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BBEJAEHHUE

OcobOeHHble  (UBUKO-XUMUYECKUE,  DJICKTPOMArHUTHBIC, ONTHYECKHE U
MEXaHUYECKHE CBOMCTBA KOMIIO3UTHBIX M OPOIIKOBBIX MaTepUalioB [ 1; 2], comeprrammmx
HAHOYACTHUIIbl, UMEIOT IIIUPOKUHN CIIEKTP NPUMEHEHHUS IPU U3TOTOBJICHUU JEKTPOHHBIX,
ONTUYECKUX M MAarHUTHBIX YCTPOMCTB [3], CO3MaHMU CIHEIUATbHBIX Kepamuk [4],
KOMITO3UTHBIX MAaTepuaiaoB [5 — 7], KaTaau3aTOpOB XWMHUYECKUX peakuuid [8; 9],
JIOMUHECLIEHTHBIX OMOJIOTUYECKUX METOK U XUMuueckux cencopon [10; 11], a Taxxe B
menunuHe [12], papmaneBtuke [13; 14] 1 HAHOOMOTEXHOJIOTHYECKHUX pa3padboTkax [15;
16]. Ilog HaHOYAaCTUIIAMU NIPUHSTO MOHUMATh YaCTHULBI, pa3MeEpPhbl KOTOPBIX HAXOMITCS B

nuamnazone 1...100 am [17].

Pa3MepHble, CTpYyKTypHble © MOP(OJIOrMYECKHE TapaMeTpbl HAHOYAaCTHIL
SIBJISFOTCS OTIPEISIISIFONTUMU I XUMUYECKUX U (PU3NYECKUX CBOMCTB, COJEPIKAIIUX ITH
yactullbl MarepuasioB [18 — 24]. K xopomo cebs 3apeKOMEHI0BaBIIUM METOJIaM
noJiy4eHus: ”HGOPMAIIMK O TaKUX MapaMeTpax OTHOCSTCS:

— aTOMHO-CHUJIOBasi MUKpOCKoIHus [25];

— MPOCBEUYMBAIOIIAS JICKTPOHHAS MUKPOCKOIHS [26];

— CKaHUPYIOIAsl JIEKTPOHHAs! MUKpOCKomus [27];

— IMHAMUYECKOE paccesiHue ceera [28];

— MAJIOYTJIOBOE HEUTPOHHOE M PEHTICHOBCKOE paccesinue [29 — 31].

ManoyrnoBoe peHtreHoBckoe paccesnue (MYPP)  Boigensercs  cpenu
MPEACTaBIEHHBIX METOJ0B BO3MOXKHOCTBIO MCCJIEIOBAHUS 00Pa3llOB Pa3IUYHbIX THUIIOB:
MTOPOIIKH, a3PO30JIM, TBEPAbIE BEIIECTBA, KOJUIOWIHBIE CYCIIEH3UA W TOHKHE IUJICHKHU.
OkcniepuMenT 1o MYPP He TpeOyeT cepbhE3HbIX BpeMEHHBIX M TEXHUYECKHX 3aTpaT Mpu
MOAroToBKe 00pasia. [1o cpaBHEHUIO ¢ APYTUMU METOJIAMU MAJIOYTJIOBOE PEHTTEHOBCKOE
paccesiHue MO3BOJISIET TOCTPOUTD 00JIee CTATUCTUIECKU TOCTOBEPHYIO MOJICIIb CUCTEMBbI
HaHovacTull. MYPP, naet BO3MOXXHOCTh MOJIy4UTh HHPOPMAIIHIO O YacTUIIax in-situ [32
— 34] B miporiecce ux pocra.

Baxneitmelr 3amaueit  uHTepnperanuu gaHHbix MYPP  saBusercs  BBIOOp

HaWJTy4lIeil MOJENH, OMUCHIBAOUIEH (JOpMy YaCTHUIL U UX pACIIPEICTICHUE IO pa3MepaM.



Pemienne MHTErpaibHOrO YpaBHEHHUS, OIPEACISIONIECTO MHTEHCUBHOCTH MYPP
4yepe3 CTPYKTypHbIE U MOP(]OJOTHYECKHE XAPAKTEPUCTHKU CHUCTEMBI, OTHOCHTCS K
KJIACCYy HEKOPPEKTHBIX OOpaTHbIX 3ajad. [Ipu 3TOoM BakHOe 3HaueHUE NpuoOperaer
ONPEAEIECHNE MOAECIN CIMHUYHOW YaCTUIbl U CBEICHUS, MOJYYECHHBIE C IMOMOUIBIO
CTOPOHHUX JKCIEPUMEHTAIIBHBIX METOJIOB.

Jist pa3Hbpix 1o (opMe YacTUIl pachpeliesieHue, HaXOIWMOE CTaHJIapPTHBIMU
METO/IaMH, BBIYMCIISIETCSA O Pa3HbIM MapaMeTpaMm 4YacTUll] (Mmapajuieienunes — AJIuHa
pebpa, map — AuameTp, UIMICOMI — MOoJiyocu W Tak pganee). IIpu Takom moaxone
CPaBHEHHUE PACIIPEIECIICHUN YaCTHULl, KOTOPHIE HAXOAATCA IO OAHOM KPUBOW PaCCEsHUS
MpU a0COJIIOTHO PA3IUYHBIX TUIIOTE3aX 00 ux opme, He UMEET CMbIcTa. B Toxe Bpems,
JUISL TOro 4ToObl MpoBepsATh 3PGHEKTUBHOCTh MPOLEAYPHl PEIICHHS OCHOBHOTO
WHTETPAJIBLHOTO YpaBHEHUS HEOOXOAMMO IMOCTPOUTH MOJEIb CHUCTEMBI C IMOMOIIBIO
pacrpeneneHus o HEKOTOpoMy YHUGHUITMPOBAHHOMY pa3MepHOMY lapameTpy. B Teopuu
PEHTTEHOBCKOTO PACCESHHS UIMEETCSl YHUBEPCAIBbHBIN MapamMeTp — paauyc rupanuu [29],
KOTOPBI TPUMEHHMM JUIsl ONUCAHWS 4YacTullbl Jooou ¢opmel. Kpome Toro, B
OOJBIIMHCTBE HCCIEAOBAHUI TOA pacmpelesieHueM TI0 pa3MepaM TMOHHUMAIOT
pacnpenesieHue KoaumdyecTBa yacTull. J[Jisi MpakKTUYECKUX HYXk I, HECOMHEHHO, Ba)KHEE
pacripezienieHue 00beMHBIX Jo0Jiel yacTuil. B manHo#l paboTe mpeasiaraeTcsi B Ka4eCTBE
OCHOBHOM (PYHKIIMH, OIKCHIBAIOIICH TMOJHIUCIIEPCHYIO CHUCTEMY, HCIOJIb30BaTh

¢yskuumio f(R,) pacnpezesneHus 00beMHBIX TONECH Mo paauycam rupauun (Volume

fraction distribution function, B nansueitimem VFDF). D10 maet BO3MOXXHOCTB JIsl BCEX
dbopM  HWCCIEAyeMBIX YaCTHII HWCCICAOBaTh M  CPaBHUBATh  PACIPEACIICHHUS
HEIMOCPEICTBEHHO MEXy COOOM.

C obopynoanuem [36 — 38] mis usmepenuss MYPP, kak npaBuiio, mocraBisieTcs
TOTOBOE MPOrpaMMHOE 00ECIIeUCHHUE, CTICIMANIBHO aJaNTHPOBAHHOE IO/ Y3KHH CIICKTP
3aJad M OKCIICPUMCHTAIBHYIO YCTAaHOBKY, YTO OIPaHWYHMBACT TIOJC JCHCTBHI
uccienoBarens (PUKCUPOBAHHBIM 3aJI0KEHHBIM YUCIIOM Mojeiaeii u MeTomoB. OOBIYHO
UCIIOJIB3YIOT CXEMbI, B KOTOPBIX MPOBOJUTCS TOUCK IMApaMETPOB PACHPEIACICHUS
3aJJaHHOTO BHJIA, TAKUX KaK pacrpeaeneHue ['aycca, mornopmaibroe, [lynpia-3umma u

Tomy nogoOHoe [39 — 41]. OnHako Ipu TaKOM TMOJIXOJE €CTh PUCK IMOJTYYUTh HEBEPHOE



pelieHrue B TOM Cilyyae, Korja BUJ pacrpeseseHus win ¢opMa pacceuBaresss ObLIU
BbIOpaHbl HeBepHO. [Ipu moctaBke O0OpyIOBaHMS MJI HCCIEIOBAHUSI MaJOyIJIOBOTO
PEHTITEHOBCKOTO PAacCesHUsl MPOTPAMMHBIE NAKEThl MMEIOT Y3KYH0 OpPHUEHTAlUI0 Ha
JaHHOe O0OOpYIOBaHWE W 3aKPBITBIM MPOTPAMMHBIA KOM, CIEIO0BaTEIbHO, JHOOBIE
MomU(UKAIIMK HUCKITIOYArOTCA. TakuM oOpa3oMm, 3adada CO3IaHUS IMPOTPAMMHOTO
oOecreyeHus: C OTKPBITBIM MCXOAHBIM KOJIOM, HE TMPUBA3aHHOTO K KOHKPETHOMY
AKCIIEPUMEHTATLHOMY 000PYIOBaHUIO M TIO3BOJISIOIIECTO BBIUUCIISATH pacipeielicHue, He
WCIIONB3YS allPUOPHBIX NPEANOI0KEHAN O €r0 BUJIE, SIBISIETCA aAKTYaJIbHOM.

B kauectBe ocHoBHOro Meroaa BeluucieHus VFDF Obu1l BbIOpaH onuH u3
3(Q(HEKTUBHBIX METOOB pEIICHHS HEKOPPEKTHBIX OOpaTHbIX 3aad — METO[
OaitecoBckoro ananusza (MBA), koTopelii ObLT aganTUpOBaH W MOAUMPHUIIMPOBAH B
MIPOIIECCE BBHIMOIHEHUS JaHHOUM paboThI[42].

B OonpmmHCTBE ciydaeB 3ajaya BOCCTAaHOBJICHUSI (DYHKIMU pacIpenesieHus
pa3MepoB MO HMHTEHCUBHOCTH pACCESHHsS pemaercs 0e3 ydera MeXYaCTUYHBIX
MHTEeP(PEPEHIIMOHHBIX BKJIAJOB. Takoil MOAXOJ MPUMEHUM K CHIIBHO pPa3peKEHHBIM
cucremam. [log pa3pekeHHBIMM CHCTEMaMHU MOIPA3yMEBAIOTCSI CHUCTEMBI, B KOTOPBIX
o0beMHasi JI0Ji1 PAacCEUBAIOIIEIO BEIIECTBA HE MPEBBINMIACT HECKOJIBKUX MPOIEHTOB.
OpHako Npy UCCIEA0BAaHUN HEMOCPEACTBEHHO MOPOIITKOBBIX 00pa3I0B J0JIs 3all0THEHUS
o0beMa pacCEHBAIONIUM BEIIECTBOM MOXKET COCTAaBJISATh 3aMETHYIO0 BennuuHy (110 40%
[43]), u mnpeHeOpexxeHue HHTEPPEPEHIMOHHBIMUA BKJIAJaMHU TMPU BOCCTAHOBIICHUU
pacrpefeneHuss Mo pa3MepaM MOXET MPUBOAUTh K 3HAUUTENIbHBIM HCKAXKEHUSAM
BOCCTaHOBIEHHOW (yHKuuu pacnpenenenus [44]. CymecTByrolee aHAIUTUYECKOE
BBIpAXXEHUE [IJI1 UMHTEHCUBHOCTH MAJIOYIJIOBOTO PACCESTHUSA C YYETOM MEXKYaCTUUHOU
uHTEephEPEHIIMM B TUIOTHOM CHCTeME MJisi apooOpa3Hbix dYactwil [45] mo3BOISET
pa3pabarbiBaTh MOAXOABl pelieHus OOpaTHOM 3aJayu  BOCCTAHOBJIEHUS (YHKIIHUH
pacrpeneneHus pa3MepoB JJIs TAKUX CUCTEM.

Heabo padoTbl sBISETCS CO3JaHUME METOAA BBIYUCIICHUS PACHPENENICHUS 10
pasMepaM B HEYINOPSAOYECHHOW IIOJUMIUCIIEPCHOM CHUCTEME HAHOYACTUL  JUJIA
pacceWBaTeseil B UENAX HMHTEPHPETAUUU  SKCIEPUMEHTAIBHBIX  JAHHBIX MO

MaJIOyITIOBOMY PCHTICHOBCKOMY PaCCCSIHHUIO.



B npemnaraemoii pabote ObLIM MOCTABIECHBI M PEUIEHBI CIASAYIONINE 3a/1a4H:

1. Omnpenenena Mofelnb paccessHUS B (OpMEe HHTETPAIbHOTO ypaBHEHUS,
CBSI3BIBAIOIIETO TEOPETHUECKYI0 MHTeHCMBHOCTh MYPP u ¢ynkunu VFDF 6e3 yuera
nHTEepEPEHITMOHHBIX BKIIAJIOB B PACCESIHHE.

2. Coznana momudukauus MBA nans pemieHrs yka3aHHOTO HWHTETPATbHOTO
ypaBHeHus 11 npou3BoiabHOM QyHkimu VFDF u paznuunbix dopm HaHOYACTHIL.

3. Pa3pabotano w  BHeIpeHO  KpocCIUIaTPOPMEHHOE  MPHIOKEHUE,
peanu3yroliee MeTOJA BbIUMCICHHS MojenbHbIX ¢yHkuuii VFDF, a Takke meton
BBIUHCIICHUS YAECIbHOM MOBEPXHOCTH PACCEMBATENIEN IO 3aJaHHOMY pPacCIpEACICHUI0
paguyCcoB TUPALUH.

4. [ToarBepxkaeHa 3(PEeKTUBHOCTh JAHHOTO METOJa Ha TECTOBBIX KPHUBBIX
uHTeHCMBHOCTH MYPP oT nonuaucnepcHbIX CUCTEM YacTHI] Pa3HbIX GOPM C TUITMYHON
dbyHKIMEH pactipeneneHns 00beMHbBIX JI0JICH.

3. [Toctpoen wuTepanvoHHbli MeTon  BbluuciaeHuss ¢yHkuuu VFDF
Iapoo0pa3HbIX YacTUI[ MO UMX pagdycaM THUpaldd C YYETOM MEXYaCTUUHBIX
uHTEpPPEPEHIIMOHHBIX BKJIaJ0B B MHHTCHCUBHOCTH PACCESHHUSI.

6. [TpoBepeHa >3 PeKTUBHOCTH UTEPAITMOHHOTO METOJIa HA TECTOBBIX KPUBBIX
M CXOAUMOCTb Ha SKCHEPUMEHTAJIbHBIX KPHUBBIX HMHTEHCUBHOCTH MAaJOyTJIOBOIO
PEHTT€HOBCKOTO PACCESHUS OT ITOPOIIKOB HAHOYACTHII.

Hayuynasi HoBu3Ha padoThI:

1. Jana popmynupoBka 0OpaTHOM 3a1a4d MAaTEMAaTHYECKOTO MOICTUPOBAHUS
MOJIUUCTIEPCHOM  cucTeMbl 1o gaHHeiIM  MYPP  nns  paccesnuss 0e3  ydera
UHTEP(PEPEHIIMOHHBIX BKJIAJ0B, HCMOJB3YIONIAs] YHHUBEPCAIbHYIO [IJII BCEX THUIIOB
pacceuBaronmx 00bekToB Qynkiuo VFDF.

2. Pazpaborana monudukamuss MBA, paboTtaroiias Ha MPOU3BOJILHON CETKE
apryMEHTa U UCIIOJb3YIOIIas pa3BUTYI0 CUCTEMY KPUTEPHUEB KauecTBa BhIOOpa CETKU U
ONTUMAJILHOTO 3HAYEHUS PETYJIApU3aTOPA.

3. Pa3paboran wurtepanmoHHblii MeTo] BbluuciaeHus ¢yHkiuu VFDF s
MOJIUTUCTIEPCHOM ~ CHUCTEMBI  IIApOOOpa3HBIX  pacceuBaTeliell ¢  TOTEHIMAIOM

B3aUMOJIEUCTBUS TBEPBIX chep, yUUTHIBAIOUIMHN BKJIAJ MEXUYACTUYHON HHTEphEpEHIIUN



B UHTEHCUBHOCTb PACCESHUS.

Ha 3amuTy BoIHOCHTCS:

1. Meton Beuucienus ¢yskuumn  VFDF  no mamaeim MVYPP s
MOJIUTUCTIEPCHOM CHUCTEMBI YaCTHI] pa3HBIX ()OPM U aHU30METPUIHOCTH.

2. Meron omnpexneneHus NapaMeTPOB OTIACIBHOM YacTHUII C ITOMOIIBIO
cpaBHeHHUs BbluMCIeHHOW 10 VFDF yaenpHOW NIOBEPXHOCTHM C HE3aBUCHUMBIMU
AKCIIEPUMEHTAIBHBIMU JJAHHBIMU.

3. Meton Bbluuciaenus ¢ynaknuun  VFDF ¢ ydetoM  MeX4acTHYHBIX
uHTEpPPEPEHIIMOHHBIX BKJIAJIOB B UHTEHCUBHOCT, MY PP 11 monuaucnepcHbIX cuctem
1apooOpa3HbIX YaCTHUI[ C TOTEHIIMAIOM B3aUMOJEHCTBUS TBEPBIX cPep.

IIpakTHYyeckasi 3HAYMMOCTH U BHEPEHUE Pe3y/IbTATOB:

[Iporpammusbiii  maker SAXSEV, peanmusyroomuii pa3paboTaHHbIE METOJIbI,
MPEAHA3HAYEH JUI1  MOJCIMPOBAHUS  IOJIUAUCIEPCHOM CHUCTEMBI Ha  OCHOBE
DKCIEPUMEHTAIBHOM HMHTEHCUBHOCTM MYPP U He3aBUCHMMBIX 3KCIIEPUMEHTAJIbHBIX
nanHbiX. C noMonibto nakera Beuucisierca pynkuusa VFDF (QyHkuus pacnipeneneHus
OOBEMHBIX JOJIE€H HAHOYACTHI[), HUMEIOMas MPAKTUYECKYI0 3HAYUMOCTb  JIS
npousBoguTeaed U norpeduteneit HanomarepuasnioB. SAXSEV 1mo3BoJisieT BBIUUCIATH
VFDF He Tonbko IJii pa3peKEeHHBIX TOJUJUCTIEPCHBIX CUCTeM, HO (B clydae
mapooOpa3HbIX YacTHI) M JJIS CHUCTEM C OOJIBIION JoJiel 3amojJHEHUsT 00beMOM
pPacCEenBaroOIINM BEIIECTBOM, TO €CTh HEMOCPEICTBEHHO ISl MOPOIIKOB. MTepalimoHHbIN
MeTof [46], penIoKeHHbIN 11 MOASTUPOBAHUS TJIOTHBIX CUCTEM Ha OCHOBE JAHHBIX
MYVYPP, moxxer ObITh B HalibHEWIIIEM MPUMEHEH JJIsl YacTHI[ JPYTuX (GoOpM C JPyruM
XapaKTEPOM B3aUMOJICUCTBUS.

B nporpamMmHbIi KOMIUJIEKC BKITIOUeHO Web-TpuiiokeHue, KoTopoe 00ecreunBaeT
OOIIeIOCTYITHOE CUCTEMATU3UPOBAHHOE XpAaHEHUE JaHHBIX, TMOJYYEHHBIX B XOJIE
AKCIEPUMEHTA 10 MaJOy[JIOBOMY PEHTIEHOBCKOMY PACCESHHIO, U COOTBETCTBYIOIIMX
STHM JAHHBIM PE3yJIbTaTOB MOAEIUPOBAHMUS.

Pa3zpaboTanHblif mporpaMMHBIN akeT ObLI MPUMEHEH JIS:

- U3y4eHus: MOPGHOJIOTUH YACTHI] HAHOTIOPOIIIKA JTUOKCUAA IIUPKOHHUS, TIOPOIIIKOB,

co3naBaemMbix B cucremax ZrO2-Gd203 u ZrO2-Y203 mnpu rugporepMaibHbIX



10

YCIOBUSIX;

- MOJICJIMPOBAHUS CTPYKTYPHhI MOPOIIKOB U3 YITIEPOIHBIX YACTHIL], OJYYECHHBIX C
MOMOII[bI0O BOCCTAHOBJICHHUS KapOUIHBIX HAHOMATEPUANIOB, a TaKXKE MMOPOUIKOBBIX
HAIIOJIHUTEJIEN W3 HAHOYACTHI] JAETOHALMOHHBIX HAHOAJIMA30B M OKCHJIA KPEMHUS B
COCTaBE KOMIIO3UTHOTO MaTepuana [47 —49].

Bce nepeunciieHHbIe BBIIIE HCCIIETOBaHNS NTPOBOAMINCE B YHHBEpcuTeTe UTMO,
OI'VII «HUUCK», PTTIY u ®TU PAH.

Pesynbratel pabotel gokianeiBamuch Ha XL XLIII, HayyHelX u yuyeOHO-
MeToanyeckux kKoHpepenuusx Yausepcurera UTMO (2011-2014 rr, . CI16.), [, [T u X
Konrpeccrel mononbix Yuensix (2012, 2014, 2021rr., . CII6). Ilo TeMe muccepranuu
OITyOJIMKOBaHBI TPH MEYaTHbIC paOOThl B U3JJAHUSAX, BKIIOYCHHBIX B nepeueHbr BAK PD
[45, 46, 50, 51], momydyeHo 4 CBHAETENHCTBA O TOCYJAPCTBEHHOW PETHCTPALU
nporpamMmbl 1t DOBM [52 — 55]. Jlns mpencraBieHus pe3ysbTaToB pabOTHI CcO3aHa
peIMETHO-OprueHTHpoBaHHas uHpopmarmonHas b/ [51], moiy4eHo CBUAETENHCTBO O
rOCyIapCTBEHHOM peructpanuu [54].

JInunblii BKJIaJ aBTOPa B padoTax, BHINIOJHEHHBIX B COABTOPCTBE, BKIIIOUALT:

— BBeAeHue pyHkuun VEDF u yyacTuu B mocTaHOBKE 33/1a4d MOJEIUPOBAHUS IPH

MTOMOIIH 3TON (PYHKITUU TOJIMIAUCTIEPCHOM CUCTEMBI TI0 TaHHBIM MY PP;

— MOJIy4YEHHE OCHOBHOIO YPaBHEHHs, CBS3BIBAIOIIEIO MHTEHCUBHOCTH MYPP ¢

¢ynkuumert VFDF nist pa3audHbIX TUIIOB €IMHUYHBIX paccerBaTelei;

— monupukamuio merona MBA nnsa Beruucinenuss VFDF u pazpabotky mertona

BbIOOpA ONTUMAJIBHBIX TAPAMETPOB MOJIEIM Ha OCHOBE CUCTEMBI KPUTEPUEB;

— pa3pabOTKy MeToAa OINpEACNIeHHUs THUIAa MOJAEIM pacceuBaTessi Ha OCHOBE

AKCIIEPUMEHTANILHBIX JAHHBIX 00 yIeIbHOU MOBEPXHOCTH;

— pa3paboOTKy UWTEpalMOHHOIO METO/a pelIeHUs 3aJa4d JJid  CHCTEM

1apooOpa3HBIX YACTHUIl C YUYETOM MEKYACTUUHBIX HHTEP(EPECHIIMOHHBIX BKJIAJIOB

B MHTEHCUBHOCTb PaCCESHUS,

— MPOEKTUPOBAHUE U Pa3pabOTKy IMaKeTa MPOrpaMM JIJIsi BRIUUCICHUS (PYHKIUU

VFDF no manaeiMm MVYPP, a takxke web-mipuiokenust isi XpaHEHHUS JTaHHBIX

HaTypHOIo 1 MOACJIbHOI'O OKCIICPUMCHTOB;
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— MPOBEAECHUE U MHTEPHpETAUsl PE3YyJIbTaTOB MMHUTALMOHHBIX 3KCIIEPUMEHTOB,

MOKA3bIBAIOIINX dPPEKTUBHOCTH MPEATIOKESHHBIX METOIOB.

B mnepBoii m1aBe mpoBeneH 0030p METOAOB HUCCIEIOBAaHUS TMOJHAUCIIEPCHBIX
CHUCTEM HAaHOYACTUII ITO JaHHBIM MY PP.

Bropas rinasa onucsiBaeT Monupukanuio MBA miis Beruncnenus gpynkiuu VFDF
u3 MYPP.

B TpeTnbeii r1aBe mpencTaBieHbl pe3yabTaThl MpoBepku 3¢ dexktuBHOCTH MBA
st Berunciienuss ¢ynkuun VFDF u nokazana BO3MOXKHOCTB ompeneneHus (Hpopmbl
YaCTHI] HA OCHOBE BBIUUCIIEHHOM ¢ oMol VEDF ynenbHOM NOBEPXHOCTH.

B 4erBepToii I1aBe JaHO OMUCaHUE Pa3zpabdOTAHHOIO KPOCCILUIAT(HOPMEHHOTO
npuiokenust st Berurciienus ynkiuun VEDF u ynensHO#M MOBEpXHOCTH MO JAaHHBIM
MYVYPP or nonuaucrnepcHbIX MOHOMOP(HBIX CUCTEM YacCTHUIl TPEeX pa3IudHbIX (HOpM C
IIPOU3BOJILHOM aHU30METPUYHOCTHIO.

B nsaToj raBe npeacTaBieH pa3padoTaHHbIN UTEPALIMOHHBIN METO/T BEIYUCIICHHUS
¢yakuun VFDF nns cuctembl 1AapoOOpasHBIX YacTUI[ C YYETOM MEKYACTUUHBIX
uHTEepPEPEHIIMOHHBIX BKJIAJ0B B UHTEHCUBHOCTE MY PP.

IIlecrasi 1aBa MOCBSANIEHA NPUMEHECHUIO UTEPALMOHHOTO METOAA BBIYMCIICHUS
GyHKIMHU pacnpeneneHuss 00beMHBIX A0JEH I aHAIU3a SKCIIEPUMEHTAIbHbIX JaHHBIX.

B 3akii0uennu copMyaupoBaHbl OCHOBHBIEC PE3YJIbTAThl UCCIICIOBAHUA.

B npuiioxkenusix A — D npencraBiieHbl, COOTBETCTBEHHO:

BBIBOJT (hopmyitbl aiis iorpenrHocTd ¢pyHkimu VEDEF;

AHAJIINTUYECKOE BBIPAXKEHUE JUIsI HHTEHCHUBHOCTH MYPP ¢ yuerom
MEXYaCTUYHON MHTEp(EPEHLMHU OT CUCTEMBI IAPOOOPA3HBIX YACTHI] C MOTECHIIMAIOM
B3aMMOJICHCTBUS TBEPABIX cep U 3aMaHHONW (PYyHKIMEH pacrpenesieHus 4YacTHll IO
pa3mepam.

— onvcaHue web  NpPUIOKEHHS Jis arperaiuuyd JaHHBIX MajoyIJIOBOTO
peHTreHoBckoro paccessuusi SAXSDB1.02;

AKTBI BHEAPEHUS
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I'maBa 1. AHasimTHYeCKUIl 0030p METO0B MCCJICA0BAHUSA
MOJIUIUCIEPCHBIX CHCTEM HAHOYACTHIL 10 TAHHBIM PEHTIT€HOBCKOI0
MAaJIOYIJIOBOTO PacCesiHUs

1.1. CootHomeHue Mexay GyHKIHel pacnpeae/ieHUs 10 pa3MepaM U

HHTCHCUBHOCTBLIO PACCEAHUA

B momaBimstromieM  OOJIBIIMHCTBE  METOOMK — aHaianW3a  JaHHbIX MYPP
MPEANOaraeTcsi, YTO HWHTEHCUBHOCTh PACCESHHSI OMNpENeNsaeTcss Kak CcyMMa
MHTEHCUBHOCTEM paccesHus OTACIbHBIMU YaCTUIIAMU W BIUSIHUE MEXKYACTUYHOU
uHTephepeHIn He yuuTbiBaeTcsa [31]. DTO mpennosiokeHre BBIMOIHSAETCS, €CIU
CUCTEMa OJHOPOJHA U COOCTBEHHBIH O0BEM HAHOYACTHUII-pAcCEMBATEIC Mall 1o
CpaBHEHUI0O ¢ 00beMOM oOiyyaemMoro obOpasna. B 3Tom cioydae, B OCHOBHOM,
pacnpenesieHue D(r) YacTUIl MO pa3MepaM OINpPEIeNIeT KPUBYH) HHTEHCUBHOCTH
paccestHusl.

NHTEHCUBHOCTH pacCestHUS JIJIs YaCTHUI] OJMHAKOBOU (POpMBI cBsi3aHa ¢ (yHKIMEH

D(r) ypaBHenueM [31]:

1(q)= [ D)1, (g, rym’ (r)dr, (1.1)

I€ ¥ — XapaKTepHbIA pa3Mep YacTULbl (HampuMmep, JUIsl apooOpa3HbIX —
paauyc, 1l KyOu4eckux — IjuHa pedpa U Tak Janee);

4 .
q= %sm(@/ 2) — Momynb BekTOpa paccestHus (0 — yroxn paccestHus, A —

JUTMHA BOJIHBI U3JTyUYEHUS);
m(r) — KOJIMYECTBO JIEKTPOHOB B OJHOM YACTHIIE;

I, — HopMHpOBaHHAasA, yCpeAHEHHAS TI0O OPUCHTAIUSIM WHTEHCUBHOCTD

paccesiHus OTHOUW YaCTULIEH.
Ecnu B 00pasiie uMeroTcsi 4acThllbl pa3Hol (popmbl, TO 0OlIasi HHTEHCUBHOCTD
cKkiagpiBaeTcsi W3 wuHTeHcuBHOcTed (1.1) mo xkaxkmow rpymme. Madopmarus o
MOP(OJIOTUN YACTH MOXKET OBITH MOTyUYeHa albTePHATUBHBIMU MO OTHOIIEHUIO K MY PP

METOIAMU, HAIPUMEP, C IMTOMOIIBIO AJIEKTPOHHOM M CHIIOBOM MUKpOCKonuu [26]. 3agada
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Boruncinennss ¢yskiuu D(r) mo wmnTeHcMBHOcTM MYPP (1.1) B COOTBETCTBUM C

OOLIECTPUHSATHIM OMpeieTIeHueM [S6] sBisieTcsi HEKOPPEKTHOM 3a1aueit.

