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UHTEPHPETALIUS PE3YJBTATOB KOJMYECTBEHHOI'O
TEHETUYECKOI'O AHAJIN3A HA OCHOBE ANINIPOKCUMAIIUA
KHHETUYECKOM KPUBOHW NMOJMMEPA3HOHN IENNHOW PEAKIIUU
B PEAJIbHOM BPEMEHH

Ha nonmuMepHbIX MUKPOGIIIONIHBIX YCTPOHCTBAX M3 MONMKapOOHaTa U IOIHUIPONIICHA pealn30BaHa KOJIMYECTBEH-
Has TIoTUMepasHas menHas peaknus B pearbHoM BpemeHu (IILP-PB). I[Toporoserii ik onpenesieTcss Ha OCHOBE
TOYKH Iepernba (YHKIUH JIOTHCTUYECKOTO POCTA IMEPBOrO MOPSAKA, IOCTOBEPHO alPOKCHMHUPYIOIEH KPHBYIO
[P npu orcyTcTBUM Memarmumx (HakTopoB, HAPUMED HAMYUS My3bIpell B PEaKIMOHHOW Kamepe. Mcnonb3oBa-
HHE CTAaTHCTUYECKUX KpuTepueB (0000meHHbIH Kputepuit CThIoAeHTa, 0MHO(AKTOPHBINA AMCIEPCHOHHBINA aHAN3)
BBISIBUJIO HE3HAYMMOCTD BIMSHHA THIIA TTOJIMMEpPa Ha OLEHKY MOJI0KEHHS IIOPOTrOBOTO IUKJIA PU BEHIOPAHHOM paHee
anropuTMe ero moucka. Ilpu npuMeHeHnn anbTepHATHBHOTO aJrOPUTMa HAXOKAECHHS IIOPOrOBOTO IUKJIA HA OCHOBE
MIOCTPOEHMS KacaTeIbHOW K KMHETUYECKOW KPHUBOH B psijie CllydaeB HAOMIOAAeTCs 3HAUMMOE BIHMSHHE THUIA MOJH-
Mepa Ha OIEHKY MOJIOKEHHMS TTOPOTrOBOTO LIUKJIA U, KaK CIEICTBUE, HA PE3yNbTaT KOINYECTBEHHOro aHanusa. [Ipen-
JIOKEHBI M 00CYKIEHBI AITOPUTMBI OOHAPYKEHUS My3bIpEil B PEaKIIMOHHON KaMepe Ha OCHOBE BBIABIICHUS pa3niaaku
B IOCJIEIOBATEILHOCTH M3MEPEHHH, CBSI3aHHBIC KaK C OLEHKAMH IapaMeTpOB alPOKCHMHPYIOIIEH 3aBUCUMOCTH,

TaK M C XapaKTePUCTHKaMH BPEMEHHOT0 psiia, chOPMHUPOBAHHOTO MOIPEIITHOCTSMH aIlPOKCHMALIUH.

Kn. ca.: nonumepasHas enHas peakiys B peajJbHOM BPEMEHH, KUHETHYeCKast KpuBast, QyHKIHS JIOTUCTHIECKOTO
pocTa nepBoro ImopsiaKa, oleHKa apaMmeTpoB, OXHO(GAKTOPHBIA aHAIN3, BOCXOIAIIAs M HUCXOIAIIAs Cepys,

TIOrpEITHOCTD AIIIPOKCUMAaNN

BBEJIEHUE

KonnuecTBeHHBI T'€HETUYECKUN aHAN3, IPOBO-
JUMBII METOIOM IOJMMEpa3HOM LENHOM peakiuu
B peannbHOM BpemeHH (I1LIP-PB), ocHoBbIBaeTCs Ha BHI-
SIBTICHUH TOJIO)KEHUSI XapaKTEepHOH TOYKM KHHETHYe-
CKOM KpUBOM — moporooro 1ukia. Hamnbomnee gacto
B KayecTBE IIOPOrOBOr0 LHUKJIA HCIOIB3YIOT 100
BPEMEHHOE TONOKEHHe TOYKM Teperuda KHHeTHde-
CKOM KPHUBOW, JHOO BpEMEHHOE ITOJOKEHHE TOYKH
[IEPECEUCHUs KacaTeIbHOM K KMHETHYECKOW KpPUBOU,
MIPOBEJICHHON B TOYKE Iepernda ¢ TOpU30HTaIbHON
OpsIMOM, 3ajaroniell XapakTEepHbId YpOBEHb CUTHAA.
XapakTepHbIM YPOBHEM MOXET OBITH (DOHOBBIA CHT-
HaJl WM HIWKHSA TPaHULA CUTHAIA, HPaKTHYECKH
JOCTOBEPHO OTJIMYArOIIerocs or ypoBHS (ona. Bos-
MOXHBI ¥ JPyT'yie BapUAHTBHI.

OpHoit n3 3ama4 paObOTHI ABISETCS TIPOBEPKA BO3-
MOXHOCTH 3aMEHBI aHaJIM3a HEMOCPEICTBEHHO JKCIIe-
PUMEHTANbHBIX JAHHBIX (KMHETHYECKOW KPHUBOM)
HAa aHaIM3  aNlpOKCHUMHUPYIOIIEH  3aBHCUMOCTH
1n 000CHOBAaHHOCTH NPHMEHEHHUS B KauecTBE MOCIIEN-
Hell QyHKIMM JIOTMCTHYECKOTr0 POCTa MEPBOro Mopsia-
Ka. BeiOop maHHOW (QyHKIMU CBS3aH C TeM, YTO OHA,
BO-TIEPBBIX, AlPHOPHO YAOBJIETBOPAET KadeCTBEHHO-
My BHIY KHHETHYECKOW KPUBOU (OTHOCUTCS K CEeMEeM-

CTBY CHTMOWIHBIX (DYHKIMI) W, BO-BTOPBIX, BCE €€
TpH IapaMerpa MMEIOT MOHATHYIO COIEPKAaTEIbHYIO
HUHTEPIIPETALHIO.

OCHOBHBIM OLICHMBa€MbIM IapaMETPOM aIIpOK-
CUMHUPYIOILIEH 3aBUCUMOCTH SIBJISIETCSI BpEMEHHOE I10-
JIO)KEHUE €€ TOYKH Ieperuda, 4To HEOOXOOUMO IS
OIIpeZIeIeHUs TIOPOrOBOr0 MKJIA MIPU MCHOIb30BAHUH
000X BBILIEONHCAHHBIX AJITOPUTMOB.

Bropoii 3agaueii siBnsieTCs BBISIBICHUE 3HAYUMOCTH
BIMSHUS MaTepuaja 4yumna — IOJMKapOoHaTa WIIN
nosnunponuieHa — Ha nporekanue 1P u Ha oueHky
MOJIOKEHUSI [OPOTrOBOrO  LUKJIA I[PUMEHHUTEIBHO
K pa3iIMyHbIM aHAJU3UPYEMbIM Ipo0aM, MOIy4eHHbIM
MyTEM pPa3INYHOr0 pa30aBIeHHUS WCXOTHOW IPOOHI.
IIpu sTOoM naHHas 3ajavya peluanach Kak AJsl Ciydast
MPUMEHEHHS IEPBOro, TaK U VI IPUMEHEHHS BTOPO-
IO aJIrOpUTMa MOUCKA ITOPOrOBOI0 LIUKIIA.

Tperbst 3amaua cBsi3aHa C BBISIBJIGHMEM HaJIMYUs
pasiialku B MOCJIEIOBATEIbHOCTH U3MEPEHUM, OIHON
W3 MOPUYUH KOTOPOW SIBJSUIOCH HAJIMYUE My3bIpei
B PEAKLHMOHHOI KaMepe Ha MPOTSHKEHUH HECKOJIbKHX,
npeuMyIecTBeHHO oT 3 1o 7, nuukios IIIIP. Beisie-
HUE KPUTEpUEB IPHCYTCTBHUS Iy3bIpeil, HUCXOIs W3
(hOpMBI KUHETHYECKOW KPWUBOM, SBISETCSA TMpaKTHYe-
CKU Ba)KHOH 3amaueil. Ee penieHue no3BoiauT crenaTh
BBIBOZ O JIOITyCTUMOCTU HCIOJIb30BAHUS MOTYYEHHBIX
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OLIEHOK ITOJIO’KEHMSI IIOPOrOBOTr0 LUKJIA M, KaK CIel-
CTBHE, OLICHUTh IPAaBHIBHOCTh PE3YJIbTATOB KOJIMYeE-
CTBEHHOI'0 aHaJIN3a.

[IpennoxenHsle U 0OCY)XIEHHBIE fjajiee KPUTEPUH
MOXHO OTHecTH K OByM rpynmnam. I[lepBas rpymmna
KpHUTepueB 0azupoBajlach Ha OINPEENICHUU MapaMeT-
POB  ammpoKCcUMHpYIOImIeH (yHKIUH, BTOpas —
Ha OLIEHKE XapaKTEPUCTHK IOTPELIHOCTEl anpoKCH-
MaluH.

YCJOBHUSA DKCIHEPUMEHTA

Bbutu M3roToBIEHBI MUKPOYMIIBI U3 MOJMKAapOOHa-
ta Novattro (SafPlast, Poccus) m mommmpornunena
PP 4445S (TY 20.16.51-136-05766801-2015, ITAO
Hwuxnexkamckaedrexum, Poccusi) meromom Tepmo-
MpEeCCOBaHUSl B TIuiapaBiaudyeckoM mpecce MM-100
(MTDI, Kopes) Ha MacTep-popMe U3 HeprKaBeromei
CTaJId, U3TOTOBIIEHHONH METOJIOM JIa3epHOI MHKPO0O-
pabotku. s repMernzanuu CTPYKTYp HMCHOIb30Ba-
muck "[Inenkn ms [P mnamex momumepusie” P-500
(OO0 "TIK® Copemennsie Texaonorun"). Tomomo-
I'Usl MUKPOUHMIIOB NPEACTaBIsieT U3 ceds 3 Kamepsl
¢ moaBoasAMMH KaHamamu (puc. 1) [1].

