrom. PaccmoTpum BepOSTHOCTHBLIN
KA, nossonarowmn monenuposatb XaoTU4YeCcKoe ABUXEeHUEe MOneKyn rasa,
nucnapeHue XuaKoctu, obpa3osaHue HacblIlweHHoro napa. TTpeactasum ABy-
MepHbIU cOCya, pasbUTLIN Ha KBAApPATHbLIE AYEUKU; B HEKOTOPLIX S4erKax Ha-
XOAATCS MOJIeKysibI, a OocTanbHbIe nycThl. Ha Kaxaom lware no spemeHu 3BM

CNYYaiHO BbI6BUpPAET MONEKYy U C 3aAGHHBIMU BEPOSTHOCTAMU pr, Pr, PU .
Pp CMellaeT ee B NeByrO, NPABYHO, BEPXHFOHO UITU HUXHIOHO S4YelKy, ecniv OHa
nycTa. [lna Toro 4tobbI NPOMOAENUPOBATL paClUUpeHUe UNu AUPEY3ULo rasa,
Heobxoaumo 3aaate p; =pp=py =pp =0,25. KA 6yaer moaenuposatsb

HACBILWEHHBIM Nap B Clyyae, KOrAa BepOSTHOCTU CMelleHUs MOJSIeKysbl BBepX
(ucnapeHue, 3anonHeHue cocyaa) U BHU3 (KOHAeHCAUUS, NepeXon B XUAKOCTb)
3GBUCAT OT KOHLEHTpauum monekyn K B OKpecTHOCTU paccmaTpuBaemoun Mo-

nexynbl ¢ koopauHatamu (i, j). Ans onpeneneHus KoHueHTpauuu K bynem

MOACYUTLIBATL YUUCIIO MOSeKyN B KBaApate 5X5, NOCTpOeHHOM BOKpYF 4YacTu-

ubr (i, j). Ecnu koHueHTpaumsa senuka (K >2), To monekyna ¢ 6onbleii Be-
poaTHOCTbHO UAeT BHU3: pp =0,35, pyy =0,15. Ecnu koHueHTpauusa monekyn

napa mana (K <2), To monekyna c 6onblieii BepoATHOCTbHO MOAHUMAETCS
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seepx: pp =0,15, py =0,35. CmewweHnsa Bneso u BNpaBo nonpexHemy pasHo-
BeposaTHbI: p; = pp =0,25.

Ncnonb3syetca nporpamma TTP-7, pe3ynbtater ee paboTel - Ha puc. 9.7.2.
CHayana monenupyetcs UcnapeHue XuaKocTu U 06pasoBaHUe HACbIWEHHOro
napa B Hebonbwom obbeme. Yepes HekoTOpoe Bpems, KOraa HacTynaeTt AVHa-
MUYeCKoe paBHOBeCUe MexAay MAapoM U XUAKOCTbHO, FOPU3OHTANbHAS Mepero-
poAKA yAANsSeTcs U MOMeKynbl 3anoSiHAHOT Becb obbem 6onblworo cocyaa.
YacTb XMAKOCTU nepexoauT B Map, KOTOPLIA Yepe3 HeKOTOpoe Bpems CTaHO-

BUTCA HACbILWEHHbIM.

9.5. CtoxacTuuyeckoe moaenupoBaHMe MONeKyrs rasa

[ns nonyvyeHus pe3ynbTatoB TEpMOAUHAMUYECKOrO XapakTepa He HYXHO
TOYHOe 3HAaHWEe KOOPAMHAT U CKOpPOCTeW ABUXEHUS YacTULL CUCTEMbI B pasnmy-
HbIe MOMEHTLI BpeMeHU. B 3Tom cnyyae Ucnonb3yroT CTaTUCTUYECKUE MeTOAbT
MOAESINPOBAHUS U BMECTO OAHOWU CUCTEeMbI pacCMATpUBAOT CTATUCTUYECKUIA
aQHCamMbnb, TO eCTb COBOKYMHOCTb 6OMbLIOrO YUNCNA OAUHAKOBBIX CUCTEM, Ha-
XOAAWMXCS B PA3NTUYHBIX MUKPOCOCTOSHUAX, KOTOpbIe COOTBETCTBYHOT AGHHO-
My MaKpococTosHUo. TTpoaHanusmnpyem HeCkosbko NpUMepos.

PaccmoTpum U3BeCTHYrO 3aAa4vy O CRYYaUHBIX 65yXxAaHUAX, BhepBble
npeanoxenHyro TTupcoHom B 1906 r. Heobxoaumo onpenenutb cmelleHue
Nelwexoaa, caenaswero N WAros paBHOMU ANUHLI B CITyYaMHBLIX HaNpABieHU-
ax. OrpaHUUMMCa OAHOMEPHBIM CIlydaem U Npomoaenupyem ABUxeHue morne-
Kynbl rasa, KOTOpas U3-3a XaOTUYeCKUX COYAApeHUN C APYrUMU YacTULIAMU

cnyJariHbIM obpazom nepemelaetca saonb ocu Oz. TTpu 3Tom ee koopavHata

I 2
Uepe3 paBHbIe NMPOMeXyTKU BpemeHu AT NpUHUMaeT 3HaveHus z, z°, 2.

zV, rae N - umcno waroe. Heobxoammo NoNy4YUuTb pacnpenenieHne KoHeu-

HOM KOOpAUHATLI N 61yXxAaroLer TOUYKU NpU pasnnUYHOM Yucne waros N .
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Byaem ucnonb3oeatb metoa CTATUCTUYECKUX UCMLITAHUU. TTporpamma
TTP-8 copepXUT UMUK, B KOTOPOM CIyYaUHLIM 06pasom onpepensetcs Ha-
npasneHue U BenUYUHA CMelleHUs MOMeKynbl Ha crefyrolem BpemMeHHOM
ware. Liukn cosepliaet Tpebyemoe Umncno utepauuii (pasHoe KonudecTsy La-

roe N ), B pe3ynbTaTe 4Yero onpenesiseTcs KOHe4YHas KOOPAUHATA MOJSIeKynbl

V. Ona FreHepauum CryYalHbIX BeSIMUUH, UMeroWMX paBHOMepHoe pacnpe-
AeneHve, NpumeHseTca metol @uboHauum ¢ 3anasabisaHusmu. OH COCTOUT B
WUCMNONb30BAHUU CleAyHtoLet peKyppeHTHON (POpMYbL:

Xi—g —Xi—b>  Xj—q = Xi_p>

xl-z

Xi—q = Xi—p T 1, Xji_g <Xj_p-
3aecb x; - peUcTBUTenbHbIe uncna w3 auanasoHa [0; 1], a a=55, b=24.

YT106bI NONYUUTL CnyvarHbIe Ymucna us uHtepeana [—0,5; 0,5], w3 x; BbrumuTa-

toT 0,5; ux u npubasnsroT K z'. 310 nossonser ocywecteutb 1000 peanusa-

UM N CnyyYarHbIX CMelleHUM MOJEeKy bl U3 Hayana KOOpAUHAT, BIMUCIUTD

ANCNEPCUHO KOHEYHOWN KOOpAMHATLI N U3y4nTb ee pacnpeneneHuve.