Jlnis oOpasiia ¢ BEICOKOW 00bEMHOI 10JIei HAHOYACTHI] MHTEHCUBHOCTD PACCESHUS
3aBUCHUT HE TOJIBKO OT (DOPMBI U pacpeeIeHHs YaCTHI] [10 pa3MepaM, HO U OT B3aUMHOT'O
IPOCTPAHCTBEHHOTO PACIIONOKEHHUS HAHOYACTHIL B 00pa3ue. B atom ciaydae HeoOXoaqumo
3HATh TaK Ha3bIBAEMbIN CTPYKTYPHBIN (DAaKTOp B MHTEHCUBHOCTH paccestHus [57; 58]. Bun
CTPYKTYpHOTO (haKTOpa OMPEIEsIeTCs KaK XapakTepOM B3aUMOJACHCTBUS YaCTHUIl, TaK U
pacnpeesiecHueM 4acTull 1o pasmepam. ToJIbKO J1si HEKOTOPBIX THUIIOB B3aUMOJICUCTBUS
B MOHO- U TOJHMJIWCIEPCHBIX CUCTEMAaX SIBHBIM BUJ CTPYKTYpPHOIrO (QakTopa HaljeH
teopernuecku [59]. C yderom CTpyKTypHOro (aktopa B HHTEHCHUBHOCTH 3ajaya
OTBICKaHUA (DYHKLIHH PACIPEAECICHHS Pa3MEPOB MOKET TAKKE ObITh CBEJICHA K PEIICHUIO
ypaBHeHus (1.1).

1.2. Meroabl anaju3a 1aHHbix MYPP ot nosmmaucnepcHou cucreMbl

JIJIsl IOMMAUCTIEPCHBIX CHCTEM MPHUHATO BBIACIATH CICTYIONTHE METOABI aHATN3a
nanaeix MYPP [60; 31]:

— TIPSIMOE BBIYUCIICHUEC HHBAPHAHTOB;

— o100 MmapamMeTpoB JJIsl paclpeieNIeHUs 0 pa3MepaM 3aJIaHHOTO BUA;

— IPSIMO€ UHTETPAIbHOE MPeo0pa30BaHe HHTEHCUBHOCTH;

— Henpsimoe Dypre npeodpazoBaHre PyHKIIUU paclpeaeIcHUs;

— YUCJICHHOE pPEelICHUE ypaBHEHUS, CBA3BIBAIOIIETO MHTEHCUBHOCTh U (DYHKITUIO
pacripeeneHusl.

Hanbonee mnpocTroit — MeTOA BBIYMCICHUS WHBAPUAHTOB (CpPEIHEro pajauyca
WHEpIMK, o0beMa W IJIOMIAU MOBEPXHOCTU, MAKCUMAIBHOTO pa3Mepa U TakK jaaiiee)
[31,61 — 76]. O Obu1 pa3paboTaH a1 HCCIENOBaHUS OHOJOTHYECKUX OOBEKTOB
(Mosiekynn OenKOB, HYKJIEHWHOBBIX KHUCIOT M Tak Jjajiee), M SBISETCS JI0CTaTO4YHO
3¢ HEKTUBHBIM ISl YaCTUIl OAMHAKOBON (POpMBI B pazmepa. MeTon Takke IpUMEHSIETCS
JUTSL U3YYCHUS TIOJTUMEPOB W HEOPTAaHWMYECKUX HAHOCTPYKTYPHBIX 00BbeKTOB [77]. s

HOJ'II/II[I/ICHepCHOf/i CHUCTCMbI MCTO AACT JIMIIb HCKOTOPBLIC YCPCIAHCHHBIC 3HAYCHMN .
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Merton nogadopa mnmapaMeTpoB IS pacnpeeseHrs Mo pa3MepaM 3aJ1aHHOTO BUJIA
[78 — 88] — ommH U3 cambpIX MNPOCTBHIX B peanu3anuu. B kayectBe HCKOMOTO
pacnpeneneHus D(r) B ypaBHeHuH (1.1) mcrmonb3yeTcss GyHKUMS 3aJaHHOTO BHIA C
no0upaeMbIMH MapaMeTpaMu (TaKUMU, KaK, HalpuMep, MaTeMaTH4YeCKOe OXKUJaHUE U
nucriepcust Ui pacnpenenenus [Maycca). OnTumanbHble mapamMeTpbl MUHHUMU3ZHPYIOT
HOPMHUPOBAHHOE CPEIHEKBAAPATUYHOE PACXOKIACHUE MEXAY OSKCIEPUMEHTAIHHOM

17" (q)n monensHo#t [(q) uHTeHCHMBHOCTAMHU paccestHus [89]:

N ploken) N :
iz I"(q,)-1(q,) | (12)

NS G,

1

rme N — KOJIMYECTBO IKCIEPUMEHTAIBHBIX TOYEK,

G’ — JIACIIEPCHUS SKCIIEPUMEHTAILHOW HHTEHCUBHOCTH.

Yaiie Bcero B Ka4eCTBE D(r) HCHOIB3YIOT CJIEAYIOIIME THUIIbI PACTIPEACIICHUNA:
PaBHOMEPHOE, rayCCOBO, MaKCBEJLIOBCKOE, 3uMMa-I1lynbua, norunopmansHoe [81-83; 87;
88]. g mapooOpa3HbIX M ALIUNTHYECKUX YACTHUIL JIJII HEKOTOPBIX pacIpenesieHui
pa3MepoB CyLIECTBYIOT aHAIMUTUYECKUE BhIpaxkeHUs Mg uHTeHcuBHOcTH (1.1) [76; 80;
86; 87]. 3T0 3HAYUTENHHO YIPOIIAET OJO0P MapaMeTPOB.

[Ipu wuccnenoBaHUM HEOPraHMYECKUX TMOPOIIKOB BHUJI paclpeiesieHus, Kak
MpaBuiIo, Heu3BecTeH [31]. 3aech MCMOMb30BaHUE OMPEACICHHOTO BUIa PacpeIeICHUS
MOXET TMPUBOAUTH K KazycaM, HampuMmep, B [90] BBIUMCISIIOTCS MapaMeTpbl
MOHOMOJIAJILHOTO pPacHpelesieHus] 3aJaHHOTO BUJa TpPU TOM, UYTO MO JaHHBIM
AIIEKTPOHHON MHUKPOCKONHUU 00paser] MpeicTaBiIsieT co00i CMeCh ABYX MOPOIIKOB CO
3HAQUUTENIbHO Pa3MYyalolUMUCI pa3MepamMu HaHodacTull. [losToMy akTyalbHBIM

ABJIIICTCA  PAa3BUTHC  MCTOAOB  BBLIYMCICHHA (byHKHI/II/I D(r), HC CBjJI3aHHBIX

MIPETIOI0KEHUSIMH O €€ KOHKPETHOM BHJIE.

B Mertone npsimoro uHTErpasgsHOro peodpazoanus [79; 91-105] dhopma wactwi
CUMTAETCS U3BECTHOM, HO HET MPEANOJIIOKEHUN O BULE D(r). ISt BBIUUCIEHUS D(r) U3
uHTeHcuBHOCTH (1.1) Bcmonp3yeTcst moaxosiee HHTerpagbrHoe mpeodpazoanue [105].
CyIiecTBEHHBIM HEAOCTATOK 3aKJIIOYaeTCs B TOM, YTO €ro 3(P¢GEeKTUBHOCTH CHUIIBLHO

3aBHUCUT OT MOTPCITHOCTHU C-)KCHepI/IMeHTaJIBHOﬁ HWHTCHCUBHOCTHU, U IIPUMCHCHUC MCTO/da
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BO3MOXKHO TOJIBKO MJI OIPEAENIEHHOTO BUJA HWHIMKATPHUCHl paccesHus B 00JacTH
6ompmmx yroB [30]. st kaxxmoit hopmbl paccenBaresisi HHTETPAIbHOE TIPe0Opa3oBaHMEe
uMeeT cBoil cnenuduueckuit Bua [31 ¢. 233].

B wmerome wHempsmoro mpeoOpazoBaHMS ~(PYHKIHIO D(r) TPEICTABISIOT
cyrneprno3uiiel 6a3ucHbIX GpyHKIuN. BaprmaHTel MeTOMa pa3nuyaroTCsi BUAOM Oa3UCHBIX
bynkuuii. B opurunansHom Bapuante [106 — 108] B kauecTBe Oa3uCHBIX (PyHKITUI

BBIOpaHbI KyOnueckue B-crnaitaer B, (r) [109]:
D)= c.B,(1). (1.3)
v=1

Koa¢punmentsl ¢, HaxoasT, UCX0s U3 TpeOOBAaHUSI MUHUMAJIBHOCTU BBIPa)KEHUS
(1.2) npu gomonHMUTENBHOM TpeboBaHMM MakcuManbHO# magkoctu D(r). TMocnenunee

TpC6OBaHHe IIO3BOJICT YBCIIMYHUTDH YCTOﬁqHBOCTB peICHUA II0 OTHOIICHHUIO K

ocuuAuy B pyHkuun  D(r), 00ycloBIEHHBIX HEKOPPEKTHOCTHIO 3a7aul. I 1agKocThb

UCKOMOTO pEIICHUs pean3yeTrcss 3a CYET MUHHMU3AIUU CyMMBI  pa3idyuid
K03 GHUITUEHTOB ¢ coceqHUMH HoMepamu [106 — 115], MUHUMU3AIMK CYyMMBI KBaJIpaToOB
BTOPBIX NPOU3BOAHBIX pemienus [107], nnm makcumusarnuu saTponud [114]. B onHom u3
BapUAHTOB METO/Ia B KAYECTBE 0a3UCHBIX UCITIOIL3YIOTCSI TPUTOHOMETPUYECKHUE (PYHKITUN
[110]. Bapuwant MeToja, B KOTOPOM MCIIOJB3YETCS MAKCUMYM SHTPOIMH, YacTO
paccmarpuBaroT Kak camoctosTenbHbld [111;112]. Metog MakcuMmyma 3HTPOIUAM
NepBOHAYAIBHO OBLIT MPEJIOKEH JJIsi BOCCTaHOBICHUs n3o0paxkenwuii [113]. Brnepsbie
JU1s aHanm3a JaHHeIX MY PP atoT Meton ucnonb3oBaics B padore [114]. TectupoBanue
MeTofa MakcumanbHOW SHTpornuu [116; 117; 118] mokaszano, 4TO TOYHOCTH METOIA
OJM3Ka K TOYHOCTH OpUTHHAIBLHOTO MeTofa [ 115] u meTona 6aiiecoBckoro ananmsa [119],
PacCMOTPEHHOTO HUKE.

OnuH U3 BapuaHTOB MOAU(DUKAIIUA METO/Ia HEMPSIMOTo MPeoOpa3oBaHusi — METO/
cTpykrypHoit uHTepdepennuu [120; 121]. B sTom BapuaHTe BBIUUCISETCS HECKOJIBKO
pacnpeneneHuid D(r) ¢ UCTIOIB30BaHUEM CITyYaiiHO TeHEpUPYEMbIX HA0OPOB apryMeHTa
r yactull. Pelienne MIeTcs MocpeCcTBOM YCPEIHEHUS! MOIYYEHHBIX paclpeaeeHUN.

OtoT Meron Oojiee YCTOMYMB K «OHIMOKaM OOpbIBa» W OCHWIISUUSAM: IPU €ro
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npuMeHeHuu He Tpelyercs nHbopMalus O Auana3oHe apryMeHTa, CTEIEeHH IIIaJKOCTH
uckoMoit ¢yHkuuu. Hemoctarkom MeTona MOXKHO CUMTATh OOJBIIYIO PECypCOEMKOCTD
[121].

OcHoBHast mpobiemMa MpH UCTIOIB30BaHUH METOAA HEMPSAMOTo MpeoOpa3oBaHus —
BBIOOp perymsipuzatopa — KOIPPHUIMEHTa, YUYUTHIBAIOLIETO BEC OrPAaHUYCHHUS Ha

ko3¢ ¢unuentsl ¢, [122]. Cienyer OTMETUTH, YTO IIPU BBIOOPE AAHHOIO METOJA TaKXkKe
HeOOXOIMMO peliaTh 3a/1a4y BeiOopa konnuectBa GpyHKuui B, (7) U COOTBETCTBYOIIETO

Habopa apryMeHTOB.
Jlpyroii TUN YKHCICHHBIX METOAOB pemieHus ypaBHeHus (1.1) — wmeTonsl,
UCIIOJIb3YIOIINE JUCKPETHOE TMPEACTaBICHUE HCKOMOW (yHKIMH: Ha0Op 3HAYCHUM

D, =D(r,),k=12...,.M , nnsa uexoroporo MHOKecTBa aprymentoB [123; 124; 56; 106;
107; 110-118; 120; 121; 125 — 134]. VYpaBuenue (1.1) npu H3BECTHBIX
AKCIIEPUMEHTAIBHBIX HMHTEHCHUBHOCTAX MYPP mnpuBOoOIUT K CHUCTEME JIMHEHMHBIX

ypaBHeHUH Ui 3HaueHuil Dy. Be16op Habopa 7, mpeacTasiisieT cOO0H CIOXKHYIO 3aJauy,

O0COOEHHO €CJI OTCYTCTBYET arpuopHasi nHdopmaius 006 oopasiie. 31eCh Takke, KaK B
cllydae C METOAOM HEMpSAMOro MpeoOpa3oBaHUsA, WCKOMOE pEIIeHHE TOJHKHO

BBIYUCIEATECA C  YUYCTOM  JOIIOJIHHUTCIBHBIX Ol"paHI/ILIeHI/Iﬁ Ha Dk’ HaIIpuMcEp,

HEOTPHUIIATEILHOCTh 3TUX 3HauYeHui [128].

Eme onun yncnennsiii Metoq — meroa Monte-Kapio [109, 89], B koTopoM cuctema
KaK KOHEYHOE YHCJIO HAHOYACTHI] B (pOpMeE 11apa pa3HbIX pa3MepoB. ITOT METO]] XOPOIIIO
3apEKOMEHJIOBAJI ce0sl TIpU aHalu3e paccessHus B Oonbiux ymiax [131]. B anroputme
ATOr0 METOAA MCKOMOE paclpeleieHre pa3MepoB YaCTULl MOAOMPAETCS UTEPATUBHO C
MOMOIIBI0 JOO0ABJIEHUSI YACTHUIl CO CIy4alHBIMU pa3zmepamu. B npyroit momuduxarmm
Merona [132] wyucino yactuil (PUKCHUPOBAHO, TMOAOUPAETCS TOJIBKO HMX PaIUyChl.
Hexoropeie anroputMsl ucnosib3oBaHusi Meroga Monte-Kapio ans unTeprnperauun
MYPP moxHo HaitTu B [133; 134].

Onun u3 3QhEeKTUBHBIX YHUCICHHBIX METOJIOB PElICHUS] HEKOPPEKTHBIX 3aj1ad —
meton OaiiecoBckoro aHanmm3a (MBA) [42; 124; 127; 135], umeHHO OH pa3paboTaH u

peanu3oBaH Bo 2-0i, 3-eii u 4-oii maBe nanHoi padotel. B MBA kitoueByto posb urpaer
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teopeMma baiieca [136], Ha OCHOBE KOTOPO# OCYIIECTBIIACTCS BIOOP HanboJiee BEPOSITHOM
byHKIMM pacnipeneneHus npH 3aganHoi uaTeHcuBHOCTH MYPP. Tlpu sTom anpuopHas
BEPOSITHOCTD JJIsI UICKOMOM (PYHKIIMH pacipeeieHIs] YYUThIBACT HaKJIaAbIBaeMble Ha HEe
OrpaHUYCHUs. XapakTep OIrPAHUYCHUN OMNPENeAeTCS THUIIOM PEryIsIpU3UPYIOIIETO
dbynkImoHana. Perynspuzatopom 3aauu SBISETCS YACIOBOU IMapaMeTp, YIUUTHIBAIOIITII
BEC peryisipu3upylomero GyHkiuoHana. Yaiie BCero 3TOT MapaMeTp 3aJaeT CTeNeHb
JIAJIKOCTA HMCKOMOro pacmpeaenenust [56; 129]. B omnom wu3 BapuantoB MBA
UCIIONb3yeTCs TpeboBaHue MakcuMyMa sHTponuu [111; 113].

Meton MBA ycToiuuB K 3KCIIEpUMEHTAIbHBIM omnokam. Ero mpumeHeHue He
TpeOyeT JONOJHUTENBHOU HH(OPMALIHS 0 XapakTepe pactpeaenenusd. g 3Toro Mmeroaa
yKa3aH Crmoco0  BBIYKMCICHHS TOTPEHIHOCTH  HailjeHHoro pemieHus  [124].
[IpumenntensHo K 3amadam  a”anuza MYPP, mna MDBA HemaBHO mpemyioxeH
BEPOSTHOCTHBIN MOJXO/T JUIsl BBIOOpa runeprnapamerpos [119].

Tabnuma 1.1. npeacTasiseT co00il CBOJKY MO IUII0OCAM U MUHYCaM 0003peBaeMBbIX
MetonoB. Haumbomnee BakHble TpeOOBaHUS, MPEABSABISAEMbIE K METONY BBIYUCIICHUS
GbyHKIIMHU, YKa3aHbl B IEpBOM CTOJOIIe TabauIst 1.1.

B nanHoM wuccnenoBanuu paspaboraHa moaudukanus meroga MBA s
BBIYUCJICHUS paclpesieiieHuss 00bEMHBIX J0JIed YacTull pa3HbIX (OpM MO paguycam
rUpaliy, HWCCIECIOBAaHbl CBOWCTBA COOTBETCTBYIOIIEH pPACHPENENICHUIO YIEJIbHOU
MOBEPXHOCTU. VICIIOIb30BaHNE TAKOTO YHUBEPCAIBHOTO MapaMeTpa Kak pagnyc TUpaluu
[28] B KauecTBE apryMEHTa BBIYMCISIEMOTO pPAaCIpEAEICHUsI MO3BOJISET CPaBHUBATH
(GYHKIIMU pacpesieieHHs 1711 YaCTHI] ¢ pa3Hor (HOPMOH.

Bce omnucanHbie BbIIE METOABI  ONPEAESAOT (YHKIMIO pachpeieicHus
pPa3peKCHHBIX CUCTeM. J[JIs IJIOTHBIX CHUCTEM C OOJBIION JOJICH 3amoIHEHUS 00beMa
paccerBaOIIMM BEIIECTBOM IPU HUHTEPIPETAIMU KPUBOW WHTEHCUBHOCTU PaCCESHUS
TpeOyeTcsl yueT BIUSHUS MEKYaCTUUHOU MHTepdepeHiuu. CBsi3aHHBIE C 3TUM METOIbI
pernieHust 0OpaTHOM 3a7aun pa3padbaTbIBaINCh B CPABHUTEIHHO HEOOIBIIIOM YUCIEe padoT
U TOJBKO JIJII CUCTEeM IapooOpasHbix uactull. Kparkuii 0030p »TuUX pabor Oymer

MPOBENIEH B Haudaje 5-OW MIaBbl, TAe OOCYyKIaeTcs MpejjaraéMblii B TaHHOW paboTe
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UTEPAIIMOHHBIA METOJ HAXOXKACHUS (PYHKIMHU pacIrpenesieHus Mo pa3MepaM B IJIOTHON

CHUCTEME IapooOpa3HbIX YACTHII.
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TaﬁJmua 1.1 - CpaBHeHI/Ie MCTOAOB IIOHMCKAa MOZACIBHOI'O pacClpCACIICHUA 110 pasMCpaM YaCTUIl B HOHHHHCHGPCHOﬁ CHUCTCMC Ha

OCHOBE MHTEHCUBHOCTU MY PP

XapaKTepuCTUKH

MeTtoanl

MapaMCTPUICCKHU
3aJaHHOTO

pacrpeneneHus

IIPSAMOTO
MHTETPAJIbHOTO

npeodpa3oBaHus

HEIPSIMOTO
Dypse-

npeodpa3oBaHuUs

CTaTUCTUYECCKOM

uHTephepeHITN

Merton MonTe-Kapino

MEBA

YCTONYHBOCTB K
AKCIIEPUMEHTAJIbHBIM
OIIMOKaM U OIIMOKaM
00pbIBa

[Ipocrora
MOJIU(DHULIPYEMOCTH
JUTSL pa3HbIX (GopM
YaCTHI]

He tpeOyetcs 3Hanue
ampUOPHOTO BHJA
pacnpeeseHus

Ecth yka3aHue Ha MeTOx

BBIUNUCIICHUS
MOTPEITHOCTH
pelIeHus

Bo3moxHOCTh yuera
PA3JIUYHBIX
OrpPaHUYEHUM,
HAKJIAIbIBAEMBIX HA
VMICKOMOE pEIIEHUE
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BbiBOABI 110 IEPBOI IV1aBe

1. OyHKIMSA paclIpenesieHUusT HAHOYACTHI[ II0 pa3MepaM B Pa3peKEHHOU
CHCTEME CBsi3aHa ¢ HHTEHCUBHOCTHI0O MYPP ypaBuenuem (1.1). Beruucienue ¢pyHkumnu
u3 ypaBHeHus (1. 1) oTHOCUTCS K KJIacCy HEKOPPEKTHBIX 3aj1au.

2. OcCHOBHBIE METO/IbI pelIeHus 3a1auu 1.1 nepeuncinensl B Tadbmue 1.1.

3. Beibop Mertoma pemeHus 3amaud 1.1 JODKEH  YUYMTHIBaTh sl
XapaKTEepPUCTUK, TPUBEIECHHBIX B Tabnuue 1.1.

4. [lo xapakrepucTukaMm, IPUBEICHHBIM B TaOMUIE 1 B KaueCTBE OCHOBHOIO
MeToAa pelieHus 3amgauu 1.1, BelOpaH Meron baiiecoBckoro AHanmsza. DTOT METOJ
AKTHBHO Pa3BHUBAETCA B IPUMEHEHUHU K MAJIOYIJIOBOMY PEHTTEHOBCKOMY Y HEUTPOHHOMY

paccesHuIO.

20
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I'naBa 2. Beruucienus pyukuuu VFEDF u3 unrencusnocru MYPP
METOA0M 0aileCOBCKOI0 aHAJIU3A JAJIA MOJUIUCIIEPCHOM MOHOMOP(HOM
CUCTEMBI

MBA 15 aHanm3a uHAMKATpuchl MYPP OT monuaucnepcHoil CUCTEMBbI BIIEPBbIE
paccmarpuBaiics B pabotax [124; 127]. DToT e MeTo]] yCIEIIHO MPUMEHSUICA B paboTax
[135; 137; 138] myis viccienoBanusl CTPYKTYPhl OTACIBHBIX YACTHUI] B MOHOJUCIIEPCHBIX
cuctemax. B »Toli maBe mnonydeHbl OCHOBHbIE (opmynbsl MBA nisi BbrYHMcieHHS

¢yskmun  VFDF B cinydae mnpousBOJBHOTO HaOopa pajnycoB THpalud R, B

NOJUANCIIEPCHON MOHOMOp(dHOI cucteme. Paguyc rupauuy B KayecTBE aprymeHTa
nckomon VEDF mno3BossieT cpaBHUBaTh pACHpPENEIICHUS] YaCTHUIl, COOTBETCTBYIOIIME

OJTHOM U To¥ ke uHauKarpruce MY PP nipu pasHbix npeanonaraeMbix GopMax 4acTHII.

2.1. HNurencuBHocTtb MYPP oquHOYHOI Xa0THYHO OPHEHTHUPOBAHHOM YaCTHIbI

Kak (l)yHKIII/Iﬂ paanyca rupani 1 aHu30METPHYHOCTH

ITo onpeneneHuto paanyc rupauy OTACIbHOM YacTUIlhI [29]:

R, :\/Ip(r)‘r—ru'm_‘de/J.p(r)dV, (2.1)

IIe I — pajuyc BEKTOp 3JeMeHTa o0bema dV, MHTerpupoBaHUE MPOBOJUTCA TIO

BCEMY o0Bemy YaCTHULIBL;
p(r) — KOJIMYECTBO OJICKTPOHOB B €AUHUIIE O0BbEMA (PJIIEKTPOHHAsS
MJIOTHOCTB);

r,, = _I[p (r)rdv / 'I[ p(r)dV pammyc-BexTOp «UCHTpa TAKECTH.

Mg Oynem paccMmarpuBaTh YacTHII ¢ CHMMETPHYHBIM TOTEPEYHBIM ceueHueM. [[is
TaKUX YaCTHUI] BBEIEM MapamMeTp aHU30METPUH (aHM30METPUYHOCTh) € KaK OTHOILICHHE
MPOJOIBLHOTO W TOMEpPeYyHoro pasMepoB. s dwactui TpEX XapakTepHBIX (Gopm
(anuncouy, MWIMHAP, Mapajieenuies]) HIKe MoJydeHa MHTEHCUBHOCTh PacCesiHUs

21
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KaK (DyHKITUSI MOIYJISI BEKTOPa PacCesHUs, painyca THpaluu R, ¥ aHU30METPUYHOCTH €.
[Tyctn Iy, (q, R,, g) — MHTEHCUBHOCTbh PACCESHUS OT OTHOM YAaCTHUILIBI C €IUHUYHON
JIEKTPOHHOM IJIOTHOCTBIO UV, (Rg,s) — 00BbeM onHoit yactuibl. UHneke fi YKa3bIBa€T
Ha (GopMy YacCTHUIIBI (e-dJUTUIICOMI, C-IIWIWHIP, p-TIapajuiesienuIies). Y YuThIBasi, 9TO

2
I, , (q,Rg,s) oc [Vﬁ (Rg,s)] [28], BBEIEM HOPMHUPOBAHHYIO HHTEHCUBHOCT:

I, 4 (4.R,.€)

o (q’Rg’S) ) |:Vft (Rgss)]z ’

KOTOpas MPpYUHUMACT 3HAYCHUC CANHUIA IIPU ¢ = 0.

(2.2)

Ha ocHOBe M3BECTHBIX BBIpAXKECHUH Ul pagnyca rupanuu [31] MOXKHO MMOIY4YNTH
(bopMynbl Ui TEOMETPUUECKUX MapaMeTPOB UCCIIEAYEMBIX THUIIOB YACTHUI] MPU pa3HOU

aHU30METPUYHOCTU. DTU (HOPMYIIBI IpecTaBIeHbI B Tabmuie 2.1.

Tabauuna 2.1. — TeomeTpuueckue mnapameTpbl Kak (QyHKIUUA pajuyca TUpaluud U
AHU3OMCTPUIHOCTH
PopMa gacTHUILBI I'eomeTpuyeckue nmapaMmeTpol
5
Panuyc kpymioro ceyeHus R (Rg ) 8) = Rg 7.
2+¢
OIATICOUT
JInvHa noayocH B HaIllpaBJIEHUH, IIEPIIEHIUKYIIIPHOM KPYIIIOMY
BpalllCHUS

CEUYECHUIO SR(Rg,S) .

22
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[Ipssmoint D(R €\=R / 24
LWIAHID Anaverp ( & ) N2 +3°

BLICOTaH(Rg,S) = SD(R 8)

JlmnHa pebpa B KBQAPATHOM CEUCHUU

12
2+¢%

IIpssMOyTONBbHBIN a (Rg 5 8) = Rg

napasuieNenumnes
Jliuaa pedpa, MepreHIUKYISIPHOTO KBaPaTHOMY CCUCHHIO

sa(Rg,s).

Onwupasice Ha U3BECTHBIE (POPMYJIBI ISl pacueTa UHTEHCUBHOCTH paccessHud [78;
139;140] MOXHO TPUBECTH HOPMHUPOBAHHBIE MHTEHCHUBHOCTH (2.2) K BuUIY
IIPUBEACHHOMY HIXKE.

I[J'I?I QJUINIICON A BpallCHHA:

Q(g,Rg,g)zjm(Qe,/sz(gz —1))dx, 2.3)

2
e ()= ( sinx — xcosxj;

i

Jnsa mapajutenenunena:

<o

me 0, = qa(Rg,s) =qR,

S(Qp r_xz%my(gf/—l_xz@jmy, (2.4)

O 10 | 3

12
g +2’
23
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J1J1st IpsSIMOTO KPYTOBOTO HUJIMH/PA:

Fc(q,Rg,g)—4jG[Q m]s(gggjdm (2.5)

0 2

me G@()= [JITU)}

J,(¢) — dyukuus Beccens nepsoro pona;

24
=gD(R, )= R,/—-
Qc q ( g ) qg 282-{-3’

sin(t)T
— | -

S(t) {

Cy1iecTBEHHBIN BKJIaJ B MHTEHCUBHOCTD PACCESIHUSL CUCTEMOI BHOCUT O0JIACTh

HavaJIbHbIX 3HaYueHui q. UarencuBnoctu MYPP F " (q, Rg’g) JUISL pa3HBIX (OPM HE

CHJIBHO OTJIMYAIOTCS APYT OT Apyra, 0COOEHHO B 3TOM 001acTH. DTO YTBEPIKICHHUE
HAIISTHO WILTFOCTPUPYET PUCYHOK 2.1, Ha KOTOPOM IPEACTaBICHBI TpaduKu
HOPMHMPOBAaHHBIX HHTCHCUBHOCTEH, BRIYMCICHHBIX 110 (hopmynam (2.3) — (2.5), mis

R, =4um u £=1. BuaHo, 4T0 B Ha4aabHON 00JNACTH UHTCHCUBHOCTH, COBIIA/IAs IPYT C

JIPYTOM, YMEHBIIIAKOTCS HA J1BA MOPSIKA.

24
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MHTEHCMEHOCTL PACCeRHWUA Yon.en.

107
4
1005 0.5 1.0 1.5 3.0 35
I'II.I'|'||
Pucynok 2.1 — HopmupoBaHHBIE HWHTCHCHBHOCTH [UIS pasHeIXx (opMmM mpu

aHuzomerpudHoct =1, R, =4nm. WnHgekc ft B 0003HAYEHWH HMHTEHCHBHOCTH

yKa3bIBaeT Ha (hOPMY YACTHIIbL: € — SIUIUIICOU, ( — UWIMHIP, p — NapajuleJenunen.

M3meHenne napamerpa R, BIMSET ONMHAKOBO HA BCE TIpaQuKu, Tak Kak
HOPMUPOBaHHbIC HHTCHCUBHOCTH (2.3) — (2.5) 3aBUCAT OT IPOU3BEICHUS R, .

[Ipoananu3upoBaB TpaduKd HOPMHUPOBAHHBIX HMHTEHCHUBHOCTEH TIpH APYyTHX
3HAQUEHUAX AaHU3OMETPUYHOCTU €, JEIAaeM BBIBOJ, 4YTO XOpOULIEE COBIAJICHUE
HOPMUPOBAHHBIX HHTEHCUBHOCTEW HAa HAYaJIbHOM y4acTKe HAOMIOMAETCs JJIsl pa3HbIX 1O

dbopme vacTull B quamnaszone € =0.5...2.

2.2. BbIYHC/IEHUS HA OCHOBE pacnpeaejieHus paJuycoB rupanumn
HHTEHCMBHOCTH pPaccesiHusl CUCTEMOM YacTUll B MpeHeOpesKeHun

UHTep(epeHIIMOHHBIMY BKJIAAMHU

JIist  BBIYMCIICHMS] WHTEHCHBHOCTH pACCEsSHUS CHUCTEMOM dYacTwil Oymem
25
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ucnonb3oBarh pynkuuo VFDF f( Rg)- Beenem VFDF Tak, yToObl cymMMapHbIii 00bEM
4acTHLl 4y (R,) C PpagdycaMd TIHpAallMM B MHTEpBale [R,, R,+dR,] Obu1

MPONOPLUOHATICH f( R, )ng .

