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KOPPEKIIUA ®JIYOPECIEHTHBIX CHUI'HAJIOB, HCKAKEHHBIX
HAJIO’)KEHUEM CIIEKTPAJIBHBIX ITOJIOC,
B CEKBEHATOPE HAHO®OP CIIC

Ba)XHBIM 3TanoM B TEXHOJIOTHU MACCOB020 NADANNENLHO20 CEKECHUPOBAHUs HYKIEHHOBBIX KHCIOT SIBIISICTCS TIPO-
LIECC M3MEPEeHHsI CUTHAJIOB (uryopecteHIny. CHeKTpanbHbIH cOCTaB CHIHAJIA (UIyOpeCleHIMH HeCeT HH(OPMAIHUIO
o Turne obbekTa (ayopecueHmn (HyKIeoTrnaa), BXoasiero B cocra oopasua JJHK, ananusupyemoro cexsenaro-
pom. Uem Gomnbllie HYKIEOTHAOB B IPOLIECCE YTEHHS OyJET Pacmo3HaHO BEPHO, TEM TOUHee OyaeT pe3yibTaT Ipo-
YTEHUs BCErO reHoMa. SIBIICHHe HAJOXKEHHs CIEKTPAIBHBIX COCTABIIOIIMX CHTHAJIOB (IIyOPECUEHIMH HYKIEOTH-
nmoB A, C, G u T (saBreHne IepeKpecTHBIX MMOMEX, B aHIJIOS3BIYHON TUTEpaType: cross-talk) — OfuH U3 HeraTUBHBIX
(aKkTOpOB, NPEMATCTBYIOLINI TOCTOBEPHOMY NIPOYTEHHIO TeHoMa. J[j1st OOpBOBI ¢ 3THM SBICHHEM HEOOXOAUM ajro-
PUTM LBETOKOPPEKLIUH. DTOT AITOPUTM SIBISETCS PEIIAOIIMM B ONDEIEIECHUH THUIA HVKICOTHIA. HAXOAIIETOCS
B JIaHHBIX KOOpAMHATaX (KjIacTepe) B JAaHHOM IMKJIE YTeHHs. B pabore paccMaTpuBaeTcst alrOpUTM IBETOKOPPEK-
LMY, IO3BOJISIIOILUI € TOMOLIbI0 METO/IAa IMHEMHON pErpeccun ONpeNeIuTh MaTpULly IepeKpecTHhIX nomex. Ha oc-
HOBE ATOHW MaTpUIIbI OnpeenseTcss oOpaTHas MaTpPUIIA, UCIIONb30BAHNE KOTOPOI MO3BOJISIET CYIIECTBEHHO CHU3HUTh
BIIMSIHAE HAJIOXKEHHS CIICKTPAIBHBIX ITOJIOC HA TOYHOCTh OLICHKH M3MEPEHHH CUTHANOB (hITVODPECIEHIUU. AITOPUTM

anpoOMPOBaH Ha SKCIEPUMEHTAIBHBIX JaHHBIX U TIOKa3aJl BEICOKYIO IOCTOBEPHOCTh PE3YIbTaTOB.

Kniouesvie cno6a: cekBeHUPOBaHNE HYKIEHHOBBIX KHUCIIOT. MaTeMaTn4eckast 00paboTKa NaHHBIX. SIBICHUE
MIEPEKPECTHBIX TOMEX, MaTPHILIA IEPEKPECTHBIX MTOMEX, JIMHEHHAs pErpeccysi, METO], HANMEHBIIINX KBaIPaTOB