AT

W/
N=150 N=450
b0 - -

0 0

Puc. 9.8. PacnpeaeneHue N (104 ucnortaHuii, 150 n 450 waros)
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Ha puc. 9.8 nokasaHbI nonyuyarowmecs pacnpeneneHUs KOHeYHOU Koop-

AVHATBL MOMEKy bl zV nocne 150 u 450 Waros, NOSyYeHHbIe B pelysibTaTe
10000 ucnbiTaHui. 310 HOpmanbHoe pacnpeneneHue aycca [2; 7]. MoxHo

OTKNFOUUTL FPACPUYECKUMA peXUM U BbIBECTU Ha 3KPaH CpeAHUM KBaApaT AUC-
nepcuun (CKO) N npu 3aaaHHom N . Ecnu noctpouTb rpaguk 3aBUCUMOCTU
cpefHero KBaAapata cmelleHus “6nyxaarowen” vactTulbl S? =< (zN )2 > oT
KonudecTea waros N, TO NONY4YUTCA Npamas NponopuUoHanbHocTh (puc. 9.9).
B naHHOM cnyyae mopenupyeTcs oAHOMepHas AUPE@PY3Ua MOJIeKysl rasa, Ko-
TOpble CHayana Haxoaunucb B Hebonblwom obbeme. PesynbTaTbl MOXHO UH-
TepnpeTupoBatb Tak: 1) ¢ TeyeHUnem BpemeHU yesenuumeaetcs obnacTb, B KOTO-
POU MOXeT HAXOAUTCA XAOTUYECKU ABUXKYLLAACS Monekyna; 2) ecnu u3 He-
6onbworo ob6vema sbrxoamut 10000 monekyn HexoToporo BeliecTBa, TO Yepes

HekoTopoe Bpems (MpOMOpUUOHANbHOE KOMUYecTBY wWwaros N) MoOneKysibl

BCNeACTBUE AUMPXPY3UU pacnon3yTcs U 3aUMyT 60nbLUyHo 0611aCTb.

"'"S'?
8

e

/o’
e N
0

100 200 300 400 900 600

ndaBN8HS
\

Puc. 9.9. CpeaHuii kBaapat cmelleHUs N nponopumoHaneH N
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p

0" 5

pe=0,247
N=10
n

10

—0,172
Pro

N=20

ot

p25=0,1 17
N=50

25

Puc. 9.10. 3aBUCUMOCTb BEpOSITHOCTU OT YMUCIIA MOJIEKY T B J1eBOM MOJIOBUHE

TTyctb B ANUHHOM cocyae Haxoautca N monekyn rasa. Ecnu B nesou

MNONOBUHe OKasanocb 7 4acTuu, To B npasok - (N —n) vactuu. Paccumtaem

BEpOSTHOCTU Pa3NUYHBLIX pacnpepesieHUn MOreKkyJs B J1eBOU U NMpaBon noso-

BUHAX COCYAA U NOCTPOUM rpacpuk p(n). Onsa atoro 6yaem cryvamHsIm obpa-

30M 304aBAaTb KOOPAUHATLL N MOneKyn u NnoAcCYUNTLIBATL UX YNCIIO 1 B nesou

nonosuHe cocyaa. MHorokpatHo (6onee 1000 pa3) nosTopsas 3Ty npoueaypy,

onpenesium BepoaTHOCTU Py, Pr, P3, - PN—1. PN TOTO, UTO B JIeBOM 4acTu

okaxetca 1, 2, 3, .., N—1, N monekyn. Micnonbsyetca nporpamma TIP-9, pe-

synbtatel ana cuctemer u3 10, 20 u 50 monexyn npeactaBneHsI Ha

puc. 9.10. MakcumarnbHyrO BepOSTHOCTb UMeeT COCTOosHUe € Haubonbluen 3H-

Tponuewu, Npu KOTOPOM B NIeBOW NOMOBUHe HaxoamuTca N /2 monekyn [2; 71.

X

0

F(v)

Puc. 9.11. PacnpepeneHue monekyn no ckopoctam (3axkoH Makceenna)
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Tenepb ANg rasa B COCTOAHUU TEpMOAUHAMUYECKOTO paBHOBECUS MOIy-
UMM FPaPUK pacnpenefieHUs Mosiekyn no ckopoctam. bysem ucxoauTs w3
TOTO, YTO BCe HANpAaBfieHUs pPAaBHOBEPOSATHLI U MpPOEKLUMU CKOpOCTel uYactul

OMUCLIBAFOTCA 3aKOHOM HOpMaASbHOMO pacnpefeneHus Maycca:

F(vy) = Aexp(-07), F(vy)=Aexp(-v3), F(u)=Aexp(-v2).

2 2

TTpy 3TOM CKOpPOCTb KAXAOW MOMEKYSbL U = \/ux +u), + ug . B uukne 3aparot-

€A Cly4arHbIe 3HAYeHUs NPOeKUMA Uy, Uy, U, TaK, YTOBLI UX pacnpeneneHue

noaYMHanocb 3akoHy aycca, nocne 3TOro BbIYUCNSAETCS 3HAYeHUe CKOpOoCTU
MOneKysnbl U U Onpeaensetcs UHTepBas, K KOTOPOMY MPUHAANEXKUT 3TO 3Ha-
yeHue. Yepes 10-20 Tbrcay UCNLITAHUU CTPOUTCA TPaPUK pacnpepereHUs
MOneKynl MO CKOPOCTAM, KOTOpLIM COOTBeTCTByeT 3akoHy Makceenna
(puc. 9.11.2). ina 3aaaHUSA CNYYaUHOU BeNIUUUHBL X, pacnpeneneHHoW no 3a-
KoHy [aycca, ucnonb3syertcsa cneuwanbHas npoueaypa. MeHepatop CRy4YaviHLIX
yucen BbIpabaTbIBaeT CryvamHoe Ymncno x B uHTepeane ot 0 Ao 5, umerolee

paBHOMepHoe pacnpepaenieHue. TTo 3akoHy aycca onpepengeTca BepOSTHOCTb
2

p =exp(—=x~) nossneHua AaHHOro 3HaveHusa (puc. 9.11.1). 3atem reHepupyet-

Ca elle OAHO cnyyaiHoe Yumcno y us uHtepeana [0; 1]. Ecnm y < p, 10 uc-

X0AHOe YUCNO X NOCTynaeT Ha BbIXOA, a UHa4e BCe NOBTOpAeTCa CHOBA.

9.6. MeTtoabl MeTpononuca u moaenbLHOro oTxura

B HekoTOpbIX Crny4vasx HeobXxo0AUMO onpenenuUTb COCTOSHUE CUCTEMbL U3
60MbLIOr0 KOMINYECTBA 4aCTULL, COOTBETCTBYHOLEe FnobanbHOMY MUHUMYMY
noteHuuansHou sHeprumn U (7,7 ,....1y) =U(x;,y;), i =12,..., N . PaccmoTpum
cuctemy us N uyactuu, cnocobHbIX nepemelyatbca Baonb ocu Oy u coepm-

HeHHbIX MexAay CO6oM npyxuHamu anuHou [y. OnpepenM KOOPAUHATBI

4acTUL, NPU KOTOPBLIX CUCTEMAa HAXOAUTCA B COCTOSHUU YCTOUYMUBOrO PaBHO-

Becua. TToTeHUManbHaa 3Heprma CUCTemsbl paBHa:
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S k(ly— (i —yi) |
Ui, Y2,0VN) = z 0 12 = z m;gy; .