Ha muxpounmnax nposenena I[1L[P-PB mo obnapy-
xenuro JIHK cou, BbIAETEHHOW BPYYHYIO C HCIOJIb-
30BaHMEM Habopa peareHToB M-cop0-OOM s BBI-
nenenus JJHK n PHK u3 xnmHHMYecknx 00pasmoB
1 00BEKTOB OKpy»Katomiei cpenpl. [locTanoBka peak-
LU POBOIMIIACH ISl HCXOAHOW KOHIIGHTPALUH BBI-
JIEJIEHHBIX HYKJIEMHOBBIX KHCJOT, UIS pa3BeACHUIl
Ha 1, 2 u 3 nopsaka ¥ JUisl NOJOKUTEIBHOIO KOH-
TpOJBHOTO 00Opasiia mcmoiab3yemMoro Habopa "Pacre-

Puc. 1. 306paxeHre MUKPOIHUIIOB.
Bepxuuil — W3 NOMUIPONUIIEHA, HUKHUM — W3 MOJIH-
KapOoHaTa

HUEe yHHBepcal' B Tpex MOBTOpax Ul Ka)KAOTO BapH-
anTa. [Ipu pabore c maHHBIM HaOOPOM NETEKTHPOBA-
HU€ MHIIIEHHU MTPOBOAUTCS 1O Kpacuteno R6G, BHYT-
pEeHHETOo MOoNoKUTENbHOro KoHTporss — 1o CyS. Bee
pearenTs! npexoctaBieHsl OO0 "CunTton" (Mocksa).
Jliis cpaBHEHUS! aHAJIOTMYHBIE U3MEPEHNS IPOBEICHBI
B mpobupkax Ha AHK-48 (UAII PAH, CIIO).

W3mepenust B MUKpOYMIIax IPOBOAWINCH Ha CIIe-
LUAJIbHO CO3JaHHOM MakeTe, 00eCHeuMBaIOIIeM pe-
KUM TEpMOLUKIMpoBaHus sl nposenenus [111P-PB,
BO30yxaenne Ha umHaX BomH 530, 570 u 685 HM,
peructpanuio Ha 580, 630 u 660 HM COOTBETCTBEHHO.
30Ha METEKTHPOBAHUS TMPEACTaBIsIa CO00M KpyT
nuamerpoM 3 MMm. KaMmepbl MUKPOYMIIOB 3aMOIHSUIMCH
peaKIMoHHOW cMechio ¢ mobaBienneM mpooOsr JJHK,
BXOJIBI/BBIXOIBI TepMeTu3upoBaiuch [I1P-mmeHkoi.
Mukpounn pasmeriajics Ha HarpeBaTeIbHOM 3JIeMeH-
T€ TUIEHKOU BHU3.

OnHUM U3 CYIIECTBEHHBIX HEJOCTaTKOB IPH IO-
cranoBke I[P B kamepe yuna no cpaBHEHUIO € MPO-
OupkaMu sIBIsieTcsT 00pa30BaHME My3BIPHKOB Ta3a Mpu
TepMoUUKINpoBaHuM. OHO HE OKa3bIBAE€T 3aMETHOrO
BIIMSIHUSL HAa NMPOTEKAaHHE PEaKLUH, OHAKO IPEIsITCT-
BYET MPOBEAECHUIO KOPPEKTHOI'O ONTHYECKOr0 IETEK-
TUPOBAaHHUA.

AHAJIN3 KNHETUYECKUX KPUBBIX IIIP

Onpedenenue nonoxiceHus TOPOroBOro MUKIA BbI-
MOJIHSIETCSl HA OCHOBE IOMCKa TOYKH Ilepernda Kpu-
Boi IIIIP. Mcnonb3yerca annmpoOKCUMHUPYIOLIAsl 3aBU-
CHUMOCTB JIOTUCTUYECKOr0 POCTa IIEPBOT0 MOPSIIKA!

a
= 1+exp(—k(x—x0)).

(1)

31ech @ — MaKCHMAaJIbHBIN CHTHAJ (CHTHAI HaCHIIIe-
HUA); kK — KOd(UIIMEHT, ONpPeeNsIonuil CKOPOCTh
YBEIWYEHHS CUTHAJIA, CBI3aHHBINA C 3P (EKTHBHOCTHIO
[L[P; xo — Touka mepernda KPUBOU JIOTUCTHIECKOTO
pocta nepBoro nopsiaka. OueBHIHO, YTO Il HOPMHU-
POBAaHHOTO CHTHAJIA MTApaMeTp a TOJKEH OBITh OIN30K
K 1.

3unauumocms 3asucumocmu TIOI0KEHHUS TOPOTOBO-
o IUKJIa OT MaTepraja MUKpOUYHIIa — ITOJIHKapOOHa-
Ta (pC) W MONUTIPOTIIIEHa (Pp) — OIpeneNnsercs nu3-
BECTHBIMH CTaTHCTHYECKHMMHU METO/IaMH.

1. O606menHbl KpuTepuii CTHIOJIEHTa TIO3BOJIS-
eT J1aTh OIEHKY OIHOPOJHOCTH ITOJIOKEHHS ITOpOro-
BOI'O IUKJIA JUIS JBYX BBIOOPOK, COOTBETCTBYIOIIMX
Pa3IUYHBIM MaTepHajIaM.

2. Crenenp BIMSHMS MaTepHaja Ha IIOJIOKEHHE
MOPOrOBOTO IHKJIA TAKKE BBIBIAETCS C IOMOIIBIO
OIHO(AKTOPHOI'O TUCTIEPCHOHHOTO aHAJIN3A.

OO6bembl BBIOOPOK (YMCIIO TTOBTOPEHHN IKCIEPH-
MEHTOB) MaJTbl (KaK MpaBuIio, 3 MOBTOPA).
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Metox 0HO- M MHOTO()aKTOPHOTO aHAJIM3a XO-
poro u3BecTeH [2]. OAHAKO €ro WCIONB3YIOT A0 CHX
1Op, B TOM YHCJIE M B Pa3IMYHBIX NMPHUKIATHBIX 33/]a-
yax, Harpumep, cM. [3, 4]. [lockonbky maxke IByX-
(haxTOpHBIA aHANM3 MBI HE HCIOJIB30BAIH, TO MO
TepMUHOM "(aKTOpHBIA aHANM3" MmojlaraeM OgHO(aK-
TOpHBIA aHanm3. PacderHpie GopMynbsl U HEOOXOAH-
MbIe KpUTEPUHU 00CYXIatoTcs B [2].

Obo3nauenus npodvl: MaTepuall MoIuMepa orpe-
nensier OYKBEHHYIO 9acTb — pC WM pp, mudpa 1, 2
niu 3 3a7aeT cTeneHb pa30aBlIeHHs UCXOIHOM TPOObI
Ha 1, 2 wnu 3 nopsiaka, T.e. B 10, 100 niam 1000 pa3
COOTBETCTBEHHO (CHMBOJ C Ha MecTe MU(pPbl — He-
pasbaBieHHas poda).

[Ipoba vpk, wnmu BIIK, npeacrasnsier coboii BHYT-
PEHHUI MOJOXUTENbHBIM KOHTposb. [lonoxkeHue mo-
POroBOro LMKJa, CMEIIEHHOe OoJiee 4YeM Ha 7 LIUKIIOB
10 OTHOLIEHHUIO K TIOPOrOBOMY LIMKITYy JAHHOU MPOOBI,
CBHJIETENBCTBYET 00 OTCYTCTBUM AHAJIU3UPYEMOIO
TeHeTH4YecKoro marepuana. B Ttabm. 1 mpeacraBieHb
Pe3yJbTaThl ONPENETIeHHs MOJIOKEHHS TOPOrOBOro IIHUK-
J1a B poOe BHYTPEHHET O HOJIOKUTENBHOIO KOHTPOJIS.

JluHaMHKa OLIEHOK IOPOroBOro IMKJIA IPH HC-
M0JIb30BAHUH PA3JIMUHBIX HAOOPOB U3MEPEHUIN CUTHA-
Ja 1poObl BHYTPEHHErO MOJOKUTEIBHOIO KOHTPOJIS
WJLTIOCTpHUpYETCs JaHHBIMHU Tabm. 2. OueHka monoxe-
HUS IOPOTrOBOT'0 IIMKJIA IIPU HCIIOJIb30BAHUHU BCEH BBI-
oopku 28.15 £0.04 nukia.

[IpakTrdeckn Bce OLEHKH MOJI0KEHHS TTIOPOrOBOr0
LUKJIA, 32 UCKIIOUEHNEM CIENaHHbIX IO OoTcyeraM 1—
25, AMEIOT MNPUEMIIEMYIO TOYHOCTh C OTKJIOHEHHEM
CpenHeil OLEHKH B MPEAenax HECKONbKUX COTHIX IIHMK-
na. [IpyHIMNNMAIBHO Ba)KHBIM SIBISETCS IONATAHUE
TOUYKH Tepernda KpUBOM B THATIA30H BHIOPAHHBIX OT-
CUETOB CHTHaJIA.

Huanazon 1-30 copepXuT auub 2 U3MEPEHUs No-
clie TOUKH Iepernda, 1 TOYHOCTh OLICHWBAaHUS HHXKE.
B ocranbHBIX ciaydasx OLEHKH MOJIOKEHHUS TOUYKH IIe-
perunba cOmocTaBUMbI MO TOYHOCTH. OIIEHKAa TOYKH
nepernba OCYyIIECTBISUIACh 10 ANIPOKCHMHUPYIOLIEH
KPHBOM JIOTMCTHMYECKOTO pPOCTa IIEPBOr0 MOpPsIKa
BO Bcex ciydasx. [Ipu 3Tom mpu Bcex BapuaHTax pac-
gera, KpoMe IEpBBIX JIBYX, TOUKAa Iepernda KUHETH-
YECKOM KpUBOH SBIIJIaCh BHYTPEHHEW TOYKOH, yna-
JICHHON OT TpaHWIl BpeMEHHOro mHTepBaia (UKl 1,
nuki 40) o kpaiine mepe Ha 20%-10 4acTh OT AJIMHBI
unHTepBaia. s uarepana 1-35 nonoxeHue noporo-
Boro mukiaa 28.09 OTCTOMT OT BEpXHEM TIpaHMIIbI
MNPUMEPHO Ha 7 LMKIJIOB IPH NOJHOW HIMPUHE UHTEP-
Baya 34 nuKia.