BBEJIEHUE

B UncTuTyTE aHamTMTHYECKOTO TIPHOOPOCTPOSHUS
PAH pa3paboTtan mepBbIii OT€UEeCTBEHHBIN armmapar-
Ho-miporpammubId KoMmiuieke (AIIK) mns pacmmdpos-
KU TIOCJIEIOBATENbHOCTH HYKJIEMHOBBIX KHCJIOT METO-
JIOM MACCO8020 NAPANNEeNbHO20 cekgenuposanusi Ha-
Hodop CIIC [1, 2]. Merox maccosozo napanienvHo2o
CeKBeHUpOGaHUs CIe Ha3bIBAIOT MEXHON02Uell ceKge-
Huposanusi memoodom cunmesa. B AIIK Hanodop-
CIIC wmomnexynsr  (ayopodopa (hayopecieHTHOTO
KpacuTesi), KOTOPBIMH TTOMEYeHBI HyKIIeoTH s A, C,
G u T, B0o3OyxatoTCst IO IEHCTBUEM JIA3E€PHOTO U3-
nydernsi. CHTHaIBI (QIIyOpecHeHITNN KaXa0ro HyK-
JeOTHa UMEIOT JUIMHY BOJHBI, COOTBETCTBYIOILYIO
TUy HykJieotuaa. CHTHAIBI QIIyOpeCIEHIINN PETUCT-
PHUPYIOTCS C TIOMOIIBIO YeThIpeX Buieokamep (o 4u-
CITy TUTIOB HYKJIeOTHIOB) [3]. Peructpupyemoe uziy-
YeHHE MNPOXOIAUT Yepe3 pa3iIuyHble CBETO(UIBTPEI,
COOTBETCTBYIOIIME JUTMHAM BOJH CUTHAJIOB (ryopec-
LEHLNN KaXI0r0 U3 YeThIpeX KpacuTesnel, KOTOPbIMU
[IOMEYEHbl HYKJICOTHABI, — 3€JIECHBIM, OpAH)KEBBIM,
KpacHBIA W TeMHO-KpacHBIA. "Pa3nmnunple xummnde-
CKHE IPOLIECCHl, BKJIIOYEHHBIE B TEXHOJOIHIO CEKBeE-
HUPOBAHUSI METOAOM CHHTE3a, BBI3BIBAIOT CMELICHUS
B 3HAYEHMSX PErUCTPUPYEMBIX HHTEHCHBHOCTEI],
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BKurodas a¢dextsr paszupoBanus / npedasupoBaHUS
(phasing / prephasing), 3atyxanus curnana (signal
decay) m mepekpectHbie momexu (cross-talk)" [4].
B nHacrosmeit pabore paccMaTpUBaIOTCSI METOMIBI KOP-
pekMH  (QIyOpPECLEHTHBIX CHUTHAJIOB, HMCKaXXEHHBIX
BITUSTHUEM TIEPEKPECTHBIX MmoMex (cross-talk).

[Ipeanonaraercs, 4To METOABI KOppeKuuu ¢uryo-
PECIIEHTHBIX CUTHAJIOB, MCKaXKEHHBIX IPYyTrUMHU (ax-
TopaMH, OyIyT paccCMOTpPEHBI B ApYyroi padore aBTO-
pOB.

Yactorel wm3mydeHHs (IMHCCHH) HCIOIB3yEMBIX
(IIyopeceHTHBIX KpacuTenell YaCTUYHO HEepeKphbIBa-
IOTCSI, YTO NPUBOJUT K KOPPEJSLUHU IOKAa3aHUM HH-
TEHCUBHOCTEH. JTO B CBOIO OYepeAb NPUBOAUT K TO-
My, 4TO C POCTOM MHTEHCUBHOCTH CHTHaJIa, HAIPUMEp
B KaHalle HyKJIeoTHAa A, pacTeT M HMHTEHCHBHOCTb
CUTHasa B KaHaje Hykieotnaa C, 1 Ha000poT.
Haunbonpiiee B3auMHOe BIMSIHHE APYT Ha Jpyra Io-
MapHO OKa3bIBatoT curHambl kaHamoB A u C, Gu T
coorBerctBeHHO (puc. 1). Tarxke maHHOE SBIIEHHE
MOXKET OBITh Ha3BaHO KaK Tapa3uTHas (IyopeciieH-
WS WK TIepeKpecTHhIe ToMexH: cross-talk.

Ha puc. 1 6ykBamu G, T, A u C 0003HaUEHBI CIIeK-
Tpbl BBICBEUMBAHUS (IYOPECLEHTHBIX KpacHuTeleil,
WCTIOJIB3YEMBIX JUIS OKPAIIMBAHUSI COOTBETCTBYIOIINX
HykiaeotuoB, a L1 m L2 — cnekTpaibHble JIMHUU
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Puc. 1. Criektpsl 3mMuccuu (BIYOPECHEHTHBIX METOK H JIa3epOB.