Bynem nepebupatb YACTULILI CUCTEMBI U U3MEHSTb UX KOOPAUHATLI ); Ha
HebonblWyro CNYYauHyrO BenUYUHY Ay;, KaXABIMA pa3 BbIMUCIAS HOBOe 3Haude-

Hue noTeHuuanbHou 3Heprum U'. Ecnu noteHUuManbHas 3Heprusa CUCTEeMbl B
pe3ynbTaTte CMelleHUs - YacTULbL YMeHbluaeTcs, TO HOBOe COCTOsSHUe Mpu-
3HaeTca 3HepreTUyecku 6onee BLIFOAHBIM U TAKOE U3MEHeHUe KOH(PUrypauum
NPUHUMAETCS, G eCNU HeT - OTBepraeTcs. TTocne 3Toro Nporpamma nepexoamTt
K i+1 yactuue. OnAHOBpEeMeHHO C 3TUM CTPOUTCH FPaPUK 3aBUCUMOCTU YUcna
4yacTUL, OT ux BbICOTbI. OH nMonyyaeTcs MOXOXUM Ha 3KCMNOHeHTy. Ecnu nop,
YaCTULAMU MOHUMATb CITIOU BO3AYXA PABHOM MACCHI, TO 3Ta MoAenb NOATBep-
XAaeT, YTO C POCTOM BLICOTbI KOHLEHTpaUUs MONeKys rasa ymeHbluaetcs no
3KCMOHEeHUMAaNbHOMY 3aKOHY. TTofny4eHHbIN pe3ynbTaT XOpOLWO cornacyetcs ¢
pacnpepeneHvem bonbumaHa p(E) = Aexp(—E/kT), rae p(E) - BepoaTHOCTb
HAXOXAEeHUS MOMeKynbl B COCTOSHUU C 3Hepruen E, A - HOpMUPOBOYHBIW
MHOXUTESb.

WHorpa 3apaua noucka rno6anbHOro MuHUMyma oyHkuum U(x;,);)

OCNOXHSAETCS TeM, YTO 3Ta (PYHKLUS UMeeT MHOXECTBO JIOKANbHLIX MUHUMY-
MOB, B KOTOPbIX MOXeT "3acTpaTb” nporpamma. Paccmotpum cosokynHocTe N
4acTUL, KOTOpbIe MpUTArMBALOTCA APYr K ApYry U moryT obpa3osatb ABymep-
HYrO Kanmnko XUAKocTU. Heobxoamumo onpenenutb (pOpMy Kansu B HEBECOMO-
CTU U KOTAQ OHA JIeXUT Ha TOpU3OHTANbHOM MOBEPXHOCTU B MOSE TSXeCTU.
TTpocTerwmi anropuTm cocTouT B creayrolem. CHayana nNporpamma 3aaaet
HAYanbHYHO KOHPUIYpaLUIO CUCTEMBI, pacnonaras YacTuubl B y3nax Mpsamo-
YyronbHow peluetku. Berumcngertca noteHumanbHas sHeprus cuctemer Up. 3a-
TeM CnyyariHbIM 06pasom BbI6UpaeTCa YacTULA U CMellaeTca Ha Hebonbluyto
CNYYAaUHYHO BeNTMUUHY, MOCTe Yero pacCUUTLIBAETCS HOBOE 3Ha4eHue 3Heprum
U,. YacTuubr cunTaroTCs TBEpAbIMU LIAPAMU, MPU CMeLLeHUU OHU He nepe-

KpbIBaroTca. Ecnu noteHumanbHas sHeprua cuctemer ymeHolwmnacs (U, <Uy),

TO U3MeHeHUs KOOpAUHAT NMPUHUMAKOTCS, a eCnNu HeT - oTeepraroTcs. Ha nep-
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BbIM B3rSiAf KAXeTCs, UTO TAKOM anroputm HeusbexHo AoSIKeH NpUBOAUTL K
NPABUNBbHOMY peLUeHUHo, HO 3TO He TaK: MPOrpamMma OCTAHABIMBAETCS B OAHOM
U3 NOKANbHLIX MUHUMYMOB.

Ona HaxoxaeHusa rnobanbHOr0O MUHUMYMA WCNOMb3yeTCs anroputTm
MeTtpononuca, oTnuvarowminca crneayrowmm. B cnyyae koraa Hosoe 3HayeHue

3Hepruu 6onbwe npeasiaywero (U, >U;), ata KOHpUrypauus He Bceraa oT-
BepraeTcs, a npuHUmaetcs ¢ sepoatHoctbrto p =exp(—(U, —U;)/kT),rne T -

"Temnepatypa” cuctembr [2]. 3TO no3sonNseT nNporpamme nNpu NONAAAHUU B
NOKANbHBIA MUHUMYM "NOTONTATLCA Ha MecTe”, a 3aTem "BbICKOUUTL" U3 Hero
W NONLITATLCA CHOBA HAMTU FNO6ANBHLIA MUHUMYM MOTEHLUUANbHOW 3Heprum
UR,7,...sTN ).

Passutuem anroputma MeTtpononuca sensetcs meToa MOAENbHOro OT-
xura [1]. TTpy 3TOM UMUTUpPYeTCAa OTXUT MeTansia, KOTOpLIUA HarpeBaroT A0
BbICOKOW TeMnepaTypbl, a 3aTem MeasnieHHO oxnaxaaroT. TTpu BbICOKOM Tem-
nepatype 4YacTuUubl KOnebnrotcs ¢ 60MbION AMANUTYAOU, UX KOOPAUHATHI
MNPUHUMAFOT BCEBO3MOXHbIE 3HAYeHWUs, MO3TOMY CUCTeMa MOXeT MOonaaath B
NoKasnbHbIe MUHUMYMbI. TTnaBHOe oxnaxaeHue NpUBOAUT K TOMY, YTO AMNIIU-
TYAQ CNyYarHbIX KonebaHui atomos (BapuaLUii apryMeHTOB) YyMeHbLIaeTca U B
pe3ynbTate CUCTEeMa OKA3bIBAETCS B COCTOSHUU, COOTBeTCTBYHOLWEM rnobanb-
HOMY MUHUMYMY. CBIMUTUPOBATL 3TY CUTYALUFO MOXHO, UCMOSIb3ys aNrOpUTM
MeTpononuca, B KoTopom "Temnepatypa” 7 ymeHbliaeTcs NpONOPLUUOHASIBHO
HOMepy UTepauuu, MMbO NO 3KCMOHEHLUUANbHOMY 3aKOHY. B crnoxHbIX crnyyasx
nucnonb3yetcs NunoobpasHas 3aBUCUMOCTb TemnepaTypbl OT HOMepa Lara,
nmbo aAanTUBHAS 3GBUCUMOCTb, KOFAA TemnepaTypa 3aBUCUT OT CBOUCTB CUC-
TembI B AAHHBIA MOMEHT BpemeHU. Henoctatok meTona B TOM, YTO OH TpebyeT
6onblWKUX 3aTpaT BpemeHU.