Janee B Tabm. 3 mpencTaBiieHbl TaHHBIE PACHIONIOXKeE-
HUS TOUYKH TTepernda KHHETHYECKOH KPUBOH IS UCXO-
HOM TIpoObI, pa3baBneHHOM Ha 1 mopsmok (B 10 pas),
IPHU UCHOIBb30BAaHMH MHUKPO(QIIONIHBIX YUIIOB U3 pa3-
JIMYHBIX [TOJMMEPHBIX MaTepHAaJIOB.

Ta6u. 1. PacueTHbIe JaHHBIE TIO TIOIO)XEHUIO TIOPOTOBOTO ITUKJIA

Ne n/n Pc_vpk Pp_vpk
1 28.15 £0.04 27.68 £0.05
2 28.15 £0.04 28.19 £0.04
3 28.24 £0.04 28.54 £0.03
Cpennee 28.18 28.14

Ta6u. 2. OneHKH MONIOKEHUS TOPOTOBOT0 IMKIIA B 3aBHCHMOCTH OT BEIOOpa

OTCYETOB MH(POPMATUBHOTO CHT'HAJIA

Junanazon [Toporossiii Junanazon [Toporossiii

OTCYETOB LIUKJT OTCYETOB LIUKJT
1-25 45.66 140 28.10 +£0.04
1-30 28.28 £0.24 540 28.10 +£0.04
1-35 28.09 +£0.06 10-40 28.10 +£0.04
1-50 28.15 +£0.04 15-40 28.10+0.03
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Ta6a. 3. OneHKW TOJIOKEHHS TOYKH Tepernda KWHETHYECKOW KPHBON
IPY MCTOJIB30BAaHUN YCTPOWCTB U3 Pa3JIMUHBIX ITOJHMMEPHBIX MaTepHAaIOB

Ne n/n Pc 1 Pp 1
1 25.40 +0.04 25.42 +0.02
2 25.55 +0.04 25.31+0.12
3 25.52 +0.03 26.18 +0.02
Cpennee 25.49 25.64

Ta6a. 4. llomoxkeHns Todek mepernda

JUIS Pa3HBIX Pa3BEACHUI MPOOBI

KUHETUYECKUX KPUBBIX

Ne n/n Pc ¢ Pp ¢
1 22.00 £0.03 22.02 £0.05
2 21.88 £0.03 22.02 £0.15
Cpennee 21.94 22.02

No i/t Pc 2 Pp 2
1 28.22 +0.04 30.31 £0.48
2 28.61 +0.04 29.20 +0.36
3 28.15 +0.04 29.97 £0.11
Cpennee 28.33 29.83*

No i/t Pc 3 Pp 3
1 31.48 £0.06 31.12 £0.03
2 31.71 £0.03 31.36 £0.03
3 - 31.75 £0.04
Cpennee 31.59 31.41

[Ipumedanue: *HeTOCTOBEPHO M3-3a HAIMYHSA MTy3bIpeil (SKCIIEPTHAS OLIEHKA).

[lonoxxeHue MoporoBoro IUKIA I0JaraeM COBIA-
JAIOIIMM C KOOPIMHATOW TOYKH Iepernda KUHeTHde-
CKOM KpWBOH. MBI HUCKalIM TOYKY Iepernda armmpok-
cumupyromeii  3aBucumoctd  (1).  Mcmonb3oBanue
npouenypbl 01HO(AKTOPHOIO IMCIEPCHOHHOIO aHa-
JIM3a TO3BOJISIET BBIYMCIMTH XapaKTepHOE 3HAUYCHUE
CIIly4ailHOW BETMYUHBI ' — OTHOILIEHUE IBYX AHCIIEP-
CHii, CBSI3aHHBIX C PACXOXIEHHEM CPEIHUX OLCHOK
W TUCTIepcHel H3MEPEHHU BHYTPH BBIOOPKH, COOTBET-
CTBYIOIIEH KaxxaoMy (aKTopy, VIOBIETBOPSIOMIEH
pacnpeneneanto Oumepa ¢ 1 u 4 creneHsIMH cBOOO-
IIBI, UCXO/IA U3 IBYX Tpamanuii (pakropa (aBa moimme-
pa) U cymMMmapHOro 4ncia 6 u3MepeHui. DTON Beu-
yuHe F, npumepHo paBHoi 0.291, cooTBeTCTBYET A0-
BepuTenpHas BeposATHOCTH 60%. OTo 3Ha4MT, YTO
C TAKOW BEPOSITHOCTHIO PACXOXKAECHHE DIIEMEHTOB BbI-
00pOoK (3HAYEHUI OIEHOK MOPOTOBOTO IMKIIA) HE MO-
KeT OOBSACHSITHCS BIMSIHUEM IIOIHMeEpa.

Cxoxue pe3yiapTaTbl C BEPOATHOCTAMHU MOpPSIKA
50% HaOMI0AAI0TCS U JUIS OLEHOK ITOPOr0BOr0 IMKJIA
mpu pazbaBneHmsix Ha 3 mopsanka (F oxomo 0.534).
B Tabn. 4 npuBeneHs JaHHBIE MTOJIOKEHUN TOYEK IIe-
pernba KHUHETHMYECKHX KpPUBBIX, COOTBETCTBYIOIINX
IPYTUM pa3BedeHUSIM UCXOAHON MPOOHI.

BeimeykazanHble 3HaYeHUSI TaKKe, B COOTBEICT-
BHUU C METOAUKOM OIHO(AKTOPHOIO IUCIIEPCHOHHOIO
aHaln3a, CBUAETEILCTBYIOT O HE3aBUCHMOCTH II0JIO-
KEHUS TIOPOroBOro IIMKJIA OT BIOOpa MaTepraia npu
3aJaHHOM pasBeneHuM npoOsl. [IpaBna, ypoBeHb 3Ha-
gumocti He npesbimaer 50%. ComocraBieHne momuo-
YKEHUH TTOPOroBOr0 IMHKIIA IS TIpod ¢ pa3baBieHrEeM
Ha 2 mopsaKa He MPOBOAMIIOCH, IIOCKOIBKY Ha IOJU-
MPONMJICHOBBIX YHIIaX OBbUIM BBISBIEHBI ITy3bIPH.

Hanee Ha puc. 2 1 3 NPOWIUTIOCTPUPOBAHO pacIpe-
JieJIeHre MapaMeTpoB annpoKCUMAaLuu a U k mpuMe-
HUTEIBHO K PAa3IMYHBIM KUHETHYECKHUM KpPUBBIM
[LIP-PB.
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W3HavyanpHO cHUrHal1 HOPMHPOBAaH M IpUBEAECH  Takum

k aumamasony [0;1]. Hymo cooTBercTByeTr HamMeHb-
mas BEeIWYMHA CUTHAJIA, SJUHUIE — HauOOIbIIas.
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®OPMUPOBAHUE U OBCYXKJEHUE
KPUTEPUEB HAJIMYMUS ITY3BIPEU
B PEAKIIMOHHOU KAMEPE

O4eBrHO, UTO HATMYHE TY3bIPS BIUSET HA (popMy
KHHETHYecKoil KpuBoi. V3meHeHune (opmbl curHama
WIN/M CKadyKkooOpa3HOe W3MEHEHHE ero MmapameTpoB
IpPU COXPaHEHMHM BHJA 3aBUCHMOCTH OTHOCSTCS
K JIBYM THIIaM pa3ialkud B MOCJIEAOBATEIbHOCTH M3-
MepeHui. BrisBrneHne pasnagKid OCHOBBIBAETCS JTHOO
Ha OLEHKE IapaMeTpoB amlpoKCHUMHUPYIOILEH 3aBu-
cumoctd (1) ¢ yaerom ux ¢uzndeckoro cmbicia (po-
M), 100 Ha OIEHKE MOTPENTHOCTH Al POKCUMAITUH.
[Ipu 3TOM NPUHATO AOMyIIEHHE, YTO COOCTBEHHO I10-
IPEIHOCTh AINPOKCUMALMK IPEHEOpeXUMO Maja,
a 1ocje KOMIIEHCAlluW anIlpoKCUMHUpYIOIel nerep-
MUHUPOBAaHHON  COCTaBISIONIEH WHGOPMATHBHOTO
CUTHAJIa MOIPEIIHOCTh HOCHUT CIIy4ailHbId XapakTtep.
Torma sTa MOrpemIHOCTh aHAJIM3UPYETCS Ha HaJU-
4Y1e/0TCYTCTBHE ACTEPMUHUPOBAHHBIX COCTABIISIOIINX
(Tpenmos).

[IpennoxenHsle U 0OCY)XIEHHBIE Jjajee KPUTEPUH
OTCYTCTBHMS Iy3bIpedl WU, Kak CJEICTBUE, IOBEpUs
K IIOJy4eHHBIM PE3yJbTaTaM aHaJh3a OCHOBBIBAIOTCS
Ha TONAJaHuU NapaMeTPOB JETEPMUHUPOBAHHON 3a-
BrcuMocTH (1) B TuamaszoH, COOTBETCTBYIOIIUH (HH3H-
4ecKn OOOCHOBAaHHBIM 3HaueHHsAM. B To xe Bpems
rpyIina KpUuTepueB, CBA3aHHAsI C OLEHKOM IapaMeTpoB
oMexu, Oa3upyercsi Ha CTaTHCTHYECKHX OLIEHKaX
BBIOOPKH C OTCYTCTBHEM TPEHIOB.

B Hacrosmmii MOMEHT HajJu4ue Iy3bIps U €ro
BIMsIHUE Ha GOPMY M HapaMeTpbl KWHETUYECKON KpH-
BO TpeOyeT HCKIIIOYEHUSI COOTBETCTBYIOIIEIO pe-
3yJIbpTaTa aHajM3a Kak HelocToBepHOro. Bo mMHormx
Clly4JasiX CTEIeHb MCKa)XXeHUS! TEOPETUYECKH OOOCHO-
BaHHOW (HOPMBI CHTHaANA MPOOBI KaK CHTMOWIHOMN
(GYHKLIMHU ONpEAEssieTcsl UCKIIOYUTENbHO Ha OCHOBE

CyOBEKTHBHOM OIEHKH.

CornacHo KCIEpTHBIM OIleHKaM, n3mepenus 1—17
COOTBETCTBYIOT OTCYTCTBHUIO Iy3bIpeH, 18—27 — Ha-
TU9He my3bIpsi(eit).