Ja3epHbIX m3nydarenet 515 wu 638 HM onTHYecKoin
cuctrembl mpubopa Hanodop CIIC. ITpuxoBkoit
MOKa3aHbl IMOJOCHl IPOIYCKAaHUS CBETOQHUILTPOB
B KaHajax perucrpauuu. [JIMHBI BOJH JIa3epHOIO
BO30YX/IeHUs (IyOpECIeHIINA BBIOpAHBI, HCXOI
13 OOBIYHBIX TPEeOOBaHWN ONTHMAIHHONH KBaHTOBOM
3¢ (HEeKTHBHOCTH KaKIIOW Maphl KpacuTeneid. MoXHO
oKuIaTh AP GEKTUBHOCTH BO30YKaeHnus kpacurens G
0k0110 92% ot 3¢ deKTUBHOCTH Ha JUTMHE BOJIHBI MaK-
CUMyMa J3KCTMHKLIWH, Kpacutens T — okono 26%,
kpacurens A — okono 90%, kpacurens C — 0koJ0
17%. U3 manHBIX, IpeACTaBISHHBIX Ha pUC. 1, BUIHO,
YTO B3aMMHOE Napa3UTHOE BIHUSHHE NPUCYTCTBYET
Ul BCEX YeThIpex KaHasioB. Beibop momoc mpomycka-
HUSl CBETO()UIIBTPOB KAHAJIOB PETUCTPALIMKA OCHOBBI-
BaeTcs Ha COOOpPaKEHHMSIX OXBaTa TAKOro IHara3oHa
CIEKTpa IOJIE3HOT0 CUTHAja, HHTEHCUBHOCTh B KOTO-
POM HPEBBILIAET 3aJaHHBIA [TOPOI W MPH 3TOM Iapa-
3UTHOE BJIMSHUE JPYTrUX KaHWIOB MHUHUMAIBHO.
B manHOM citydae »TH ABa TpeOOBaHUS KOH(MIMKTYIOT
MEXKAYy cO0OH, MO3TOMY Ha HIPAKTHUKE PEaTu30BaHO
KOMIIPOMHMCCHOE pemeHue. B nmanpHeifmem, mnocie
cheMa m300pakeHuil ¢ BHIIeoKaMep Mmpubopa U psna
mporeayp nudpoBoil 00pabOTKH ITUX M300paXKEHUH,
OMMMCaHHBIX B paboTax [3, 5] u npyrux, sBIeHWE Ha-
JIOXKEHUSl CIEKTPaJbHBIX COCTABIIAIOIINX CUTHAJIOB
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(iyopecieHInn KOPPEKTUPYETCSl B IMPOrpaMMHOM
obecrieuenun. [IporpamMmel, peasn3ymooupe KOppek-
LUIO TaHHBIX, NCKAKEHHBIX MEPEKPECTHBIMU IIOMeXa-
MU, SBIIIOTCS 00SI3aTENbHONW COCTABHOW YaCTBHIO TPO-
rpaMM TIE€PBUYHOTO aHANW3a MJAaHHBIX, ONHCAHHBIX
B paborax [6-9].

B mHacrosimeit paboTe oOmMMCHIBaeTCS alTOPUTM,
NpeAHa3HAaYeHHBIH U1 KOPPEKLUUH JaHHBIX, MCKa-
XKEHHBIX B pe3y/lbTaTe SIBJICHUS HAJIOXKEHHS CIIEK-
TPaJbHBIX COCTAaBIISIOLIMX ONTHYECKHX CUTHAJIOB,
peructpupyemsix mpudopom Hanodop CIIC, u moka-
3bIBAETCSI, YTO OTCYTCTBHE TaKOW KOPPEKLUHU NPHUBO-
JUT K CYLIECTBEHHBIM OLIMOKaM B NPOBEAECHUH I'eHe-
TUYECKOI'0 aHaJIN3a.