[na pelweHusa paccmoTpeHHOM 3aaa4u ucnonblyetcs nporpamma TTP-10,
KoTopas ULWeEeT MUHUMYM MNoTeHUManbHou 3Heprum cuctemsr u3 50-200 vac-
TUU. Micnonb3yeTca meToa MOAENbHOTO OTXUMa: CUCTeMa MeaSIeHHO "OXnax-

AaeTca”, 3aTem OCyLUeCTBNAETCS CNyyaiiHoe cmelleHue Bcex YacTul U peskoe
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"HarpesaHuWe", nocne 3Toro cHoea "oxnaxaeHue" u 1. 4. B none taxectu no-

TeHUMANbHaa 3Heprua KaxAoW 4YacTULbI 3aBUCUT OT BLICOTHI ;. Yepes He-

CKOJIbKO COTeH UTepaLmii CUCTemMa NepexoauT B COCTOSHUE, U30bpaxeHHoe Ha
puc. 9.12.1, 3atem popmupyetcs "kannsa” Ha nosepxHoctu (puc. 9.12.2). B He-

BECOMOCTU YacTULbI cobuparoTcs B "WwapoobpasHyro kannro” (puc. 9.12.3).

Puc. 9.12. TTouck cocToaHUa ¢ MUHUMASBHOM NOTEHUMANbHOW 3Hepruen

9.7. Mogenb marHeTuka UauHra

Ewe onHoW m3BecTHOW MoAenbrO TEpMOAUHAMUYECKOM CUCTEMbI, HaXO-
AALLeCca B TenJIOBOM PABHOBECUU C OKpYXarOllel cpeAou, aBnseTca moaernb
peppomarHeTuKka, npeanoxeHHas MsuHrom B 1924 r. Ncnonb3lyetca merton
KNeToYHLIX aBToMaToB. TTpeactasum cebe ceTky Us N ropusoHTanbHbeIX u M

BEpPTUKANbHBIX NIUHUA. B KaxAom y3ne ¢ HOMepamu i U j HAXOAUTCA ATOM,

COBCTBEHHBIA MArHUTHBIA MOMeHT (CnUH) KoToporo moxet 6biTh: 1) coHa-

npasneH ¢ ocbro Oz, u Toraa s; ; =1; 2) HanpasneH npotusononoxHo Oz,

YTO cooTBeTCTBYeT s; ; =—1. JHeprus B3AMMOAEUCTBUA COCEAHUX ATOMOB

APYT C APYrOM paHa —Js; ;S;,1 ;, GTOMBI, PACMOSIOKeHHbIE AANeKo, He B3au-

MOLI.@IZCTBYI—OT. Kpome TOro, MArHeTUK MOXeT HaxXxoamnTbCa B MArHUTHOM none,

BEKTOp HanpshxeHHOCTU /i KoToporo napanneneH ocu Oz. DHeprusa B3aUMO-

AENCTBUA aTOMa, Haxoaswerocs B y3ne (i, j), C BHEWWHUM MAFHUTHBIM Nosiem

pasHa £s; ;. Bca cuctema obnaaaet sHeprueit:
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N,M N,M
bE=-J Z (i, jSix1,j i, jSi-1,j i jSi, j+1+8i,jSi, j-1) + Zs,-,j :
i, i.j

NT1ak, B ABymepHOU mopenu marHetuka M3uHra: 1) KuHeTuueckas 3sHeprus
ATOMOB, HAXOAALWMXCA B Y351aX KPUCTANSINYECKOM pelleTkU, CYNTaeTcs paBHOM
0; 2) NnpeaycMOTpeHbI TONbKO ABA AUCKPETHBIX COCTOSHUA AN CMUHOB AQTOMG;
3) yunTbIBAETCS B3AUMOAEUCTBUE YeTbIpex bnuxaiwmx coceaen [4; 7; 10].

Kak n3BecTHO, cuctema CTpemMmuTCa nepemtu B COCTOSHUE C MUHUMASTb-
HOM noTeHumanbHou 3Hepruen. TTpu J >0 oauHakosas opueHTAUUS CMUHOB
coceAHUX ATOMOB 3HepreTUYecKU BbIroAHee COCTOSHUM, NPU KOTOPBLIX CMUHLI
coceAHUX ATOMOB MPOTUBOMOSOXHO HAMpaBrieHbI. DHeprus B3aUMOLEeUCTBUS
ABYX GTOMOB C COHAMPABMIEHHBIMU CNUHAMU cocTasnseT —J, a ecnu CnuHLI
HanpaeneHsl NPOTUBONONOXHO, To +.J. TT0O3TOMYy CcOCTOSHUE C MUHUMANBHOM
3Hepruen B3auMOAeUCTBUS CNUHOB SBNAETCS (PepPPOMArHUTHBIM, ATOMBI 06b-
efUHSAFOTCS B AOMEHBI - 06,11aCTU, B KOTOPLIX MArHUTHLIA MOMEHT (CNUH) BCex
ATOMOB OpUEHTUPOBAH B OAHOM HanpasneHuu. Ecnu J <0, To cuctema obna-
AGeT HaMMeHbLUEeN 3Hepruenl B COCTOAHUU C GHTUMNAPANNenbHLIMU CAUHAMU,
UTO COOTBETCTBYET GHTU(PEepPpPOMArHeTuKy. BHelwHee marHUTHOe none cnocob-
CTByeT MOBOPOTY CMUHA ATOMA TaK, YTOBLI OH 6bIN COHANpaBrieH C HanpsXeH-
HOCTbHO MArHUTHOro nons /.

TTpouecc moaenupoBaHUs 3aknHodaeTcs B creayrowem: 1) 3apaetcsa Ha-
YyanbHas OpueHTauma BCeX CMUHOB ATOMOB CIlyYarHbIM obpasom; 2) onpepde-
ngeTca 3Heprua cuctemsr; 3) cnyyamHo BLIGUpaAETCS OAUH ATOM, ero CnUH U3-
MeHSeTCa Ha NPOTUBOMONOXHLIN, U OMpeAenaeTca 3Heprus CUCTeMbL Ans Ho-
BOM KOHUrypauuu; 4) ecnu B pesynbTate nepeopueHTaumMm CnuHa sHeprus
YMeHbLUUIAch, TO TaKOe U3MeHeHUe KOHPUIYpaLuu CUCTEMbI MPUHUMAETCS, B
NPOTUBHOM Crlyyae - OTKNoHseTca, 5) Bo3epaT k onepaumm 2; ecnv nepebpaHbl
BCe AGTOMbI, TO HA 3KpaH BLIBOAUTCS UH(POPMALIUS O COCTOAHUU CUCTEMBI, 3a-
Tem CHOBa noBTopseTca onepauma 2. [1na noucka coctosHUS C HaUMeHblUuew

3Hepruel MOXHO UCMNOonb3oBaTh anroputm Metpononuca.
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=6 . 26 000000000000E+ D002 =1.20230000000000E+ 0004