Ha rpaduxe (puc. 2) BbIIEneHa TOPU3OHTAIBHAS
0051aCTh ONMYCTUMBIX 3HA4YEHUM Napamerpa a IpH
MaKCHUMaJIbHOM YPOBHE HOPMHPOBAHHOIO CHUTHajia 1.
Teopernuecku OLleHKa 3TOro MapaMmerpa JOJKHA COB-
najaTth ¢ MAaKCUMyMOM CHUT'HaJla, OH )K€ YPOBEHb Ha-
CBIIIEHUSL.

JKUpHBIMH TOPU3OHTAIBHBIMHU NPSIMBIMH BbIJIEIIE-
Ha obmacte 0.95-1, B KOTOpOH MOXKET HaXOIUTHCS
OLIEHKa MapaMerpa g MpH AOCTATOYHO OOJBLIOM OT-
HOIIIEHUH CUTHAJI/TIIYM.

OTHOIIEHVE CUTHAJ/IIYM IS paccMaTpUBaeMBbIX
HOPMHMPOBAHHBIX CUTHAJIOB MPOOBI IPH YCIIOBUU KOP-
PEKTHOH KOMIIeHcalluy (POHOBOTO CHTHaJIa M OTCYTCT-
BUU CTaTHCTHYECKUX BBIOPOCOB HAaXOIMTCA B JIuara-
30He (50-60) k 1. IIpu 3TOM B KauecTBe XapaKTEpPHOTO
3HA4YEeHUS! CHUTHaJla PAcCMaTPUBAETCSl €ro cpernHee

3Ha4YeHue, npuMepHo paBHoe 0.5, a B kayecTBe Mac-
mraba myma O6epercs CpeJHeKBaApaTHIHOE OTKIIOHE-
HUE MOIPEIIHOCTH allPOKCHMALIHH.

IIepBrie 17 u3MepeHHit, XapakTepu3yroluecs OT-
CYTCTBHEM IIy3bIpeH, IOJIHOCTBbIO IONAgal0T B yKa-
3aHHYI0 00nacTh. [Ipu sToM u3 10 n3mepenuii ¢ mpu-
CYTCTBHEM IIy3bIp€d B JAHHBI HMHTEpBajl MOIAaIaeT
qumb 3 3HaueHus u3 10. AHaNOrM4HbIE PE3yIbTaThI
OyayT MOJY4EHBl IPU HOBBIIICHUN HMXKHEH T'PAHUIIBI
o0sacTy JONMYCTUMBIX 3HaYEHUI IapameTpa a 10 3Ha-
yenus 0.96.

Cea3p Mexay cpeanerr s dexkruBHocThio 1P £
U TIapaMeTpoM ypaBHEHUS kK UMEeT BUI:

E=exp(k)-1.

ITockonbky TeopeTHueckn OOOCHOBAaHHOE 3Haue-
Hue s¢dexruBHoctn [P He Moxer mpeBwimarh 1
(mmu 100%), TOo okMmaemoe 3HaUEHHE Hapamerpa k
B alNPOKCUMUPYIOLIEM YPaBHEHHH HE JOJIDKHO Ipe-
BbimaTh 0.693.

Ha puc. 3 ropusoHTa/IbHBIE NPSIMBIE COOTBETCTBY-
IOT TEOPETUYECKH OOOCHOBAHHBIM 3HAUYCHHUSAM CpEl-
Heil apdexruBHocTr TILP 80% (HIokHAA mpsMas co
3HayeHueM 0.588) n 100% (BepxHsis nmpsAMas co 3Ha-
geaneM 0.693). M3 17 m3MepeHuil mpu OTCYyTCTBUH
my3bIpei 12 TOCTOBEPHO MOMAIAloT B YKa3aHHYIO 00-
JacTh, 5 HaXomATCs BHE ee (2 W3 3THUX 5 M3MepeHui
MPAaKTUYIECKH TO3MLHMOHUPYIOTCS Ha TPaHHULE JOILyC-
TUMBIX 3HaueHuh). [lpu atom u3 10 u3mepenwii ¢ my-
3bIPSIMH B IJaHHOM JIMAIa30HE HET HU OIHOIO Pe3yJib-
tata (1 mpakTHYecKW NONajaeT Ha IpaHully, a oc-
TaJabHBIE 9 TOCTOBEPHO BHE 007aCTH).

KombOuHanms 3TiX OrpaHWYeHUN TO3BOJSET BHI-
SIBUTh ITOJIO3PUTENbHBIE C TOUKH 3PEHUS HAJHUMS ITy-
3bIpeil SKCIEpUMEHTAIbHBIE JaHHBIE.

B HexoTopeix anropurmax mapamerp mozaenu (1)
Xo — abcrycca TOYKU meperuda onpeenser mooxe-
HUE MOPOTrOBOro HMKIA. [IpyruM ajropuTMoM ompe-
JIeTICHNs. TIOPOTrOBOTO LIMKJIA SBIISIETCS] MIOMCK adcIuc-
Cbl TOYKHM IEPECEUCHUS] KacaTelbHOW, MPOBEIECHHOMU
B Touke nieperuda [11IP-kprBoii, ¢ ockto opAMHAT.

Ecmu B ammpoxcumanyn (1) mapamerp a 6mmzok 1,
TO MPH UCIIOJIb30BAHUU BTOPOTO AJITOPUTMAa MOJI0XKeE-
HUE IIOPOrOBOr0 IMKJIA CMELIEHO OTHOCHUTEIBHO X
U TIPUMEPHO PABHO X, —2/k .

Jlpyrue MeTosl oMcKa mapaMeTpoB 3aBUCHMOCTH
(1) ncronmb3ylOT HE BCIO BHIOOPKY (aHHBIE TIO BCEM
nukiaam 1-40 nnm 1-50 nukiam), a ToIbKo Habop OT-
JEeNbHBIX deMeHToB. Hampumep, panee B padore [5]
ObLTa TIpe/Io’KeHa olleHOoYHast opMyIta JUTs BEeTHIr-
Hbl C=1+E=exp(k). OnHako O4YEeBHIHO, YTO MpEI-
JIOYKEHHAs B 9TOH paboTe ueThIpexTodedHas popmyrna,
UCTIONB3YIOIasl M3MEPEHHs CUTHajla B JBYX Mapax
PaBHOOTCTOSIIIMX JPYr OT JApyra OTCYeTax, YCIOBHO
HYMEpOBaHHBIX KaK

nntkntmmunnt+tmtk,
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Puc. 4. HopmupoBaHHbIE CHUTHANBI MPOOBI M PaCCESHUS
IIpHU OTCYTCTBHH ITy3bIpei (13 rpymisl pc_1)

3aBeIOMO JlaeT Ooiee TpyOyr0 OIEHKY, YeM ammpoK-
CHUMHUPYIOIIAs 3aBUCMOCTh, KOTOPAsl HCIOMNb3YET BCIO
BBIOOpPKY M3MepeHui, Kak mpasuio, 40-50.

Taxke OLlEHKa MOJOKEHHUS] TOYKU Ieperuda Kpu-
Boi Moxer OwbiTh BhimoaHeHa MHK mpu moctpoennn
MOJIMHOMA 3-H CTENEHHW, aHATUTHYECKOrO BBIUUCIIE-
HUS IPOM3BOJHOI BTOPOI'O MOPAKA, TPUPABHUBAHUS
ee K HyJII0 M HAXOKJIEHNS KOPHsI PelIeHHEM JINHEHHO-
r0 ypaBHEHHs. JTOT TpreM ObLT HCIIONB30BaH MpH
MOMCKe TOYKH Tepernda kpuBoii masnenns JJHK [6].
IlonTBepkaeHa oxugaemasi 3aKOHOMEPHOCTh: Oosee
TOYHBIE OLIEHKH IIOJY4alOTCSl HpPH HCIOJIb30BAHUHI
OTCYETOB C JINHEWHOIO Y4acTKa KPUBOHW CO 3HAYEHUS-
MW HOPMHUPOBAaHHOTO cUTHamna, 6mm3kumu k 0.5. [Ipu
9TOM Jy4nie OpaTh HE POBHO 4 TOYKH, a 0O0BEM BBI-
OOpKH JOJDKEH WMETh HECKOJBKO CTereHel CBOOOIbI
(e MeHee 6—8 0TCUEeTOB).

Hanpumep, g kuHeTHueckod KpUBOH OLEHKa
TOUKH mepernda 25.55 (cm. tabmn. 3, crpoky 2). [lomm-

Taoa. 5. PacueTHble JaHHBIE IO TOJIOKEHUIO
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Puc. 5. HopmupoBaHHbIe CUTHAIBI IPOOBI M PaCCESHUS
IPU HAJTUYUM TY3bIpS HA 3aKIIOYUTENBHON CTaanu

(pp_1)

HOMHAITFHAS alTPOKCUMAIHA KyOHIecKoi mapadomoit
mo orcueram 22-27 paerT OIEHKY TOYKH TIeperuda
25.79, 4dro mpuemiieMoO i1 NPUMEPHOrO pacuera.
31ech NpuBEnEHbl TUITUYHBIE 3aBUCUMOCTH HOPMHUPO-
BaHHBIX CHUTHAJIOB IPOOBI U PACCESHUS IPU OTCYTCT-
BHH ITy3bIpei (puc. 4) ¥ IpH HAJTMYUN OJHOTO Ty3BIPs
(puc. 5).

KpuBast, coorBercTByromas HOPMHPOBAaHHOMY
CHUTHaly paccesHus (cM. puc. 4 U 5), MOXKeT ObITh
aIeKBaTHO aIIIPOKCHMUPOBaHa IIOJINHOMOM BTOPOH
CTEIEHH.

[lonoxxeHne MoOporoBoro IMKiIA, Kak yKa3aHO pa-
Hee, MOXKET ONPEeNeAThCS C IOMOILBIO IBYX aJIlOPHUT-
MoB. Ml mcxomHOl mpoOsl, pa3zbaBnenHol B 10 pas
(ma 1 mops/IoK), B TaOIM. 5 MPUBENEHBI JTaHHBIE OI[EHOK
MOJIOKEHUS IIOPOrOBOr0 LMK IPH aHAIM3€ Ha YUIax
U3 Pa3INYHBIX OJMMEPHBIX MaTEPHAJIOB.