IMTPSIMAS 1 OBPATHASL MATPULIBI
IMEPEKPECTHbBIX ITOMEX

SIBieHVE TIepeKpecTHBIX TIOMEX 3aKII0YaeTcs
B TOM, YTO OJIMH ¥ TOT K€ KIIacTep HyKJIeoTruaa quryo-
pecumpyer oIHOBpPEMEHHO BO BCeX KaHaiax. B orcyt-
CTBHE TEPEKPECTHHIX MOMEX MaHHBIA Kiactep ¢uryo-
pecumpoBall ObI TOTBKO B OJAHOM KaHaje, COOTBETCT-
BYIOIIIEM KpACHUTEN0, KOTOPHIM MEYeH HYKICOTH]I,
HaxOoJAIIUICS B JAHHBIA MOMEHT B JAaHHOM KIJIacTepe.
I'oBopst MHAYe, cymMMa M3MEPEHHBIX B KaXK/IOM KaHale
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3HAYCHU WHTEHCHBHOCTH (DIIyOPECIICHIIMH B JIAHHOM
KJlacTepe CTPOro COOTBETCTBOBANA ObI 3HAYCHHIO WH-
TEHCUBHOCTH TOJBKO B OJHOM KaHale, SIBIISIOIIEMCS
B JIAHHBI MOMEHT KaHallOM TIOJIE3HOr0 CHTHAaJA.
To ecTb WHTEHCHBHOCTH CHUTHANla (IIyOpeCICHIUH
B OCTAJILHBIX KaHAJIaX PaBHbBI HYIO. MaTeMaTHUECKH
WHTCHCUBHOCTh CHUTHala (IIyOpeclCHIIMH B Cilydae
OTCYTCTBHS TMEPEKPECTHBIX MOMEX MOXHO TPEICTa-
BUTH COOTHOMIeHHEM (1)

1 0 0O I, b,
0 0 0 1 b
]i (x: y) = X ¢ + ¢ . (1)
0 010 1 b,
0 0 0 1] | b;
1 Wi Wiz Wy
(x,y) = Wy Lowy wy,
Wi Wy L wy,
L War Wa Wy 1

B cootnomennu (2): M — Marpuiia nepekpe-
CTHBIX [IOMEX; W; — KOd(QUINCHTbI MaTPHIIBI

MEePEKPECTHBIX TOMEX, Ha3bIBaEMble TAKXKeE YTII0-
BBIMH KO3 pHUIIneHTaMH.

3anaveil anropuT™Ma IBETOKOPPEKIIUU SBIISET-
Csl CBEICHHE K MUHUMYMY BJIMSTHUS TIEPEKPECT-
HBIX TOMeX. MaTreMaTu4ecKoe pelieHne JaHHO !
3aJlaud MOXHO MIPEJICTaBUTh B Bue (3), Kak yM-
HOJKEHHe IpaBoii yact (2) Ha MaTpuy M ', 06-
patHyto matpuiie M.

]iA
-1 ]iC
]icorr(xﬂy):M x . (3)
’ ]iG
]iT
B coornomennn (3) 7, . (X,y) — CKOpPpPEKTHPOBaH-

HOE CyMMapHOe 3Ha4YeHHE WHTEHCHBHOCTH CHTHala
KJacTepa ¢ KOOpJUHATaMu X U y. Jyis pemenus nan-
HOMH 3a/1a4¥ TIepBOHAYAIBHO HEOOXOMMO OIPEIEeIHTh
3HaueHHs BceX KOA(P(HUIIMEHTOB MAaTPHIIBI TepeKpe-
CTHBIX TIOMEX.

ITOITAPHBIE I'PA®UKN PACCEMBAHMA
NMHTEHCHBHOCTEU

[lo naHHBIM M3MEPEHHBIX 3HAYEHUN CHUTHAJIOB
(bayopeceHINM BO BCEX UeTHIpeX KaHamax, Gpopmmu-

B coornomennu (1):

-1 (X,y) — cymMma H3MepeHHBIX 3HAYEHUH HH-
TEHCHMBHOCTH BO BCEX KaHalax B IHMKCEIE C KOOPIH-
HATaMM X U ),

—1,, 1., I, I, — U3MepEHHBIC YUCThIC 3HAYE-
HYSl MHTEHCUBHOCTH B KQ)KJI0M KaHaJle,

b,, b., by, by — 3Hadenus Qona B II3C-
MaTpHIIE.