Puc. 9.13. BosHukHOBeHWe AoMeHOB B ABYyMepHOU moaenu MsuHra

Nccnenyem KOMNbHOTEpHYHO MOAeSlb (PeppOMArHeTUKa, aHAnOTrUYHYHO
mopenu WMsuHra u otnuuarowyrocs OT Hee: 1) Hanuumem Tpex COCTOAHUM Y

Kaxaoro atoma (s;, i= -1, 0, 1); 2) yyetom BNUSHUS BOCbMU cOCeaHUX aTo-

MOB. VlcxoaHoe cryvamiHoe pacnpepefieHUe atoMOB NOKasaHo Ha puc. 9.13.1.
KpacHbie KpyXKu KU306paxaroT aTOMbI, Y KOTOPbIX COOCTBEHHbIA MArHUTHBLIN

MOMEHT s; ; =1, CUHWE - aTOMBL C 5; ; = —1; B cnyvae koraa Si ;= 0, aTom He

usobpaxaetca. B pacuetax yumTbIBAETCA B3AMMOAEUCTBUE AGHHOrO atoma C
BOCEMbIO 6nMxanwmmm coceasmu. [lna peleHus 3aaa4m Ucnonb3lyeTtcs npo-
rpamma TTP-11. Pe3ynbtatel moaenuposaHusa npuseaeHsl Ha puc. 9.13 u 9.14,
BuaHo, 4TO aTOMbI FpyNNUpPYHOTCA B AOMEHBI - 06/1aCTU CMOHTAHHOM HAMArHU-
YeHHoCTU. YTOobbI y4yeCTb XaOTUYeCcKOoe U3MeHeHUe OPUEHTALUU MArHUTHOrO
MOMEHTa aTtomoB, ObyCriOBNeHHOe UX TensioBbIM ABUXEHUEeM, AO0CTATOYHO
nNpeAyCMOTpeTb LMKN, B KOTOPOM nepebuparoTcs BCe aTOMbI U C 3aAAHHOU

BEPOATHOCTbHO UHBEPTUPYHOTCS HAMpPABMEHUs UX CMUHOB.
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Puc. 9.14. 3aBUCUMOCTb HAMArHUYUBAHUS OT TeMnepaTypbl

gl
FE

TTpy noBbIWEHUU TemnepaTypbl BbIWe KpuTudeckou 1, npoucxoamT

(Pa3OBLIA MepexoA: (PeppOMArHeTUK npespallaeTcs B napamarHeTuk. [ns mc-
CNefoBaHUS 3TOTO ABIEHUS HEO6X0AUMO OnpefenaTb CpefiHFoOF0 HaMarHUuYeH-
HocTb M cuctembl Npu pasnuuHbIx Temnepatypax 1'. Ee ysenuueHue ponxHo
NPUBOAUTbL K POCTY BEPOATHOCTU p NepeopueHTauum CnuHos atomos 3a 1 war
no sBpemeHU. byaem cumtatb, UTO BEpoaTHOCTL p cBa3aHa ¢ I' COOTHOLWEHMeEM
p=exp(=E/kT) vwnu p=exp(-1/T), rne T u3mepaeTca B YCNOBHLIX eAau-
Huuax. B nporpamme TTP-11 anga 3apaHHoro I' nposoauTtcsa cepusa us 100 pea-
NU3ALUUIA U KaXABIM pa3 onpeaenseTcs cpefHas HAMAarHUYeHHOCTb B nepecyeTe
Ha 1 atom; pesynbTatbl ycpeaHaroTca. TunuyHasa 3asucumocts M ot T npea-

cTaBneHa Ha puc. 9.14.2; peskoe nageHue kpuson M (1) cooTseTcTBYeET (Pa30-

BOMY nepexoay M3uHra.

NMpunoxeHue K rnase 9

B npunoxeHuu npenctaBrieHsI TEKCTbI MPOrpaMM, KOTOpble MO3BONAHOT
NpOMOAEenUpOoBaTb pACCMOTpeHHbIe BbIlwe aBrieHUd. OHU HANUCaHBL B Cpefax
Borland Pascal 7.0 u Free Pascal 1.0.10.
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TTporpamma TTP-1
{$N+} uses crt, graph;
const N=40; dt=0.001; r=3; m=1; Nit=200; Mt=2;
var i,]j,k,1,b,DV,MV,Uch : integer;
xsr,t,vv,Temp,pl,p,pp: single; S: string;
x,v : array[0..N] of single;
BEGIN DV:=Detect; InitGraph (DV,MV,'c:\bp\bgi'); Randomize;
For i:=1 to N do begin x[i] :=13%*i;
v[i] :=(1l-random(200) /100) *2; end;
Repeat t:=t+dt; Temp:=0;
For i:=1 to N do begin
Temp:=Temp+m*sqr (v[i])/2/N; x[i]:=x[i]+v[i]*dt;
If x[1]>600 then x[i]:=1; If x[i]<0 then x[i] :=599;
{ If x[i]>600 then begin x[i] :=599; v[i]:=-abs(v[i]) end;
If x[1]<0 then begin x[i]:=1; v[i] :=abs(v[i]) end;} end;
For i:=1 to N do For j:=1 to N do
If (x[j]l>x[i])and(x[j]-x[i]<2*r) then begin vv:=v[i];
v[i]:=v[j]; vI[]j]l:=vv; xsr:=(x[i]+x[]j])/2; x[i] :=x%sr-r;
x[j] :=xsr+r; end; inc (k) ;
For i:=1 to N do For j:=1 to 5 do begin b:=100%*j;
If (x[i]-b)*(x[i-1]1-b)<0 then pl:=pl+abs(m*v[i]); end;
If k mod Nit=0 then begin k:=0; p:=pl/Nit/dt/100;
{cleardevice; For i:=1 to N do
circle(10+round(x[i]) ,200,r) ;}
Str (Temp,S); OutTextXY(350,110,S); Str(p,S):
OutTextXY (350,130,S); pl:=0;
circle (round (Mt*t) ,450-round(p) ,1) ;
line (round (Mt* (t-Nit*dt)) ,450-round(pp) ,
round (Mt*t) ,450-round(p)) ;
line (round (Mt* (t-Nit*dt))+1,451-round(pp),
round (Mt*t)+1,451-round(p)) ;
pp:=p; line(0,450,640,450); end;
until KeyPressed; CloseGraph;
END.