TIOpOroBOro muKJiia B 3aBUCUMOCTH OT METOAa

€ro MoucKa
Ne n/n Touka neperuba KacarenbHast
Pc 1 Pp 1 Pc 1 Pp 1
1 25.40 25.42 22.13 22.36
2 25.55 25.31 22.09 22.57
3 25.52 26.18 22.23 22.75
cpenHee | 25.49 25.64 22.15 22.56

HAYYHOE I[TPUBOPOCTPOEHME, 2022, Tom 32, Ne
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Jannple Ta0I. 5 CBUAETENHCTBYIOT O TOM, YTO MPHU
OLIGHKE TIOJIOKEHHS ITOPOrOBOr0 LUKJIA C HCIOJIB30-
BAHMEM ITOCTPOEHUS KacaTelnbHOM K KHHETHYECKOH
KpUBOH B TOYKE Tepernda Ha OCHOBE OJHO(PAKTOPHO-
ro aHajgu3a I[I0Jy4aeM OTHOIIEHHE IPUBEAECHHBIX
nucnepeuid F npumepHo 11.65. BeiBoa: ¢ BepodTHO-
cTbi0 97% pas3nuuue MONOKEHUH HOPOroBOr0 LUKIA
IPHU HCIOJIB30BAaHUU TOYKH IEPECEUCHUs KacaTellb-
HOW K Tiepern0y KpUBOW M OCH OpAMHAT OOBSICHACTCS
MMEHHO pas3liiiheM Marepuaia (IoInKapOoHAT WIH
nojunponmiex). Jng airoputma noucka noporoBoro
LUKJIa HEMOCPEACTBEHHO B TOYKE Iepernda BBIBOX
MIPOTHBOIIONIOXKEH: C OONBIION BEPOSTHOCTHIO (haKTOp
BbIOOpa MaTepuaia Ha MOJIOKEHHE OPOrOBOI'0 LIUKIIA
HE BIIUSET.

Hpyrasi rpynmna ajaropuTMOB BBISBICHUS IPUCYT-
CTBHS IIy3bIPSI MO)KET OCHOBBIBATHCS HA CTATHCTHYE-
CKOM KPHUTEPHH BOCXOSIIUX W HUCXOIAIIMX CEpUi
MOrPEIIHOCTH aNNpOKCUMALMU CUTHAJIOB IPOOBI WK
paccesiHus IPU JOCTHUKEHUH BBICOKOH JOCTOBEPHOCTH
nerepmuHau (ko3 unmeHT nerepMuHAIMA 3aBe-
nomMo nomxked npesimath 0.9). OauH W3 Takux KpH-
TepueB UMeeT 3HaYUMOocTh 5% u TpedyeT yloBIeTBO-
PEHUSL YMCIOM BOCXOAALIMX W HUCXOISIINX Cepuil
nByx ycnoBuii. llpm obmem dwncne orcueroB (mo-
TPEeIIHOCTeN alMpOKCUMAIIHH ), PABHOM V:

ser(Vy> | 2N=1_y g6 [LON =291
3 90 )

7, (N)< 7' (N),
5 N<26,
T'(N)=46 26<N<153, (3)

7 153<N<1170.

®opmyna (2) Gazupyercst Ha HaHHBIX [7, C. 486—
488], a orpannyenus (3) obcyxnarorcs B [8]. [Ipume-
HUTEIBHO K OLIGHKaM WH(GOPMAaTHBHOIO CUTHAJa
(curnan mpoObI) Ha puc. 4 U 5 00bEM HCXOTHBIX BBI-
6opok 0bi1 40 orcueroB. Tak Kak IS OIEHKH HaJH-
Yusl BOCXOJAIIEH WM HUCXONAIIEH cepuil TpeOoa-
JIOCh TTOCTPOUTH IPABYIO Pa3HOCTh IEPBOTO MOPsIKa,
To 00BeM paccMaTpruBaeMOW BBIOOPKH Pa3HOCTHON
norpemHocTH N paBeH 39. CoOTBETCTBEHHO, BOCXO-
ISIIasi CepHsl COIEPXKHUT IOCIeN0BATENLHOCTD I10JIO-
JKUTENBHBIX 3HAYEHWH PA3HOCTHOM MOIrpEenIHOCTH,
HUCXOJsIasi — oTpuuarenbHble. CoracHO IepBoMy
ycnoBuio (2), ancio cepuit ser(N) TOWKHO OBITH 00-
nee 20, cormacHo BTopoMy ycioBHio (3), HarnOombImas
JUTMHA CEpHUHM JIOJDKHA OBITH CTPOro MeHbLIE 6, T.€. HE
Oomnee 5.

HaGmomarorcst crnenyronie TEHASHIMH: KPHBOH
MmpoObl HA pHUC. 4 COOTBETCTBYET YHUCIIO cepwil 23
W MakcuMaibHas anuHa cepun 4. Takum o0pazom,

o0a ycnoBus (2) u (3) BeimonHeHsl. [IpumMeHnTENBHO
K KpWUBOM MpoOBI puc. 5: wmcno cepuii 19, maxcu-
MaJbHas JJTUHA cepuu 5. YcioBue (2) HapylIeHo, yc-
noBue (3) BBIMTOITHEHO.

AHanornyHble JaHHbBIE 110 KPUBBIM PacCesHus Io-
clle KOMIIEHCAllMM JAETePMHUHUPOBAHHOW COCTaBJISIO-
el — MoNMHOMa BTOPOHM CTENEHH NMPUMEHUTEIBHO
K puc. 4: yucio cepuil 29, MakcUMallbHas 1O JIJIUHE
cepust 3; IPUMEHUTENBHO K pUC. 5: 4uncio cepuid 19,
MaKCHMaJIbHAs 110 JUTHHE cepus 6.

Ecmu B mepBoM cirydae (puc. 4) oba ycioBus Tak-
K€ BBINOJIHEHBI, a 3TO CIy4ail OTCYTCTBUS Iy3bIpEW,
TO BO BTOpPOM ciydae (puc. 5) HapymieHbl oba ycio-
BHAL.

OTBer Ha BONPOC, HACKOJIBKO JaHHbBIE KPUTEPHH
MPUCYTCTBUS Iy3bIpei YHUBEPCAIBHBI, MOXKET SIBUTH-
Csl IPEMETOM JajIbHEHNILEro UCCclie0BaHUs Ha OCHO-
Be Oolee pernpe3eHTaTHBHONW CTATUCTHKH. Eie omuH
U3 KPUTEPUEB MOXKHO CBSI3aTh C aHAJIM30M pacrpese-
JIEHWsI BOCXOJINNX WM HUcXomamwx (a3 (cepwmii)
0 JUIMHE M C PAaCXOKICHUEM C TEOPETHYECKUMHU
OLIEHKAaMH MaTeMaTHYECKOr0 OXXKUIAHUS YuClla Cepuit
3aJaHHOW JJIMHBI NP OTCYTCTBMU B BBIOOpKE TpEH-
JIOB.

MaremaTndyeckoe OXHMIaHUE YUCNA CEPUIl JUTHMHBI
d(d=1,2,3,...)[7] npencraBneHo naiee popmyoit

(4):

_2(N-d-2)(d’ +3d +1)
- (d +3)! '

4)

[Ipu yucne orcueroB 39 mMaTeMaTHYECKHE OKUIA-
HUSl 4MCIa BOCXOINIIMX WIM HUCXOISIIMX CEpHi
e 1, 2, ..., 5 paBHBI coorBercTBeHHO 15.00, 6.42,
1.79, 0.38 u 0.07.

binzocTe peanpHOro pacnpenenceHust cepuil K Teo-
perudecku OOOCHOBAHHOMY OLIEHMBAETCS C HCIOJb-
30BaHWEM Kputepus coriacusi [lupcona (wm Xu-
KBaJpaT) CO CIEAYIOIIMMH IONPaBKaMH M JOIyIIe-
HUSIMH: @) pacCMaTPUBAIOTCS TOJIBKO TPHU 3HAYEHUS —
qucna cepuil IMHBI 1, IMUHBL 2 ¥ IHHEL 3 wim 60-
nee; 0) HaWICHHON BENWYMHE MPHCBAMBAETCS YHCIO
cTereHeil ceo0omabl 2.5, ecnn oHa paBHa 6.3 wim 60-
nee, 10O 2 cTerneHu cBOOONIbI MPU MEHBIINX 3Haye-
HUSIX XapaKTepUCTUKU pacxoxiaeHus. Bo Bropom
Clly4ae BBOAMTCS YMEHbBIIAIOMIMA MONPABOYHBIA KO-
s dunment 6/7. Dra xraccudeckas MeToanka chop-
MynupoBaHa B pabote [9]. OcobenHoctu pacmpene-
neHn# (a3 1o UIMHAM JJIS CIy4aeB HaJIW4Ms WIN OT-
CYTCTBUS TTy3bIpel WILTIOCTPUPYIOTCS B TabmI. 6.

COOTBETCTBEHHO paccMaTpUBAIOTCA IPOLICHTHAS
TOYKa paclpeneyieHuss Xu-KBaapaT C 2 CTENEHSMHU
CBOOOIBI U ee TpolleHTHBIe ToUKH [10].

Ecnu ypoBeHb BEpPOSITHOCTH COTJIACHSI C TUIIOTE30M
menee 10%, To ee cinenyer orBeprarh. CieoBaTENbHO,

HAVYYHOE ITPUBOPOCTPOEHME, 2022, Tom 32, Ne 2
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Ta6a. 6. PacnpeneneHue BOCXOJSIINX U HUCXOJAMMX (a3 Mo UTMHAM JUIS Pa3UYHBIX OCOOCHHOCTEH MPOBEACHHUS

[11{P-PB
Yucno da3 Teopus [Ipoba, Paccesnue, [Ipoba, Paccesnue,
(cepuit) 4) puc. 4 puc. 4 puc. 5 puc. 5

d=1 15.00 12 22 10 9

d=2 6.42 7 4 4 5

d=3 1.79 3 3 1 2

d=4 0.38 1 0 2 2

d=5 0.07 0 0 2 0

d=6 0.01 0 0 0 1
Xwu-kBagpar*® 1.64 3.77 4.93 5.04
BepostHocTp** 44 16 9 8

[Mpumeuanue: *BBeneH nomnpaBouHblit kodddumment 6/7 [9], a nanusie o d = 3, 4, S 1 6 IPOCYMMUPOBAHBL;
**¥BEpOATHOCTH OKPYTIICHA 1O IIETBIX MIPOICHTOB.