VHTeHCUBHOCTh paccesHUs CHUCTEMOH, eclii TpeHeOpedb BKJIAJaMH  OT

MEKYACTHYHOM HHTEPPEPEHIIUH, IPUHUMAET BUI:
1,(q.8)=A[I, ,(q.R,.e}dN(R,), (2.6)

rac A— IMOCTOsAAHHAs, KOTOpasd OIPCACIIACTCA YCIOBUAMUA H3MCp€HHI>i
(HJ'IOH_[aI[BIO CCUCHM: IICPBUYHOIO ITY4YKa, HyBCTBUTCIbHOCTBIO ACTCKTOPA,

JUCTAHIMENH MEX1y 00pa3IoM U IETEKTOPOM) U Pa3HOCTBIO AIEKTPOHHBIX
IJIOTHOCTEMN YaCTHUL M OKPYKAIOLIEN CPEbI;
dN (Rg) — YMCIIO0 YACTHII C PajMyCaMH THPAlMM B JHANa3oHe OT R, JO
R, +dR,.

JI1g uucna yacTui uMeeM:

(R (R )ar,

Vﬁ(Rg’g) V.ﬁ(Rg’S) |

C y4é€roM 3TOro sl MHTEHCUBHOCTH PACCESHUS MNOJUIUCIIEPCHOW CUCTEMOU

2.7)

noixydaeM BelpaxkeHue yepe3 VEFDF:

Rg ,max

[ft(q’g):A _[ f(Rg)Fﬁ(q’Rg’S)Vﬁ(Rg’S)ng’ (2'8)

R

g ,min

e R ,R . —HanOOJIbIINI 1 HANMEHBIINH PaJANyChl THPALNY;

A - IMMOCTOsAAHHAsA, KOTOpAasd YUUTBIBACT HOPMUPOBOYHYIO KOHCTAHTY JIA

bynkiuu VFDF.

Boruucnenrie VFDF He 3aBUCUT OT aOCOIOTHOTO 3HAYEHUSI MHHTEHCUBHOCTH pacCesiHus,

MI03TOMY J[ajiee PUHATO A = 1.
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3agaya — Haithu VFDF u3 skcnepuMeHTanbHOM WHTEHCHUBHOCTU PACCESHUSA,
onupasch Ha ypaBHeHHE (2.8). DTO ypaBHEHHUE SABISIETCS HEOJHOPOJHBIM YpaBHECHUEM
®penrosibMa IEPBOTO POJA, IPUUYEM OJHOPOIHBIA BAPUAHT UMEET HEHYJIEBbIE PEIICHUS.
nosToMy 3amada BeuucieHne VFEDEF sgBnsercs «HekoppekTHoi» [56, c. 53]. 3amaua
YCIOXKHSAETCS U3-3a AKCIEPUMEHTAIBHBIX MOTPEIIHOCTe WHTEHCUBHOCTH. OIMH U3
3(h(dEeKTUBHBIX METOJOB pelleHus Takux 3anad — MBA. Pa3paboranHas meTomuka

BeruncieHus VFDF Ha ocHOBe 0alieCOBCKOro moaxoja onrcana HUxXe.

2.3. Metoa baiiecoBckoro Anaausa 1 spiuucjiaenus VFEDF

B cootBerctBuu ¢ MBA ¢dynkuums f( Rg)MO)KGT ObITh HalifieHa Kak HaumOoJee

BCPOATHAsAT M3 HCKOTOPOTO MHOXCECTBA BO3MOJKHBIX q)yHKHI/Iﬁ JJIsL 3aHaHHOﬁ
HHTCHCUBHOCTHU PACCCAHU. Ha »sToM MHOXeCTBe BBOAUTCA allpruoOpHasaA BCPOATHOCTD

P (f) c mapameTpoMm @, KOTOPBIi ONPEACISET OKUAACMYIO CTETICHB TIIaIKOCTH HCKOMOI

VFDF.

B cootsercTBum ¢ (2.8) IpH 3a1aHHOM UHTEHCUBHOCTH [, =1, (q j,s) , j=12,..,N

uckomast VEDF f, = f (R oy ) , 1=1,2,...,M BBIYUCIACTCS U3 CUCTEMbl YPAaBHCHUM:

M
=Y K.f, j=12..N, (2.9)
i=1

me K=, (Ros)F 0, ,0) (R

M
Ci([Rg,k]kzl) — MOCTOSIHHBbIE  KOO((HUIIMEHTBI, KOTOPbHIE  OIMPEACIIAIOTCS

o M
BBIOPAHHBIM METOJIOM YMCJICHHOTO UHTETPUPOBAHUS U CETKOM [Rg . l{ -

B kadyectBe ymciIeHHOTO MeToAa ObUT BBIOpAH METOJ Tpameluid, IJjis KOTOPOro

K03(PUITUEHTH UMEIOT BUJI:
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(R, —R,,)/2.i=1;
Cl.([Rg’k}Ml): (Ryun—Ryp)/2,2<i <M —1. 2.10)

k=
(Rg’M — g’M_l)/2,l:

C y4eroM MOTPEIIHOCTeH HHTEHCUBHOCTH & ; (2.9) mpeobpasyercst:

M
[,=)K,f+8, ,j=1.N. (2.11)
i=l1

IIpeamnonaraercsi, 4TO0 HOTPEIIHOCTH B UHTeHcuBHOCTH [(¢,€) pacmpeneneHsl 1o

3dKOHY Faycca. Torz[a BCPOSATHOCTD O6Hapy}K€HHSI BKCHepHMeHTaHBHOﬁ IMOTPCHIHOCTHU B

2
_ 8,/

1

J2rs

J

. _ 287
auanasone 6,06, +A8;: P(9;)= e /A3, rme §; cpenHee KBaJpaTHYHOE

OTKJIIOHCHHC JJIA [1-. Ecan IMOIrpCIIHOCTH SJ. HC3aBHUCHMBI, TO aIlOCTCPHOpPHAA

BEPOSTHOCTh MHTEHCUBHOCTEN I = [[ ] 1pu 3aaHHbIX 3HaYeHusX VEDF f = [ /i ]

M 2
(1 i EK ﬁfz')
. exp| —
- P 287

J

(2.12)

[IpeoOpazyem (2.12) k Bumy:

P/f)= cexp(——ZZB”ff +Zfla,) (2.13)

i=l t=1

NoOAS, I’
e c= _exp| ——% |,
g\ﬂnS}. p( 2S?]

Ha muoxectBe nckombix VFEDF BBeneM BEpOATHOCTH
28
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R 2

g, max ’Zf
P ocexp| ——
a(f) p 2 R (jRgz

g, min

dR, |, (2.14)

Wurterpan B BeipaxkeHuu (2.14) sBusercs craOumusupyrommM (yHKIHOHATIOM [56].

2
Rg,max de 2
BepositHoCcTh (2.14) 3aMeTHO OTIMYAETCS OT HYIISA IPU YCIOBHH j —= | dR, <—,
&\ dR, ‘a
g, min

TO €CTh (PAaKTUUYECKH BEPOSTHOCTh OTIIMYHA OT HyJs il mocratodHo rmaakux VEDF ¢
YMEPEHHOMN CpEeIHEN KPUBU3HOM. YBEIMYEHUE O IOBBIIIAET BEPOATHOCTD Wit VEDEF ¢
MEHbIIEH cpeAHeil KpuBH3HOU. BakHas 0COOEHHOCTH 3aJayu — MPABUIIBLHBINA BBIOOP
perynspusaropa o.

Omneparop NPOM3BOAHBIX ~BTOPOTO  MOpsAAKAa B TOYKax R, =R

g,m+l

m=1,2,...,M —2 npencrapnsercs Marputieir (M —2)x M :

2 .
=k,
(ARg,k + A]zg,k+l)A12g,k
AR 2 Jd=k+1;
Jk+1 Jk
D, =1 ° gz , (2.15)
Jd=k+2;
(ARg,k + A]eg,k+l)Aleg,k+l
i<k
0,
i>k+2
tne AR, =R, —R,,, k=12,....M —1.

Nurterpan B  ¢opmyne (2.14) B JAUCKPETHOM TMPEIACTABICHUU  SBISETCS
M M
KBaJ[paTUUHON (hopMoi ZZQ# f.f,. 3nmech wucnonb3oBaHAa MaTpulla Pa3MEpPHOCTH

i=l t=1

M x M :

M=2 M-2
Qit - Z DmiDthr'n ([R;’m']m'—l )9 (216)
m=1
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¢ koodppuumnentamu C' , ananornunbiMu Kodddumuentam C, B popmynax (2.9) u (2.10).
[Tpu 3amannoMm f a1t BepostHOCTH (2.14) cripaBeIsIUBO:
a M M
P,(f) exp(—EZZQ,,f,-f,j. (2.17)
i=l t=1
B cootBercTBuM ¢ Teopemoii baiteca [136, cTp. 542] BepoaTHOCTh OIy4HTh f ipH
3aJlaHHbIX UHTeHCUBHOCTSX | u perymnspuzarope O :

Pt /1.0 PAIDE(D)

= TPz (Dt (2.18)

3HaMeHarelb B 3Toi opMyrie He 3aBUCHUT OT f, moaToMy ¢ yuetom (2.12) u (2.16)
UMEEM:
M M N
P(f/La)o P(L/f)P,(f) exp(—%ZZ(Bﬂ +aQ, ) ff + Zfl.a,.j . (2.19)
i=l t=1 i=1
[Tpu pukcupoBanHoM O pemeHue f* — MaTeMaTHueckoe OKHIaHWE 3HAYCHUIN
VFDF, coBnanaroniee ¢ Hanbosnee BepositHoi f. JJ1st 3TOTO0 peienus nokasarens B (2.19)
uMeeT IKcTpemyM. Heobxonmumoe ycioBue 3KCTpeMyMa — PaBEHCTBO HYJIO YaCTHBIX

MPOM3BOHBIX MOoKa3arels (2.19) mo ka0 U3 NEpEeMEHHBIX f,

5 M M M
a(_%Z‘tzl:(B” +0Q, ) fif, + Z‘fiaij =0, k=12,...M. (2.20)

Ucnonwiys cummeTputo Matpuil B u @, cuctemy (2.20) MOXXHO MPEACTABUTH Kak

M
(B, +0oQ,) fi=a,, k=1,2,..M, (2.21)
i=1
CraenoBaTenbHO,
M
o) _ Z((B +aQ) l)ki“f’ k=1,2,..M (2.22)

i=1
C yuyetom (2.13) OKOHYATEIILHO MTOTYUYHM:

N M

K.
£ = ((B+ aQ) l)k, k=12, (2.23)
J

j=1 =1
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CpennexBajipaTiuHas MOTPEMIHOCTh pelieHus (2.23) Beruucisiercs no dopmyiie

(cm. ITpunoxenue A).

Afk(“) - \/((B + OLQ)_I )kk J=1,2,...M, (2.24)

[Ipu nomomu (2.24) MOXKHO XapaKTepU30BaTh HEOMNPEIEICHHOCTh HAWIEHHOTO
penieHus. Ta HEOIPeIeIEHHOCTh YObIBAET ¢ yBenuueHueM O . [Ipu upe3amMepHo O0IbIIIX
Ol peuieHUuE CIMIIKOM CHIBHO «CITIQ&)KMBAaCTCS» U, COOTBETCTBEHHO, TEPSET
MH(OPMATUBHOCTbD.

Onun u3 3(pPeKTUBHBIX METOAOB BHIOOpA ONTHUMAIBLHOTO Ol — «METOJ TOYKH
neperuday [125]. CymiecTByIOT UCCIIeOBaHMS, I7Ie TapaMeTp Ol P PEIICHUH MOX0KEN
HEKOPPEKTHOM 3amaud  (MOMCK (YHKUMM TAapHBIX PACCTOSHMI) BBIOMpaeTcs
BEPOATHOCTHBIM 00pa3oM [119]. Kpurtepuu BbiOOpa onTUMaNbBHOIO peryispusaropa o,
UCIIOJIb3yeMbIE B JaHHOU padoTe mpu peanuzanuu MBA, pacCMOTpEHBI OTIEIBHO B TJ1aBe

4.

2.4. BpbIOOp ceTKH paguycoB HHEPLUHHU

M
[Ipexne yem BbIOMpATH O, , HEOOXOAUMO 334aTh CETKY [Rg k]k—l’ TO €CTh 3a1aTh

onr
XapaKTep pacCTAHOBKH y3JI0B (PaBHOMEPHO, PABHOMEPHO JIOTApU(PMUUECKU U TAK JaJIee)
U ux KommuectBo M. 3ametum, 4TO mporpammHas peanusanus MBA B manHoi pabote
JIOMYCKAeT MPOU3BOJIbHBIA BAPUAHT PACCTAHOBKH Y3JI0B.

Huxe paccmorpensl Tpu ¢ynkimonana (o), @, (a), X(a), nosenenue
KOTOPBIX IO3BOJSIET OLIEHUTh KaueCTBO BHIOOpPA CETKM M YTOYHUTH BBIOOp O .

XapakTepHslil BuI ATHX (yHKIIMOHATIOB n300pakeH Ha pucynke 2.2 mis VFDF (3.1) B
ciyyae JIorapu(pMu4eckon CeTKH.

®ynkimonan @ (o), Tak HazbIBaEMast OLCHOYHAs (YHKIIUSA, ONPEIEISIeTCS KaK:

CD(O‘):%Z]S—/’ (2.25)
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(o)

@ _[ g
Tac I HMHTCHCHUBHOCTHU, BEIYHMCIICHHBIC HA OCHOBC f = f; .
i=1

JIJist Ka>Koro 3Ha4eHHs o HaxoauTcs peeHue (2.23). 3HaueHue peryispuzaropa
BBIOMpAETCsl B JOCTATOYHO IIMPOKOM Juana3zoHe. Tak, Hampumep, sl MNPOBEPKHU
3 (HEKTUBHOCTH METOJIa Ha MOJIEIBHOM pactipesaesieHuu (3.1) ucrnonb3oBajics quana3oH

_ o
o ot 107'° no 10'°. Ecam ceTka BeIOpaHa BEPHO, TO B OKPECTHOCTH 0, ~ pPELICHHE £

onTt

omusko k nommHHOM VFDF. Ilpn a<<a d)(oc) IIPUHUMAET MaJjible 3HAYEHUs, HO

PCIICHUC f((x) COACPIKUT apTe¢)aKTHBIe, CUJIbHO OCHUIUIMPYIOHNIHUC  CJIAracMbIC,

00yCJIOBJICHHBIE HEKOPPEKTHOCTHIO 3a7aun. [Ipu 3HaueHusx oL >> Ol PEIICHHUE TaK JKe

OIT
CUJILHO OTKJIOHsIeTCS OT nojyimHHoro Buaa VFDF u3-3a u3oeitounoro crinaxkuanus. [lpu

L= 0, CIPaBeINBO COOTHOIICHHE Iﬁ.“)

onT

—1,=S,. Bomsu o, ¢ynkuus O (o) umeer
TouKy nepernba u ®(a) = const =1.

I[JUI YTOUHCHUA (L HUCIIOJIB3YCTCA a6CI_[I/ICC3 TOYKH Hepem6a Q)YHKHHOHaJIaZ

Q . (2.26)

Ms
M=

X(a)=

i t

CyliecTBOBaHHE JTOW TOYKHM TaKXe TOATBEP)KIAACT MPaBHUILHOCTh BBIOOpA CETKH
M

[ng ]k:I :
[Tpy HeBepHOM 3aJaHUM CETKM B perieHnd f” BO3HUKAIOT OTpHIIATEIbHBIC

3HaueHUs. Takue 3HaYeHUs HE UMEIOT (bI/ISHLIeCKOFO CMBICJIA. BBGI[GM AOITIOJIHUTCIIBHY IO

OIICHOYHYIO (PYHKIIHIO:

ﬁ:( u'_]') , (2.28)

)=~
N Jj=
e 1 — unTencuBHOCTH, BhrunceHnbie Ha 0cHOBE VEDF £ = max(f*,0). Ecin
BBITIOJIHEHO YCIIOBHUE:
(o) - D, ()] /P () <<1, (2.27)

TO OTPHUHATCIIbHBIC 3HAYCHUS HC BHOCAT OINYTHMOT'O BKJId/Ia. OI[HaKO CCJIN BBIITIOJIHCHO
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31O ycnoBue, Ho min(®(a))>>1, TO ceTKa pajuycoB THPAIUK BEIOPAHA HENPABUIILHO,
HE COZICPXKHUT CYIICCTBCHHbIC 3HAYCHUS R, .

3ameTuM, 4TO mpesaraemoe yciaoBue (2.27) sBusiercss 0oljiee JKECTKUM, YeM

ycioBue (cM padoty [122]):
Y

re|...| — Hopma dyHKimH.

POSITIV = (2.29)

b

Taxyro HOpMy MOXKHO OIIPEETUTh C UCTIOTIB30BaHHEM KO3 puireHToB (2.10):

" RI (7 Rg))2 dR, ~ \/i( f(Rg’[))z c[([Rg’k]fl), (2.30)

Rg,min =0
10 ! !
i 110 ®a
103__ ................ ( ) .
| —ee Ba)
10 R - X(a} b
2 10T por e T o] wR¥ 1—pos(a) |-
5': 0 5 ooo &(f.F
5 10° gy a e gnniii L Rekiat : g
Sl © oonNg 5 i ; o °
= 10 DRI N Cl....(.j .......... ........................ = OQ ..............
= © o o 9 :
E’ 2 : : :
i 10 .................................................... , .............. .............. ..............
e 10-3 Lo NG T _ ..... ___________ ]
100 Lo e -
105 - ______________ ______________
10-6 1 | | I |

10° 108 10® 10° 10* 10° 10° 107 10°
PerynapusaTop o

Pucynoxk 2.2 — Xapakrepusiit Bun ¢pynximii O (o), @, (o), X (o), BEHHCIIEMBIX 10
(opmynam (2.25), (2.28), (2.26) npu npaBuiibHOM BeIOOpe ceTku R, . TTonoca ykaspiBaer

Ha 00J1aCTh ONTHUMAJILHBIX 3HAYCHHUHU peryisipu3aropa. HpC)ICTaBJ'IeHBI TAaKXKC 3HAUYCHUA
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1 - pos(a)=1—POSITIV (2.28)u 8( 7. f ) — pasHocTH HalnenHoit VFDF u uctuaHOM

VFDF. bonee noapo6Ho Beau4nHa 6( f, f~ ) paccmaTrpuBaeTcs B I1aBe 3 paszzgen 3.3.

2.5. VYaeabHasi MOBEPXHOCTH U €€ MOrPeIIHOCTh, BbIYUCIAeHHbIe 10 VFDF

Baxneinas XaApaKTCPpUCTUKA HOHHHHCHCpCHOﬁ CHUCTCMBbI — IIJIOIIIaAb y,HGHBHOﬁ

IOBCPXHOCTH Syﬂ. E€ 3HaucHue U3MCPACTCA HC3aBUCUMBIMU MCTOdAMH, HAIIpUMCP, C

nomolpio agcopouuu. IIpaBunsHOCTh onpeneneHus Gopmel yactuily ¥ VFDF MoxHO

MPOBEPHUTH CpaBHeHHEM S, , HauneHHOro 3 VFDF u momy4eHHOro He3aBHCHMbBIMH

METOaMHu. 3aMETUM, YTO TMpPU HAIWYMAM 3aKPBITBIX TOJIOCTEM WIM U3YYEHUU
MOJUAUCIIEPCHBIX CHCTEM B COCTaBE KOMIIO3UTa TOJLKO MYPP mo3BossieT HanpsiMmyro

ONpPEACIUTH S,

N3 dopmynsl (2.7) s cymMapHO MOBEPXHOCTH U CYMMapHOTO 00bEMa 4acTHIL

HNMCCM.:
AV (Ry) _ ot f (R, JdR,
S =]Su(Rp-eliN(R,) =[5, (R, (R 8)—CJRW Sﬁ(Rg’g)m’ (2:34)
v=[av(r)=C["" f(R,)dR,. (2.35)
rac Sﬁ(Rg,S) — Iiomaab IMOBEPXHOCTH YACTHIBLI C 3addHHBIMHU
napameTpam

C' — HekoTOpast MOCTOSTHHAS, CBSI3aHHAs ¢ HOpMUpoBKoil VFDEF.
JInst paccMaTpuBaeMBbIX THUIIOB YACTHIL:
S.(R,.¢
SulBeoe) (s)— (2.36)
V,(R,.2)

3nech kodhduumueHT K, (&) 3aBUCUT OT (OPMbI YaCTULGI M €€ aHU30METPUYHOCTH. B
pabote [77] dopmyna (2.36) ucrnonb3oana uis chepuueckux yactuu. Popmyibl K , ()

Ipe/icTaBieHbl B Tabmuue 2.2.
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N3 ypaBuenuii (2.34) — (2.36) cnenyer:

S e *f< > Sc(r(r,)/x,.)
Sa=y=kale : ~K () . (2.37)

I AL T sor(r)

i=1

Koaddurmenter C; Beraucistores o gpopmysaam (2.10).

Tabanua 2.2 — Kospduuuentsl K , (&) B popmysie (2.36) aiist ©CCIEayEMBIX THIIOB

YacTHIl
IIpssmOyTroJIbHBIN
DIIUICOn ] BpalleHUs [Ipsamoit nrmiMHAp
napajulesIeuIne
2 .2
3{1+ € h{1+\/1 € ﬂ
1-¢’ €
,e<l1;
3 : (26 +1) 2(2e+1)
+€ 2(2e+1 €+
K.(e)= K (¢)= K, (¢)
2 2 _1 24 12
311+ arcsin| > &
e 1 c 3+2¢ 2+e
,e>1
2¢ >
2+¢

Wcxons u3 3Hauenuit VFDF f, = f (Rg’k) , k=1,2,...,M ux norpeutHocreit Af,

TMOJTy4YaeM [UIsl TIOTPeHoCTH AS,

v (8S 2
AS,, = \/Z( aﬁiﬂ f,{) , (2.38)

oS, K,(e)C| 1 iC,(f/Rgl)

ya

i=1
e =— — m , k=12,....M . (2.39)
oo San |t Yo
i=1 j
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BbiBOABI 10 BTOPOI IV1aBE

l. Jist wactuil cienyrommx GopM: JUIUICOU, UWIUHAP U Mapajuiesienure]]
npeicTaBleHbl (POPMYIIbl HHTEHCUBHOCTH paccesiHus Kak (YHKIUU pajuyca TUpalud 1
AHU30METPUYHOCTH.

2. Beenena ¢yukuus VFDF u ypaBHeHue, cBsi3bIBaroiiee WHTEHCUBHOCTh
paccesiHUs OJMIUCTIEPCHON CUCTEMOM YacTHI] ¢ 3Tol GyHkiuel. [I[pumMenenne pagnyca
TUpAIHY, KaK YHUBEPCAIBHOTO TMapaMeTpa JJis pa3HbIX MO (popme YacTHll, MO3BOJSET
HETIOCPEICTBEHHO CpaBHUBATh MOjelbHbIe VFDF, mMOony4eHHBIX U3 OINHOM W TOW XKe
uHaukarpuckl MYPP ¢ ncnonib3oBaHHEM HECKOJIBKUX MPEINOI0KEHUNH 0 (POpME YACTHIL.
D710, B CBOIO OYEpE/lb, MO3BOJSET MPOBEPUTH dHPEKTUBHOCTD MpE/IaraeMoro MeToaa
Borurciienuss VFDF ¢ Touku 3peHust ero crnocoOHOCTH HUIIEHTU(DUIMPOBATH MOJEIb
SIMHUYHON YaCTHUIIEL.

3. Ipennoxen moxxox Ha ocHoBe MBA uisi NpOM3BOJBHOM CeTKH R, W

KpUTEPHUH €€ MPaBUIBHOTO BBIOOPA.
4. BoiBenensr dopmynsl pacuera mo VFDF ynenbHO#M moBepxHOCTH U €€

MNOTpCIIHOCTH AJIA HOHI/II[HCHepCHOﬁ CHCTCMBHI.
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I'maBa 3. Ouenka Tounoctu Boruucjaenus pyukuuu VEDF u ynenbHoit
MOBEPXHOCTH

3.1. Onucanue METOAMKH NPOBEPKHU

B xauectBe TectoBoil ¢pyHkiuu Ob1a BeiOpaHa VEDF tuna [lynbia-3umma [141]

(cMm. rpaduk Ha pucyHke 3.1):

f(Rg)zC-Rg"exp(—B-Rg), (3.1
rne  C — HOPMUPOBOYHBIN MHOXKHUTEND,

n=>5;

B=0.4um".

AHQJIOTUYHOE paclpeiesieHue Moiaydaercss uisi MOpowKkoB ZrQO,, NpOoU3BEIEHHBIX
MeTOIOM ruaporepManbHoro cunresa [138, 90]. @yukius (3.1) uMeeT MakCUMyM TMpU
R, =12.5 am (s chepruyecKuX 4acTHI] ITO COOTBETCTBYET paauycy R =16 um).

Ha ocnose momensHoit VFDF (3.1) B amamasone q or 0,02 10 2 HM | Gbumd
Bblauciensl 1, =1, (qj,s), j=12, ..., 100 mo dopmynam (2.3)—(2.5), (2.8).

MHTEHCUBHOCTH BBIYUCIISIINCH IJ TPEX UCCIICAYCMBIX (bOpM U aHU3O0MCTPHUYHOCTH € B

1

nuanasone ot 0,5 mo 2. Jumamazony q= 0,02...2 HM ~' COOTBETCTBYET HHTEpPBA

OpATTOBCKUX Pa3MEpOB: dg, = 2nt/q= 3..300 HM. B »>TOoM wWHTEpBasie CONEPKHUTCS
HauOoJee nHTepecHas nHpopmaius o GopMe U pazMepax dacTuil oopasiia.

JI71st BceX yKa3aHHBIX BBINIE JOPM U 3HAUCHUH € IS KaxcOOU U3 UHTEHCUBHOCTEH
Obun BbruncieHsl 3HaueHust VEDF  £* u ux norpemnoctu Af” no gopmynam (2.23) u

(2.24). 3nauenus VFDF Bbrumcnsianch Ha paBHOMEPHOM ceTke B auamna3zoHe R, ot 1 1o

80 HM IIpY  3HAYCHMM peryaspusaropad, . OTpHULATEIBHBIE 3HAYCHHs BBIYMCICHHOU
VFDF 3amensnuch HyneBbIMH. B KaduecTBe NOTpEelIHOCTH MHTeHcHBHOCTH MYPP

ucronb3oBanuch 3Hadenus S, =.//, [31]. Ilocrosunas AB bopmyne (2.7)
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MOAOMPAIIOCh, KCXOs U3 yeioBus S, <0.01- 7. B ciryyae coBlafieHus HCTUHHOH (HOpMBbI

U 3HAYEHUS € C MpeanoyiaraeMbiIMu GOpMON M aHM3OMETpUYHOCThIO 3HadeHne VFDF

COoBHajin C XOpOH.IGfI TOYHOCTBIO: IIOYTH [JII BCEX TOYCK BBLIIMOJHCHO YCJIOBUC
03 o
£ = f(Rg,)|<0.5-Af".
Te KE BBIYUCJIICHUA 6BIJ'II/I IMPOU3BCACHLI JJIA HNMHUTAIINOHHBIX

QKCIICPUMCHTAJIBbHBIX» WHTCHCUBHOCTECH:

J,=1,+Sx,, (3.2)

rae x; —Ha0op cily4ailHbIX 3HaYeHUH, pacrpeneaeHHbIX 10 3akoHy ['aycca ¢
HYJIEBBIM MaTe€MaTUYECKUM OKUJIAaHUEM U €AMHUYHOMN AUCTIEPCUEH.

Jst wHTeHCHBHOCTEH J, BBIMMCIeHBl 3HavueHus VEDF  f = f%" wn wux

norpemwtHoCTH Af = Af," . Beruncnenne VFDF Ob10 BBIITOJIIHEHO AJIS IByX BapHaHTOB

PacCTaHOBKH Ry:

R max _R ,min
R, +—= v —lg (k—1)
R, , = (3.3)
gk ln(R max )~ I R, o
Rg,min'exp : ]\)4—1( - )(k_l)

Bropoii BapuaHT oOKa3zajics MPEANOYTHUTENBHBIM (CMOTpETh pazaen 2.4).
[IpencraBiieHHbIC HUXKE PE3YJIBTATHI HAWIEHBI ISl HETO.

Tounocts Beruncienus: VEDF onpenensinace OTHOCUTENBHON MOTPEIHOCTHIO:

N
6(f,f)=H|T”. (3.4)

3.2. Pe3yabrarbl CpABHEHHS] MCTHHHOMH M BHIYUCJICHHOM (PYHKIUI

VFDF

B Tabmune 3.1. npuBencHB 3HAYEHUS 8( f, f ) TUTA f , BBIYMCIICHHBIX W3

uHTeHcuBHOocTe J (3.2). OtHocuTenbHas mnorpemwHocTs s QyHkuud  VFEDF,
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BBIUHUCJICHHBIX HA OCHOBE MHTCHCUBHOCTEW [, HE3HAUUTEIHLHO MEHbBIIIE NIPUBEACHHBIX B
taomuie 3.1.

Tabmuua 3.1 moka3pIBaeT, 4TO MPH COBMAJACHUU MPEANONaraeMbix (OpMbI U
AHU30METPUYHOCTU C UCTUHHBIMU, OTKJIOHEHHE BbluKMCIeHHONM VFDF oT nctuHHOU HE

npesblinaet 4%. [Ipu coBmageHNu TONBKO MpeAnogaraeéMoil 1 UICTUHHOM OpM yCIoBHE

S(f,f) < 4% BBIIIOJHSIECTCA U B ClIydac HCCOBIIaAAAOIMINX 3HAYCHUM AHU3O0MCTPHUYIHOCTH!

€=0,8...1,2.

Ha pucynke 3.1 mnpuBenensl ucTMHHass W BbluuciaeHHele VFDF s
paccMmoTpeHHbIX ¢opm dactull. MuteHcuBHoCcTh MYPP paccunThiBanach i CUCTEMBI
mapooOpasubix yactull. Berumcnenne VFDF ocymectBmsuiock mns Bcex ¢opMm B
NPENNONIOKEHUH EIMHUYHOM aHU30MEeTpUuHOCTH dactuil. HaOmromaercss xopoiee
COBMAJCHWE HWCTUHHOW W BbluMCIeHHOM VFDF mnpu coBmageHun WCTUHHOW U
npennonaraeMoi GopMal.