TTporpamma TTP-2

{$N+} uses crt, graph;
const N=150; dt=0.001; Mt=0.1; r=5;
Lx=600; Ly=400; m=1; Nit=200;
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var i,]j,k,1,chislo,DV,MV : integer;
vlix,v2x,vly,v2y,xsr,t,vv,Temp,p,pPl,pp: single;
X,y,vx,vy : array[0..N] of single; S: string; Label mm, ml;
BEGIN DV:=Detect; InitGraph (DV,MV,'c:\bp\bgi'); Randomize;
For i:=1 to N do begin ml:
x[1] :=random(Lx) ; y[i] :=random(Ly) ;
For j:=1 to i-1 do
If sqr(x[i]-x[]])+sqr(y[i]l-y[]j])<4*r*r+2 then goto ml;
vx[i] :=1* (8-random(1600) /100) ;
vy[i] :=1* (8-random(1600) /100) ; end;
Repeat t:=t+dt; Temp:=0;
For i:=1 to N do begin vy[i] :=vy[i]+0*dt;
xX[1i]:=x[i]+vx[i]*dt; y[i]:=y[1i]+vy[i]*dt;
Temp : =Temp+m* (sqr (vx[i] ) +sqr(vy[i]))/2/N;
If x[1]>Lx-r then begin x[i] :=Lx-r;
vx[i] :=-abs(vx[i]) end;
If x[i]<r then begin x[i] :=r; vx[i] :=abs(vx[i]) end;
If y[i]<r then begin y[i] :=r; vy[i] :=abs(vy[i]) end;
If y[i]>Ly-r then begin y[i] :=Ly-r;
vy[i] :=-abs(vy[i]) end; end;
For i:=1 to N do For j:=1 to N do
If sqr(x[i]-x[]])+sqgr(y[i]l-y[]j])<4*r*r then begin
vix:=vx[j], vliy:=vyl[j]l; vx[]]:=vx[i]; vy[]]:=vy[i]~
vx[i] :=vlx; vy[i] :=vly; mm:
xX[1]:=x[i]+vx[i]*dt; y[i]:=y[1i]+vy[i]*dt;
x[§]:=x[j1+vx[J1*dt; y[J]1:=y[jl+vy[]*dt;
If (i<>j)and(sqr(x[i]-x[j])+sqr(y[i]-y[]j])<4*r*r) then
goto mm; end; inc(k);
For i:=1 to N do
If (x[i]-Lx/2)*(x[i-1]-1Lx/2)<0 then pl:=pl+abs (m*vx[i]) ;
If k mod Nit=0 then begin k:=0; p:=pl/Ly/Nit/dt/2;
{ cleardevice; rectangle(20,20,20+Lx,20+Ly) ;
For i:=1 to N do circle(20+round(x[i]) ,20+round(y[i]),r) ;}
Str (Temp,S); OutTextXY(350,110,S); Str(p,S);
OutTextXY (350,130,S); pl:=0;
circle(round(15*t) ,460-round(p) ,1) ;
line (round (15* (t-Nit*dt) ) ,460-round (pp) ,round (15*t),
460-round(p)); pp:=p; line(0,450,640,450); end;
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until KeyPressed; CloseGraph;
END.
TTporpamma TTP-3
{$N+} uses crt, graph;
const N=50; a=8; dt=0.001;
var Fx,x,v,xx : array[l..N] of single;
f: array[-10..10] of single; Gd,Gm,i,j,k : integer;
t,m,ax,ay,E,11,12: single; label Metka, metkal;
Procedure Sila;
begin For i:=1 to N do Fx[i]:=0; For i:=2 to N-1 do
begin 1ll:=abs(x[i]-x[i-1]); 12:=abs (x[i]-x[i+1]);
Fx[i] :=8000000*(1/11/11/11/11-1/12/12/12/12); end; end;
BEGIN Gd:=Detect; InitGraph(Gd, Gm, 'c:\bp\bgi')
Randomize; m:=1; x[1]:=10; x[N]:=530;
For i:=2 to N-1 do begin x[i]:=20+10%*i;
v[i] :=random(200) /100-1; end;
Repeat Sila; t:=t+dt;
For i:=2 to N-1 do begin xx[i]:=x[i]; ax:=Fx[i]/m;
v[i]:=v[i]+ax*dt; x[i]:=x[i]+v[i]*dt; end; E:=0;
setcolor (8) ;
For i:=1 to N do circle(round(xx[i]/2),100,1);
setcolor (15) ;
For i:=1 to N do circle(round(x[i]) ,100,1);
If t>15 then For i:=1 to N do For k:=-8 to 8 do begin
If (v[i]l>k*a)and(v[i]<(k+1l)*a) then f[k]:=f[k]+0.01;
end;
For k:=-8 to 8 do circle(300+10*k,440-round(£[k]/50),2);
until KeyPressed; CloseGraph;
END.
TTporpamma TTP-4
uses crt, graph; const N=500; dt=0.01;
var D,DV,MV,i,j,a : integer;
X,y,VX,Vy,xx,yy: array[l..N] of real;
m: array[l..N] of integer; ver,t: real; entr: real;
BEGIN DV:=Detect; InitGraph (DV,MV, 'c:\bp\bgi') ;
setcolor (8); setbkcolor(1l5); Randomize;
line(10,400,640,400) ;
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For i:=1 to N do begin x[i] :=random(60)+20;

y[i] :=random(80)+20; end;
Repeat t:=t+1; a:=80;
For i:=1 to N do begin xx[i]:=x[i]; yyl[i]:=yI[i];

x[i] :=x[i]+random(800) /100-4;

y[i] :=y[i]+random (800) /100-4;

If t>500 then a:=120; If t>1500 then a:=200;

If (x[i]<20)or(x[i]>a) then x[i]:=xx[i];

If (y[1]<20)or(y[i]>100) then y[i]:=yy[i], end;
setcolor (15) ;
For i:=1 to N do circle(round(xx[i]) ,round(yy[i]),1);
setcolor (8) ;
For i:=1 to N do circle(round(x[i]) ,round(y[i]),1)
entr:=0; For j:=1 to 20 do begin m[j]:=0;
For i:=1 to N do

If (x[1i]>20*j)and(x[1]<20+20*j) then m[j]:=m[j]+1;
entr:=entr-(m[j]+0.01) /(N+0.01) *1In((m[j]+0.01)/(N+0.01)) ;
end; circle(round(10+t/10),400-round(entr*50),1);
until Keypressed; CloseGraph;
END.

TTporpamma TTP-5
{$N+} uses crt, graph;
const N=60; m=1; dt=0.00001; Lx=400; Ly=400; Nit=100;
var Fx,Fy,x,y,vx,vy,xx,yy: array[0..N+1] of single;
vir,pvir,Tk,Tem,a,t,ax,ay,F,1l,s: single;
Gd,Gm,i,j,k: integer; C:string;

Procedure Sila;
begin For i:=1 to N do begin Fx[i] :=0; Fy[i]:=0; end;
For i:=1 to N do for j:=1 to N do begin

If j<>i then begin l:=sqrt(sqr(x[i]-x[]j])+sqr(y[i]l-yI[]jl)):

If 1<8 then 1:=1; F:=(1000000/1/1/1-500000/1/1) ;

Fx[i] :=Fx[i]+F*(x[i]-x[]j])/1;