TUTOTe3a 00 OTCYTCTBHHM TPEHNOB (pa3ialioK) Iocie
KOMIIEHCALlUH aNIpPOKCUMHUPYIOLIEH IeTepMUHUPO-
BAHHOW COCTAaBJISIOIIECH CUTHAJA IPU HAJIWYUU I1y3bI-
peii (rpynmna JaHHBIX PUC. 5) AOIKHA OBITH OTBEPTHY-
Ta. YKa3aHHas TUI0Te3a MPUMEHUTENBHO K HHpOpMa-
TUBHOMY CHTHAJIy NpoObI IPU OTCYTCTBHUU Iy3bIpei
MPUHUMAETCS C BBHICOKHMM YPOBHEM 3HauMMOcTH (0o-
nee 40%), 9To SABJISIETCS] AOCTATOYHBIM U1l IPUHATHUS
TUIIOTE3bl 00 OTCYTCTBHM TPEHIOB B IOCIIENOBATENb-
HOCTH IOTPELIHOCTEH annpoKCUMAaLNU U, KaK CIEeICT-
BHE, OTCYTCTBHM pa3laiKd B IOCIEAOBATEIbHOCTU
HUCXOJHBIX U3MEPEHUM.

CrnenoBaTenbHO, NPEIOKEHHBIE aJlTOPUTMBI TIPHU-
HATHS PELIEHU O HaJM4MH Iy3bIpeil, Kak CBsI3aHHbIE
C aHaJIN30M MH(POPMATHBHOIO CUTHAJIA, TaK U C IO-
I'PELIHOCTHIO ANIIPOKCHMALNH, C OOJIBIION BEPOSTHO-
CTBIO IIO3BOJISIFOT JeiaTh IpaBHUJIbHbIE BbIBOABL. Of-
HAaKO HACKOJIBKO IOJy4YEeHHbIE Pe3yJbTaThl CIIELH-
(PMIHBI TIO OTHOIIEHHUIO K BHIOpaHHOMY OOBEKTY aHa-
TM3a W B KaKOW CTENeHH [OMYyCKaloT 0000IeHne
Ha Jpyrue oOBEKTHI, TPeOyeT MOMOIHUTENBHOIO HC-
CJI€ZIOBaHMSL

3AK/IIOYEHHUE

[IpoBenenHble cepur KOIMYECTBEHHOTO I'€HETHYe-
ckoro ananm3a Ha ocHoBe III[P-PB ¢ mcnomnp3oBanm-
€M MOJMMEPHBIX YUIIOB BBISIBUIN CIEYIOLINE 3aKO-
HOMEPHOCTH: TIPH ONPEAEIEHUH IOPOrOBOrO IUKIA
KaK TOYKH TIepernda KWHETHYeCKOW KPWUBOHU (JIOTH-
CTUYecKas KpHBasi IEPBOrO IOPAIKA) OTCYTCTBYET
3Ha4YMMas 3aBHCUMOCTh HAWJEHHBIX BEIWYMH OT Ma-
Teprana 4gumna (TMOIMKapOOHAT WM TIONHITPOITIIIEH).

HAVYYHOE ITPUBOPOCTPOEHME, 2022, Tom 32, Ne 2

B 10 xe Bpems1, eciu OLeHMBAThH MOJIOKEHUE TIOPOro-
BOro LKKJIA 1Mo adcuucce TOYKU HEepecedeHust Kaca-
TEIBbHOM K KHHETHYECKOHM KpPHUBOM, IOCTPOCHHOMN
B TOUKe ee meperuda, ¢ ypopHeM (poHOBOTO (MHHH-
MaJIbHOI'0) CHTHaNa, C JOBEPUTEIbHON BEPOSITHOCTHIO
6onee 90% Qaxrop maTepuana nojmMmepa Ha IOJIOXKe-
HUE [TOPOrOBOI0 IIUKJIA BIIUSET.

NudopmaTuBHBINA curHAN (CUTHAT TIPOOKI) IPH OT-
CYTCTBUM Iy3bIpEH C BBICOKOM TOYHOCTBIO AIIPOKCH-
MHUPYETCS JIOTUCTUYECKON KPUBOU IIEPBOIO HNOPSIIKA —
OJTHUM W3 TUIIOB CUTMOMJHOW KpuBOH. IIpu sTOM KO-
a¢dunment gerepmunanvu npesbimaer 0.99. Taroke
B JAHHBIX YCJIOBUSX IPM HOPMaJM3alUH CHUTHaja
MpOOBI OTHOIIIEHWE CUTHAJ/IIYM OCTUTAeT 3HAYEHUH
55-60. Ilom macmTabom (XapaKTepHOW BETHYWHON)
CUTHaJla IOHMMAeTcs CpelJHee 3HadeHue, MoJ Mac-
mTaboM IIymMa — CPEAHEKBAIPAaTUYHOE OTKJIOHEHHE
MOIPEIIHOCTH AITPOKCUMALHIH.

[IpoBepka KpuTepUeB HAIWYUS Iy3bIped AJI1 HOp-
MHPOBAHHOW KUHETHYECKOH KPUBOIL:

a) K03 (PUIHEHT a B aNMpPOKCHUMHUPYIOUIEH 3aBU-
CHMOCTH CYILECTBEHHO HIDKE 1;

0) Hepuznyeckoe 3HaUeHHNE KoddduineHTa k, noc-
TOBEPHO IpeBblatoniee 3HaueHue 0.70 wiu cymect-
BeHHO MeHbIee 0.58;

B) Ha OCHOBE aHAJIN3a BOCXOASALIMX M HUCXOIAIINX
CepHil B OCIEAOBATENBHOCTH U3MEPEHUI MOTPEIIHO-
CTEeH alNpoKCUMAalUK HaOJMI0AaeTcs HEBBINOIHEHNE
OIHOTO WM JIBYX YCIOBHUH OTCYTCTBUS TPEHIOB,
a TaKKe CYLIECTBEHHOE OTKJIOHEHUE JJIMH BOCXOMS-
MUX ¥ HUCXOIAMMX cepwuil (¢a3) oT TeopeTHdecKn
00OCHOBAaHHBIX NPH OTCYTCTBHUHM TPEHIOB paclpere-
JICHUSL.
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KomOnnanusi npemiokeHHBIX KPUTEPHEB IOCIIE
JONOJHUTENFHON MPOBEPKH WX YHUBEPCAIBHOCTH
(mpaBoMepHOCTH 0000IIEHNS Ha Apyrue OuoIormude-
CKre OOBEKTHl WIH/M JIpyThe MaTephaibl YHIla) MO-
XKeT OBbITh BKJIIOYEHA B IIPOrPaMMHO-MAaTEMaTHIECKOEe
obecriedeHre MpuOOPOB, UTO B TIEPCHEKTHBE HCKITIO-
YUT y4acThe CyObeKTHBHOTO (hakTopa (dKCIepTa) mpu
HNPHUHATHH PELIEHUS O IPUCYTCTBUU IIy3bIpEH B peax-
IIMOHHOHN KaMmepe Ha KaKOW-Tu0O0 CTaIuu MOCTPOSHUS
KUHETHYECKON KpUBOM.

Paboma evinonnena ¢ pamxax I'ocydapcmeennozo 3a-
Oanusi Munucmepcmea Hayku u evicuie2o 00pazoeanus
Poccuiickott  @edepayuu  Ne  075-00761-22-00 (mema
"Muxpogmoudnvie ycmpoiicmea ¢ UHMEZPUPOBAHHBIMU
DYHKYUOHATLHBIMU MUKPO- U HAHOPA3MEPHBIMU CHIPYKILY-
pamu 01 OUONOUYECKUX U MeOUYUHCKUX Uccie0o8anull”,
FFZM-2022-0012).
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INTERPRETATION OF THE RESULTS OF QUANTITATIVE

GENETIC ANALYSIS BASED ON THE APPROXIMATION

OF THE KINETIC CURVE OF THE POLYMERASE CHAIN
REACTION IN REAL TIME

A. L. Bulyanitsa, N. A. Esikova, A. A. Evstrapov

Institute for Analytical Instrumentation of RAS, Saint Petersburg, Russia

A quantitative polymerase chain reaction in real time (real time PCR) has been implemented on polymer mi-
crofluidic devices made of polycarbonate and polypropylene. The threshold cycle is determined based on the
inflection point of the first-order logistic growth function, which reliably approximates the PCR curve in the
absence of interfering factors, for example, the presence of bubbles in the reaction chamber. Use of statistical
criteria (generalized Student's criterion, one-way analysis of variance) revealed the insignificance of the influ-
ence of the polymer type on the estimation of the position of the threshold cycle in terms of the previously se-
lected algorithm for its search. When using an alternative algorithm for finding the threshold cycle based on the
plotting of a tangent to the kinetic curve, in some cases there is a significant influence of the polymer type on
the estimation of the position of the threshold cycle and, as a consequence, on the result of quantitative analysis.
Proposed and discussed are algorithms for detecting bubbles in the reaction chamber based on the detection of
a discrepancy in the measurement sequence associated with both estimates of the approximating dependence's
parameters and the characteristics of the time series formed by approximation errors.

Keywords: real-time polymerase chain reaction, kinetic curve, first-order logistic growth function, parameter estimation,
single-factor analysis, ascending and descending series, approximation error

INTRODUCTION inflection point, which is necessary to determine the
threshold cycle using both of the above algorithms.
Quantitative genetic analysis by polymerase chain The second task is to identify the significance of

reaction in real time (PCR-RT) is based on the identi-  the influence of the chip material — polycarbonate or
fication of the position of the characteristic point of polypropylene — on the PCR process and the assess-
the kinetic curve — the threshold cycle. Most often, ment of the position of the threshold cycle in relation
the threshold cycle is either the location in time of the  to various analyzed samples obtained by diluting the
inflection point of the kinetic curve, or the location in  original sample in various proportions. This problem
time of the intersection point of the tangent to the ki-  was solved both in the case of applying the first and
netic curve, drawn at the inflection point with a hori-  the second algorithms for searching for a threshold
zontal straight line specifying the characteristic signal  cycle.
level. The characteristic level can be a background The third problem is related to the detection of the
signal or a lower limit of a signal that is practically presence of a discord in the sequence of measure-
reliably different from the background level. Other ments, one of the reasons was the presence of bubbles
options are possible. in the reaction chamber for several, mainly 3—7, PCR
One of the tasks of the work is to check the possi-  cycles. Identifying the criteria for the presence of
bility of replacing the analysis of directly experimen- bubbles based on the shape of the kinetic curve is an
tal data (kinetic curve) for analysis of approximating important task. Its solution enables a conclusion re-
dependence and the validity of using first-order logis-  garding the acceptability of applying the obtained es-
tic growth as the last function. The choice of this timates of the location of the threshold cycle and, as
function is due to the fact that, firstly, it a priori satis-  a result, evaluating the validity of quantitative analysis
fies the qualitative form of the kinetic curve (belongs findings.

to the family of sigmoid functions) and, secondly, all The criteria proposed and discussed below can be
three of its parameters have an understandable and classified into two groups. The first group of criteria
meaningful interpretation. was based on determining the parameters of the ap-

The main parameter of the approximating depen-  proximating function, the second — on the evaluation
dence to be evaluated is the time location of its of approximation error characteristics.