B ciyuae Hanu4Ms MepeKpeCTHLIX OMEX CyMMap-

Has MOMEPEHHas MHTEHCUBHOCTE yXKe He OyJeT cooT-

BETCTBOBaTh MHTEHCHBHOCTH CHTHAJIA TOJIBKO B OJ-
HOM KaHaje, Mpu 3TOM cooTHomenue (1) mpumer Buj

2)

]A bA ]A bA
I b I b
Cle| Cl=Mx| |+ . (2)
IG bG IG bG
]T bT ]T bT

PYIOTCSI TaKk Ha3bIBaeMbIe MONIAPHbIE TpaMKU pacceu-
BaHUs MHTeHcUBHOCTU. Ha puc. 2 u puc. 3 npencras-
JIEHBI COOTBETCTBEHHO Maphl KaHamoB C—A U KaHaJIOB
T-G. I'padpuxu map xkanano G—A, T-A, u apyrux He
NpEACTaBJIEHbl, T.K. HCKAXEHHS HWHTEHCHBHOCTEH
CUTHAJIOB (DIIyOpECLEHLIMN H3-32 HAJOKEHHs CIeK-
TPaJIbHBIX COCTaBJIIIOLIMX B 3THX KaHaJax MpaKTHie-
CKH OTCYTCTBYIOT.
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Puc. 2. 3aBUCHMOCTh MHTEHCHUBHOCTEH CHUTHAIOB (IIyo-
pecueHmuy B kaHate C OT MHTCHCHBHOCTEH CHTHAJIOB
¢uryopecieHIIMH B KaHale A.

BensiM KOHTYpOM BbLIeNieHa 00JacTb JAHHBIX, KOTOpas
UCIIONB3YeTCs IS ONPEeAeeH:s] apaMeTpoB JIMHUU per-
peccun

HAVYYHOE I[TPUBOPOCTPOEHME, 2025, Tom 35, Ne 2



KOPPEKIIVA ®JIIYOPECHEHTHBIX CUI'HAJIOB 23

280 T ! T T T T
200

150

channel T

so |- A

i i
150 200
channel G

350

Puc. 3. 3aBUCHMOCTh MHTEHCHBHOCTEW CHUTHAIIOB (IIyo-
pecueHIMM B KaHasie T OT CHTHAJIOB (hIIyopecueHIUH
B KaHaie G.

BensiM KOHTYpOM BbIIeIeHa 00JAaCTh JAHHBIX, KOTOpas
UCTIONB3YeTCS IS ONpEeNeNIeH s TapaMeTPOB JIMHUH Per-
peccun

Kaxngprit n3 aByx rpadukoB dopmupyercs cie-
OYIOIMM 00pa3oM: MO OCH aOCIHCC OTKIIaIBIBAETCS
3HAQYeHWE WHTEHCHBHOCTH CHTHaja (IyopeceHInN
KJacTepa ¢ KOOpIMHATAMHU X; U ); B OJHOM KaHale,
a 1Mo OCH OpJMHAT OTKJIAJbIBaeTCs 3HaYCHHE MHTEH-
CHBHOCTH CHUTHasa (hIyOpecleHIMN B 3TOM K€ IHK-
ceie, HO yXe B IpyroM KaHaJe;

OdeBrHO, 9TO HAaMOOIbIIee 3HAYEHNE HHTEHCHB-
HOCTH B KJIacTepe ¢ KOOpAWHATAMH X; U y; OyJer Ha-
OmoaThCcs B KaHAJIE TIOJIE3HOT0 CUTHaNa. Takum 00-
pazoMm, W3 Bcero HaOopa IaHHBIX, OTOOpPaKaeMBIX
Ha TIOMapHOM Tpaduke paccerBaHUs, OTYETIHBO
(bOpMUpYIOTCS J1BE TPYIIIBI, IS KAXKJ0H U3 KOTOPBIX
TOJNIE3HBIN CHTHAJ OTHOCHTCS TONBKO K OIHOMY
U3 JIByX KaHAaJIOB.