Fy[i] :=Fy[i]+F* (y[i]-y[j]l)/1; end; end; end;
BEGIN Gd:=Detect; InitGraph(Gd,Gm, 'c:\bp\bgi') ;
setbkcolor (15); setcolor(8); Randomize; a:=1;
For i:=1 to N do begin x[i] :=random(200)+50;

y[i] :=random(200)+50; vy[i] :=600* (random(100)/10-5) ;

vx[i] :=600* (random(100) /10-5) ; end;
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Repeat
t:=t+dt; If (t>0.1)and(t<0.5) then Tk:=1E+4 else Tk:=1E+6;
If Tem>Tk then begin a:=0.9999; circle(6,6,2); end
else a:=1.0001;
For i:=1 to N do begin ax:=Fx[i]/m; ay:=Fy[i]/m;
x[i] :=x[i]+vx[i] *dt+ax*dt*dt/2;
y[i] :=y[i]+vy[i] *dt+ay*dt*dt/2;
vx[i] :=a*vx[i]+ax*dt/2; vy[i] :=a*vy[i]+ay*dt/2;
vir:=vir+x[i]*Fx[1i]+y[i]*Fy[1];
If x[1]<50 then x[i] :=248; If x[1]>250 then x[i] :=52;
If y[1]<50 then y[i]:=248; If y[i]>250 then y[i] :=52; end;
Sila; Tem:=0;
For i:=1 to N do begin ax:=Fx[i]/m; ay:=Fy[i]/m;
vx[i] :=a*vx[i]+ax*dt/2; vy[i] :=a*vy[i]+ay*dt/2;
Tem:=Tem+m* (sqr (vx[i])+sqr(vy[i]))/2/N; end; inc(k);
If k mod Nit=0 then begin cleardevice; k:=0;
rectangle (50,50,250,250) ;
For i:=1 to N do circle(round(x[i]) ,round(y[i]),5)
pvir:=N*Tem/Lx/Ly+0.5*vir/Lx/Ly/Nit; vir:=0;
Str(Tem,C); OutTextXY(310,410,C);
Str (pvir,C); OutTextXY(310,430,C); end;
until KeyPressed; CloseGraph;
END.

TTporpamma TTP-6

{$N+}uses crt,graph; const N=140; dt=0.0003;
var Fx,Fy,x,y,vx,vy: array[l..N] of single;

t,Gd,Gm,i,j: integer; a,m,k,F,1,E : single; S: string;
Procedure Sila;
begin For i:=1 to N do begin Fx[i] :=0; Fy[i]:=0; end;
For i:=1 to N do For j:=1 to N do If j<>i then begin

l:=sqrt(sqr(x[i]-x[]j])+sqr(y[i]l-y[]]))~’

If (1>0)and(1<10) then F:=40000/1 else F:=0;

Fx[i] :=Fx[i]+F* (x[1]-x[]j])/1;

Fy[i] :=Fy[i]+F* (y[i]-y[j])/1; end; end;
BEGIN Gd:=Detect; InitGraph(Gd,Gm, 'c:\bp\bgi') ;
setbkcolor (white) ; Randomize; a:=1;
For i:=1 to N do begin y[i] :=104+random(194) ;
If i<N/2 then x[i] :=102+random(198)
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else x[i] :=302+random(198) ;

vx[i] :=random(800) /10-40; vy[i] :=random(800)/10-40; end;

Repeat Sila; inc(t); E:=0; m:=0.01;

For i:=1 to N do begin If i=N then m:=0.2 else m:=0.01;
vx[i] :=a*vx[i]+Fx[i]/m*dt; vy[i]:=a*vy[i]+Fy[i]/m*dt;
xX[1]:=x[i]+vx[i]*dt; y[i]:=y[1i]+vy[i]*dt;
E:=E+m* (sqr (vx[i])+sqr(vy[i]))/2;
If x[1]>500 then begin x[i] :=499; wvx[i]:=-vx[i]; end;
If x[1]<100 then begin x[i] :=101; wvx[i]:=-vx[i]; end;
If y[1]>300 then begin y[i] :=299; vy[i] :=-vy[i];, end;
If y[1]<100 then begin y[i] :=101; vy[i] :=-vy[i];, end; end;
If E>5E+5 then a:=0.999 else a:=1.001;
If t mod 5=0 then begin cleardevice; t:=0;
setcolor (8) ; rectangle(96,96,504,304);
For i:=1 to N do If i<N/2 then begin

setcolor(9); circle(round(x[i]) ,round(y[i]),3); end
else begin setcolor(2); If i=N then setcolor(5);
circle(round(x[i]) ,round(y[i]) ,5); end;

circle (round (x[N]) ,round(y[N]) ,2);
str(E,S); OuttextXY(250,350,S); end;

until KeyPressed; CloseGraph;

END.

TTporpamma TTP-7
{$N+}uses crt, graph;
const N=50; M=100;
var i,j,k,1,G6d,Gm,i1,3j1,t,M1,MM: integer; sl,p,Kon: single;
s: array [-1..N+1,-1..M+1] of integer;
Procedure RRR;
begin sl:=random(100)/100;
If (s[i-1,]j]=0)and(s1<0.25) then
begin s[i,j]:=0; s[i-1,j]:=1; end;
If (s[i+1l,j]=0)and(s1>0.24)and(s1<0.5) then
begin s[i,j]:=0; s[i+l1l,j]:=1; end;
If (s[i,j-1]=0)and(s1>0.5)and(sl<p) then
begin s[i,j]:=0; s[i,j-1]:=1; end;
If (s[i,j+1]=0)and(s1l>p) then
begin s[i,j]:=0; s[i,j+1l]:=1; end; end;
BEGIN M1:=30; Randomize;
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Gd:=Detect; InitGraph(Gd,Gm, 'c:\bp\bgi') ;
For i:=1 to N do For j:=1 to 10 do begin
s[i,j]:=1; s[i,M]:=1; end;
{For k:=1 to 2000 do begin i:=round(random(N-5))+2;
j:=round (random (M-5))+2; s[i,j]:=1; end;}
For j:=1 to M do begin s[1,j]:=1; s[N,]j]l:=1; end;
For i:=1 to N do begin s[i,1]:=1; s[i,M]:=1; end;
Repeat inc(t);
If t<100 then begin MM:=Ml;
For i:=1 to N do s[i,M1l]:=1; end else MM:=M;
If t=100 then For i:=2 to N-1 do s[i,M1]:=0;
For k:=1 to 10000 do begin
i:=round (random(N-2))+2; j:=round(random(MM-2))+2;
If s[i,j]=1 then begin Kon:=0;
For il:=i-2 to i+2 do For jl:=j-2 to j+2 do
Kon:=Kon+s[il,6 jl];
If Kon>2 then p:=0.85 else p:=0.65; RRR; end;
end;
inc(l); If 1 mod 20=0 then 1:=0;
delay (200) ; cleardevice;
For i:=1 to N do For j:=1 to M do
If s[i,j]=1 then begin circle(10+4*i,450-4*]j,2);
circle(10+4*i,450-4*3,1); end;
until KeyPressed; CloseGraph;
END.
TTporpamma TTP-8
uses crt, graph; const Kol shag=150; Kol isp=5000;
var n: array[-20..20]of integer; x:array[l..55]of real;
a,/b,i,j,k,DV,MV ,EC:integer; D,L,Y,z,S: real; St:string;
BEGIN DV:=Detect; InitGraph (DV,MV, 'c:\bp\bgi') ;
For i:=1 to 55 do x[i] :=random(10000)/10000;
a:=55; b:=24; j:=0; S:=0;
Repeat z:=0; inc(j);
For k:=1 to Kol _shag do begin
If x[56-a]>=x[56-b] then Y:=x[56-a]-x[56-b] else
Y:=x[56-a]-x[56-b]+1;
For i:=1 to 54 do x[i]:=x[i+1l];, x[55]:=y;
If x[55]<0.5 then z:=z-(0.5-y) else z:=z+(y-0.5); end;
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For i:=-15 to 15 do If (z>=i)and(z<i+l) then inc(n[i]);

S:=z*z+S;
until (j>Kol_ isp)or (KeyPressed) ; D:=S/(Kol_isp—1);
str(D,St); OuttextXY(50,50,St) ;
For i:=-15 to 15 do circle(330+i*10,450-round(n[i]/3),2);
Repeat until (KeyPressed); CloseGraph;
END.