Pucynok 3.1 — IIpoepka Tounoctu MBA Beruucienuss VFDF: ucrunnas VEDF (f) u

k-
=

=1 = =1
= o =

DYHKLWA pachpedeneHMa, oTH.el.
i
LY

e
o

50

VFDF, BbluncieHHBIE B TPEANOIOKEHUH, YTO YAaCTHUIBI UMEIOT GopMy Imapa ( fe),

UUIMHApPA ( fc), KyOa ( fpj , ipu Beruncienn VEDF mpeamnonaranocek, 4to 4acTULIbI

00Jaal0T €IMHUYHON aHU30METPUYHOCTBIO.
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0.04
0.03
0.02
0.01
0.00
—D.Dll
-0.02
-0.03

-0.04 10 20 30 40 50

Rg,Hm

Pucynok 3.2 — IIpoepka tounoctu MDBA Bberuucnenus VFDEF: cpaBHeHue

pasHOCTU MCTHHHOM U BhluucieHHoi VFDF u morpemmoctu TAf npu npasumbHOM

IMpCAITOJIOKCHUH O (1)OpM€ qaCTHII.

Crout oTMeTuTh, 4yTo morpemHocts Af (2.23) xapakTepusyer HMEHHO

HEOIPEACICHHOCTh pellieHus], HaliieHHOTo Mpu oMol MBA, 1 MokeT ObITh HE CBSI3aHa
C pasnuuveM BbpluMCIeHHOM u uctnHHOMW VFDF. Ho B cimydae npaBuiibHOrO

NPENNnoNoKEeHus: o0 (QopMe 4YacTUI[ W TMPaBUILHOM BBIOOpE O, JJis 3HAYCHUS

aOCOJIFOTHOTO OTKJIOHEHUS CIIPaBEIIINBO: ‘ f=r ‘ ~Af B cOOTBETCTBHM C PHCYHKOM 3.2.

[Tocnenuee BbIMOJIHSAETCA UIA BbluMCIeHHBIX VFDF BO Bcex ciyyasx COBNAICHUS

npearojaracMbiX 1 HCTUHHBIX (bOpM 1 3HAYCHUH AHU30OMCTPUYHOCTH.
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Tab6auna 3.1 —OtHOCUTENBHOE (B MPOIEHTAX) pa3Inune 8( ff ) WCTUHHBIX U BhIYUCICHHBIX VFDF. Boijenensl 3HaueHust 8( . f ) <4%

41

[MPEAITIOJIATAEMBIE ®OPMbI U AHU3OMETPUUN

NCTUHHBIE ®OPMbI U AHU3OMETPUA

Ouncong HWJIAHAP [Tapannenenunen
€ 05063 08| 1 (1.25| 1.6 | 2 05106308 | 1 |1.25| 1.6 2 05063 08| 1 |125)|1.6| 2
0.5 |1.7(162|26.1|29.1| 26 |154| 7.5 52| 18 [24.3|232|157| 5.9 265|175 94 |19.9|23.6| 19.7 | 9.6 |15.3
~| 0.63 [18.2| 3.4 |11.5/144|11.3|59 199|154 7 |11.6{10.1] 6.1 | 19.8 |41.9] |36.7| 15.1 |11.4]12.4| 10.8 | 14.2|30.8
S| 0.8 [31.1/11.6] 1.4 | 3.7 | 1.5 |12.5[30.7||27.9|12.3| 72| 7.5 [13.9| 31.2 | 53 ||52.1] 26.1 [14.3|12.5| 14.2 [24.9|42.7
E 1 (35415138 |17 | 4 |159(34.1 32 (154194 |98 |17.2] 348 |56.4||56.2| 29.8 |17.1]14.5| 16.9 |28.4|46.5
2| 1.25 (31.5]123)2.7 | 4 |27 |13.131.3]]284(12.9]| 79 | 8.1 |14.5] 31.9 |53.9][58.6]| 26.9 |15.3|13.7| 15.2 |25.5]43.8
1 1.6 [18.5] 3.6 |12.5/15.7]12.3] 2.8 [18.6]|16.9| 9.3 |[12.9[11.7] 6.3 | 18.8 |41.1|[39.7] 16.4 | 13 |14.4| 12.3 |14.1|30.4
2 9.8120.1| 30 | 33 |29.8(18.2| 3.3 ||13.6|23.4(29.5|284| 20 | 52 |23.3|(22.7| 17.3 126.7]29.7| 26.5 |14.6| 13
0.5 |65(143|23.7|26.6(23.6/14.1|11.8|| 2.1 | 14 [20.5(194|11.8| 9.2 |30.1|[199| 43 |15.1|18.7| 15 |56 (179
0.63 |20 | 8 |12.8]154]12.8]92 (22.1||158|25|7.7|6.6 | 4 | 212 (42.7||374| 134 |47 |6.6| 42 | 13 |31.5
= 08 |29 (127197 (109|197 | 14 1296|244 |84 2.7 34 |11.2] 289 | 50 | [553] 218 |88 |59 | 88 | 21 |39.9
= 1 126.6/103| 89 |109| 9 |11.8|275|(224|63 |22 | 2 |92 | 27 |48.5]||482] 199 |72 |51 | 7.1 19 |37.9
E 1.25 |19 76| 14 |168| 14 | 84 (202 ||147| 4 |10.1| 88 | 3.6 | 19 |41.1||428| 127 |73 |92 | 6.6 |11.3(29.6
1.6 [95(19.8|29.6/32.6(29.5|185] 6.4 ||12.3(21.8| 28 |26.8(18.4| 3.1 |23.4]|20.3| 144 |23.8|1269| 233 |11.2|11.4
2 1293141.4|150.4|53.1{50.1139.3| 22 ||33.8|44.4(50.1|49.1|41.1| 23.3 | 2.4 ||30.6| 36.7 |{46.9[49.9| 46.7 |34.1|14.9
~| 0.5 [15.8/29.2| 38 [40.6|37.9|28.5|16.7||17.1129.2| 35 |34.1|27.3| 144 |194|| 3.3 | 18.7 [29.6/32.9| 294 |18.8| 10
E 0.63 (11.9/15.7| 24 |26.7| 24 |159| 16 6.7 | 13 1193|183 |11.6| 13.1 |32.6|| 22 | 3.1 [12.7]16.2] 12.6 | 5 |20.2
5| 08 |24|14.1]16.8|18.6/16.8|15.1]25.7| |18.1|168 | 9 | 8.6 | 9.2 | 239 |44.1]||43.1| 143 /3.2 |42 | 33 |142] 33
3 1 [27.1(146|158|17.1|158| 17 |28.5]||21.7| 78 | 8 | 7.6 |11.2| 26.6 |47.3| |458| 18.1 | 57 | 2.6 | 49 |17.4|35.7
E 1.25 |22.5/12.5| 16 |18.1| 16 |13.81245||17.2| 57 | 88 | 83 | 81 | 22.9 |43.4||41.4| 135 |21 |44 2 |13.3]32.1
S| 1.6 |14.7(16.2(243| 27 |24.2(16.1|16.4| | 9.5 |13.2|19.5|18.5|11.7| 12.9 [329]| | 31 6.6 |13.2]16.5| 129 | 3.9 |20.1
= 2 |18.1130.4(39.7|42.5|39.6|29.2114.9| |120.5|31.2|37.3136.2(28.3| 124 |15.8||19.4| 21.7 |32.2|35.4| 319 |19.3| 3.3
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3.3. IIpoBepka TOYHOCTH BHIYMCJIEHUS YAeIbHOM MOBEPXHOCTH

Bbuta BeIMUCIIEHa yaenbHas NoBepxHocTh S, (2.37) s ucrunnon VEDF (3.1) nis

KaXJI0H U3 Tpex (opM U pacCMOTPEHHBIX B MpeabyaylleM naparpade 3HaueHUi
aHM30METPUYHOCTH. BbUIO MPOBEACHO CpaBHEHWE 3HAYCHMH S, CO 3HAYECHHAMH S

HalJeHHbIMH JUIs1 BeluuclieHHbIX VEFDF. bpuin Tak:ke BBIYMCIICHBI MOTPEMTHOCTH AS,,

(2.38), ucxoms u3 morpemHocteii Af mis Bcex BorumciacHHbIX VFDF. Pesynbrarsn

npeAcTaBieHbl B Tabmuile 3.2.

3aM€TI/IM, qTo IIpH OHHHaKOBOﬁ AHU3OMCTPUYIHOCTH  BCINYKMHA Syﬂ PRI |

QIUIMIITUYCCKHUX YaCTHUIl 3HAYUTCIIbHO MCHBIIIC, YCM IS TUIMHAPUICCKHUX YaCTHUIL, a I
IHoCJICAHNX MCHBIIC, 4YCM JJI1 YaCTHI B (1)0pM€ ImapaJuICJICIINIICaa. MunumManbHas
yAcCibHasA IMOBEPXHOCTb HE3aABUCHMO OT CI)OpMBI MOJIYy4acTCsa JId 9acTull C eI[HHI/IqHOﬁ

aHU30METPUYHOCTHIO. B cityuae simnmuntuueckux yactuil ¢ € = 0,5 Win € = 2 oTin4uue Syﬂ
OoT Syﬂ cuCTeEMBI yacTull ¢ € = 1 MmoxeT nocturarb 20%.

[Ipy coBmageHMM MCTUHHBIX W  MpeanoiaraeMblx (GopM U 3HAYEHUU

AHU30METPUYHOCTH OTHOCHUTENbHASI MOTPEIIHOCTh Agﬂ / Sya JIEKUT B HHTEpBaJEC
1,1%...1,7 %. OTHOCUTENBHAS TIOTPELUIHOCTh AS‘YH / S‘yn MOYTH JIJIS1 BCEX BBIYHMCICHHBIX

VFDF ne npesimaet 2,7%. Uckmtouenne — gactuiibl ¢ GopMo# mapasuienenumnena u
AHU30METPUYHOCTHIO € = (0,5, U1t HUX 3Ta OTHOCHUTEbHAS MOTPEITHOCTh HE3HAYUTEITBLHO
Oosnble.

JlocToBepHOCTh HOrpemHOCTH AS, TIPOBEPSUIACh CPAaBHEHHEM €€ C PasHOCTBIO
MPEAIIONIAaracMo U UICTUHHOM YIEJIbHBIX IOBEPXHOCTEN S'yﬂ — S, (rabmuua 3.2). BunHo,

YTO IIpHU COBIIAACHHHU IMPCAIIOIaracMbIX U HCTHUHHBIX IMAPaMCTPOB YAaCTHI[ BBIIIOJIHACTCA
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S, —S
COOTHOILIEHUE w <1 (COOTBETCTBYIOIINE TYECUKH BbIACICHBI )KUPHBIM HMIPU(TOM B

ya

Tabnuie), o ectb AS, | (2.38) MOXKET HCIONIb30BATHCS B KAYECTBE OLECHKH S, — S, .
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NCTUHHBIE ®OPMbI U AHU3OMETPUIA

- S
Tab6anua 3.2 — VIcTHHHOE 3HaYEHHE YAEILHOM MOBEPXHOCTH Sy)1 (8 M*/cM®) 1 oTHOImEHNE —2 Y%
AS,,
I[TPEJITOJIATAEMBIE ®OPMbI U AHNU3OMETPUN
Dmunconst WJIMHAP [Tapamtenenunes

€ Syn | 0.5 [0.630.8] 1 |1.25|1.6] 2 0510.6310.8] 1 |1.25|1.6| 2 0.5 10.630.8| 1 |1.25 1.6 | 2
0.5 222 1-0.110.2(0.7/0.9| 0.5 [0.0/-0.3] |54]| 6.5 |7.7| 7.1 | 4.0 [3.1|3.6 7.2 18.219418.0/9.0] 6.8 | 4.1
= 0.63 | 202 | 1.1 10.2{0.2(0.3| 0.1 [0.2/0.2 6.1 45 (43144 |3.51(23[29 13.515.7/6.0{7.3]6.7| 55| 5.4
§ 0.8 190 | 2.6 |-0.110.0/0.0| 0.0 -0.2]-0.6] [9.9| 6.3 [7.0] 6.3 | 5.0 [2.9[28.00 |18.6[10.6/9.3/8.8|8.8| 6.6 | 18.1
= 1 186 1.9 10.110.1]0.2] 0.2 [0.0-0.2] [7.2]1 6.9 |7.1] 7.3 | 5.2 |3.835.00 [26.3]11.6/9.8]10.1]10.0 8.2 | 16.9
B 1.25 | 190 | 2.3 10.6/1.0/1.0] 1.0 {0.9/0.6 9.01 74 (73] 7.3 ] 5.9 [2.126.2 6.9 [11.4/9.816.3/9.2] 6.0 | 24.1
o 1.6 203 114 10.6/0.5/0.4| 0.5 104]0.2] [4.7] 4.7 |6.8] 6.5 | 4.7 |3.221.9 8.6 18.0/8.6]10.009.4| 8.0 | 74
2 225 109 [0.8{1.2]12.5/ 1.5 ]0.0/-0.3] |8.1] 8.8 |9.1| 84 | 6.2 [2.5|3.9 10.0110.9/7.8(8.3|7.3] 6.5 | 5.0
0.5 244 | -3.8 |-5.4/-5.6/-6.0| -6.3 |-5.8|-5.0] |-0.1] 0.6 |0.9]| 0.2 | -0.9 |-1.6|-4.4 1.9 12.5/4.0(4.0/3.9] 20| 0.9
. 0.63 | 229 |-3.9|-4.6|-5.3|]-5.4| -5.5 |-4.3]-3.9] ]0.3]| 0.2 |0.0|-0.4 | -0.9 |-1.5]-3.9 39 (2.8|3.1133|3.1]124 | 1.7
= 0.8 220 |-3.4|-3.3-3.4]-3.5|-3.4|-3.3-4.1] [2.1] 1.1 [1.0] 0.6 | -0.2 |0.3]29.3 3.712913.6/3.9]3.4| 2.1 | 10.7
= 1 219 |-3.71-4.0]-4.9]-5.3| -5.0 |-4.0-4.2] |1.5] 0.7 {0.6| 0.1 | -0.4 |-1.3|19.3 54 (3.2|13.8/4.0/3.5]127| 1.9
:Er 1.25 | 226 |-2.6|-2.2|-3.5]-4.0/-3.4|-2.6]-2.5| [1.2] 1.6 |1.2] 1.1 | 0.5 |0.0|-1.3 1.9 |3.3|4.1(53|4.7|2.7 | 24
1.6 244 | -3.1|-2.7-2.6/-2.8| -2.9 |-2.6/-2.7| |1.7] 2.6 |3.4| 3.3 | 1.4 |[0.5]-0.2 4.7 15.0/5.816.7[59| 5.1 | 3.5
2 271 |-1.8 |-1.0-1.0]-1.6| -1.1 |-2.5|-4.2| |5.3] 6.5 |7.0| 53 | 3.7 |1.4/-0.1 42 18.0/6.5|7.1/6.1] 5.0 | 4.0
- 0.5 277 |-5.51-6.6/-7.3|-8.3| -7.3 |-7.2|-6.5| |-1.3] 0.0 |0.1|-0.6 | -1.0 |-2.7|-6.0 0.0 1.9|3.6/3.2|3.5]14 | 0.2
E 0.63 | 257 |-5.6 |-6.4]-7.2|-7.1]-6.9 |-5.7]-5.1] |-1.6|-1.7 |-2.0] -2.6 | -2.7 |-3.2]-6.5 0.0 [0.2/0.7/0.9]0.7| 0.5 | -0.3
5 0.8 244 |-5.3 |-4.4-5.3-4.7| -4.9 |-4.2]-4.1] |-1.9/-0.2 |-0.6| -0.2 | -1.3 |0.2[10.2 0.8 (0.8/1.0/1.0/0.9]| 1.1 | 0.2
§ 1 240 |-7.3 |-5.0-3.5]-3.3| -3.5 |-2.2]-1.9] |-2.3]-0.6 |-0.5| -0.8 | -1.0 [0.2]6.6 09 (1.2/0.0/0.1/0.1] 0.5 | 1.0
= 1.25 | 244 |-7.3 |-5.6|-6.5|-7.1| -7.3 |-5.6|-5.1| |-2.6|-1.9 |-2.3| -2.8 | -2.6 |-3.1|6.0 0.5 |-0.2/0.1{0.3]0.1|-0.1 | -1.1
& 1.6 259 |-3.8]-3.0-5.6-6.2| -5.2 |-3.5]-3.1] |-0.9/-0.9 |-1.1| -1.6 | -1.3 |-2.4|-3.7 0.2 10.3/0.7/1.0/1.0{ 0.5 | 0.2
= 2 283 |-5.6 |-5.7|-5.1|-5.7| -4.8 |-4.5]-4.1| |-0.9| -0.3 |-1.1| -1.4 | -2.0 |-1.9]-2.9 0.2 11.3/2.7/2.9(2.5] 0.9 | 0.6
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3amMeTHM, YTO TpPU HENPaBUIBHOM BBIOOpE AHU3OMETPUYHOCTH, HO TpHU
COBMAJICHUH MPEANOIAaracMoi U UCTUHHON (OpM yaeiabHasi TOBEPXHOCTh, TOTyUCHHAS
n3 BbrunciieHHo VFDF, coBmamaer ¢ uctuHHOM B mpenaenax norpemuoctu. [Ipu stom

BbIUKCIIEHHAss U ucTuHHAas VFDF Moryr cymectBeHHO pasimuuarbes. Hanpumep, s

yacTHI[ B (pOpMe ILIMIICOMIA C aHM30METPUUHOCTRIO € =0,63...1,6, 8( f, f )S30% a

S
%33%. Takast TOYHOCTH BOCCTAHOBJEHHMS S, TPH CHIBHOM pPa3IHYMH

ya
BelunciaeHHOH u uctuHHOM VFDF wMoxer OBITH CBsi3aHA € TeM, YTO y/eiabHas
MMOBEPXHOCTh JOCTATOYHO TOYHO OMNPEAEISACTCS IO ACHUMITOTUYECKOMY TOBEACHUIO
uHTeHcuBHOCTU MYPP nipu 6onbimnx 3HaueHusix g (muBapuant [lopona [31]).

o S yr S ya
C IlperI/I CTOpOHBI, n3 Ta6HI/II_II)I 3 2 BHJIHO, YTO BCJIMYHHA T HpI/I
yi

HEIpaBUILHOM BbIOOpE (POPMBI YaCTUI] B OOJIBIIMHCTBE CIyYaeB COCTABISAET HECKOJIBKO

CIUHUILI.
Takum o00pa3oM, TpU TIOMOIIM CpaBHEHUS 3HAYCHUN S‘yﬂ, HaWlJICHHBIX I10
BBIUHUCICHHBIM W3 MHTeHCMBHOCTH MYPP sx3emmsipam VFDF, co 3nHaueHuem Syn,

HAWJICHHOTO CTOPOHHUMH HE3aBUCUMBIMM METOJAMH, MOXXHO COKPATHTh YHCIIO
BapUAHTOB MPEIOJaraéMbIX apaMeTpOB YaCTHUI] WM BHIOpaTh (popMy paccenBareseit

HanOoJee aJIcKBaTHYIO peabHOM.
BbiBOaBI 110 TPeThEH I1aBe

1. Hns monenwsHOM VFDF  (3.1) OblmM  BBIUMCIEHBI  «3allyMJICHHBIC)»
WHTEHCUBHOCTH paccessHus (2.7) nns yactuil B (opMme IJUIMICOUJA, LHWIMHIApA U

napajieNienunea ¢ aHM30MEeTPUYHOCThIO B uHTEpBae 0,5 ... 2.

2. Jlnst kaxnoit moaenbHoOU KpuBoit MYPP niis Bcex paccMoTpeHHBIX hopm u
3HAYEHUN aHU30MEeTpUIHOCTH ¢ moMoIibio MBA Owutn Berumciienst VEDF (2.22) u ux

norpemHoctu (2.23).
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3. Haiinensl oTHOCHTEIbHBIE morpentHocTy (3.3) mis BeruucieHHblx VEDEF.
Pesynprarel mpenctaBieHbl B Tabnuue 3.1. Ilpu coBmajgeHMM UCTUHHBIX W
MpEeANoiaraeMbIX MapaMeTPOB YaCTULl OTHOCUTENIbHASI IOTPEUTHOCTD HE npeBbImIacT 4%.

4. [Ipu mnpaBunbHOM BbIOOpEe GOPMBI M AHU3OMETPUYHOCTH YACTHII

norpemsocts Af | Gimska k abcomoTHOM morpemHocty BeruucieHns VEDF ‘ f-f

3. Jlns MonenbHOM (MCTHHHOM) M Bcex BhiuucieHHbIX VFDF st Bcex dhopm u

3HAYEHUH AaHU30METPUYHOCTH YacTuIl Bbraucnena S, (2.37).
OOGHapykeHO, YTO MUHUMAaJIbHAS SyZl noiydaeTcs Jis yactuil ¢ € = 1. Ommune
SyZl miste=0,5umme=2o0T SwI s € = 1, mosket gocturath 20% i yactuil B popme

QJIINIICOUIO0B.

6. N3 BeriuncienHsix VFDF u ux morpemHocteil HailieHbl S‘yﬂ (2.37) u ux
MOTPEIIHOCTH ASW (2.38). IIpu mpaBmwibHOM BbIOOpE (HOPMBI U AHU3OMETPUYHOCTH

HacTUul IOJIYUYCHHBIC 3HAYCHHUA ITOT'PCIIHOCTH AS va CIIyKaT 10CTAaTOYHO TOYHOM OIICHKOM

AN
7. OOHapy>XeHO, 4YTO TpH MpPaBUIBLHOM BbIOOpE (OpPMBI YacTHI], HO

HCIIPaBUJIBHOM BBIOOPE aHM30METPUYHOCTH, BBIYHCICHHOC 3HAYCHHE S, MOXET

COBNAJATh C UICTUHHBIM B Ipezeiax norpemnocty. [Ipu HenpaBuiabHOM BBIOOpE POPMBI

qacTul pasHOCTb HMCTHHHOI'O Syﬂ M BBIYMCIICHHOIO 3HAYCHUM Sy/:L B OOJILIITMHCTBE

CJIy4acB 3HAYUTCIbHO ITPCBLIIIACT ITOI'PCITHOCTD AS i TO €CTb CPAaBHCHHC BBIYHCJICHHBIX

~

3HAUYEHUHN S, CO 3HaYCHHEM SwI , HAMJIEHHOTO HE3aBHCHUMBIMU METOJIaMH, IO3BOJISICT

COKPAaTUTh YUCJIO BApPUAHTOB MapaMeTPOB MOJEIbHBIX YaCTHI] UJIM BbIOpaTh UX (popmy

HanOoJee aJeKBaTHYIO PEATbHOM.
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I'maBa 4. Pa3padorka kpocciiar(pOpMeHHOTr0 MPUJIOKEeHUs
JJISI HHTePNpeTAlMUA JaHHbIX PEHTIT€HOBCKOI0 MaJIOYIJIOBOTO paccesiHus
OT MOJIMJIUCIIEPCHBIX CUCTEM
4.1 . BBenenue

IIporpecc B cpencTBax U3MEPEHUS U PACIIMPEHUE BBIYUCIUTEBHBIX MOIIIHOCTEN
MIPUBEIH K POCTY 00bEMa JTAHHBIX U TTyOWHE W3BJICUCHUS CTPYKTYPHOU MH(OpMAITIK 13
kpuBoi MVYPP [58;142 — 144]. [dnsa Bbruucienus (Gpopm-(pakTopoB OJUHOYHBIX
pacceuBareneil MHOTUX (OpM pa3pabOTaHbl AHAIUTUYECKUE U YHUCIEHHBIE METOABI [58;
145; 146]. CuHTe3 HOBBIX HAHOMATEPHAJOB BEAET K YBEIWYEHUIO THUIIOB MOJENEH
paccenBaroUMX 00bEKTOB. DTO CTUMYIHUPYET pa3pabOTKy MPOrpaMMHOIO O0OecreueHust
Uil uHTepnperanuu  pedyasraroB MYPP.  Ilporpammuoe obOecnedeHue  OT
MIPOU3BOJIUTENIEH 0OOPYIOBAHMSI UMEET 3aKPBITHIM MPOTrpaMMHBIN KOJI, OTpaHUYCHHBIN
Kpyr pellaeMblXx 3ajJad M M[OpHUBS3aHO K KOHKpPETHOM ycTtaHoBke. Hampuwmep,
PEKOMEHIyeTCsl MOJAOUpaTh MapaMeTphl JUIsl paclpenesieHui U3 OrPaHUYEHHOTO CIHCKa
pacnpenenenuii: llynera—3umMma, ['aycca u tak nanee [36 — 38]. DToT moaxo onpasiaH
B CJIy4yae HaJu4ue anpuopHOr MH(MOpPMAIIMK O BUIE pacipeiesieHUs, HO B OOJBIIMHCTBE

CJIy4aeB TaKoW MHPOpPMAIIUU HET.

Hnsa  Beruucnennss VFDF  w yhnenpHOW — mOBepxXHOCTH — pa3paboOTaHO
kpoccriargopmennoe npusioxkenue SAXSEV (tekymas Bepcusi 3.2), peanusyroiee
ONMMCAHHBINA BBIIIE AITOPUTM (IVIaBbl 2,3) ¢ MOMOIIBIO, KOTOPOTO MOKHO HMCCIIE0OBATh
MOJIMUCTIEPCHYIO cucTeMy 0e3 orpanumdeHust Ha Buj pactpenenenus. SAXSEV ne
NPUBS3aH K 000PYI0BaHUIO, U MTO3BOJISET aHAIM3UPOBaTh KpruByto MY PP HezaBucumo ot
KOHKPETHOM armnaparypsl.

[IpeumymiectBa ucnonp3zoBanusi SAXSEV sBusitorcst kpoccraarOpMEeHHOCTh |
OTKPBITBIM HcXonHbIl koA. [locnenHee mo3BosisieT paciivpsATh (HYHKIMOHATBHOCTD

MPOTrPaMMHOIO MakeTa B COOTBETCTBUU ¢ noaxoaom SOLID.
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4.2. Onucanue PyHKIHOHAJIBLHOCTH

SAXSEV npennazHadeH uisi MHTEpHpPETalUd JaHHbIX N0 KpuBoil MYPP or
MOJIMIUCTIEPCHBIX 00pa3ioB. KiroueBoii ¢yHKMoHATRHOCTRI0O B SAXSEV sBisercs
Beruncienue VFDF na ocnoBe MBA 1711 MoHOMOp(HBIX cucTeM pacceuBareneit. @opma
Y aHW30METPUYHOCTD PACCEUBATEIIA SIBISAIOTCS BXOAHBIMU ITapaMeTpamu. JlaHHbIE O HUX
MOTYT OBITb MOJY4YEHbl CTOPOHHHMH METONAMM: M3 JJIEKTPOHHONH MHUKPOCKOMHH,
abcopOuus u Tak ganee. Kpome Toro, 3HaueHue yIeIbHON MOBEPXHOCTH, BEIYMCICHHOE
u3 VFDF, nosBosnsger onpeaenuts Hanbonee BEPOATHYIO (GOPMY U aHU30OMETPUYHOCTh

pacceuBareneil (cMm masy 3).

SAXSEV ob6ecnieunBaer Beiumcienue VFDF nnsa tpex ¢gopm pacceuBateneit ¢
MPOM3BOJILHOM AaHU3OMETPUYHOCTBIO. [lomMmumo camoit VFDF maker BbluucigeT ee
MOTPEIIHOCTh, YIEIbHYIO IMOBEPXHOCTh, accounrpoBanHyo ¢ VFDF, u norpemHocTts
YIAEITBHON ITOBEPXHOCTH.

[Ipunoxenue peanu3oBaHo Ha si3bike Python 3 [146], mmpoko mpuMeHsieMOM B
Hay4yHbIX BbIUMCIeHUsIX. Hcnonp3oBanue Oubnmorexk Numpy [147], Scipy [148]
MO3BOJISICT JIETKO JOMOJHATH (DYHKIIMOHAIBHOCTH MPUJIOKEHUS ISl PEIICHUsT IPYTHUX
3aJ1a4, CBSI3aHHBIX aHAJIU30M PACCESHUS OT MOJHUIUCIIEPCHBIX CUCTEM (JOTOTHUTEIIbHbBIE

(bopMbI paccenBaresis, yueT MEeK4aCTUYHON UHTep(EepeHInH U TOMY TTOJI0OHOE)

4.3. BblYMCIUTEIbHBIH CHECHAPU

3anaua Beruucienus Gyuknuun VFEDF u3 ypaBaenus (2.8) penraercs B HECKOJIBKO
waroB. [lepBblii mar 3amaHue CETKU 3HAYCHUW PETYJSpPU3aTOpa U BBIYMCIICHUE IS
KaXKJI0TO U3 3TUX 3HaueHui Haunbonee BeposiTHo VFDF u ee morpemHoctu. Bxonnbie
JaHHbIC JJI1 TMEpBOro Iara: MHAUMKaTpuca paccesHus Il(g), reomerpuueckas ¢opma
pacceuBaTesss U aHU30METPUYHOCTh. Ha BTOpOM I1are Ha OCHOBE CUCTEMBI KPUTEPUEB

npousBoauTcs: BeIOOp Haubosiee BepostHoM VFDF. Cranmaptaeiii Habop KpuTepHeB
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[122] 6b11 nononHeH B npoliecce npumeHeHust SAXSEV k skcniepuMeHTaNbHBIM KPUBBIM
paccesiHusL U oOcyxaaerca Huwxke. Ha 3akmountenbHOM miare juisi BeiOpanHoid VFDF
BBIYHCIIAETCS YAEIbHAS IOBEPXHOCTh U €€ MOIPEIIHOCTb.

Bri6opa onTUManbHOTO peryisipu3aropa CHIIbHO 3aBUCHUT OT CETKH apryMEHTOB
uckoMoit VFDF [45]. IToaToMy B IporpaMMHbINA HaKET BKIFOUEH MOJTYJIb, TO3BOJISIIOLIUI
MHTEPAKTUBHO KOPPEKTUpPOBaTh ceTKy aprymeHtoB VFDF. IlepBoHauanbHO ceTka
TEHEPUPYETCSI aBTOMAaTHUYECKM HA OCHOBE 3HAUYEHUN MOMYJSI BEKTOpPA pacCEsHUs.
NurepaktuBHas komroHeHTa SAXSEV mno3Bosisier paccMaTtpuBaTh MPHIOKEHUE Kak

WHTEJUICKTYaJIM3UPOBAaHHYI0 HH(POpMaImoHHy10 cuctemy [150].
4.4. TlporpaMMHBbIi IU3aIH

CucrteMa MonyJiei, COCTABIISIONIUX MAKeT, 00beIMHEHA 00wum UHTEpPErcoM Mo
npuHiuny MVC. Pabora ¢ marpuiiaMu ¥ MacCMBaMU OCYIIECTBIISETCS MPU TTOMOITU
oubnuorek NumPy u SciPy, Busyanuzanus pesynsraroB — Matplotlib [151].

Cucrema moctpoeHa ¢ wucnonb3oBaHueM npuHIUNOB SOLID  o0ObekTHO-
OPHUEHTHPOBAHHOTO MPOTPAMMHPOBAHUSA. DTO YIIPOIIACT MOMICPKKY U MOTU(PHUKAITHAIO
cuctembl. IHTEpdelic peann3oBaH ¢ MOMOIIbI0 KpocciiardopmeHHoi oudanorexu PyQt
[152].