13
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EXPERIMENTAL CONDITIONS

Microchips from Novattro polycarbonate (SafPlast,
Russia) and PP 4445S polypropylene (TU 20.16.51-
136-05766801-2015, PJSC Nizhnekamskneftekhim,
Russia) were manufactured by thermal pressing in the
hydraulic press MM-100 (MTDI, Korea) using a mas-
ter form made of stainless steel made by the laser me-
thod. The structures were sealed with Polymer Films
for PCR Plates R-500 (OOO PKF Sovremennye
Tekhnologii). The topology of microchips consists of
3 chambers with supply channels (Fig. 1) [1].

Fig. 1. Image of microchips.
Upper — made of polypropylene, below — made of
polycarbonate

Real time PCR was performed on microarrays to
detect soybean DNA manually isolated using the M-
sorb-OOM reagent kit for separating DNA and RNA
from clinical samples and environmental objects. The
reaction was carried out for the initial concentration of
1solated nucleic acids, for 1, 2 and 3 fold dilutions and
for a positive reference sample from the "Plant univer-
sal" kit, used in three replicates for each variant.
When working with this set, R6G dye was used for
target detection, Cy5 — for internal positive control.
All reagents are provided by Sintol LLC (Moscow).
For comparison, similar measurements were carried
out in test tubes on ANK-48 (IAP RAS, SPb).

Microarray measurements were carried out using
a specially designed setup providing a thermal cycling
for real time PCR, excitation at wavelengths of 530,
570 and 685 nm, and registration at 580, 630 and
660 nm, respectively. The detection zone was a circle
3 mm in diameter. The microarray chambers were
filled with the reaction mixture with the addition of
a DNA sample, the inputs/outputs were sealed with
a PCR film. The microchip was placed on the heating
element with the film down.

One of the significant drawbacks of PCR in the
chip chamber compared to test tubes is the formation
of gas bubbles during thermal cycling. It does not sig-
nificantly affect the course of the reaction, but pre-
vents correct optical detection.

ANALYSIS OF PCR KINETIC CURVES

A determination of the position of the threshold
cycle is carried out based on the search for the inflec-
tion point of the PCR curve. The approximating de-
pendence of logistic growth of the first order is used:

(1)

a
= 1+exp(—k(x—x0)).

Here a is the maximum signal (saturation signal); & is
a coefficient determining the rate of signal increase
associated with PCR efficiency; x, is the inflection
point of the logistic growth curve of the first order.
Obviously, for a normalized signal, parameter a
should be close to 1.

The significance of the dependence of the position
of the threshold cycle on the material of the microar-
ray — polycarbonate (pc) and polypropylene (pp) —
is determined by known statistical methods:

1. The generalized Student's t-test provides an es-
timate of the uniformity of the threshold cycle posi-
tion for two samples corresponding to different mate-
rials.

2. The degree of influence of the material on the
position of the threshold cycle is also detected by sin-
gle-factor analysis of variance.

Sample volumes (numbers of repetitions of expe-
riments) are small (usually 3 repetitions).

The method of one- or multifactorial analysis is
well known [2]. However, it is still used, including in
various application tasks, for example, see [3, 4].
Since we did not even use two-factor analysis, we
used the term "factor analysis" to mean one-factor
analysis. The calculation formulas and necessary cri-
teria are discussed in [2].

Sample designations: the polymer material defines
the letters pc or pp, the number 1, 2 or 3 sets the dilu-
tion degree of the initial sample by 1, 2 or 3 orders,
i.e. 10, 100 or 1000 times, respectively (symbol ¢ in
place of the number — undiluted sample).

The vpk sample, or BIIK, is an internal positive
control. The position of the threshold cycle, shifted by
more than 7 cycles with respect to the threshold cycle
of this sample, indicates the absence of analyzed ge-
netic material. Tab. 1 shows the results of determining
the position of the threshold cycle in the internal posi-
tive control sample.

Tab. 1. Estimated data on the position of the thre-
shold cycle

The dynamics of threshold cycle estimates in terms
of using different sets of measurements of the internal
positive control sample signal is illustrated in Tab. 2.
The estimate of the position of the threshold cycle
when using the entire sample is 28.15 +0.04 cycle.

Tab. 2. Estimates of threshold cycle position depend-
ing on selection of informative signal points

Almost all threshold cycle position estimates, ex-
cept those made in points 1-25, have acceptable accu-
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racy with a deviation of the average estimate within
a few hundredths of a cycle. It is critical that the curve
inflection point falls within the signal point range.

The range 1-30 contains only 2 measurements
beyond the inflection point, and the evaluation accu-
racy is lower. In other cases, estimates of the inflec-
tion point position are comparable in accuracy. The
inflection point was estimated using the approximat-
ing first-order logistic growth curve in all cases. For
all calculation options, except for the first two, the
inflection point of the kinetic curve was an internal
point remote from the boundaries of the time interval
(cycle 1, cycle 40) by at least 20% of the interval
length. For interval 1-35, the position of threshold
cycle 28.09 is about 7 cycles from the upper boun-
dary, while the total width of the interval is 34 cycles.

Tab. 3 shows the position of the inflection point of
the kinetic curve for the initial sample diluted by 1
order (10 times), in the case of using microfluidic
chips made of various polymer materials.

Tab. 3. Kinetic curve inflection point position esti-
mates in the case of using devices made of various
polymer materials

The position of the threshold cycle is considered to
coincide with the coordinate of the inflection point of
the kinetic curve. We searched for the inflection point
of the approximating dependence (1). The use of the
one-way analysis of variance procedure makes it poss-
ible to calculate the characteristic value of the random
variable F© — the ratio of two variances associated
with the discrepancy of average estimates to disper-
sion of measurements within the sample correspond-
ing to each factor satisfying the Fisher distribution
with 1 and 4 degrees of freedom, based on two grada-
tions of the factor (two polymers) and the total num-
ber of 6 measurements. This value of F, approximate-
ly 0.291, corresponds to a confidence probability of
60%. This means that with such probability, the di-
vergence of sample elements (threshold cycle estimate
values) cannot be explained by the influence of the
polymer.

Similar results with probabilities of about 50% are
also observed for threshold cycle estimates of dilu-
tions by 3 orders of magnitude. (F about 0.534).
Tab. 4 shows the positions of the inflection points of
the kinetic curves corresponding to other dilutions of

Tab. 4. Positions of inflection points of kinetic curves
for other sample dilutions

the initial sample.
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The above values also, in accordance with the one-
way analysis of variance, indicate the independence of
the position of the threshold cycle from the choice of
material for a given sample dilution. However, the
significance level does not exceed 50%. Comparison
of threshold cycle positions for samples diluted by 2
orders of magnitude was not carried out, since bubbles
were detected on polypropylene chips.

Figs. 2 and 3 illustrate the distribution of approxi-
mation parameters a and k with respect to different

Fig. 2. Distribution of parameter estimates a depen-
dence (1)

PCR-RT kinetic curves.

Fig. 3. Dependence of the distribution of the parame-
ter k of the model (1)

Initially, the signal was normalized and reduced to
the range [0; 1]. The zero corresponds to the smallest
value of the signal, the largest signal value corres-
ponds to 1. Thus, the range limits are determined by
the local minima and maxima of the signal without
pre-processing it.

FORMATION AND DISCUSSION OF CRITERIA
FOR BUBBLE PRESENCE IN REACTION
CHAMBER

Obviously, the presence of a bubble affects the
shape of the kinetic curve. A change in the shape of
a signal or/and a jump in its parameters while main-
taining the form of dependence are two types of dis-
cord in the sequence of measurements. Discord detec-
tion is based either on the estimation of the parameters
of the approximating dependence (1), taking into ac-
count their physical meaning (role), or on the estima-
tion of the approximation error. In this case, the as-
sumption is made that the actual approximation error
is negligible, and after compensation for the approx-
imating deterministic component of the informative
signal, the error is random. Then this error is analyzed
for the presence/absence of deterministic components
(trends).

The proposed and discussed criteria for the ab-
sence of bubbles and, as a result, confidence in the
results of the analysis are based on the parameters of
the deterministic dependence (1) falling into the range
corresponding to physically justified values. Simulta-
neously, the set of criteria for estimating interference
parameters is based on statistical estimates of the
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sample with no trends.

Currently, the presence of a bubble and its influ-
ence on the shape and parameters of the kinetic curve
requires the exclusion of the corresponding analysis
result as unreliable. In many cases, the degree of dis-
tortion of a theoretically valid sample waveform as
a sigmoid function is determined solely on the basis of
subjective evaluation.

According to expert estimates, measurements 1-17
correspond to the absence of bubbles, 18-27 — the
presence of a bubble (-s).

The graph (Fig. 2) highlights the horizontal range
of acceptable values of the parameter a at the maxi-
mum level of the normalized signal 1. Theoretically,
the estimate of this parameter should coincide with the
signal maximum, which is also the saturation level.

Bold horizontal lines highlight the area 0.95-1, in
which the parameter estimate a can be located at
a sufficiently large signal-to-noise ratio.

The signal-to-noise ratio for the considered norma-
lized sample signals, provided that the background
signal is correctly compensated and there are no statis-
tical outliers, is within the range of (50-60) to 1. In
this case, its average value, approximately equal to
0.5, is considered as the characteristic value of the
signal, and noise is taken as the standard deviation of
the approximation error.

The first 17 measurements, characterized by the
lack of bubbles, completely fall into the specified re-
gion. out of 10 measurements with the presence of
bubbles, only 3 values fall into this interval. Similar
results will be obtained in the case of increasing the
lower limit of the range of allowable values of para-
meter a to 0.96.