TTporpamma TTP-9

Uses crt, graph; const N mol=50; N isp=15000;
Var n: array[0..N mol+l] of integer;
l,p,xx : real; s,ii,i,]j,k,z,t,£,DV,MV : integer;
BEGIN Randomize; clrscr;
Repeat k:=k+l; s:=0;

For i:=1 to N _mol do begin xx:=random(1000)/1000;

If xx<0.5 then s:=s+1; end; {writeln(s);}

For i:=0 to N mol do if s=i then inc(n[i]);
until k>N isp;
For i:=0 to N mol do writeln(i,' ', n[i]/N _isp,'|");
DV:=Detect; InitGraph(DV,MV, 'c:\bp\bgi') ;
line(0,400,10*N mol, 400);
For i:=0 to N _mol do circle (10410*i,400-round(n[i]/10),2);
Repeat until KeyPressed; CloseGraph;
END.

TTporpamma TTP-10
{$N+} uses crt, graph;
const N=144; m=1; dt=0.02; Lx=200; Ly=200; Km=200;
var x,y,Xx,yy: array[-2..N+2] of real;
aa,bb,min,sl1l,U,Ul,a,t,1l,p,s: single;
g,q,Gd,Gm,i,j,k: integer; C: string; Label ml,m2, m3;
Procedure Energy;
begin U:=0; For i:=1 to N do For j:=1 to N do begin
If j<>i then begin s:=abs(300-y[i])
l:=sqrt(sqr(x[i]-x[]j])+sqr(y[i]l-y[3]))’
U:=U-1500/1/1-0.1*y[i]+500/s/s; end; end; end;
BEGIN Gd:=Detect; InitGraph(Gd,Gm, 'c:\bp\bgi'); Randomize;
For i:=1 to N do begin k:=round(i/12) ;
x[1] :=250+15*i-k*180; y[i] :=100+15*k; end;
Repeat q:=round(random(n*10)/10) ;
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For g:=1 to 5 do begin ml: aa:=x[q]; bb:=y[q];
x[q] :=aa+ (random(200) /100-1) *15;
y[q] :=bb+ (random(200) /100-1) *15;
If Keypressed then goto m2;
For j:=1 to N do If ((g<>j)and(sqr(x[gq]-x[j])+
sqr (y[ql-y[31)<90))or (y[q]>299) then
begin x[q]:=aa; y[q] :=bb; goto ml; end; Energy;
If U>min then begin p:=1/(l+exp(t* (U-min)*6/Km)) ;
circle(10,10,3); sl:=random(100) ;
If sl<p then min:=U else begin x[q]:=aa; yl[q]:=bb; end;
end;

If U<=min then min:=U;

If U<=min then begin cleardevice; line(0,300,600,300)
For i:=1 to N do circle(round(x[i]) ,round(y[i]),h5);
Str(p,C); OutTextXY¥(310,350,C); Str(k,C);

OutTextXY (310,10,C); Str(min,C); OutTextXY(310,410,C);
Str(U,C); OutTextXY(310,430,C); end; end; inc(k);
If k mod Km=0 then For g:=1 to 6 do For g:=1 to N do
begin m3: aa:=x[q]; bb:=y[q];
x[q] :=aa+ (random(200) /100-1) *2;
y[q] :=bb+ (random(200) /100-1) *2;
If Keypressed then goto m2;
For j:=1 to N do If ((g<>j)and(sqr(x[gq]-x[j])+
sqr(y[ql-y[j]1)<90))or(y[g]l>299) then begin x[q]:=aa;
y[qgq] :=bb; goto m3; end;
k:=0; min:=0.6*min; t:=0; end;
until KeyPressed; m2: CloseGraph;
END.

TTporpamma TTP-11

{$N+}uses crt, graph;
const N=50; M=50; jj=1; Temp=0.2; N _shag=100;
var i,j,k,11,u,Gd,Gm: integer;
Sm,sl,p,h,E,EE,dE,x,a,fi, fil,fi2 : single;
s : array [1l..N,1..M] of single; C: string; Label metka;
Procedure Energy;
Var i,j : integer;
begin E:=0; dE:=0;
For i:=2 to N-1 do For j:=2 to M-1 do begin
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E:=E-jj*(s[i,j]*s[i+1l,]j]+s[i,]J]*s[i-1,]]+s[i,]]l*s[i,j+1]+
s[i,j]*s[1,J-1]140.7*(s[i,j]*s[i+1,j+1]+s[i,j]l*s[i-1,]-1]+
s[i,j]l*s[i-1,j+1]+s[i,j]l*s[i+1,j-1])) ; end;

For i:=2 to N-1 do For j:=2 to M-1 do begin h:=2;

{If (i>0.6*N)and(j>0.6*M) then h:=-2.5;
If (i<0.4*N)and(j<0.4*M) then h:=2.5;}
dE:=dE-h*s[i,]j]; end; E:=E+dE; end;

Procedure Draw;

begin cleardevice; For i:=1 to N do For j:=1 to M do
begin If s[i,j]=1 then setcolor(red);

If s[i,j]=-1 then setcolor (blue)

If s[i,j]=0 then setcolor(green); circle(7*i,7*j,1);
circle(7*i,7*j,2); circle(7*i,7*3j,3); end;
Str(Sm,C); OutTextXY(310,410,C); Sm:=0; end;

BEGIN Gd:=Detect; InitGraph(Gd,Gm, 'c:\bp\bgi'); Randomize;

For i:=1 to N do For j:=1 to M do begin s[i,j]:=0;
p:=Random(100) /100; If p<0.33 then s[i,j]:=-1;

If p>0.66 then s[i,]j]:=1; end; Draw;

Repeat inc(11);

For k:=1 to round(N*M/10) do begin Energy; EE:=E;
i:=l+4+round(random(N-1)); j:=l+round(random(M-1)) ;

If s[i,j]=1 then begin u:=1; s[i,j]:=0; goto metka; end;
If s[i,j]=-1 then begin u:=-1; s[i,]j]:=0; goto metka; end;
If (s[i,j]=0)and(random(100)>50) then s[i,j]:=-1

else s[i,j]:=1;
u:=0; metka: Energy; If (E>EE) then s[i,]j]:=u; end;

For i:=1 to N do For j:=1 to M do begin sl:=random(100)/100;
If sl<exp(-1/Temp) then s[i,]j]:=-s[i,]j];
Sm:=Sm+s[i,j]/N_shag; end;

If 11 mod 10{N_shag}=0 then Draw;

until KeyPressed; CloseGraph;

END.
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