OcHoOBHBIC (PYHKITMOHAILHBIE MOTYJIH:

— TeHepanuu HambOojee BeposaTHbIX VFDF m ux morpemrHocTed s Ka)jaoro

3HAYEHUS U3 Habopa PEeryisapu3aropos;

—  BBIYMCJICHWE WHTCHCHUBHOCTH  pAacCesHHUS OT OJWHOYHO  XAOTHYHO

OPUEHTHUPOBAHHOW YaCTHUIIBI 33JaHHON (DOPMBI U AaHU3OMETPUYHOCTH;

— BBIYMCIICHUS 3HAYCHUN KPUTEPHUEB B 3aBUCUMOCTH OT PETyJIsIpU3aTopa;

— BBIYHCIICHUS YACITBHON MMOBEPXHOCTH U €€ TIOTPEITHOCTH;

— TeHepaIluy CEeTKH 3HAUYCHUN pajinyca TUpaIliH;

— pEIaKTUPOBAHUS CETKH 3HAUCHU painyca THpaInH;

Jluarpamma cBsi3€il MKy MMaKETaMU U JJOKyMEHTALIMs JOCTYIHBI 0 aapecy [153].
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4.5. Bp100Op ONTHMAJIBLHOIO pPeryJjspu3aropa

Jlns BeIOOpa onTUMaNbHOTO 3HaUeHUs perymsipusaropa B SAXSEV ucnomns3yrorces
(yHKUIMOHAJBI, XapaKTepHU3YIOUIHNe HaWICHHOE pEUICHHE, IO3BOJISIONIUE CY3UTh

JMAIa3oH 3HaYeHUuH perymsipuzaropa. DopMysbl 3TUX (YHKIIMOHATIOB MMPUBEICHBI HUXKE.

1)  Jonsa nonoxurtenbHbiX 3HadeHui B VFDF f :

POSITIV =

||f+||,me +’l_:{fi,fizo; @)

w4 0,, f; <O.
Hopma omnpenenena BwipaxkeHuem (2.29). OnTuManbHOE 3HAYEHUE HTOTO

dynakmonana POSITIV  =1.0

opt

2) Tloka3zarenb OTCYTCTBUSI CUCTEMAaTHYECKUX PACXOKICHUN MEXKTY

sxcrepumenTanbaoit 1 u monensroi [ unTeHCHBHOCTAMIL:

2]]\\]73 , SYSDEV,  =1.0 , (4.2)

opt

SYSDEV =

(src)

rae N, —uncio pa3s cMeHsI 3HaKa pasHocTH /% — 77 11 MOC/IeI0BATEIBHBIX

3HAYEHHUU apTyMEHTA.

3) Ouenka crabminbHoct VFDF nipu u3meHnenuu peryasipuzaropa:

H fle — peollg,
STABIL = , STABIL,,, =0.0. 4.3)
Hf(ai)H(am o ai)
4) BenuunHa W3MEHEHHS OIleHOUYHON (PyHKIMH (2.25) ipu BO3pacTaHUU
peryispusaropa:
DISCRP = |0*(0) - *(c. —>0), DISCRP,, =0.5..0.8. (4.4)

5) OueHka 10cTaToOYHOCTH auarnas3oHa aprymenta VFDE:
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fl:runc

rne f,... — VFDF ¢ 00Hy/IeHHbIMY 3HAYeHHAMM B TIEPBOI U MocyIeHelH YeTBepTaX

paLceN = Mol , VALCEN,, =1.0, (4.5)

AUaIra3oHa aprymMcHTa.

6) Onenka konuuecTBa ocruuisinuii VFDEF:

| 1R e = RE i)
| /]

e N, — oxkugaemoe uncio makcumymoB B VEDF;

OSCIL =

,OSCIL,, = N,

osc ?

(4.6)

f g npousBoaHas VFDF.

OynkuroHansl 4.1— 4.6 BBeAeHbl B padote [122] nst pelieHus HEKOPPEKTHOM
3a71a4d BBIYMCIICHHS PACIIPEICIICHUS MAPHBIX PACCTOSHUM HA OCHOBE MHTEHCHUBHOCTH
MVYPP. B SAXSEV peanuzoBanbl emie jgBa (yHKIIMOHAJIA YTOUHSIONIME JTUANa30H
BBIOOpA PETysipU3aTopa, YKa3aHHbIE HIKE:

7) OmneHka CyIecTBEeHHOCTH oTpuliarenbHbiX 3HaueHuit VFDF [50]:

mpMIN == ((g(‘ ;D(O‘) , IMPMIN,, = 0.0, 4.7)
(0

rne @, (o) — ouenounas pynxims (2.27).
8) Jlois 3HAUNTENbHBIX OTKIOHeHNMH nHTeHcuBHOCTH ™) paccesuus ot

unTencusaoctu ¢ :

ERRDEV _ =0.0

opt H

ERRDEYV = ]jv (4.8)

rae Nerr — YHCJIO TOYECK, JJIs1 KOTOPBIX ‘I](.“) - IJ(.”“) >nS,,m=2:3.

boneimoe 3HaueHue ¢yHkuuoHana (4.8) MO3BOISET OTOPOCUTH MaJOBEPOSITHBIC
sk3eMIusipel  VFDF, mnopoxkparomme WHTEHCUBHOCTH BBINAJAIOMIAS M3 IIOJOCHI

MOTPEIIHOCTH.

51



52

OynknuoHansl (4.7) u (4.8) HakIaapIBalOT Oojiee cTporue TpedoBanus, yem (4.1)
u (4.2). Ilpu pa3zpaborke MBA mpuMeHHUTENBHO K periaeMoil 3afa4e Oblia MoKa3aHa ux
3G (HEKTHBHOCTD.

B SAXSEV Takke BolUuCisIeTcs: pe3ylbTUpyronmi gynkiuonan [121]:

2
TOTAL = Zwi exp[—((j&:cli)j/Zwi ,
i G i

rac

(4.9)

[ WHIEKC nepeduparommii GyHkiuonans! (4.1) — (4.8);
CR,a.,c..w.

127719 710

— 3Ha4eHHE (PYHKIIMOHAJIA, 0KUAEMBIN ONITUMYM,
JoIycKaemasi HEONpeAeIeHHOCTb, BEC (PYHKIIMOHAJIA, COOTBETCTBEHHO.
3HavyeHus d;, C;, W, 3aJlaHbl 10 YMOJYaHUIO, HO MOTYT OBbITh II€pEOTIpEIEICHbBI

II0JIb30BATEIEM.

SAXSEV obecnieunBaer WHTEPaKTUBHBIA BBIOOD ONTUMAIBLHOTO 3HAYCHUS
peryisipu3aropa Ha OCHOBE rpapuecKoro npeICTaBICHUs 3aBUCUMOCTH (YHKIIMOHAJIOB
oT perymsipuzaropa. [IpunoxkeHue 1eMOHCTPUPYET Pe3yJIbTaT BBHIYHMCICHUN TpadukamMu
VFDF 1 OTHOCUTENBHBIX OTKJIIOHCHUH:

(o) _ ](S}'c)

(o) _ glsre)
J J 1 I

+J J

81\ = , 819 = ,j=12,..,N. (4.10)

J J

Tabmuna 4.1  comepXUT JAaHHBIE O THapaMmMeTpax Juisl  BbIYMCIEHUS

pe3ynpTupytomero dyHkuuonana (4.9) uz gpyukiuonanon (4.1) — (4.6), npeaioKeHHBIX

B pabore [122].

Tab6auua 4.1 — [Tapamerps! 17151 Berancienus pynkmunonana (4.9) uz padotsr [121]

O yHKIHOHAI
rapameTp
POSITIV | SYSDEV | STABIL | DISCRP | VALCEN | OSCIL
a 1.00 1.00 0.00 0.70 0.95 1.10
c 0.12 0.12 0.12 0.30 0.12 0.60
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w 1.00 3.00 3.00 1.00 1.00 3.00

Pucynok 4.1 nemMoHCTpUpyeT HEAOCTAaTOYHOCTh (hyHKIMOHANOB (4.1)-(4.6) nns
BbIOOpa O, . PacueT caenan npu nomouu npunoxenus SAXSEV 11 MHTEHCUBHOCTH

MVYPP or peampHOrO mOpomKkoro ooOpasma cinokHoro okcupa ZrO,—Gd,0s,

uccienosasiierocst B padore [155]. I'padpuk TOTAL umeer yeTbipe MakCUMyMa — 3TO

3aTpyaHAET BBIOOp O , 1 MOXKET IIPUBECTU K HENIPABWIBHOMY BbrunciaeHuo VFDE.

2.0

STABIL
POSITIV
1-POSITIV
VALCEN
OSCIL
DISCRP
SYSDEV
TOTAL
1-TOTAL
ERRDEV
IMPMIN

$3c8tdiitll

Criteria
=
[an)

ALPHA

Pucynok 4.1 — Ilpumep 3aBucumoctu ¢yHiuonaiso (4.1) — (4.8) ot
perynspuzaropa Juisi peanbHOTo oOpasina. I[lpu BBIYUCHCHHH PE3yIbTUPYIONIETO
dbynkuronana (4.9) Obutm 3anedcTBOBaHBl TOJIBKO GyHKIMOHANBI (4.1) — (4.6) ¢
napaMeTpamu u3 Tabnuilsl 4. 1. OTMedueHbl MAaKCUMYMBI Pe3yNIBTUPYIOIero GyHKIIMOHAIa

TOTAL (cooTBETCTBYIOIIME BEPOSTHBIM O, ).

Pucynok 4.2 noka3eiBaer VFDF u oTHOCHTENIbHBIE OTKIIOHEHNS UHTEHCUBHOCTH,
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OTBCHAIOIMIMUEC 3HAYCHUIO PCTYIIAPU3AaTOpa AJIA BTOPOro CjICBa MaKCHUMyMa q)YHKHI/IOHaJIa

(4.9) na pucymnxe 4.1. [lockonbKy Bo MHOTUX Toukax 37" >>1, pe3yJbTaT BbIYHCIICHHS

VFEDF sBisieTcst HeyqOBIETBOPUTEIIbHBIM.

Wolurme Praction Distripution Punchon
sk prad -willoelipsold;, anlkomatrie coaffeiant | G

L — 5

T on n,

—RUIE e
gl "y
=i B

nntk—
1
Naduik ol gyvatisn, ne

IMEana s

108 = — — = = —— = = —= = == - = —_— = ——

1 1 10 1
length of tha weattmmg secinr, nni®

| W

1 104 1a 1

il i e, arbes

harigth & e Ea iy i, nin

Pucynok 4.2 — Pesynbrat padotsl SAXSEV nns peanbHOT0 HaHOMOPOIIIKA TIPH

HEyJauHOM BbIOOpE peryispuzaropa 0e3 ydera (pynkimonanon (4.7), (4.8). Bepxuuii

rpaduk: VEDF anst nansoro 3uauenuu o; cpenrnii — 1 u poranciennsie 1, 1'%

HYDKHHI — OTHOCHTE/bHBIE OTKIoHeHns 81 | 81 .

PaccMmoTpeHHblii  mpuMep — JEMOHCTPUPYET  HEOOXOAMMOCTb  BBEIACHUS
JOTIOJTHUTENbHBIX (PYHKIIMOHAIOB (4.7), (4.8) 1 KOPPEKTUPOBKU 3HAYEHU I TapaMETPOB B
(4.9). 3HadyeHWs MapaMeTPOB IO YMOJIYAHHUIO ISl TIOCIEAHEH BEPCHUU MPHUIIOKCHUS

NpuBE/ICHbI B Ta0uIe 4.2.

Tabonmuna 4.2 - 3HadyeHHs NapamMeTpoB MO YMOJYAHUIO ISl BBIYUCIICHUS

pesyasTupytomero dynkiuonana TOTAL B nmocnenneit Bepcun MpUIOKESHUS
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OyHKIIMOHAI
rnapamerp
POSITIV|SYSDEV|STABIL DISCRP| VALCEN |OSCIL| IMPMIN| ERRDEV
a 1.00 1.00 0.00 0.70 1.00 1.30 0.0 0.0
c 0.10 0.20 0.20 0.20 0.10 0.30 0.2 0.1
w 1.00 2.00 1.00 3.00 1.00 1.00 6.0 6.0

3HaueHus pe3ynprupyromero ¢yHknuoHana (4.9) BBIYUCICHHOTO Ha OCHOBE
dbynkimonanos (4.1) — (4.8) ¢ mapameTpamu u3 TaOIUIIEI 4.2 TIPEJCTABICHBI HA PUCYHKE
4.3. Pacuet npoBeIeH HAHOMIOPOIIIKA CIOAKHOTO OKCUA YKa3aHHOTO BHIIIIE.

Pesynprupyrommii - pyHKIIMOHAT TOTAL  wmveer  OOMH  MakCHUMYM.
COOTBETCTBYIOIIUE ITOMY MAKCUMYMY PELICHHUE MPUBEACHO HA pUCYHKE 4.4.

2.0

FT T TSI T T —r
-+ POSITIV
| ol 1-POSITIY
e | | w4 VALCEN
/ | e OSCIL

I eve DISCRP
o | o08 SYSDEV

. | ‘ . | ®oe TOTAL

|

1.5

l S 1-TOTAL
| #ive ERRDEV
f '.I a8 IMPMIN

0.0
WAt got-aet ar® ot gt 2t wh e pel
ALPHA

Pucynok 4.3 — 3nauenust pynkuuonanon (4.1) — (4.9) nns sxzemiuisipos VEDF
IIPU pa3HbIX 3HAYCHUsI peryisipu3aropa, BeluuciaeHHbIX B SAXSEV npu BbluncieHun
VFDF ¢ nomompbio MBA wu3 wunHteHcuBHOCTH MYPP. Ilpu  BbIUMCIEHUH

pesyasTupytomero gynkmuonana (4.9) ucnonp3oBanbl GyHKIMOHANB (4.1) — (4.8) ¢

napamerpamu u3 tabnuusl 4.2. 3HadeHue O, , BBIOpaHO Kak cepeMiHa MakCMMyMa Ha

55




56
rpaduke pe3ynbTUPYIONIETo (PyHKIIMOHATA.
Ha pucynke 4.4 BUIHO, 4TO JUIsl OTHOCUTEIBHBIX OTKJIOHEHWA MHTEHCUBHOCTEH
BBIITOJIHSIETCS COOTHOIIEHHUE ‘SI(‘“‘ ~ ‘5[9)‘ <1.5. DTO MOATBEPKIAET BHICOKOE KAYECTBO

BeruuciieHHon VEDEF.

Wolume Prachion Distribubon Funchon
N el orad Wllelipsoid; anlomalrie coaMeiant 10
Ly ] I
F
| .

)

Raduis al gywatisn, ne

InEans ties

i1 - — ——— = S =

13 143 13 18

lengith ot the scattern g Ssectnr, nm”
I||I| Nk r|| & v ||I'\-I| || i

o 1 rw A Liag
B W m e |
Li s

-1 % = SR - PR a s
11 13 10° 1

Atibegalflics. mlh.o

baresth 2 el A e g o, R

Pucynok 4.4 — Pesynerar padotel SAXSEV nns peansHoro Hanomopoiika ZrOx—

Gd,0;. Tpaduku: Bepxuuii — erunciennas VEDF; cpennuit — sxkcnepumenTanshas 1

](Ot) ]((X) . v 8](00
1 BBIYHUCIICHHBIC , 1, " HTHTCHCUBHOCTU; HU)KHNH — OTHOCUTCJIbHBIC OTKJIOHCHU

, 8I'*) BBIYMCITEHHBIX HHTEHCHBHOCTEH OT YKCIIEPHMEHTAIBHOM.

[Ipu anpoOauuu anroputma Beiuncienus VEDF B rmagse 3, Ob110 00HapyKEeHO, 4TO
npy TMpaBWIbHOM BbIOOpe ceTku aprymenta VFDF, dbopmbl M aHM30METpUYHOCTH
pacceuBarens pe3ynbsTupyomuii GyHkiuronan (4.9) umeer 0JHO3HAYHO OINpeAeIIeMbli

MAaKCHMYM.
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4.6. HUcnbiTanue SAXSEV

SAXSEV 2.1 ycniemno moarepaui 3GPeKTUBHOCTD pa3pab0TaHHOTO METOAA IS
uHrepnperaunu MYPP nonuaucnepcHoit cuctemoit [45], npu n3y4yeHUH HAHOIIOPOIIIKOB
coctaBa Zr0,—Gd,0;—H,0, monmy4eHHBIX ¢ TOMOIIBIO THAPOTEPMAILHOTO cuHTEe3a [ 155],
YIJIEPOJIHBIX YAaCTHUIl, IMOJYYEHHBIX BOCCTAHOBJIEHMEM KapOWJIHBIX HAHOMATEPUATIOB
[156], a Tak)ke HANOIHUTEIIEW B KOMIIO3UTHBIX Martepuanax [157, 158].

[Tocnenuss Bepcust nakera SAXSEV 3.2 monnepxuBaercs Windows 10, Ubuntu
19.1.

B npuwiokeHun mpeaycMOTpeHa BO3MOXKHOCTh HMIIOPTAa HCXOAHBIX U
PE3YJIBTUPYIOIINX JTaHHBIX MO0 MHTEPIIPETALMY HHTEHCUBHOCTH MYPP B pensumonnyo

6a3y SAXSDB (mpunoxenue D).
BbIBOABI 110 YeTBEPTOI IJ1aBe

1. SAXSEV kpoccmiarhopMeHHOE NPUIIOKEHUE C OTKPBITHIM HCXOIHBIM
KOJIOM ©0€3 TMpUBS3KU K KOHKPETHOMY JKCIEPUMEHTAILHOMY OO0OpYIOBaHUIO.
[Ipunoxenne Beruncnser VEDF n ee morpemuocTs s NOIMAUCIIEPCHON KOMIIOHEHTBI
obpaznia meromomMm MBA mno unmukarpuce MVYPP. Boruucinenune mnpoucxomaut s
3aIaHHOM (DOPMBI U AHU30OMETPUYHOCTH paccenBaTesieil 6e3 anpuopHbIX OrPaHUYCHUHN Ha
Bug, VFDF. PeanuzoBaHa BO3MOXHOCTb BBIYHMCICHUS VYICJIBHOW ITOBEPXHOCTH
HAHOYACTHI U €€ MOTPEIIHOCTH.

2. [TakeT opranuzoBaH B coorBeTcTBMM ¢ mpuHuunamu SOLID. MuBepcun
yIpaBJICHUs peain30BaHa B (popMe MHBEKIIMH 3aBUCUMOCTEH. ITO TaeT BO3MOXKHOCTh
MCII0JIb30BAaTh JIUIIb TpeOyeMble (DyHKIIMOHATBHBIE MOJTYJIH.

3. [IpunoxeHue Mo3BOJSET: HHTEPAKTUBHO KOPPEKTUPOBATh CETKY apryMEHTa
VFDF, BeiOupath 3HaueHHE peryispuszaropa Ha ocHoBe (yHKimoHanoB (4.1) — (4.8) u
pesynbrupytomero ¢yHkinuoHana (4.9). Xapaxktep 3aBUCUMOCTH Pe3yJIbTHPYIOIIETO

dbyskimoHanoB (4.9) oT 3Ha4YCHWI peryiaspu3aTopa IMO3BOJSET OICHUBATH KadueCTBO
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BbiOOpa cerku aprymenta VFDF wu mnpaBunmbHOCT, rHIOTE3BI 0 (opme U
AHU30METPUYHOCTH PaCCEUBATEIIEN.

4. SAXSEV ycnemno npumeneH s npoepku 3¢ dexkruBHocTd MBA st
nHTeprperauuu 1aHHbIx MY PP, a Takke mis Beruuciienus VEDF dactuil B ymiepoHbIX
Marepuanax, HalOJHUTEISIX B KOMIIO3WTHBIX MAarepuaiax, B MOPEAKEPaMUYECKUX

OKCHOaX.
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I'naBa S. Urepaunonnsiii Mmeroa Bbiuuciaenuss VFEDF B cucreme
IIAPO00PA3HBIX YACTHIL C YUeTOM MHTep(epeHIIMOHHBIX BKJIAJA0B B

HHTeHCcCuBHOCTHL MY PP

B OonpmmHCTBE ciydaeB 3ajjaya BOCCTAaHOBJICHMS (DYHKIMU pacIpenesieHus
pa3MepoB M0 MHTCHCHBHOCTH pacCesHUs pemaercs 0e3 ydera WHTephEepEHIIMOHHBIX
BKIaA0B [79; 87; 90; 91; 130]. Pa3paboTannblii B maBe 2 METOJ TakKe MPUMEHUM K
CWJIBHO Pa3peXeHHBIM CHCTEMaM, IMOCKOJIbKY NIl TAKMX CUCTEM HUHTEp(hEepEeHIIMOHHbBIC
BKJaJbl B MHTEHCHUBHOCTH paccesHus NpeHeOpexxkumo Maibl. [lox pa3pexeHHbIMU
CUCTEMaMU TMOJIPa3yMeBAIOTCA CHUCTEMbI, B KOTOPBIX OOBEMHAs MOJIA (O 3arOTHEHUS
o0beMa pacCEUBAIOIINM BEIIECTBOM HE IMPEBBIIIAET HECKOJIBKUX MPOIEHTOB. TaKUMH
pa3peKEHHBIMU CHCTEMAMMU SIBIIIFOTCSI, HAPUMED, B3BECH MTOPOIIKA B )KUAKOCTH [90] nin
CWJIbHO pa30aBiICHHAs] MOPOIIKOBAas KOMIIOHEHTa B COCTaBE KOMIIO3UTHOIO Marepuaia
[159].

OpHako Mpy MCCIEIOBAHUHM HEMOCPEICTBEHHO IMOPOIIKOBBIX OOpPAa3IOB IO ¢
MOXKET COCTaBJSITh 3aMETHYIO BelIMuYMHY. Hampumep, TIUIOTHOCTh COOCTBEHHOTO
BELIECTBA MOPOLIKOB HA OCHOBE OKCHA LIUPKOHUS po = 6,0 r/cm’ [160], B To Bpems Kak
HACHIIHAs IIOTHOCTH IIOPOIIKOBOIO 00pasia MOXKeT cocTaiarth p = (1.2...2.5) r/em®. B
TaKoM 00pasIie J10Ji 3aloJIHeHUsI 00beMa ¢ = p/po MoXKeT cocTaBiaTh oT 20 g0 40%. B
ATOM Cilyuyae npeHeOpekeHue MHTephEepEeHIIMOHHBIMUA BKJIAIaMHU TIPU BOCCTAaHOBJICHUU
pacmpeneseHuss o pasMepaM, Kak Oy/eT TOKa3aHo jajiee, MOXET NPUBOAUTH K
3HAYUTEJbHBIM UCKAKEHUSIM BOCCTAHOBJICHHOW (DYHKITUU pacIipeiesiCHUs.

[Toxxanyit, €eTMHCTBEHHAs YCIEIIHAs TMOMbITKA PEHIUTh 3a7ady BOCCTAaHOBJICHUS
GYHKIIMU pacmpeiesieHus] 4acTHI] 1o pasMepaMm u3 mHTeHcuBHOCTH MYPP ¢ yderom
MeX4acTUYHOM uHTep(depeniuu Obuta npennpunsta [lenepconom [43] mist cucTemsl
mapooOpa3HpIX YacTtuil. B OCHOBE pelieHus, IpeIjioKeHHOTO B 3TOW paboTe, JICKUT
HEJTMHEHHBIM METOJ] HAMMEHBIIINX KBaJIPaTOB I TO00pa KOADDHUIIMEHTOB Pa3I0KESHUS
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GyHKUMM pacnpeneneHus 1no OasucHbeIM civlaiiHaM. [lpennoxeHHblii B pabote [43]
MOJIXO WCTOJB3yeT JIOKabHOe MoHoaucnepcHoe npubmmwkenne (JIMIT) (local
monodisperse approximation, LMA), koTopoe ympomiaeT BIYHCICHHE HHTEHCUBHOCTH
paccesHUs IO CpaBHEHHMIO ¢ Oosiee TOYHBIM MeToaoM [44], OCHOBaHHBIM Ha
npubmmkernn Iepkyca-Mesuxa.

Opnako JIMII HaknaaplBaeT OrpaHMYECHUS Ha XapakTep paclpeneseHus
paccenBarOIIMX HEOAHOPOJHOCTEN B MCCIENyeMOU cucTeme. Takue orpaHnyeHus], KaK
cienyer u3 [43], HE KPUTHYHBI JUIsI CUCTEM, B KOTOPBIX pa3Mephbl PACCEHBAOLIUX
HEOJHOPOJHOCTEH HW3MEHSIOTCA B IPOCTPAHCTBE JOCTAaTOYHO MEIJIEHHO, 4YTO
HaOJrogaeTcs, HalpuMep, B TBEpAbIX pacTBopax. B to ke Bpemst ycnosue JIMII Bpsin mu
BBITIOJIHSETCS IIPU UCCIIEIOBAHUN MEHEE YIOPSAJOYEHHBIX CUCTEM, TAKUX KaK MOPOILIKH.

B 310#1 TaBe npeiaraeTcs aJbTEPHATUBHBIN MOAXOA K 33J1a4€ BOCCTAHOBIICHUS
VFDF 13 MHTEHCMBHOCTHM C YYE€TOM HMHTEP()PEPEHLUMOHHBIX BKJIAJOB. IDTOT MOIXOJ
OCHOBAH Ha MCIOJIb30BAHUH aHAJUTHUYECKOTO BBIpaXKeHUsI HHTeHCUBHOCTH MYPP [44],
HaiiJIeHHOM B TpubmIkeHnn Ilepkyca-MeBuka s cucTeMbl MapooOPa3HEIX YaCTHIL C
pa3HbIMU pa3MepaMu. B paMkax mpejyaraeMoro nojaxoia MpeajokKeHa UTepaluoHHas
npolenypa, ¢ TOMOIIBI0  KOTOPOM  OJHOBPEMEHHO  MOAOUPAIOTCS  (PYHKITUS
pacnpeneneHuss OOBEMHBIX [JOJIed MO paJuycaM HHEPUUMH W COOTBETCTBYIOLLUMI
CTPYKTYpHBIH (hakTop.

B maparpadax 5.1, 5.2 mpoBeneHa oleHka creneHH wuckaxkeHus VFDEF,
BOCCTAHOBJIEHHOW 0€3 ydeTa MHTEp(PEPEHIIMOHHBIX BKJIAJ0B, B 3aBUCUMOCTHU OT JIOJIHU O
3all0JIHEHUST 00beMa pacceMBAlOUIMM BELIECTBOM JJIsi THUIIMYHOTO MOJEJIBHOTO
pacnpenenenuss (3.2) W omucaHa TMpeayiaraeMas  MTEepalMOHHAas — Npoueaypa
BoccranoBieHus: VFDF no untencuBHoctu MYPP. B maparpade 5.3 npexncraBieHbl
pe3yapTaTbl IMPUMEHEHHS HWTEPAMOHHONW mpoueaypsl BoccraHoBieHuss OPP  k

MHTeHCUBHOCTIM MYPP, BoruncieHssiM 1o monenbHot VFDF npu pa3HbIX 3HaUCHUAX

Q.
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5.1. OmmuoOka Bbruncjienuss GyHKuuu pacnpeneaenus 0e3 yuera

HHTep(epeHINOHHBIX BKJIA/I0B

OO0némHasn J0JIA (@ 3allOJIHCHHA IIPOCTPAHCTBA PACCCUBAOIIMUM BCIICCTBOM

OIPCACIIACTCA KaK:

>
o= —1— (5.1)

gl

rne ¥, — CcyMMapHbIi 00bEM CHCTEMBI;

V, — o6bem i-oii yactusl (i = 1, 2, ..., N);

N —o011ee KoIM4ecTBO YacCTHL.

JIns  XaoTUYECKOM CHUCTEMBbl IIApOOOpa3HbIX YAaCTHI[ C  MOTEHIIMAJIOM
B3aUMOJICHCTBUS TBEPIBIX chep M AUCKPETHBIM HAOOpPOM paauycoB B pabote [44]
OmMMCcaHa Mpollelypa BbIUYMUCICHUSI MHTEHCUBHOCTH [(g) Kak (PYHKIIMU MOIYJISI BEKTOpa
paccessHUA TpU 33aJ]aHHOM 3HAa4eHUU ¢@. Dopmynbl BBIYUCICHHUS HWHTEHCUBHOCTH
paccestHusl U1l HENPEphIBHOM (DYHKIIMU pacmpeiesieHus: pa3MepoB, IOJTYUYCHHbIC
00o001enueM popmyn u3z padotsl [44] nansl B [Ipunoxennu B .

st pactipenenenus (3.2) B MPEANOJOKEHUHU, YTO pPAaCcCEHBAIONIAsl TJIOTHOCTH
MaTepuaja 4yacTuil paBHa |, OblIa BEIYKMCIICHA 3aBUCUMOCTh MHTEHCUBHOCTH OT MOJYJIsS
BEKTOpA PACCESHUS, IIPY 3HAYCHUAX 00beMHOM 1omu ¢ = 107° u 3Havenusx ¢ or 0.05 go
0.4 c marom 0.05 (mepBasi ctpoka tabmuiel 1). [Ipumepsl rpa@ukoB MHTEHCUBHOCTH
npuBeleHbl Ha pucyHKe S5.1. OTYETNIMBO BHUIHO PACXOXKIACHUE MEXIY KPUBBIMU
WHTEHCUBHOCTH PACCESHUSI MPU MajbIX 3HAYEHUSIX BEKTOpa paccesiHus, Tam, TAE B

MIEPBYIO OUEpe/Ib MPOSIBISAIOTCS MHTEP(HEPEHIIMOHHBIC BKIIAIBI.
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] —  le-06
9 _
10 0.05
1 - 0.1
- 108_E - 0.15
:f ] - 0.2
0 . — 0.25
c 1075 0.3
- ; — 0.35
T ' 0.4
= 106
10° -
10~1
q, nm™?!
Pucynok 5.1 — 3aBucumocts uHTeHCMBHOCTH MYPP or Moaynma BekTopa

paccestHus Il CUCTEMBI IIapo00pa3HbIX YaCTHI] C pacHpeiesiCHHeM OO0bEMHBIX JIOJICH
(3.2) npu pa3aUYHON J0JIe (¢ 3aNOJHECHHS MPOCTPAHCTBA PACCEHBAIOIINM BEIIICCTBOM.
3HaueHus () yKa3aHbl B yierenie. Jiis yno0cTBa rpaduku mpuBeIeHbI K OTHOMY 3HAYCHUIO
MHTECHCUBHOCTH MIPU MAKCUMAJILHOM 3HAUYCHUE .

Jlns  ABHOTO  TIPEACTABICHUS  MCKAKEHUM  WHTEHCHUBHOCTU  PaCCEsHUS,
OOyCJIOBJICHHBIX ~ MHTEP(PEPEHIIMOHHBIMU  BKJIaJaMH,  TPAIULIUOHHO  BBOAUTCS

CTPYKTYpHBIH (hakTop [29], onpenensieMblii COOTHOIIICHUEM

S(q) = — (5.2)

rac ]0 (Q) — UHTCHCHUBHOCTD PACCCAHUSA, IIOJIYUYCHHAsI CYMMUPOBAHHCM

MHTCHCUBHOCTEU pacceaHrd OTACIbHLIX YaCTHUII.