The association between mean PCR E efficacy and
the equation parameter £ is:

E=exp(k)-1.

Since the theoretically reasonable value of PCR ef-
ficiency cannot exceed 1 (or 100%), the expected val-
ue of the parameter k£ in the approximating equation
should not exceed 0.693.

In Fig. 3, horizontal lines correspond to theoreti-
cally reasonable values of the average PCR efficiency
of 80% (lower straight line with a value of 0.588) and
100% (upper straight line with a value of 0.693). Of
the 17 measurements in the absence of bubbles, 12
reliably fall into the specified area, 5 are outside it (2
of these 5 measurements are practically positioned on
the border of permissible values). Out of 10 measure-
ments with bubbles, there is not a single result in this
range (1 practically falls on the boundary, and the re-
maining 9 are reliably outside the region).

The combination of these limitations reveals expe-
rimental data that are suspicious in terms of the pres-
ence of bubbles.

In some algorithms, the model parameter (1) xo —
the abscissa of the inflection point — determines the
position of the threshold cycle. Another algorithm for
determining the threshold cycle is the search for the
abscissa of the tangent intersection point drawn at the
inflection point of the PCR curve, with the ordinate
axis.

If in approximation (1) parameter a is close to 1,
then using the second algorithm, the position of the
threshold cycle is shifted relative to x, and is approx-
imately equal to x, —2/k.

Other methods for finding dependence parameters
(1) do not use the entire sample (data for all cycles 1—-
40 or 1-50 cycles), but only a set of individual ele-
ments. For example, earlier in [5], an estimation for-
mula was proposed for the value C=1+FE=exp(k).

However, it is obvious that the four-point formula
proposed in this work uses signal measurements in
two pairs of equally spaced samples, conditionally
numbered as

nntkntmmunnt+tmtk,

certainly gives a coarser estimate than the approximat-
ing dependence, which uses the entire sample of mea-
surements, typically 40-50.

Also, the estimation of the position of the inflec-
tion point of the curve can be performed by the me-
thod of least squares when constructing a polynomial
of the 3rd degree, analytically calculating the second-
order derivative, equating it to zero, and finding the
root by solving a linear equation. This technique was
used in the search for the inflection point of the DNA
melting curve [6]. The expected pattern is confirmed:
more accurate estimates are obtained by using mea-
surements from the linear section of the curve with
normalized signal values close to 0.5. It is better to
take not exactly 4 points, and the sample size should
have several degrees of freedom (at least 68 points).

For example, for the kinetic curve, the inflection
point estimate is 25.55 (see Tab. 3, line 2). Polynomi-
al approximation with a cubic parabola over points
22-27 gives an inflection point estimate of 25.79,
which is acceptable for a rough calculation. Here are
typical dependences of normalized sample signals and

Fig. 4. Normalized sample and scattering signals in the
absence of bubbles (from group pc_1)

Fig. 5. Normalized sample and scattering signals in the
presence of a bubble at the final stage (pp_1)

scattering in the absence of bubbles (Fig. 4) and in the
presence of one bubble (Fig. 5).
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The curve corresponding to the normalized scatter-
ing signal (see Figs. 4 and 5) can be adequately ap-
proximated by a second degree polynomial.

As mentioned above, the position of the threshold
cycle can be determined using two algorithms. For the
initial sample, diluted 10 times (by 1 order), Tab. 5
shows the estimates of the position of the threshold
cycle when analyzing chips made of various polymer
materials..

Tab. 5 reveals that estimating the position of the
threshold cycle with plotting a tangent to the kinetic
curve at the inflection point based on one-way analy-
sis results in a reduced variance ratio /' of about
11.65. Conclusion: with a probability of 97%, the dif-
ference in the positions of the threshold cycle in the
case of using the intersection point of the tangent to
the curve inflection and the ordinate axis is explained
precisely by the difference in material (polycarbonate
or polypropylene). The conclusion is the opposite for
the algorithm of finding the threshold cycle directly at
the inflection point: the material selection factor is
unlikely to affect the position of the threshold cycle.

Another group of algorithms for detecting the
presence of a bubble can be based on the statistical
criterion of ascending and descending series of errors
of approximation of sample signals or scattering when
a high certainty of determination is achieved (the de-
termination coefficient must obviously exceed 0.9).
One of these criteria is 5% significant and requires
satisfaction of two conditions with the number of as-
cending and descending series. With the total number
of points (approximation errors) equal to NV:

ser(N)> N1 )06 /M ,
3 90 Q)

T (N)<T (N),

max

5 N<26
©(N)=16 26<N<153, 3)
7 153< N <1170.

Formula (2) is based on data [7, pp. 486—488], and
the limitations (3) are discussed in [8]. In relation to
the estimates of the informative signal (sample signal)
in Figs. 4 and 5, the volume of the initial samples was
40 points. Since it was necessary to plot the right first-
order difference to estimate the presence of ascending
and descending series, the sample value of the differ-
ence error N is 39. Accordingly, the run-up series con-
tains a sequence of positive difference error values,
while the runs-down contain negative ones. According
to the first condition (2), the number of runs ser(N)
should be more than 20, according to the second con-
dition (3), the largest run length should be strictly less
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than 6, i.e. not more than 5.

The following trends are observed: the curve for
the sample in Fig. 4 corresponds to the number of runs
of 23 and a maximum run length of 4. Thus, both
conditions (2) and (3) are fulfilled. Applicable to
sample curve Fig. 5: number of runs — 19, maximum
length of runs — 5. Condition (2) is violated, condi-

Tab. 5. Calculated data on the position of the thre-
shold cycle depending on the method of its search

tion (3) is fulfilled.

Similar data is on scattering curves after compen-
sation of deterministic component — polynomial of
the second degree in relation to Fig. 4: number of
runs — 29, maximum length of run — 3; for Fig. 5:
number of runs — 19, maximum length of run — 6.

In the first case (Fig. 4) both conditions are also
met, and this is the case of no bubbles, but in the
second case (Fig. 5) both conditions are violated.

The answer to the question of how universal these
criteria for the presence of bubbles are can be the sub-
ject of further research based on more representative
statistics. Another criterion can be associated with the
analysis of the distribution of ascending and descend-
ing series (phases) by length and with discrepancy
with theoretical estimates of the mathematical expec-
tation of the number of series of a given length in the
absence of trends in the sample.

The expectation of the number of series of length d
(d=1, 2, 3,..) [7] is represented by the following
formula (4):

N _2(N-d-2)(d’ +3d +1)

¢ (d +3)! @

For the number of samples 39, the mathematical
expectations of the number of ascending and descend-
ing series of lengths 1, 2, ..., 5 are 15.00, 6.42, 1.79,
0.38 and 0.07, respectively.

The proximity of the actual distribution of series to
the theoretically reasonable one is estimated using
Pearson's chi-squared test (or xz) with the following
amendments and assumptions: a) only three values are
considered — the number of series of length 1, length
2 and length 3 or more; b) the found value is assigned
a degree of freedom 2.5 if it is equal to 6.3 or more, or
2 degrees of freedom for smaller values of the discre-
pancy characteristic. In the second case, a reducing
correction factor of 6/7 is introduced. This classical
technique is formulated in work [9]. The features of

Tab. 6. Distribution of ascending and descending
phases by lengths for various features of PCR-RT

the phase distributions by length for the presence or
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absence of bubbles are illustrated in Tab. 6.

Accordingly, the percentage point of the o distri-
bution with 2 degrees of freedom and its percentage
points [10] are considered.

If the probability level of agreement with the hypo-
thesis is less than 10%, then it should be rejected.
Therefore, the hypothesis about the absence of trends
(discords) after compensation of the approximating
deterministic component of the signal in the presence
of bubbles (data group Fig. 5) should be rejected. This
hypothesis in relation to the informative signal of the
sample in the absence of bubbles is taken with
a high level of significance (more than 40%), which is
sufficient to accept the hypothesis about the absence
of trends in the sequence of approximation errors and,
as a result, the absence of a discord in the sequence of
initial measurements.

Therefore, the correct conclusions can be drawn
with a high probability based on the proposed algo-
rithms for making decisions about the presence of
bubbles, both related to the analysis of the informative
signal and the approximation error. However, to what
extent the obtained results are specific in relation to
the chosen object of analysis and to what extent they
can be generalized to other objects requires additional
research.

CONCLUSION

The quantitative genetic analysis runs based on
real-time PCR using polymer chips revealed the fol-
lowing patterns: when defining the threshold cycle as
the inflection point of the kinetic curve (first-order
logistic curve), there is no significant dependence of
the these values on the chip material (polycarbonate or
polypropylene). If we estimate the position of the
threshold cycle by the abscissa of the point of inter-
section of the tangent to the kinetic curve drawn at its
inflection point, with a background level (minimum)
signal, with a confidence probability of more than
90%, the polymer material factor affects the position
of the threshold cycle.

An informative signal (sample signal) in the ab-
sence of bubbles with high accuracy is approximated
by a logistic curve of the first order — one of the
types of sigmoid curve. The determination factor ex-
ceeds 0.99. Also, when normalizing the sample signal
under these conditions, the signal-to-noise ratio reach-
es values of 55-60. The scale (characteristic value) of
the signal is the mean value, the noise scale is the
root-mean-square deviation of the approximation er-
ror.

Checking the criteria for the presence of bubbles
for the normalized kinetic curve:

a) coefficient a in approximating dependence is

significantly lower than 1;

b) non-physical value of coefficient & is reliably
exceeding 0.70 or significantly less than 0.58;

c) based on the analysis of ascending and descend-
ing series in the sequence of measurements of approx-
imation errors, there is a failure to fulfill one or two
conditions for the absence of trends, as well as a sig-
nificant deviation of the lengths of ascending and des-
cending series (phases) from theoretically justified
ones in the absence of distribution trends.

The combination of the proposed criteria after ad-
ditional verification of their versatility (the correctness
of generalization to other biological objects or/and
other chip materials) can be included in the software
and mathematical support of the devices, which in the
future will exclude the participation of the subjective
factor (human expert) in deciding on the presence of
bubbles in the reaction chamber at any stage of kinetic
curve construction.

The study was carried out within the framework of the
State Assignment of the Ministry of Science and Higher
Education of the Russian Federation No. 075-00761-22-00
(subject "Microfluid devices with integrated functional mi-
cro- and nanoscale structures for biological and medical
research”, FFZM-2022-0012 ).
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