I[J'I}I CHCTCMBI HI&pOOGp&BHBIX qacTul € paanyCamMu rupainuu, JICKaAIlNuMA B JTUAIIA30HEC
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oT R min 1O R max, CYMMAapPHasi THTCHCUBHOCTb I (Q) BeIUHcCIILeTca mo gpopmyie (2.5).
g g b 0

[Ipumepsl CTPYKTYpHBIX (PAKTOPOB JJI Pa3IUYHBIX 3HAUCHUU () MPUBEJCHBI HA

pUCyHKE 5.2.

100 ] e .

= le-0b
0.1
0.2

S(q), arb. u.
S

1[]_1 T T T T
10-1 10°

q, nm~1
PucyHok 5.2 — 3aBHCHMOCTH CTPYKTYPHOTO (akropa OT MOIYJIs BEKTOpa
paccestHus IS CHCTEMBI MIapOOOPa3HBIX YaCTHUI[ C PacHpeneieHueM 00beMHBIX JOJICH

(3.2) mpu pa3nuyuHOM 10J1€ 3anoHeHus 00beMa ¢ (yKa3aHa B JIETEHIIE).

Jlns xaxaoi 3aBucuMOCTU I(g), n300pakeHHOM Ha pucyHke 5.1, ¢ MOMOIIbIO
npouenypbl MBA 0Obina Halinena HanoOonee BepositHas VFDF f.. TlonyueHnnbie GyHKIUU
f+ mpencraBieHbl Ha pucyHke 5.3. M3 3TOro pucyHka BUAHO, YTO YBEJIUYEHHUE OJIH
3alOJIHEHMS] TPOCTPAHCTBA PACCEMBAIOIIMM BEIIECTBOM NPHUBOJUT KO Bce Oomee
3aMETHBIM MCKaXeHusiM TmonydeHHou VFEDF: cyxeHnro HocuTens U CMELISHUIO

MAaKCHMyMa B CTOPOHY MEHBIIMX 3HAUCHUHN paJinyca UHEPLIHH.
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EI' 125 | aseo McTwHHaR P
: Pa —  1g-0%
0.08
= 0.100 - == T
0 — 015
o 0.075 —
e = T35
0 0.050 - o
™ — 1,35
0.4
2 0.025 -
0 40 S0

Rg, nm

Pucynoxk 5.3 — Ipadpux wucrunnou VFDF (3.2) u rpapuxku VFDF fi,
BOCCTaHOBJICHHBIX 0€3 yueTa HHTepPEepEeHIIMOHHBIX BKJIaJ10B U3 HHTeHCUBHOCTH MYPP

IIPU Pa3HbIX 3HAYCHUSIX () (3HAUCHUS () YKA3aHBI B JIETCHJIE).

KonmnuecTBeHHOE CpaBHEHUE MONMy4YeHHBIX GQYHKUMM f+ ¢ uctuHHOW VFDF,
o00o3Ha4aeMoil nanee fy., cAenmaHod Ha OCHOBE OTHOCHTEIIBHOW pPa3HOCTU O,
BbIuKciieHHOM 1o (Gopmyne (3.3). [lomydeHHble 3HAUYE€HHSI PAa3HOCTEH MPHUBEACHBI B
tabmuie 5.1. W3 sroit Tabmuubl BUIHO, 4TO mpu ¢> 0.1 ommbKka BOCCTaHOBIEHUS
COCTABIISIET YK€ JECATKU MPOLEHTOB. BbIUKCIEHNS TOKa3bIBAIOT, YTO, €CIIH JOIIYCTUMOE

OTHOCUTEIILHOE OTKJIOHEHHE BOCCTaHOBJIEHHOW (yHkuuu pacnpeaenenus VFDF or

UCTHUHHOM COCTaBIsAET O ,f.)<10% , TO mons ¢ 3amoJaHEHWs NPOCTPAHCTBA HE
SIc +

JIOJ>KHA TIpeBbIaTh 6%.

Ta6auuma 5.1 — OrtHocurenvHas pasHocth uctuHHOM VFDF fo. u VFDF f,
BOCCTAHOBJIEHHOM M3 MHTeHCUBHOCTU MYPP 6e3 yuera nnrepdepeHIInOHHBIX BKJIAO0B
IIPU Pa3HbBIX 3HAYEHUAX .

(0] 10° 0.05 0.1 0.15 02 (025 |03 03504

3(foerf.),% 1085 |96 |20 |32 44 |57 71 |84 |98
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JUis BBIYMCIIEHUS MHTEHCUBHOCTH PACCESHUSA C Y4E€TOM HHTEp(EpEHIHUOHHBIX
BKJIaJIOB ObUI pa3paboTaH CKpUIIT, HamuCaHHbIA Ha python 3.7 ¢ wucnonbs3zoBaHuEM
oubmmorek: numpy, scipy, matplolib. Ckpunt goctymen mo cceuike [161]. IIpomnemypa
IPUHUMAET B KQUYECTBE BXOJHBIX JIaHHBIX HOPMHPOBAHHOE PACIIPENIECICHUE KOJINYECTBA

YacTHUL IO paguycam.

5.2. HrepauMoHHBIA MeTO] BbIYMCIeHUS (PyHKIMHU pacnpeaeeHus ¢

yYaeTom I/IHTep(l)epeHHI/IOHHl)IX BRJIAaA0B B HHTCHCUBHOCTH PaCCCAHUS

W3 pucynka 5.3 BHUIHO, YTO BBIYMCIICHHAs Oe3 yuyeTa UHTEpPEpEHIIMOHHBIX
BKJIAJIOB (DYHKIIMS f+, MOHOTOHHO MEHSETCS C POCTOM JI0JIM 3alOTHEHUs 00beMa (¢ U MpU
sToM gaxe st ¢ =0. 4 HocuTenb PYHKIMUA B 3HAYUTEILHON CTENIEHU NEPEKPHIBACTCS C
HOCUTEJNEM WCTHHHOW (yHKIMHM pacnpeneneHus. MOXHO MNpeAnoiaokuTh, YTO
CTPYKTYpHBIH pakTop, BeruuciaeHHbid Ha ocHOBe VFDF £, OyneT 61130k K CTPYKTYpHOMY
dbakTopy, OTBEHarOUIeMy MCTUHHOW (QyHKIMKA 3.2, a uCXOAHAs HWHTEHCUBHOCTD,
«HCTIPABIIEHHAS» C YYETOM CTPYKTYPHOTO (paKTOpa, HalJICHHOTO HA OCHOBE (DYHKIIUHU f+
OyneT 0Jin3Ka K MHTEHCUBHOCTH paccestHusl 0e3 MHTepPEpeHIIMOHHbBIX BKIa10B. Mcxoms
U3 3TUX COOOpakeHuH, Obl1a MPEeAJIOKEeHa UTEpAllMOHHAs TPOLEAYpa, ONMCAHHASI HHXKE.

[lepen 3amyckoM HUTEpaAIMOHHOW MPOIEAYPHl B KaU€CTBE MEPBOTO MPUOIMIKEHUS
¥ nns pynknuu pacrnpenencaus Beictynaer VEDF, naiinennas ¢ momomsio MBA (cM.
r71aBy 2) U3 UCXOJIHOM MHTEHCUBHOCTH paccesiHus. VicxoaHast (MCTUHHAS ) UHTEHCUBHOCTD

nanee obo3Hauaercs Kak /. (q).

LMK MTEPAIIMOHHOMN NPOLIEAYPHI BKIIFOYAET CIIEMLYIOIIHME [Iaru:

1. Jlnst pacupenenenus f (i — MHAEKC TEKYIIEH UTEPALIUU) C YIETOM H3BECTHOM
JOJIM (@ 3aI0IHEHUS 00beMa PACCEMBAOLIMM BELIECTBOM BLIYUCISIOTCS HHTEHCHMBHOCTD
1 (q) paccestnus ¢ yueToM HHTEP(EPEHIIMOHHBIX BKJIAI0B ¥ HHTEHCUBHOCTE U 1 (¢), —

0e3 yuera TaKuX BKJIaJIOB.

2. Boiuucnsercs CTpyKTypHBIH (pakTop:
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A 1(q)
N2 q) = — . (5 3)
( ) ]él) (q)
3. BBI‘{I/ICHSICTCH HpI/I6JII/I)KeHHOG 3HAYCHUC HMHTCHCHUBHOCTHAU 663

uHTEepHEPEHIIMOHHBIX BKIIAOB:

1,.(q)
1) (q) = =222 5q) (5.4)

1
4. Ha ocHose 1" (D)

iter

(¢9) meromom MBA Beruucnsercs f,
[TomuepkHeM, uyTo Ha 3-M IIare KakJ0ro UTEPAMOHHOTO IUKJIA B YUCIUTENE (HOPMYIIbI
(5.4) Bcerma UCnoNb3yeTcs UCXOAHAs MHTEHCUBHOCTE paccesnus . (q) .

B naparpade 5.3 nokazano, uro juist ¢ < 0.3 onrcaHHas UTepalMOHHAs MIPOLEypa
cxomutcsd. Omgnako npu ¢ = 0.4 pemeHus ffi) COCIUJUTUPYIOT» BOJIM3U HMCTUHHOMN

(GYHKUUH fie, HE IPUOTMAKASCH K HEH. DTOT 3P(EKT MOKET ObITh MOAABICH B PaMKax
MOIU(GUIMPOBAHHOW WTEPAllMOHHOW MpOLEAYphl, B KOTOPOH IOCJIE HECKOJIBKUX
MOCJIEIOBAaTENbHBIX IIArOB BBIYMCIAETCS YCpEAHEHHas (YHKLUMS paclpeeieHus,
UCIIOJIb3yeMass B KayeCTBE MCXOAHOM JUIsl MOCHEAyIOIMX urepauuid. Pesynsrar
MPUMEHEHUST MOIUPUIIMPOBaHHON Tiporienypsl st ¢ = 0.4, paccMoTpeH B maparpade

54.

.
Kak moka3aHO HM)KE OTHOCHTEIIbHAs Pa3sHOCTh 8( ff’ ), ff’)) pEe3yJbTaToOB JIByX

MOCJIEAOBATENbHBIX UTEpPALUd KOPPEIUPYET C PA3HOCTHIO 8( Sires fp), NpuYeM IOKa

pasHoctn Gombme 1072% mepBas pa3sHOCTh BCErna OONBIIE BTOPOM. JTO IMO3BOJSET
KOHTPOJIMPOBATh  CXOAMMOCTh  WUTEPAIMOHHOW  TPOLEAYpbl 1O  TOBEICHUIO
) i—1 ]
OTHOCHTEIILHOW Pa3HOCTH 8( s fp).
Kpoccmnarpopmennoe mnpunokenne SAXSEV 2.1. [50] Obuio  momoiHEHO

Moaynem, peanusyronuM BbluuciaeHne VFDF B urepaninoHHOM pexxuMme. AKTyabHas

Bepcus MPUIOXKEHUSI TOCTyMHa 1o cchuike https://github.com/artemus-tech/SAXSEV.
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5.3. IIpoBepka 3(p(peKTHBHOCTH HTEPAIMOHHOIO METOAA MPHU 3HAYEHUAX

o0bemMHOM n0am @ < 0.3

OnucaHHas Bblllle UTEpallMOHHAs mpolenypa Owuia onpodosana st VFDF (3.1)
IIPU 3HAYEHUU OOBEMHOM JOJM 3al0JHEHUS IPOCTPAHCTBA PACCEMBAIOIIMM BELIECTBOM
¢=0.1,0.2,0.3. /{54 Kak10T0 3HaY€HUS () HA OCHOBE COOTBETCTBYIOIICH MHTEHCUBHOCTH
paccesHusd (CM. PUCYHOK 5.1) OCyLIECTBIISICS OIHOBPEMEHHBINM MOUCK CTPYKTYPHOIO
¢dakTopa 1 GyHKIHH paclpeeeHHsI C TOMOIIBI0 UTEPAITMOHHOTO METO/Ia, OTIMCAHHBIM B
npenpyieM naparpade.

Pucynku 54 — 5.6 wWUIIOCTpUPYIOT W3MEHEHHE HOPMHUPOBAHHOM (PyHKIIHMH

pactpenenenus f.), W OTHOCHTEIBHBIX pAa3HOCTNl S(£I ), 8(foenf) B

3aBHCHUMOCTH OT HOMEpA I UTEPALHH.

— =0
0.08 - 5 s
3 — jm2
=
— =
o 0061 >
L. 1
18] —_— =5
l.I_-' ﬂ.D"'-II- 3 asa WoTdddan P
(i
L
= 0.02 1
0.00 _ . _
0 10 20 30 40 50
Rg, nm

Pucynok 5.4a — Pe3ynbrarsl uTepauimoHHON npouenypsl npu ¢ = 0.1:

HopMmupoBaHHblie ucTuHHast VFDF f,. u dyHkuun ff) . B nerenne ykaszan Homep

[ UTEpaLU;
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~ b — Ui PP

107 - b — B, R

PucyHnok 5.4b — Pe3ynbrarel nrepaninoHHoM mpouexypsl npu ¢ = 0.1:

OTHOCHUTEJIbHAS PA3HOCTH 8( Sores ff”) Mexay uctuaHot VEDF u VFDF, nonyyennou
Ha (-0} Tepaluu, OTHOCHTENbHAsA pasHocTh §( £, £ )mexmy VFDF, nomydeHHbMu

B pe3y/bTare JIByX MOCJIEI0BATEIbHBIX UTEPAIU.

0.10 - — =0
a — =X
S 0.08 1 =
.d — |=4
"‘a 0.06‘ — =5
> oo Wctumnan ©P
& 0.04 -
.
- 0.02 -
0.00 S
0 10 20 30 40 50
Rg, nm

Pucynoxk 5.5a — Pe3ynbrarsl uTepaiinoHHOM nipotenypst npu ¢ = 0.2.

OO6o3HaueHus TaKue ke, Kak Ha pucyHke 5.4a.
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Pucynox 5.5b— Pe3ynbrarel uTepaninoHHOM npoueaypsl npu ¢ = 0.2.

OO6o03HaueHUs TaKue K€, Kak Ha pucyHke 5.4b.

f=0

f=l

=2

=40

=53
MicTHHHaR P

Rg, nm

Pucynoxk 5.6a — Pesynbrarel wuTepauMoHHOM mnpouenypbl npu ¢ =0.3.

OO6o3HaueHus TaKue ke, Kak Ha pUCyHKe 5.4a.
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— i, P

Pucynoxk 5.6b — Pesynprarhl wurepanMoHHOW mnpoueaypbl npu ¢ =0.3.

O06o03HaueHUS TaKHUE K€, KaK Ha pucyHke 5.4b.

C pocTom unca urepanmit 06a oTHoCHTENBHBIX pasmmans 8( /", f) u &( f,,. )

IPAKTUYECKH MOHOTOHHO yMeHbluatoTcsl. CpaBHEHHE rpaMKOB Ha pUCYHKax 5.4b, 5.5b
U 5.6b mMOKa3pIBaeT, YTO MpU 3HAYEHHUSIX & >107°% OTHOCHTEIHHOE DPA3NIUYUE IS
COCEIHUX WTepaluil Oonbllie, YeM OTHOCHUTEIbHOE pa3jindhe MEXIy (QYHKIHEH,
IOJIyYEHHOM Ha i-0¥ utepaunu, 1 uctuaHon VFDF.

B Tabnuie 5.2, npuBeaeHHON B KOHIIE cleAyolIero naparpada, ykazansl HoMepa
UTEpalni, Ha KOTOPBIX JOCTUIAcTCA YCJIOBHO IPUEMIIEMOE 3HAUYCHHE  JUIA

oTHOCHTeNnbHOTO  pasmmuns  §(f", f")<1%. Ilpm >tom Bemmumna  3(f,,. /")

+

OKa3bIBACTCs 3aMeTHO MeHbIe 1%.

N3 Ttabmuupbr 5.2 BugHo, uto mpu ¢ =0.1, (0.2 xBaTaeT HECKOJIBKUX TMEPBHIX
UTepaluii i1 HAXOXKJCHHS TPUEMJIEMOTrO peIleHUsl, B TO BpeMs Kak, mpu ¢ =0.3

TpeOyeTCsl 3HAYUTEIILHO OOJIBIIIEE KOJIUUECTBO UTEPAITHIA.
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5.4. IIpoBepka 3p(PeKTUBHOCTH UTEPALMOHHOTO METO/IA NPH 3HAYECHUU
o0beMHOM n0m ¢ = 0.4
[Ipu 3nauenun @ = 0.4 HE MPOUCXOIUT MOHOTOHHOTO YOBIBAaHUSI OTHOCHUTEIbHBIX
pasHocreit §( 1", f") u 8(f,,.f") ¢ pocTom umcna wureparmii. [loBeneHme ITHX

pa3HoCTel mokazaHO Ha pucyHke 5.7. O0e QyHKIHMU OCHMIUTUPYIOT U MPU ITOM HUX

MUHHUMYMBI He onryckaroTcs Huxe 20%.

— G, 1]

100 T i

30

Pucynok 5.7 — OTHOcHTeNbHAS pa3HOCTb 6( 0, fj"*”)Memny ¢ysakuusimu VFDF,
MOJyYEeHHBIMU JJISl IBYX IOCJIEIOBATEIBHBIX UTEPAllUi U PAa3HOCTH 8( Foor /) MeKITY

byHKIIMEH pacnpeesieHus], MOJyYeHHOW Ha [-OM WTepalui, U UCTUHHON (PyHKIIHEH

pacnpeneneHus npu ¢ = 0.4 npu UCTOIB30BAaHUN HEMOIU(DUIIMPOBAHHOM MPOLEAYPHI.

Oyukipn f ¢ pOCTOM HOMEpa HTEpAldH TAKKE OCLHIUIHPYIOT» OKONO

UCTHHHOW (YHKIMH f,,.. DTO XOpOIIO BHIHO IO pe3ylbTaraM IMEPBBIX YeThIPeX

uTepaluii, NoKa3aHHbIM Ha pucyHke 5.8. [[ns monaBnenus 3gpdexra «oCcumIssuuiy oblia
npeiokeHa MoIn(UKalusg UTEPAIMOHHON MPOIIelyphl, BKIIOYAIOIIas IPOMEKYTOUHOE

YCpEIHEHUE PE3YJbTaTOB HECKOJIIBKUX MOCIEAOBATEIbHBIX UTEpAluil. YKe yCpeaHEeHUE
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MEPBBIX YETHIPEX ff) (i=0, 1, 2, 3) naet dhyHKIHUIO o (pucyHOK 5.8) mOCTaTro4HO
onu3kymo K f,,. . Jlajgee nucnosp3oBagach MOTU(PHUIIMPOBAHHAS MPOLIEAYPA, KAK/IBIN [IHKIT

KOTOPOM BKJTIOYAIT YE€THIPE OOBIYHBIX UTEPAIMOHHBIX ITUKJIA U TIOCIICAYIOIICe yCPETHEHUE
pe3yabTatoB 3TuX 4-x urepanuid. @ynkiusa VFDF, nonydennas mociie 5-TH IIUMKIIOB
MOIU(DHUITMPOBAHHON WTEepanuoOHHON mporenypsl (i =20), Takke TmpencTaBlieHa Ha

pucynke 5.8. Ee omuune oT MICTUHHON (QYHKIIUK [, MPAKTHYCCKU HE 3aMETHO.

— =}
0.125 - im1
. — (=2
. 0.100 - == =i
_.E —_— (=4
| = (=20
ru... 0.075 aea Wctweran P
L
0 0.050 -
™
=
0.025 -
0 40 50
Rg, nm
Pucynok 5.8 — OObemnas pgons ¢ =0.4 3amoiHeHUs MPOCTPAHCTBA

pacceuBalOIIMM BellecTBOM. VcTuHHAas (QyHKIUS pacnpeneneHuss W QyHKIUU
pacrpeneneHus 1o, NOJlyYeHHbIE B pe3yibrare nepsbix 4-x urepauuid (i = 0,1, 2, 3);
GbyHKIMS pacTpeesieHns], yCpeIHEHHas TI0 pe3yabTaraM MepBbix 4-X ureparuil (i = 4);

pe3yapTar NMPUMEHEHHS S5-TH IUKIOB MOAU(GUIIMPOBAHHOW MUTEPAIIMOHHOMN MPOIIETypPhI

(i = 20).
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Pucynoxk 5.9 — Otnocurenshbie passocta 3( /7, f) u 5(£,,.. /") npn ¢=0.4 ms

5 HUKIOB MOAUGMDUIIMPOBAHHOW UTEpalmoHHON mporuenypsl (20-TH HUKIOB OCHOBHOM

IPOIEAYPHI C MPOMEKYTOUHBIMH YCPEIHCHHUSIMH).
A i-1 i
PucyHOK 5.9 MILTIOCTPHpYET NOBEIEHIE OTHOCUTEIBHBIX pasHocTel 3( £, £ )) u
S @ 7 "
fion f) TIPM UCTIONB30BAaHUHM MOAM(PHUIIMPOBAHHON IMpoueAyphl. M3 3TOro prcyHka
BUJTHO, YTO OTHOCHUTEHHOE Pa3Iuine 8( £, fj”) pe3yabTara IByX MOCIEI0BATEIbHBIX

UTEparyii 0OJIbIIE OTHOCUTEIHHOTO PA3THINS 6( £ fj"’) pe3yabTara TeKyIlel nrepauu

u uctuaHon VFDF, To ecTh paznnune pe3yiapTaToB ABYX ITOCIEI0BATEIbHBIX UTEPALUN
MOXET CIIYKUTb XOpOIIEH OIIEHKOW CTeNneHU ONM30CTU BBIUMCICHHOW (PYHKIUU U

nctuaHoir VFDF.

Tabomuma 5.2 — Homep urepauum i, Ha KOTOPOl OTHOCUTEIBHOE pa3nyue

(0", £7) cranoBHTCA MeHbIIE 1% B 3aBUCHMOCTH 3Ha4eHHs ¢. B moceHei komonke

YKa3aHO OTHOCHUTCIIBHOC PA3JIMINC MCKAY UCTUHHBIM PACHPCACICHUCM U PC3YJIbTaTOM

[—OM uTepanuu
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0 ,- S gy | o) g
0.1 3 0.38 0.014
0.2 5 0.96 0.18
0.3 51 0.98 0.42
0.4 3-4+2% 0.094 0.068

* Tpu TONHBIX MOAUGUUIMUPOBAHHOW MPOLEAYpPHl LHUKJIA C MPOMEKYTOYHBIM

YCPEIHEHUEM 110 4 uTepanusM + 2 UTepaluy.
BriBOAbI 110 IATOM IVIaBe

1. g TectoBoro pacnpenenenus (3.2) BerancieHsl uHTeHCUBHOCTH MYPP [(g) ¢
y4eToM HHTEpP(EPEHIMOHHBIX BKJIAJO0B IMPU Pa3HBIX 3HAYCHUS JOJIU (O 3arOJHCHUS
MIPOCTPAHCTBA PACCEMBAIONIMM BEIIECTBOM. M3 3THX WHAMKATpUC ¢ noMouipio MBA,
ONKMCAHHOTO B I71aBe 2, BeiuKciieHbl GyHKuuu pacupenenenuss VFDF. Haiineno, uro, ecinu
JIOITyCTUMOE 3HAU€HUE OTHOCHUTEIBLHOIO OTKJIOHEHHUs BblunciieHHONM VFDF ot uctuHHOM
byHkiuu pacrpenenenus He npesbimaeT 10%, To 10 ¢ 3aMoNMHEHHs MPOCTPAHCTBA
paccenBarolNM BEIIECTBOM HE JOJKHA MPEBBIIATH 6%.

2. Jna Berumciienns VFDF npu 3HaueHMM ¢ > 0.1 NPEIJIOKEH UTEPALMOHHBIN
MeTon. B 3TOM MeTose OAHOBPEMEHHO C (PYHKIIMEH pacrpeiesieHus BBIYUCISIETCS
CTPYKTYpHBIH (haKTOpP, OTBEUAIOIINI HCKOMOMY pacnpenesneHuto. s 3HadeHuit ¢ < 0.3
MPEIJIOKEHHBIN MeTOo TTO3BOJISIET HATH VFDF ¢ BBICOKOW TOYHOCTBIO.

3. ns 3HadeHudl ¢ npeBblmaromux 0.3 uTepanmoHHas Mpoleaypa MepecTaet
CXOAMUTHCS — PE3YJABTATHI «OCIUUTUPYIOT» OKOJIO UCTUHHOTO pemieHus. s atoro cioyyvas
npenokeHa MOAU(PUITMPOBaHHAS UTEPAIMOHHAS MPOIEAYypa, KaXKABIA UK KOTOPOM
BKJIFOUAET HECKOJIBKO OOBIYHBIX MTEPAIMOHHBIX IUKIIOB W TMOCIEAYIONIEE yCpEeTHEHUE
pe3ynbTaroB ATUX uTepanuid. CXOIUMOCTh MOIU(PUIHUPOBAHHONW MPOIEAYPHI C
MPOMEXKYTOYHBIM YCPEIHEHUEM TOCTe KaXIbIX YEThIpEX OOBIYHBIX HWTEpaIuit

poAeMOHCTpUpoBaHa Ha npumepe ¢ = 0.4 .
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I'naBa 6. IlpumeHeHHe UTEPALIMOHHOTO METO/Ia BHIYHCJICHUS

VFDF 111 aHam3a 3KCnepuMeHTAIbHbIX JAHHbIX

6.1. Bseaenue

O} PexTUBHOCTD  UTEPAMOHHOTO  METOAA  BOCCTAaHOBICHHUS  (PyHKUIHU
pacmpezeneHusi, pa3paboTaHHOTO B IJ1aBe 5, OblLIa MpoBepeHa ISl SKCIePUMEHTAIBHOTO
KPUBOTO PACCESHUs OT IOPOIIKOBBIX 00pa3lloB W3 HAHOYACTHI. OTH MOPOLIKOBBIE
oOpasipl Ha ocHoBe cuctembl Zr O, +Y, O3 CHHTE3UpOBaHBI B IIMPOKOM JHAMA30HE
COOTHOILIEHHsI KOMIIOHEHTOB: MOJIbHAsI JIOJI1 OKCHJIA UTTpUs Bapsupyercsa ot 2.7% 1o
44%. Ilpm 3TOM MOJIy4arOTCA MOPOIIKH, CHUIBHO PA3IMYAOLIMECS II0 XapaKTEPHOMY
pa3Mmepy vactuil [163].

B nepBom mnaparpade ommcaHa MeTOAMKa HEOOXOAMMOHN NpeaBapUTEIbHOU
0o0paboOTKM  KpuBbIX. Takas o00pabOoTKa TO3BOJISIET YCTPAHUTh  HCKAKEHHS
HKCIIEPUMEHTAIbHBIX KPUBBIX PaccesiHUsl, 00YCIOBIEHHbIE PUCYTCTBUEM B PEaIbHOM
oOpasie OOoJIbIIMX arjJoMepaToB YacTHIl U BKJIAJOM B paccesHUe OT HEOJHOPOIHOCTEN
AJIIEKTPOHHOM IUIOTHOCTHM Ha aTOMapHOM YypoBHe. Bo BTopoM mnaparpade BbISICHEHA
OBICTPOTa CXOAMMOCTHM U TPEICTABICHbI PE3yJbTaThl MPUMEHEHUS HUTEpallMOHHOU

npouenypsl Berurcienus VFDF 1id ykazaHHBIX SKCIIEpUMEHTaIbHBIX 00pas3IloB.

6.2 MeToauka npeaBapUTeJIbHON 00Pa00TKH IKCIIEPUMEHTAIBLHBIX

KPUBbIX HHTeHCUBHOCTH MY PP 1151 nopomkoBbix 00pa3unos

Ha pucynke 6.1 npeacrtaBieHbl XapakTEpPHBIE JKCIIEPUMEHTAIbHBIE KPUBBIC

HHTCHCUBHOCTH PACCCAHUA OJIAA N3YYAaCMBbIX ITOPOIIKOBBIX 06pa3u013.
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I(q), arb. u.

101 10°
g, nm~1

Pucynok 6.1 — DOKcnepuMeHTalbHbIE KpUBbIE WHTEHCMBHOCTH MYPP ot
MOPOIIKOBOTO 00pa3uoB coctaBa ZrO,+Y20;. B nerenie ykazana MosibHast 10J1s1 OKCHIa
uTTpus. I HarJIIAHOCTH KPUBBIE TPUBEAEHBI K OJHOMY 3HaYEHUIO MHTEHCUBHOCTH IIPU

g=2um".

VY 3KCHEpUMEHTANIBHBIX KPUBBIX HA PUCYHKE 6.1 €CTh 2 CyIIECTBEHHBIX OTJIMYUSA
OT TEOpPETUYECKUX KpUBbIX (pUCYHOK 5.1). Bo-mepBbIX, Ha HayaJdbHOM Yy4YacTKe
WHTEHCUBHOCTh DPAacCESHMS PE3KO BO3pACTAET C YMEHBIICHHWEM MOIYJS BEKTOpa
paccestHusl ¢. DTOT POCT, BEPOSTHO, OOYCJOBJIEH HAJMYMEM B MOPOIIKE OOJBIINX

arJoMepaToB 4acTUll. Bo-BTOPBIX, MpU caMbIX OOJBIIMX 3HAUYEHUSAX ¢ HE BBIMOIHIETCS
-4 )
3akoH Ilopoma [ocg M3-32 HaJu4yus BHYTPUYACTUYHBIX HEOJHOPOJHOCTEU

aTOMAapHOTO pa3Mmepa, MNPUBOIAIIMX K TOABJICHUIO TIOCTOSHHOTO BKJaJa B
MHTEHCUBHOCTh [164]. VYka3zaHHble OTIMYMS 3aTPYAHSIOT  HEMOCPEICTBEHHOE
NPUMEHEHUE OINHUCAHHOW WTEPAIMOHHON MPONEAYpPhl U JACNAIT HEOOXOIUMOM
MpeABaApUTEIbHYI0 00pab0TKY SKCIIEPUMEHTAIBHBIX HHTEHCUBHOCTENH. MeToANKy Takon

00paboOTKH PacCMOTPUM Ha MPUMEpPE TUIMHMYHON MHTECHCHUBHOCTH paccesiHus (o0paserr ¢
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MosibHOU josied uttpusi 10%). st ycTpaHeHus MOCTOSIHHOTO BKJIaJa NpH OOJBIIHUX
3HAUCHUSAX ¢ HUCIIOJIB3yeTCs Kiaccudyeckas Meroauka [31]. [lpu Gombimux 3HAYCHUSIX ¢

TJIABHBINA, HE OCIIMILTUPYIOIIHUIA BKJIal B MHTCHCUBHOCTH PACCESHUS BEIET ce0s KaK:
I(q)=c,+— (6.1)
q)= CO 7" .
q

W13 510l (OpMyIIBI CIEAYET, YTO 3aBMCUMOCTH BenuuuHbl I-g* ot aprymenta g*
OJu3Ka K JIMHEHHOMU, ¥ KO3 (DULIMEHT C, MOKHO BBIYMCIUTh KaKk KO (UIIMEHT HaKJIOHA
3TON 3aBUCUMOCTH. [locie BBIUMTAHUSA HAaWJEHHOIO 3HAY€HUs C, U3 MHTEHCHBHOCTH

!

nonydaem uatencusHocts 1 (q) =1(q)—c,, koTopas npu GoIbIIMX 3HAYEHUAX g BEACT

4 )
ceoss o« g (3akoH Ilopoma). JlmamazoH ¢, B KOTOpPOM MPOBOAMIIACH JIMHEITHAs

aIIPOKCUMALIUS 3aBUCUMOCTH npousseneHus I:g* ot ¢*, BeIOMpancs ot 3HaYeHus g1, Ipu
KOTOPOM OTKJIOHEHUS 0T 3akoHa [lopoja elie He 3aMEeTHBI, 10 MAaKCUMAJIbHOT'O 3HaYEHUS

q> (pucyHok 6.2.a).

o ] oo Kol b X gl

104

Ln
Il
£

|

107 4

l,nl:l -

g, arb. u.
In(r), arb, u

10-4

a r
0.0 0.2 .4 0.6 0.8 1.0

1 g%, nm™2

1071 10°
q, nm

Pucynok 6.2a — DOxkcnepuMeHTalbHAas HHTEHCUBHOCTH I(q) MYPP ot
MOPOIIKOBOTO 0Opasia coctaBa ZrO,+Y20; (MonbHast noist okcuna uttpus 10%) u

UHTEHCUBHOCTb  ['(g), TIOJIYUYE€HHas TIOCJe MpeaBapuUTeIbHON  00paboTKu:

WHTEHCUBHOCTH BO BCEM IKCITIEPUMEHTAIBHOM JTHAIIa30HE;

Pucynok 6.2b — DOkcnepuMeHTalibHass HHTEHCUBHOCTH I(q) MVYPP ot
nopoIKoBoro oopasia cocrara ZrO,+Y20s (MmosibHas pods okcuaa uttpus 10%) u
WHTEHCUBHOCTb  ['(g), TIOJIYUYE€HHas TIOCie MpeaBapuTeIbHON  00pabOTKu:
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HayaJbHbIE YYaCTKH rpadukoB B koopauHarax In(/) vs ¢>. YKa3aHsl IPaHHUILIBI
JIMANa30HOB BEKTOPA PACCESHMS, KOTOPBIE UCIIONb3YIOTCS P YCTPAHEHUU BKJIa/10B
HEOJHOPOJIHOCTEN aTroMapHOro Macmrada (g, g2) ¥ BKJIaJOB KPYITHOMAacCIITaOHbBIX

HEOAHOPOTHOCTEH (g3, g4).

!
Takxe kak ucxopHas /(g) uHTeHCUBHOCTb ! (§) Ha HaYaILHOM Y4YacTKe Pe3KO

) ! )
BO3pacTaeT C YMEHBIIEHHEM ¢, M HadanbHbI yuactox rpaduxa [(¢) B mBoitHOM

jgorapudMuyeckoM MmacimTabe uMeeT BHUJA, OJNM3KUNA K mpsMoivHedHoMmy. Takoe
MOBEJICHUE, TO-BUIUMOMY, CBHUIETEILCTBYET O (DpaKkTaIbHOM paclpe/iesIeHUN
paccenBaroNIeil IIIOTHOCTH HA OTHOCUTEIBHO KPYITHBIX pa3Mepax, OTBEUAIOIINX MaJlbIM
3HaueHusaM q. Jiis oobeMHoro (ppakrana cTpyKTypHbIid Gaktop umeet Bun [165]:

D-T(D-1)

S,(q,D,& 1) =1+ B sin[(D—l)arctan(qi)]. (6.2)

(an)°|1+(a)" |

C Japyroid CTOpOHBI, TpPH OTCYTCTBUM (PpPAKTAIbHBIX MCKAXEHUH Jorapudm
MHTEHCUBHOCTU paccesHus In(/) Ha HavaabHOM ydacTKe (A1 JOCTAaTOYHO MabIX

3HaYeHWH ¢) JOJKEH ObITh JMHelHOW QyHkmmedn or ¢° [140]. O6o3HauuM

MHTEHCUBHOCTB, B KOTOPOH OTCYTCTBYIOT (hpaKTanbHble Hekaxenus, kak I (q), Torma

In(1"(g))=a+bq’. (6.3)

Untencusrocts  1'(¢) Moxer ObITh IPEeICTAaBICHA KAK MPOM3BEICHHC
(paKTambHOrO CTPYKTYpHOTo (axtopa (6.2) U HemckaxeHHoi uaTeHcusHocTH I (q):
I'(q9)=S,(q,D,&,1,)-1"(q), a ee norapudm ¢ yuérom dopmymsi (6.3):

In(1'(g))=In(S,(q.D,&.7,))+a+bq". (6.4)
Jlnst Toro uro6sl BeLeauTh /”'(g) HEOOXOMMMO HAlTH ONTHMAIBHBIE 3HAYCHHS

napametpos D,&,7,,a,b B bopmye (6.4). DTu 3HAUCHUS ObLIHA HANICHBI MUHUMU3AIHEH

cienyromnei GyHKIIUA OI[CHKH:
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A(D,&,1,,a,b) = Z[ln(['(q,.)) - (ln(SF(ql.,D,g, r))+a+ bqf)]z . (6.5)

31ech CyMMHPOBAaHHE TIPOU3BOIUTCS TIO MEPBBHIM M TOYKaM B JUAINa30HE apryMEHTa OT
HAYaJILHOTO 3HAYCHHUSI ¢3 IO 3HAUCHUS ¢4 — YCIIOBHOW TPAHMIIBI y9aCTKA MPSIMOTHHEHHOM
sapucuMocT In(/) ot ¢? (cM. pucyHOK 6.2b). Mcrons3ys cTpykTypHBIA dakrop (6.2) ¢

ONTHMAJTBbHBIMU 3HAUYCHUSAMH HapameTrpoB D¥' EY' r*', OKOHYATEIFHO HAXOJIUM

WHTEHCHUBHOCTb, CBOOOTHYIO OT UCKaKCHHI:

]'(q)
I"(a) = . 6.6
(q) Sj (q’ Dopt , aopt , ’/bopt ) ( )

Ha pucynke 6.2a npencrtaBiieHbl UCXOAHASA KCIEPUMEHTAIbHASI WHTEHCUBHOCTD
1(q) v penyuupopannas untencusHocth 1”(g) 1s ciydas ¢ MOIbHOM Joneit okcuaa

uttpus 10%.
OnucanHas mporeaypa MnpeaBapuTesbHOM 00paboTKM Oblja MPUMEHEHA KO BCEM
AKCHEPUMEHTAIbHBIM ~ WHTEHCUBHOCTAM.  [lomyuuBIIMECs ~ KpPUBBIE  pacCEsTHUS

M300paKeHbl Ha pUCYHKE 6.3.
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102

1(q), arb. u.
2

=
o
o

T T L B S B I B | T T 1 r ] T T [ I |

101 109
q, nm~!

Pucynok 6.3 — KpuBble HMHTEHCHUBHOCTH [''(¢) pacCeIHHUs IOPOIIKOBBIMHU

oOpasilaMu  CIOXHBIX OKcUZOB ZrO,+Y,0O3; mocie TpuUMEHEHUs MPOLeIypbl

npeaBapuTeNbHON 00pabOTKH K KPUBBIM Ha pUcyHKe 6.1.

6.3. BpIuuciIeHHE C TOMONIbI0 HTEPANMOHHOT0 MeTOAA (PyHKIMIA

pacnpejae/ieHus: U3 IKCIEPUMEHTAJIbHON KPUBOU HHTeHcuBHOCTH MYPP

HUcxons w3 Toro, 4Yro oOBbEMHAs OIS 3alOJIHGHHUS TPOCTPAHCTBA B
HKCIIEPUMEHTAIbHBIX o0Opa3siax Omu3ka Kk @ = 0.4 ucnosb3oBaiach MOAUPHUITMPOBAHHAS
UTEpallMOHHAS TIpOIEeaypa. JTa MPOIEAypa IOCTATOYHO OBICTPO CXOAMUTCS: IOCHE
MOBTOPCHUS S5 IMKIOB II0 YEThIPE HTCPAMA C MPOMEKYTOUYHBIM YCPEAHCHUEM

pe3yJIbTaTOB OTHOCHTENbHAs PAasHOCTb (", f) I BceX OOpasLOB CTAHOBUTCS

Menble 0.1%. 3aBUCMMOCTh 3TON OTHOCHUTEIBHOW Pa3HOCTH OT HOMEpa HUTEpaluu

IIOKa3aHa Ha pUCyHKe 6.4a.
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Ha pucynke 6.4b npeactaBieHbl MOIYYEHHBIE C TIOMOIIBIO MOAUPUIIUPOBAHHON
urepaimonHord npouenypel VFDF  HaHowacThiy mno paawycaM HWHEPUUU IS
IKCIIEPUMEHTAILHBIX 00pa3IoB MPH 00BEMHOM JT0JIe paccenBaromero Bemectsa ¢ = 0.4.
Pucynok 6.4c 1O3BONSET CPAaBHUTh C  MCXOJHBIMH  JSKCIEPUMEHTAIbHBIMU
MHTCHCUBHOCTSIMU HHTEHCUBHOCTH, paccunTanHbie 3 HaieHHbIX ¢pyHkiuil VEDF. [Tpu
pacyeTe UHTEHCUBHOCTEH Ha pucyHKe 6.4C yuTeHbI TapaMeTpsl ¢, D, &, o, BEIYUCICHHBIX

Ha JTare npeaBapuTeIbHON 00pabOTKH.

3.7
g

1014 ! i1
=] 23%
E‘ A%
& 1011 o
] Th
Q
|-
10-3 =
15
10% 4
<4 1P
g
D 104
C;
10-14
l|--|--|-r—|-r|—l-|——--|—r--|—-r-——-—|-—-|- e
10t 1a0?
q, nm=1
Pucynok 6.4a — Pe3ynbraThl NpPUMEHEHHS WTEPALUOHHOW MPOLEAYpPHI K

uHTeHCUBHOCTSIM MYPP ot mopomkoBsix 00pa3iioB coctaBa ZrO,+Y,0;: 3aBUCUMOCTh

OTHOCHUTEIBHON pa3HOCTH &( £V, £») oT HOMepa I urepanuu. B nereHne ykazaHa
+ >J+

MOJIbHAS JTOJIS OKCHJIa UTTPUS B oOpasIie.
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Pucynoxk 6.4b — Pe3ynapTarbl NPUMEHEHHUS HWTEPAIMOHHOW MPOUEAYPHl K
uHTeHCMBHOCTSM MVYPP ot mopomkoBoro oOpasuoB cocraBa ZrO+Y,0s:
HopmupoBaHHble VFDF, HaliIeHHbIE ¢ IOMOILIBIO UTEPALIUOHHOMN IIPOLIEAYPHI.

PucyHok 6.4c — Pe3ynpraTbl NpPUMEHEHUS WTEPAUMOHHOW MPOLEAYPBI K
uHTeHcuBHOCTIM MVYPP ot mopomkoBoro oOpasmoB coctaBa  ZrOx+Y,0s:
DKCIIEPUMEHTAJIbHbIE UHTEHCUBHOCTH PAacCEesIHUS U MHTCHCUBHOCTH, PACCUUTAHHBIE U3

HaiienHbpIx VFDF ¢ yyeTtom nHTEphepeHIIMOHHBIX BKJIAIOB.

N3 pucynka 6.4b BUAHO, 4TO C pOCTOM MOJIBHOM JIOJIM OKCHJAA UTTPHs B oOpasle
MaKCUMYM pacHpeAesieHUus] CMENIAeTCs B CTOPOHY MEHBIIMX pa3MEpoB, a CaMo
pacnpeneneHus CTaHOBUTCA yxe. TakuMm o0pa3oMm, ¢ pOCTOM MOJIBHOM JOJM OKCHIA
WUTTPUSL CPEIHUN pa3sMep YacTUIl 3aMETHO YMEHBINAETCS, YTO COIJIacyercs ¢
pe3yJibTaTaMu UCCIE0BAaHUSI ATHX 00pa3IioB IpyruMu MeTtoaamu [163].

B paborte [163] npuBeneHbl 3HaUEHUS YACIbHOW MOBEPXHOCTH S;, BEIYUCICHHBIE
0e3 yuera nHTEpGhEpPEHIIMOHHBIX BKJIa0B B UHTeHCUBHOCTE MYPP (¢ <1%). Halinennsie
Bblllle (DYHKIIMKM PACHPEACIICHUS TO3BOJWIM BBIYUCIUTh 3HAUYCHUS YJIEJIbHOU
MOBEPXHOCTH S, ¢ yueToM UHTephepeHIIMOHHBIX BKIIa0B (¢ =40%). CpaBHeHue S| u S,
npeacraBieHo B Tabnuie 6.1. BumHo, 9YTO 3HAYEHUS YAENBHBIX MOBEPXHOCTEH
OTJIMYAIOTCS CYIECTBEHHO. TakuM 00pa3oM, JJisi BBIUMCIICHHUS 3HAYCHUS YJIETbHOU
MOBEPXHOCTH B CJIy4Yae IJIOTHOW CUCTEMbl HAHOYACTHI] KPUTHUYECKU BAYKHO 3HATH JIOJIO
( 3aMOJHEHUS MPOCTPAHCTBA PACCEUBAIOITUM BEIIECTBOM, JIJISI TOTO YTOOBI MPABUIIBLHO
YUUTHIBATh HHTEP(PEPEHIIMOHHBIE BKJIAJbl B HMHTEHCHUBHOCTH paccesHuss MYPP. C
JPYTOM CTOPOHBI, IJisi BepU(DUKAIIMN 3HAYCHUN YACIbHON MOBEPXHOCTH HEOOXOIUMO

HCIIOJIB30BaTh 3HAUYCHUA, HaﬁﬂeHHBIe HE3aBUCHUMBIMHU MCTOAaMU.

Ta6auna 6.1 — CpaBHeHue 3HAYCHUI YICIBHONW TTOBEPXHOCTH, MOTYYCHHBIX 0€3

ydeTa (S1) u ¢ yueroM (S2) uHTep(PEpEeHITMOHHBIX BKJIAJ0B B UHTCHCUBHOCTh PAaCcCEsTHUS
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MouibHast 10511 OKCUAA
S1, M*/em? S,, M*/em?
uTTpus, %

2.7 945+7 593+58

5 1225+3 674+18

10 1400+2.0 789+23

23 1910+30 949+37

44 1888+32 1048+59

BriBoa 10 HIECTOM Ii1aBe

1. [Ipu  BoccranoBnenun VFDF W3 JKclepUMEHTanbHOM  KPHUBOWM

uHTeHCUBHOCTH MVYPP 0T mopomikoBbix 00pa3iioB HeoOXoAuMa MpeBapUTesIbHas
00paboTKa JIJIsl yCTpaHEHUsI UCKAKEHUI KPUBOU, OOYCIIOBIIEHHBIX HAJTMYHEM B IMOPOIIIKE
OOJIBILIMX arJIOMEPaTOB YACTUIl U BHYTPUUYACTHYHBIX HEOJHOPOIHOCTEH aTOMapHOTO
pasmepa. [Ipemnoxkena MeTonuka MpeaBaApUTEIbHON 00paOOTKH IKCIIEPUMEHTATBHBIX
KPHUBBIX JIJISl yCTPAHEHUSI YKA3aHHBIX UCKAXKEHUMN.

2. B coorBerctBMM ¢ pa3paboTaHHOM  METOIUKON  0OpaboTaHbI
HKCIIEPUMEHTAJIbHBIE KPUBBIE OT 00pa3iioB cocTaBa ZrO;+Y,0s.

3. [Toka3aHa cXO0IMMOCTh MOJU(MDUIMPOBAHHON HTEPALMOHHOW MPOUEAYPHI
BbiunciieHuss VFDF w3 sKcnepuMeHTaNbHOM KPUBOW HMHTEHCUBHOCTH C  YYETOM
uHTEPPEPEHITMOHHBIX BKJIAJ0B B MTHTEHCUBHOCTh PACCESTHUS

4. [Tonyuensl ¢yuknuu pacnpenenenus VFDF s mopomkoB cocTtaBa
7ZrO,+Y20; mpu conepkanuu okcuga urtpus 2.7%, 5%, 10%, 23%, 44% wu

COOTBCTCTBYIOIIHNEC UM 3HAYCHUA y,Z[GJ'IBHOﬁ IMOBCPXHOCTH.
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3JAK/IFOYEHHUE
l. [IpencraBiieHa MOJIENb PACCEIHUS MOJIUANCIIEPCHON CUCTEMON HAHOYACTUIL
B ()OpME MHTErPALHOTO YPaBHEHUS, CBS3BIBAIOIIETO TEOPETHIECCKYI0 HHTCHCHUBHOCTD
MVYPP u ¢pynkuuro VFDF. HMcnonb3oBanue paguyca rupaidi B KauecTBE apryMEHTa
byakmnmu VFDF mo3BossieT emnHooOpa3HO CpaBHUBATH PACTIPEICICHUS, MMOTYyYEHHBIC

I pa3JIMIHBIX MO,ZIGJIefI CAMHUYHBIX paCCCHBaTCHCﬁ.

2. Jns pemieHrs yKa3aHHOTO MHTETPAJIbHOIO YPaBHEHHUS Ha IMPOU3BOJIBHOU
CEeTKE 3HAYEHUU PAJUYyCOB THpalMU aJalTUPOBaH METOJ] OaileCOBCKOro aHau3a.
BBeznena onenouHast pyHKIUS, MO3BOJISIONIAS OMPEACIUTD CTENEHb CYIIECTBEHHOCTU HE
UMEIOIINX (PU3NYECKOTO CMbICIA OTPHUILATENIbHBIX 3HAYEHHA MOJEIBHOTO pEUICHUS.
ChopmynupoBaHbl KpUTEPUU MPABUILHOCTH BbIOOpa ceTku. Jlnsg  monenei
MOJIMANCIIEPCHOM CHUCTEMBI M3 YAaCTHUILl, HUMEIIIUX BBICOKYK) CTE€IEHb CUMMETPUU
(3nMncousl BpalleHus, NpAMOM UWIMHAP W NPSIMOYTOJBHBIM MapajuiesienuIen),
IPEJIOAKEH CIOCO0 BHIYMCICHUS YI€IbHON MOBEPXHOCTH U €€ MOTPEIIHOCTH Ha OCHOBE
moxenbHol (pynkmuu VFDF.

3. Pa3paboTan u nmpotecTUpoBaH MPOrpaMMHBIN NakeT, peanusytoumii MBA
JUTSL pelieHust 00paTHOM 3a]1a4K MOJISTUPOBAHUS TTOJIUIMCTIEPCHOM CUCTEMbI HAHOYACTHI]
Y BBIYMCIICHHE ACCOLMMPOBAHHOM C MOJEJBHBIM PELICHHUEM YJEIBbHOW IOBEPXHOCTH.
Bxonno¥t wuHbopmammet s MOCTPOCHHUS] MOJCIBHOTO PACHpPENENICHUS CIYKHUT
uHTeHcuBHOCTE MYPP u mnpennonaraembie opMa W aHU3OMETPUYHOCTH YACTHI]
(eIMHUYHBIX pacceuBaTeneil). 3a cueT n00aBIEHUS IBYX OPUTHMHAIBHBIX KPHUTEPUEB
CYIIECTBEHHO YJy4llleHa CHCTeMa KpUTEPUEB BHIOOpAa ONTUMAIBHOTO 3HAYCHMS
napaMeTpa peryJisipu3alum.

4, Ha WMUTalIMOHHBIX KPUBBIX HHTEHCUBHOCTU PACCESHUS MCCIEI0BAaHA
3¢ (HEKTUBHOCTH TIPEAIIOKEHHOTO METO/1a MOJCITUPOBAHUS TTOJTUINCIICPCHON CUCTEMBI 1
BBIYMCJIEHUS  aCCOMUMPOBAHHOW C  MOJEJIBHBIM  PACHpENEICHUEM  YIEJIbHOU
MOBEPXHOCTHU. |51 cucTeM M3 YacTHIl, UMEIONIUX TPU Pa3IudHbie (OPMBI C BBICOKOU

CTEMEHbI0 CHMMETPHUH U aHU30METPUYHOCTH B MHTEpBaJe oT 0,5 10 2 mokaszaHo, YTO Mpu
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COBNAJCHUM TPEIIOIAraéMblX M UCTUHHBIX MOP(OJIOTMUECKUX IMMapaMeTpPOB YaCTHII
HEOIIPEAECIEHHOCTh MOJEIBHOTO PACIpPENEIeHUs NAeT aJACKBAaTHYIO OLEHKY UISI €0
OTJINYMS OT MCTUHHOIO pacnpeneneHusa. IlokazaHo, 4YTO 3HA4YEHUE YJEIBbHOU
MOBEPXHOCTH, HAWJEHHOE JJI1 MOJEIBHOTO pachpeiesieHus, MO3BOJIAET JIMOO Cy3UTh
Kpyr MpeanojaraéMbiX MOJENIEeH €IWHUYHBIX YacTull, JMOO BBIOpaTh UX Haubolee
BEPOSATHYIO (OpPMY U aHU30METPUUYHOCTb.

3. Pazpaborannbiii BapuaHT MBA HemocpeaCTBEHHO MNPUMEHUM IS
MOJICTUPOBAHUS CUIIFHO PA3PEKEHHBIX MOJUIACIIEPCHBIX CUCTEM, B KOTOPBIX 00ObeMHAas
JIOJI () 3alOJIHEHUS 00bEeMa PacCEUBAIOIIMM BEIIECTBOM HE MPEBBINMIAET HECKOJIbKUX
IPOLIEHTOB (B3BECh MOPOLIKA B JKHUJKOCTU WM CWJIBHO pa30aBJICHHAs MOPOILKOBAs
KOMIIOHEHTa B COCTaB€ KOMIIO3UTHOTO MaTepuana). (s MiIoTHOW MoJuaucriepCHON
CUCTEMBI IIapOOOpa3HBIX YACTUIl C Pa3HOM [0JIed 3aloJIHEHUS MPOCTPAHCTBA
pacCeUBaIOIIMM BEIICCTBOM BBIYMCIIEHBI C YYE€TOM HWHTEP(PEPEHIIMOHHBIX BKJIAaJ0B
MOJIeNIbHbIE UHAMKATpUCHL. [lokazaHO, YTO BOCCTaHOBIIEHHE W3 HHUX (PYHKIIUU
pacripesiesieHus 00bEMHBIX J10JIel 0e3 yueTa MeK4YacTUYHOU UHTEPpPEPEHIIUN MPUBOIUAT
K OTHOCHTENLHOH omubke BoccTraHoBicHUs He Oosiee 10%, TOMBKO eciu  JOJs
3amoJIHEHUS TpocTpaHcTBa He npesbimaetr ¢ < 0.06. B To ke Bpemsi B MOPOILIKOBBIX
oOpa3zuax n1ois 3anojHeHus oobeMa Moxet aocturath 0.4. Jliia Berancienus QyHKIMMA
VFDF npu OosblIvX 3HAYEHUSX (O MPEIJIOKEH UTEPaIlMOHHBIA MeTol. B aTomM meTose
onHoBpeMeHHo ¢ ¢ynkuuerr VFDF Beraucnsercs ctpykTypHbiii (pakTop, OoTBEUarONuit
HUCKOMOMY pacnpeneiaeHuto. IPp(HeKTUBHOCTh METOAa IPOJEMOHCTPUPOBAHA HA IPUMEPE
¢=0.1,0.2,0.3,0.4.

6. Ureparmonnsiii meton BbeuncieHuss ¢ynkuuu VFDF  ompoOoBan Ha
HKCIIEPUMEHTAJIbHBIX KPUBBIX HHTEHCUBHOCTH MYPP oT mnopoikoBoro o0pasios
coctaBa ZrO, +Y,03;, CHHTE3MPOBAHHBIX B MIMPOKOM JAHANA30HE COOTHOIIEHUS
KOMITOHEHTOB (MaccoBas J0Jisl OKCHAa UTTpuUsl Bapbupyetcs ot 2.7% 1o 44%). [lokazana
CXOJUMOCTh UTEPALIMOHHON MPOLEAYPHI I MHAUKATPUC OT Bcex 00pasuoB. [lomyueHs

byHKIIMKA pacThpeelieHUus] 4YacTUIl W COOTBETCTBYIOIIME WM 3HAYEHUS YIEIbHON
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MTOBEPXHOCTH.

7. [Ipy MomenupOBaHMM  PACCEUBAOUIEH  MOJUIUCIEPCHOM  CHCTEMBI
COBOKYITHOCTBIO OJHOPOJHBIX YaCTHUIl HAa OCHOBE JKCIHEPUMEHTAIBHBIX KPUBBIX
uHTeHcuBHOCTH MYPP HeoOxomuma mnpenBapuTenbHas 00paboTKa [JIsi YCTpaHEHUS
WUCKOKCHUA KPUBOW, OOYCIIOBJICHHBIX HAIUYMEM B pPEATbHONW CHCTEME OOJIBIIHNX
arJiIoMepaToB YaCcTHUI[ U BHYTPUYACTHUYHBIX HEOAHOPOJHOCTEH aTOMApPHOIO pa3zMepa.
[IpensioxkeHa METOMKA TaKOW MpeABAPUTEIbHON 00pabOTKH.

8. Pa3zpaborannbiii utepannoHHbld MeTon BbrumcieHus ¢ynkiun VFDF ¢
Y4E€TOM BKJIAJI0B MEKYACTUYHON MHTEpPEPEeHIINHN B UHTeHCUBHOCT MY PP peannzoBan
JUISl TJIOTHOM TOJUAMCIEPCHOM CHUCTEMBI IMApOOOpPa3HBIX YACTUI[ C MOTEHIHAIOM
B3aUMOJIEUCTBUS TBEPBIX C(pep, MOCKOJIBKY B 3TOM CIIy4ae CYLUIECTBYET AaHATMTUUECKOE
pelieHrue JUid pacueTa HHTEHCUBHOCTH paccesHus. OAHAKO METOJl MOMKET ObITh
peanu3oBaH W I YacTULl C JApyrod Mopdonorued u JApyruM HNOTEHIHAIOM
B3aUMOJICUCTBUS, KaK TOJIBKO OyAeT pa3paboTaHa METOAMKA BEIYUCIICHUS CTPYKTYPHOTO
(dakTopa /ISl JIOTHOM CHCTEMBbl TAKUX YACTHIl. YKa3aHHOE BBIYHMCIECHUE MOXKET OBbITh
BBITIOJTHEHO Ha OCHOBE MPSIMOTO MOJENUPOBAHUS MPOCTPAHCTBEHHOTO PACIIOIOKEHUS
YaCTHUL B IPEICTABUTENIAX CTATUCTUUECKOTO aHCAaMOJIs JUIsl pACCEUBAIOIIECH CUCTEMBI.

9. Pazpaborannbiii Bapuant MBA 171 moucka MOJIOKUTEIBHBIX pEIIeHUN
HEKOPPEKTHOM 3a/1a4r MOXKET OBITh UCIIOJIH30BAH JIJIS PEIICHUS IPYTUX 00paTHBIX 3a/1a4

MOJI00HOT0 THIIA.
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MHNPUJIOKEHUE A
(o0si3aTesibHOE)

OueHka cpeHeKBaAPATUYHON MOorpetHocT 3HaYeHud VFDF

IIpn BBHIOpaHHOM 3HAYEHHH PETYJIApU3aTOpa O Uil CPEIHEro KBAJIPATHYHOIO

OTKJIOHECHUS Afk(“) otnenbHoro 3Hauesusg VEDF nveem

2 T...T(fk—ﬂ(“))zp(f/l,a)]M‘[dﬁ
(T R e 258

rne £\ — k-3nauenne dynkumn (k=1,2,....M );

M
I,0) —  BEpPOSATHOCTb  3HAYCHUU f= [ 1, ] | npu
=

P(f

N
MHTCHCUBHOCTAX I = [1 j] "
J=

B cooTBeTcTBUU ¢ cooTHOMIEHUs MU (2.12), (2.18) 1 (2.22)

I,o) oc exp(—%ZZG”fift + Zfiai],
i t i
rie G=B+a Q;

a; = ZGizfz(a) . (A.3)

P(f

(A.1)

3aJaHHBbIX

(A.2)

M M
BBezieM HOBBIE NIEpeMeHHBIE g, = f, — £*) . OueBuIHO, 114 =114z
=1 =1

[IpeoOpazyem mokasareisb SKCIIOHEHTHI B (A.2) ¢ yueTrom (A.3):
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—lZZGﬂfift+Zﬁai:

=3 EXG (1 v ) (A e ) (1 ) )=
:_EZZGﬂglgt _EZZGi’ﬁ(a)g’ _EZZGi’ﬁ(a)gi _%Zzﬁ(a)ﬁ( )
+ZZGJ +ZZGU& =—%ZZG,,gigt+%ZZGM(“)£()

IToncraBuB BeIpakeHue (A.2) c mnokasarenem (A.4) B (A.1) U cokpartus

(A.4)

IMOCTOSSHHBIC MHOXHUTCIIN, ITOJIYYUM

I Tgiexpﬁ—ZZ ,,g,g,le_[dgz
A = 2= (A.4)
[- IeXp(—ZZG”g,gtJHdgz

B Cui1ly CUMMCTPHUYHOCTH H BCIHICCTBCHHOCTHU MATpPHUIIbI G u3 ee COOCTBEHHBIX

BEKTOPOB MOKHO COCTaBUTh OPTOHOPMHUPOBAHHBIH 6a3uc B mpoctpancTBe RY 3HaucHwiA
T _ ol
f. ITycte W — oproronanshas Marpura (W' = W), cocraBiieHHas u3 BEKTOPOB 3TOTO

1 o
6asuca. Torma wmarpuna H=W ' GW gpngerca nuaromansHOli u mepexonm K

MEPEMEHHBIM

h=>(w" ),»m g, i=12,...M (A.5)

N03BOJISIET NepeiTu B popmyiie (A.4) OT IBOMHON CyMMBI K OJJUHAPHOM:

1 1
_EZZG[[gigt :_EZZ( Z im mz tn HJ
1 1
:—EZthhnZZ(W ) G, :—EZthhnHmn == 2 It
m n i t m n m

(A.6)
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Ncnonb3ys 3T0, 3HaMEHATEIb MOAKOPEHHOTO BhIpakeHUs B (A.4) mpeoOpa3yeM K BUILY

0 0 M o0
[ ( exp(——Hmmh;)dh ]: 1] exp(—%hiHmmjdhm = (A.7)
—0  —oo \um=1 m=1 _p
3nech yuTeHo, 4To uisd npeobpazoBanus (A.S) sskoOuaH D(8):28) =|detW|=1, H,
D(h,,....h,, )

M M
ciaenosarensHo, [ [dg, =] [dh -

=1 =1
[Tepexon k nepemMeHHBIM (A.5) ISl YUCTUTENS TOAKOPEHHOTO BhIpakeHus B (A.4)

Cc ucnoJib3oBaHueM (A.6) maer:

0 0

f- J.(Z%h,][zf/ffhhtjexp(——z}z Hmijdh _

—00 —00

—ZZ%%T IhztheXp(——hH jdhm:

i t -0 —0

=2 (W) TT (hi)zlﬂ[exp(—%hiﬁmmjdhm =

v (A.8)

31ech YYTCHO, UTO JAJIS [ # ¢ BBIMOJHSETCS] COOTHOIICHUE
[] hlh,Hexp(——h H, )dhm o< [ b exp(—ghizHﬁj )
[ToacTaBuB okoH4aTenbHbIe BhipaxkeHus (A.7) u (A.8) B (A.4), nonyunum
a 1
AR = Z(VVk)ZF - (A.9)
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Bocnonb3oBaBmucs TemM, 4to G=WHW', u cBoiictBamu Matpuni W u H,
npeoOpa3yeM MoAKOpEHHOE BeIpakeHue B (A.9):
2 1 _ 1 -1 _ -1 -1 _ -1
Z(sz) F_ZWIHF(W )ik_lz - W, (W )tk_(G )kk- (A.10)

Taxum 06pazom,

A = /(G-')kk - \/((B 4 ag)‘l)kk , (A.11)
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HPUJIOKEHUE B

(00s13aTe/IbHOE)

PacyeT HHTEHCHBHOCTH MAJIOYIVIOBOTO PEHTI€HOBCKOI0 PacCesiHUusA
OT MOJIUAMCIIEPCHOM CHCTEMBbI IAPOOOPA3HBIX YACTHIL C Y4€TOM

nHTepdepeHInOHHbIX BKJIAA0B B npudan:kennn Iepkyca-Mesnka

Ilycte f () — HOpMUpOBaHHAs! (PYHKIUS paclpenesieHns KOJUYeCTBa YaCTHULl 10
UX paguycaM OTIIMYHAs OT HYJI B UHTEPBAIE OT Rmin 10 Riax, MAaTEpPHA YACTULl UMEET
eIMHUYHYIO PACCEUBAIOUIYIO MNIOTHOCTh U 00BEMHAsI 10JIs 3all0JHEHHS IPOCTPAHCTBA B

CUCTEMC paBHaA O. Tor):[a HHTCHCHUBHOCTb paCCCiIHHA B PaCdCTC Ha CAWHUILY oObeMa

CUCTCMBI paBHa

6.6/ (q)
I(q)= = T (B.1)
n|F\(9)Fs ()~ F(9)Fy (q)

TJIE€ UCIIOIB3YIOTCS CIIEIYIONINE BCIIOMOTaTebHbIC (DYHKITUU:

C(q)=(r*(r)@* (@) |T(q)| " (B.2)
G, (q) =(@° D> (gr))|T (@) 5 (B.3)
Cy(q) =9(@N*" ¥ (gr))|T(@)] 3 (B.4)
C,(q)=2(V (r)@r)®* (@) Re(T(DT; (9)) 5 (B.5)
C,=6(V (r)@2r)'®(qr)¥(gr)))Re(T(d)T (9)) 5 (B.6)
C,=6((2ry’®(gr)¥(g)))Re(T, ()T (9)) 5 (B.7)

T,(q) = F(9)Fy ()~ Fy (@) Fy(9) 5 (B.8)
T,(q) = Fou(@)(2rV (r)®(gr) e ) = Fp(@)(V (r) @ (qr)e” ) ; (B.9)
T (q) = Fo (@) (V (r)®(qr)e” )= F (@) {27V (r) @ (gr)e” ); (B.10)
Fi(g)=1-5+((2r) @(qr)e”): (B.11)
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F,(q)= <(2r)4 <I>(qr)el”r> : (B.12)
F, (q)=%(1—§3)iq—3§2 +3((2r) ¥ (gr)e ) (B.13)
Fa(q)=1-8+3((2r) ¥ (gr)e” ); (B.14)

sin(X) — X cos(X)

sin(X)
(X) '

O(X)=3 Y(X)= (B.15)

B Beipakenusix (B.2) — (B.15) ucnonb3yrorcs cineayronme 0003HaueHUS:

V(r)=4mr. S, =<(2r)v>- (B16.)
ITycts Y HekoTOpoe MaTeMaTH4yeckoe BelpaxkeHue. Torna (Y)ompenensercs Kak:
Ry
_T9
<Y>_EV_mR:[n(Y)f(r)dr’ (B17)
Rinax
e ¥V, = [ V(r)f(r)ar. (B.18)

Rmin
®opmynel (B.1) — (B.18) sBusarorcs o6oOmeHneM Ha ciydald HENpepbIBHOM
byHKUIMU pacnpeneneHus: GopMyl, MOIYyYEHHbIX B padore [44] mis cucTeMbl YacTull €

JIMCKPETHBIM HAOOPOM PaJNyCOB.
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MHNPUJTOKEHUE C
(cmpaBo4HOe)

WEB - npuiio:xxenue 1151 padotsl ¢ 1aHHbiMu MY PP

PocT BBIUHMCIMTENBHBIX MOIIHOCTEW MPUBET K Pa3padOTKE HOBBIX MATEPHAJIOB U
pPa3HOOOpa3uI0  AKCIEPUMEHTANbHBIX  YCTAaHOBOK s uccienoBanus MYPP.
COOTBETCTBEHHO, MOSBWJIACH BO3MOKHOCTh PEIIATh 3a KOPOTKUU CPOK JIOCTaTOYHO
0OBbEMHBIE BBIYMCHUTENbHBIE 3amaun  [165; 166], pa3paboTaHbl YHHUBEpPCAIbHBIE
MPOrpaMMHBIEC MaKeThl 00PabOTKU IKCIIEPUMEHTANIbHBIX JaHHBIX [58; 144; 145]. O0bem
HKCIIEPUMEHTAJILHOTO MaTepHaia U pe3yJbTaThl €ro aHajiM3a PacTeT YCKOPEHHBIMHU
TeMIaMH. JTO TpeOyeT pelieHus 3aJadd XpaHEHHs, YNOPSAOYEHUS U BU3yaId3al[uu
VCXOAHBIX JIaHHBIX HATYPHOTO W MOZEJIBHOTO SKCIIEPUMEHTA M COOTBETCTBYIOLIEH
CTpYKTypHOM nH(popMaiuu. A pamkax paboTel coznano Web-npunoxenne «Small Angle
X-Ray Scattering Data Base» (cokpamenHo «SAXSDBy). Hmwxke onucanbl KiroueBbie

MOMEHTBI PaOOThI MPUITOKEHHUS.
Pa0ora ¢ BXOAHBIMU JaHHBIMHU

OKclepyuMeHTadbHble  JaHHble 10 MVYPP pasHbeiMu  HcClieIoBaTeIbCKUMHU
IpyIIaMu, 3a4aCTyI0 IPEACTABISAIOTCS B pa3iMuHbIX popmarax. Hanpumep, apryMeHTOM
KPUBOM pPACCEIHUS MOXKET CIIY)KHUTh KaK yroJl paccesHusi, TaK WU MOAYJIb BEKTOpa
paccestHus WM NPONOPIHUOHATIBHBIE €My BEJIMYMHBI, THTEHCUBHOCTD PACCESHUS MOMXKET
OBbITH 3a7aHa OOIIMM YyPOBHEM CHUTHajda WA KOJIMYECTBOM HMITYJIbCOB B €IUHHUILY
BpeMeHU. CTpPyKTYpHBIE JIaHHbIE MOTYT OBITh TIOJIY4eHBI B BHJE, HaIPUMED,
pacupeneneHrs MapHbIX PACCTOSHUM W PAacCeMBAIOIICH TUIOTHOCTH B E€AWHUYHOM
pacceuBaresie WM pacipeeICHUsIMUA pa3MepoB U 00BEMOB YacTHIl B MTOJIMIUCTIEPCHOM

CHCTCMC

OcHoBHas 3agaya SAXSDB — KOHCONMANPOBAHUE U XPAaHEHNE MACCUBOB JIAHHBIX

(KaK mpaBujiIoO0, B MarpuiHOM HpC}ICTaBHeHI/II/I), CTanaapTu3anua IMpPCACTABICHUA U
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opraHu3anu:Aa BI)I‘II/ICJICHI/II\/'I, Ha OCHOBC UMIIOPTHPYCMBLIX JAHHBIX.

HpI/IHO)KeHI/Ie AacT MHUPOKUC BO3MOKXHOCTH B pa60Te C JaHHBIMHU PA3JIUIHOIO

¢dopmara. B HeM MOXKHO 3a/1aBaTh CIIEIYIONINE TapaMETPhI:

— ¢opMaT JaHHBIX;

— IIapaMeTpbl NapCUHTA TAHHBIX;

— ¢opmar rpapuyecKoro npeacTaBiIeHuUs;

— TCKCTOBOC OIIMCAHUC COACPIKAHUA UMITIOPTUPYCMbBIX KOJIOHOK H 3daI'0JIOBKOB ocen

IIPU BU3YAJIM3ALINH;

— 3HAYCHHC JOIIOJIHUTCIBHOI'O IIOJIAA COPTUPOBKU «THUID).

[Tanens HACTPOEK 3arpy3Ku JaHHBIX NpeacTasieHa Ha pucyHke C.1

Settings

Farsing Mode

Filter

= Format - All fields are required:

Farge Format:
Description:
Flot Farmat:
Abscigsa Title:

Drdinates Title:

= Format List

O Add

o~ @M M = W kA

@ Delete

Farse Format

THETA, | A THETA, dI
THETA, I

q.l

q.l.sp_term

Ry, PDF dPDF
THETA, |

G0, dadl

il 5p_term

THETA, L ATHETA, dl

THETA, | THETA, dI
Scattering Angle, mrad

Intensity, arb. un.

Plot ¥, %)
THETA, | THETA, dI
THETA, I

q,!

q.l

Ry, POF Ry, dPDF
THETA, |

Q1,0d

q,!

LIser

Scatering angle {mrad) Intensity (arb.un.), Ambiguity of the scatering angle (mra

Description

Scatering angle {mrad) | Intensity (arboun.)...
Scatering angle {mrad) | Intensity (arb. un.)
Magnitude of the scattering vector(1/nm), ..
Sirmulated intens was gotten by scatterin..
Radius of gyration, probality distribution fu...
Scatering angle mrad |Intensity

hagnitude of the scattering vector(1/nm) ...

Simulated intens was gotten by scatterin...

Pucynok C.1 — Ilanens HacTpoek XxpaHUMbIX AaHHBIX B SAXSDB.
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[Tpunoxenne SAXSDB npunuMaet Ha BXof ¢aiibl, KOTOPbIE UMEIOT MaTpPUYHbIC
JTAHHBIE B «Prn», «CSV» M CXOJIHBIX C HMUMH (popmarax c pa3au4yHbIMU BapuaHTaMU
pa3fenuTens KOJOHOK. J[s KaxaoW OTHeNbHON Marpuilbl B 0a3e JaHHBIX CO3aeTCs
OTJeNbHAs TabMuIa, B KOTOPOM KaXKJIOMY UYMCIY COOTBETCTBYET O/HA suelka. Takoif
MOIXOM TO3BOJSIET TOCpeAcTBOM HMHTepdeiica Oubmmorekn DbSimple [167]
B3anMO/IelicTBOBATh ¢ b/, He MCTIOIB3YA CIIOKHBIX 3apOCcoB. J{J1st GombIIel HaleKHOCTH
XpaHeHus: “HGOpMalluid UMIIOPTUPYEMbIE JTaHHbIE AYOIUPYIOTCS HA cepBepe B csv/prn

daiinax.
Opranusanus aocryna. MeToabl CTPYKTYPUPOBAHHUS U BU3YAJIU3AIUHN TAHHBIX

CyI1eCTBEHHBIMM KOMIIOHEHTaMU TPUJIOKEHUS SBISAIOTCS WHCTPYMEHTBHI JUIS
CO3/IaHMSI W TMPUMEHEHHUS TOUCKOBBIX (DUIIBTPOB, KOTOPhIE pabOTAOT C YIAJECHHBIM

XPaHUJINUIICM. DT0 00ecrneunBacT NIABHOE KauyeCTBO IIPUIIOKCHUA — 6I)ICTpOTy ITIOHUCKaA.

HeoOxonumble HHCTPYMEHTBI CO3/IaHbl C UCIIOJIb30BAaHUEM CTAaHAAPTHBIX AEUCTBUN
oubnuorexku EXTIJS [168]. B SAXSDB cTtanu BO3MOKHBIMU:

— pean3anus NOMCKa JAHHBIX M0 JI000MY MOJIIO;

— 00BbEIMHEHNE YUCIIOBBIX JIaHHBIX IO MOJII0, KOTOPOE BBIOMPAET MOJIb30BATENb
IIPU MEPEHOCE JaHHBIX;

— COPTUPOBKA MO Pa3IuYHbIM KPUTEPUSIM;

— IIOMCK KPUBBIX 10 aCCOLIMMPOBAHHBIM C HUMH apaMETPaM.

C nomompto Oubmuorexkn EXTIS Ttakxke peanu3oBaH perucTpoHE3aBHCHMBIN
MIOUCK B peajbHOM BPEMEHH MO MOACTPOKE WIH MO PETYISIPHOMY BbIpaxkeHuro [169].

[Ipunoxenne obecrieurBaeT 0030p AAHHBIX B rpaUUeCcKOM U MAaTPUYHOM BHJIE.
Hns ynoOctBa oToOpakeHus: uHTeHCUBHOCTH MYPP, wu3MmeHstomielics Ha MHOTO
NOPSIKOB,  TOJB30BaTelb  MOXKET  3ajJaBaTb  IOCTPOEHHUE  TrpapuKkoB B
MOTyJIOrapu(MUYECKOM WJIM IBOMHOM JIOTapU(PMUUECKOM MaciiTadax.

UToOBl MPOBECTH CpaBHEHUE HECKOJIBKUX WHTEHCUBHOCTEH, B MpOrpaMMe €CTh
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BO3MOYKHOCTh OJHOBPEMEHHOIO H300pa)KeHHs MX Ha OJHOM rpaduyeckoM mnoise. B
SAXSDB ecTh BO3MOXHOCTbh U3MEHUTH MapaMeTpbl TpaduueCcKOro MpeacTaBIeHUs (TUTT
JIMHUY, HAJIMYUE WIH OTCYTCTBUE CETKH U TaK JaJIee).

XpaHUJUIIEM MOTYT TIOJb30BaTbCs OJHOBPEMEHHO pa3HbIE HCCIIENOBATENN
HE3aBUCUMO ApyT OT Jpyra. [103ToMy BaKHBIMHU YCIOBHSIMU JUIsl OpTaHU3ALMH J0CTya
SBJISIFOTCAL:

— COXpaHEHHME U WCIIOJb30BAaHUE HACTPOEK IPU IOBTOPHOM OOpalleHUU
MI0JIB30BATENS K TEM XK€ TaHHBIM;

— BO3MOXHOCTb 3KCIIOpPTa MaTPUYHBIX JAaHHBIX U BBIOPAHHOTO IpadHUuecKoro
IIPE/ICTaBIICHUS;

— BO3MOXKHOCTb HE3aBUCHUMOIO HW3MEHEHHUS IOJb30BaTEIIMH  OCHOBHBIX

mapamMcTpoOB I pa(bI/ILIeCKOFO MMpCaACTaBJICHUA JaHHBIX U BKCHOpTa/ HMIIOPTA JAaHHBIX.

JHanusie ycioBus BeinoiaHeHbl B SAXSDB 6naromaps tomy, uro nHdopmMaius 000
BCEX I0JIb30BATEJIbCKUX HACTPOMKAX BU3yaJM3allMM, a TAaKKE€ HACTPOMKAX IMApCUHTa,
coxpanseTcsi B 0a3e JaHHBIX. KpoMe TOro, marpuyHbie JaHHBIE W BBIOpaHHOE
rpauyeckoe MpeaCcTaBICHUE MOKET ObITh IEPEHECEHO Ha KOMIIBIOTEP MOJIb30BaTENs 10

€ro 3arpocy B .CsV U .png (popmarax.
HNurepdeiic

B npuwiokeHMH HMMIUIEMEHTHPOBAaH aJanTUBHBIA  HHTEpQeEnc, KOTOPBIU
peanusyercss KaXAbIM  IIOJI30BATEJIEM  CaMOCTOSTENIBHO B COOTBETCTBUU  C
NOTPEOHOCTSIMU, a TaKXKe COXpaHsAeTcs B MPWIOKEHUH Ui  JaJIbHEHIIEero

HCIIOIB30BaHUS. DTO CACIAHO C MOMOIILI0 MUHCTpYMEeHTOB Oubnnorexku EXTIS.

Ha pucynke C.2 nmokazaH BapuaHT UHTepdeiica, COCTOSIIETO U3 TPEX OCHOBHBIX
paznenos: «Hasurauus», «Conepxxanue Tadauip» u «Ilapamerpo».

Paznen «HaBuranus» ocyliiecTBiIsieT BHECEHHE HOBBIX JAHHBIX U MOUCK JTAHHBIX
Cpellu Te€X, KOTOpbIE yike uMeroTcs B b/I.

B paznene «Coneprxanue TaOIUIBDy CTAHOBHUTCS BO3MOYKHBIM BBIOOD YHCIIOBOTO
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WM TpaduuecKkoro MpeacTaBlieHus AJisd BRIOpaHHOW Marpulbl (MaTpuil), OnpeaeacHue
MapamMeTpoB TMPEACTABICHUS W OKCIOPT YHUCIOBBIX W TpadUyeCKuX MaHHBIX Ha
MTOJIB30BATENBCKUNA KOMITBIOTED.

Paznen «llapameTpp» mNOKa3bIBAET NapaMETpPbl CbEMKU I HUCCIEAYEMOU
WHTEHCUBHOCTH WJIA HW3y4aeMoro oOpasia il HaTypHOTO JKCIEPUMEHTA, a TaKXKe
napaMeTpbl MOJICIIH 11 UMUTAMOHHOTO SKCIIEPUMEHTA. Takke HHCTPYMEHTBI JAHHOTO

pa3acia MO3BOJIAIOT pCAAKTUPOBATD IICPCUCHD ITAPAMETPOB, UX 3HAUYCHUSA U OITMCAHUA.

aeriEs M2l i= Lornerd
Seatienng Smulstion m o
Qa3
u 03 e ¥ Rt b Laplog
‘ F
Eaanch
Namocamposite serlesi:3
Rejuler asprecsion || Cocie sinsdive
[< WTHETA; |
A Ecghtarng 3 ariem A14.12408 . & | -:II|1'HFU|:-!
5 Ecgtaing 3 adin 20141208

. Scattang 5 admn 2014-12408
L3 3

Hathirg Frard

igclg | i

ark, un.

rrEen =Ry,

Bopnering sAngla, mored

118



119

scak
is
PLF srake

H 0000 Paticles mamber

R oxs Platiclica £ ez i radi oni
shape 36 PLF shope
scale 3 POF acak

Pucynok C.2 — [lanenu paznenoB Web-npunoxkenus SAXSDB: a) «HaBuranus»;

0) «Conepxanue Tadauupdy; B) «Ilapamerpb.
Texnnueckas peajusanus

Jist 00paboTku OONBIIOr0 00bEMa JaHHBIX BaXKHBIM SIBIIAETCS OOECIEUeHHE
yno0cTBa M OBICTPOTHI MCITOJIB30BAaHUS (PYHKIMM MPEACTABICHHS JAaHHBIX. TAKWX, KaK
COpPTUPOBKA, IPYIIIUPOBKA, IOCTPOEHUE IPaduKOB, IepeMaciITabupoBaHue U TaK Jajee.
st aTOTO OOpAallleHNEe K CepBEpy peaanu3oBaHO C momolbio TexHojaorun AJaX [170],
KOTOpas 3akirodaercs B «(OHOBOM» OOMEHE MaHHBIMH MEXIy Opay3epoM H BeO-
cepBepoM. BaxkHo, 4TO mpu OOHOBIIEHUU JAHHBIX HE MMPOUCXOAUT MOTHON Mepe3arpy3Ku
BeO-cTpanumpl. OTMETHM, YTO BBIUMCIUTEIBHBIC OIEpaIlliid BBIMOJTHSIIOTCS 0e3

HCIIOJIB30BaAHUA pCCYPCOB KOMIIBXOTCPA-KIIMCHTA.

[Tpunoxkenne xpanut ganubie ¢ nomonsio CYBJ MYSQL 5. B3aumoneiictBue ¢
CYB/ ocymiecTBisieTcss BHyTPEHHUM WHCTpyMeHTapueM oubaunoreku DbSimple.

Ucnonb3yemoe cepeproe I10: PHP Version 5.3.27-1~dotdeb.0, mysqlnd 5.0.8-
dev — 20102224, Apache/2.2.22 [171]. llpu KIuEHT-CEPBEPHOM B3aUMOICHCTBUU
MIPOUCXOIUT 0OMeH JaHHbIMU B popmare JSON.

[TocTpoenue rpadukoB u3 ¢aiiaoB B popmare .png oOeCeUNBACTCS CPEICTBAMU
Web-cepBuca svg.sencha.io.

Nwmnoprt nansbix B b/l obecnieunBaet otaenbHblii PHP-ckpunt, xpanumeiii Ha Web-
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CEpBEPE U BbI3bIBAEMbIN CTOPOHHUMHU MPUITIOKEHUIMHU, TakUMH Kak SAXSEV.

Ucnonw3oBanusie narrepHsl nporpammupoBanust RPC [172] unu REST [173] (no
BBIOOpPY MOJB30BATENsl C NpaBaMu aJMUHUCTPATOpa), CTAHAAPT KOAMPOBAHUSA —
pexomenayembiii  Zend Technologies Ltd. [174]. bnaromaps »TtomMy cucTema
MOJIJICPKUBACTCS. BCEMH COBpPEMEHHBbIMU Opayszepamu: le6++, FF2++, Opera 6++,
Chrome, Safari 2++. BaxHoe TpeOoBaHue — B Opay3epe JOJDKHA OBITh BKJIIOUEHA
nonepxkka si3bika JavaScript. Kondurypanus cepseproro 1O goctynna mo aapecy
[176].

Bepcuun Web-npunoxenuss SAXSDB: 1.02 (ans mnocrpoeHus rpaduxoB
npuMeHsieTca ctanaapTHbie MHCTpyYMeHThl EXTIS) n 2.1.1 (Bu3yanu3auuu 1 coxpaHeHUs!
JIAHHBIX peann30oBaHo ¢ omoiibio oudmmorek EXTIS u JPGraph [175]).

JJist orpaHuyYeHust 1O0CTyNa aIMUHUCTPATOP MOXKET BKIIOUUTH MexaHu3ma «digest
authentication», BO3BMOXXHO Tak)ke orpaHudeHue npocryna mno IP.

Ucxonnbiit ko Web-nipuiioxkeHre MOXKET pacHpOCTPaHATHCS B COOTBETCTBUH C
muuensueit muien3un GNU-GPL3 [177]. Ha cerogusimHuii 1eHb MOA0OHbBIEC XPAHWIIHIIA
JAHHBIX U Web-cepBUCHI periaromue cxoxkue 3agadud [178 - 182] umero 3akphIThIid
VCXOJHBIN KOJ.

URL nemoBepcun npunoxenus: [176].

[Mpunoxenne d>PPEKTUBHO UCMOIB30BATIOCH TPU  HM3YUYEHUU  YIIIEPOIHBIX
HAaHOKOMIIO3UTOB [92], HAHOpa3MEpHBIX YIIEPOAHBIX cUCTEM [156], HAHOMOPOUIKOBBIX

o0OpasioB okcuaoB [138].
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HPUJIOXKEHUE D

AKTBI BHCAPCHUA

YTBEPHIALIO

IlpopekTop no Hay«Ho
PIITY wm. AM, Tepuena
B.B. Jlanrrea

S
it i

Vo

~l

AKT
0 BHEAPCHHH PE3YILTATOR amﬁmunonmon padori Kyuxo A.B.

«PAZPABOTKA METOJIA, MOJIEJIE

H KOMIUIEKCA TTPOIPAMM LIS

AHAJIM3A JIAHHBIX MAJIOYTJIOBOIO PEHTTEHOBCKOI'O
PACCEAHMA OT NOJIMIUCTIEPCHBIX CHCTEM»

HacTosmmM axToM MOITBEPALACTCE, HTO HPH [poBeaeHu pador no rpadTy
POOH Nel0-02-01065-2 «MccacaoBaHne MEXEHNEIMA ICKTPETHONO COCTOANHA B
NOAMMEPHINX  KOMIOIMUMOHMKX  Marepranaxy (2010-2011 rr) wenoaszosancs
MCTO/l CTRTHCTHHCCKOI peryaspniauuy Aua o0paborku peayisTaTos, NOTyIeHHsX
METOAOM MATOYTIIOBOIO PEHITEHOBCKOIO Paccentus, Kotopwii Osur paipaboran

A.B. Ky"Ko np# HANHCAHHK MM AHCCCPTANROHNO# patoTh.

TMpumenenne paspaborannoro MeToaa CTATHCTHYSCKON PeryAspHsaunn ans
BRYMCACHNA QyHKUMIE pacnpeacicHid o0beMHBIX J00eH YACTHL @3POCHIA B
IICHKAX NOAHOPONKIEHA (OIBONHAC NOAYUNTH JaHKBIE, HeoOXOAMMBIC AR

CTPYKTYPHOIO 3HAAH3E KOMIMOZHTHBIX NOJIMMEPHBIX MUTCPHIIOB,

Hupexrop HUH dmankn
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BHEIPEHHA PEIVALTATOE THCCepTanHORNOi paboT Kyuko A.B.

«OEPATHASA 3AJTAYA MOJETHPOBAHWA MO IMCITIEPCHON
CHCTEMBI IO JAHHBIM MANOYTIIOBOID PEHTTEHOBCKEOID
PACCEAHM»

Hactoammit AKT COCTABNEH B TOM, YTO NpH NpoBefeddy pabor no Teme
«llomyvenne W AMACHOCTHEA OKCHIHEIN NpPeJKepaMH4ecKHX HAHOMOPOIWKOR M
MATEPHATOR Ha WX ocHoBer ([ocyaapcTeennblii koaTpakt [K 16.740,11.0030 or
01.092010), npopoaHBIUMXCR 0O zakesy  JenapraMedHTs OpPHOPHTETHRIX
HAMpaBsneHdid Hayxkn W Texwonorwit Munwcrepctea ofpaioBaHMA K HAYKH
Poccriicroii denepauny, 8 neproa ¢ 2010 no 2012 ron, HCHONB3OBAICA METOL
MOJEAHPOBAHMA CTPYKTYPR MOAHIHCHEPCHOND MOPOLIKA HAHOYACTHL MO JAHHBIM
MANOYTIOBOND PEHTIEHOBCKOTD PACCEAHHA, KOTOPLIH O1 paspatotan A. B. Kyuxo
MPH HAMHCAHHH WM IHCCEpTAlMOHHON paboThl.

[pumeHenne paspaboTaHHOTO METOA CTATHCTHYECKOH peryispH3auny Lis
pacuera GyHELHH pacnipeeneHid 00BEMHBIX JoNeH HACTHL W NIOIMATH VIENEHOH
MOBEPXHOCTH B HAHOMOPOIIKAX OKCHAZ UHPKOHHA NOIBOMIHIC NOAYYHTE TAHHEE O
CTPYKTYpE NpedkepaMHYecKHX HAHOMATEPHATOB, NPOHIBENEHHBIX METOAOM
MHAOPOTEPMANBHOTO CHHTE3A,

Hayuubiit pyrkosonntens pabor
no 'K 2010-1.2.1-101-004-059,

1. X. H., npodeccop, i
un.-kopp. PAH q':r,i’;ﬁ;)’;'f /B. B. I'ycapor/
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YTBEPHJIAID

[popexTop no Hayauoi paGoTe
WYausepentera HMTMO
B.O. Huxndopon

AKT
0 BHEAPEHNH PEIVALTATOR AnccepTannonnoii paboru Kyuso A.B.
«OBPATHAS 3AIIAYA MOJETHPOBAHMA HOMHIMCIEPCHOMN
CHCTEMEBI N0 JAHHBIM MAJIOYTJIOBOIO PEHTTEHOBCKOIO
PACCEHHWH»

HacTosumit Akt coctamnen B TOM, 4To NpH mpoReneHun pafor no Teme
«PazpaboTka u nccnenosanne Mogensii GpuIandecknx H TEXHHYECKHX obLEKTOR Ha
OCHOBe MHOTOEpHTEpHANbHOro adammsas (HHPN: 610458), nposopusumsxca s
Cangr-TetepGyprekom Hayusmo  Hecneaosarensckom  YH#BEpCHTETE
Hudopuaumonnsx texnonorit, Mexannkn u Ontaxe 8 nepron ¢ 15.10.2012 no
31082015 menonpiopanca  MeTON  NOCTPOBHMA  CTPYKTYPHEIX  Momensii
HIOTPOMHOTO  NOMHARCTEPCHOMD  obpazua  no  [gHHBIM  MATOYIIOBOIO
PEHTIEHOBCKOND  PACCEAHHA W CHCTEMA  KPHTEPHER  KavecTsa  Mojeneii,
paspaGorasnsie A. B. Ky4ko NpH Hamucanun WM JIHCCepTALMONHON paboTEL

[pumenenne paspaboTannoro METOAA NOCTpOEHHA CTRYKTYPHBIX Mogered n
CHCTEMB KPHTEPHER KauecTsa Mojeneii NosBomino NonyuHTs JaHHLIE 0 CTPYKTYpe
HAHOMOPOIIKORLE 00paslos clOEHBY OKCHIOR HHPKOHHR B FadodHHEA, 8 Takike

EOMITOAHTHRIX MOMHMEPHEIY MATCPHANOE C HAHOMOPOIIKAMHE OKCHIA UHPEOHHA B
Ka4ecThe HanomMHHTENH.

Hayunwii pyrosonnrens HUPN: 610458, o P
1. T.1., mpoteccop p #%/? MC.K. Cradees/

v
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Cnucok coxkpanieHui

MYPP — manoyrioBoe peHTT€HOBCKOE PaCCEsIHUE

MBA — meton baliecoBckoro ananmsa

VFDF — Volume Fraction Distribution Function dyHnkmus pacrnpeaencHus
00BEMHBIX JTOJICH TI0 pagruycaM THPaIUH.

OOII — 00BEKTHO-OPUEHTUPOBAHHOE MPOTPAMMUPOBAHUE

SOLID — akponum, cosiepxaliuii B cebe HazBaHUs 5 0CHOBHBIX npuHIUoB OOII:
single responsibility, open—closed, Liskov substitution, interface segregation u
dependency inversion

bJ1 — 6a3a maHHBIX.

JIMII — nokanbHOE MOHOIUCTIEPCHOE MPUOTUKEHUE.
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