AJI'OPUTM OLIEHKU KOOODUIIMEHTOB
MATPHULBI IIEPEKPECTHBIX ITOMEX
N ITOCJIEAYIOIIEN IBETOKOPPEKLINN

e Brigenenne o0nacTy AaHHBIX MHTEHCUBHOCTEH
O0OHapyXEHHBIX KJIACTEPOB, KOTOPbIE MCKa)KEHBI SIB-
JICHWEM MEepEeKPECTHBIX IOMEX, IIyMOM, BBIOpocaMu
u T.11. JlaHHas o0yiacTh MCHOIB3YeTcs AJsl olperese-
HUS TTapaMeTpOB JTMHUH perpeccuu [6].

e OueHKa MaTPHUIBI IEPEKPECTHBIX TOMEX IIyTEM
JTWHEWHOH perpeccuy JaHHBIX MOMapHBIX TPpa(UKOB.

e Brmuuncienne o0paTHOW MaTpPHUIBI K MaTpUIlE
MEPEKPECTHBIX IIOMEX.

e [lpumenenue HaiimeHHOW OOpaTHOW MaTPHIIBI
K HCKa)XCHHBIM IEPEKPECTHBIMU MOMEXaMH JaHHBIM
MOMAPHBIX IPa)uKOB pacceUBaHUS.
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OCHOBHbIE ®YHKIIJY [TPOTPAMMBI,
PEAJIN3YIOLIEN AJITOPUTM
LIBETOKOPPEKIIMH

Obwas xapakmepucmuxa

Ilepen peanuzaumell airopuTMa LBETOKOPPEKIIMHU
B cpele pa3paboTKy IporpaMM HEOOXOIUMO CeNaTh
HECKOJIBKO YTOYHEHHH, KacaloUIMXCS IPUMEHEHHUS
storo anroputMa k AIIK Harodop CIIC. BxogasiMu
JAHHBIMU AJITOPUTMAa LIBETOKOPPEKIMH SIBJISIETCS Mac-
CHB HMHTEHCHBHOCTEH OOHapyXEHHBIX CHTHAJIOB
¢iyopecieHLny, MOMYyYeHHBIX B KilacTepax ¢ KOop-
IUHATaMM, COOTBETCTBYIOILMMH KOOpAWHATaM IIad-
moHa [3]. [na mocTpoeHHMs mabliOHAa WCHOIB3yeTcs
aJTrOpUTM, OCHOBAHHBI Ha CBEPTKE CO BTOPOM IpoO-
W3BOJIHOM ABYMEPHOIO raycCcoOBOro nuka. B pesynbpra-
T€ NMPUMEHEHHs aIrOpUTMa CBEPTKU M3 OOHApy)KeH-
HBIX CUTHAJIOB (DJIyOpPECLEHLMH NPaKTHUECKH YAas-
erca ¢oH [5]. B xone ommcaHus anropuTtMa KOppek-
LMY NPEeXae BCero Oyaer pacCMOTPEHO B3aMMOBIIHS-
Hue kananoB A u C. 3arem OymeT pacCMOTPEHO B3au-
MoBnusHue kKaHaioB G u T. B cBs3u ¢ 3TUM OKOHuYa-
TeNbHBIE BXOAHBIE NaHHbBIE IPEACTaBICHBI B BHIE
JIBYXCTPOYHOI'O MaccuBa JKCIEPUMEHTAJIbHO IIOJIY-
YEHHBIX 3HAY€HWH MHTEHCUBHOCTEH B KaHanmax A u C.
IIpn sToM 00LIyIO 3a7ady LIBETOKOPPEKIHU MOMKHO
npuBecTy U3 Buaa (3) B Bux (4):

I
]i,corrAC(xi'y):MAC_l>< ]IA B (4)
iC
M. - I w, s
=l 1k 5)
Wai

OueBHIHBIM CTAaHOBHUTCSI (AaKT, YTO BBIXOJHBIMH
JAHHBIMU aJrOPUTMA SBJSIETCSI ABYXCTPOUYHBIH Mac-
CHB OTKOPPEKTHPOBAHHBIX BXOIHBIX AaHHBIX. OOmas
KOHLIEILIHS aJIrOPUTMa 3aKIII0YaeTCs B CIIELYIOLIEM.

e Cozganmue TOANPOTpaMMBI, BBIIENSIONIEH 00-
JIACTU JaHHBIX UHTEHCHBHOCTEH OOHApy>KEHHBIX KJla-
CTEPOB, KOTOPbIE UCKAXKEHBI SIBJICHUEM IIEPEKPECTHBIX
MMOMeX M YCTPaHSAMIIEH BIMSHWAE IIyMOB W 0a30BOM
nuann — "BuildPre".

e (Co3maHue HOANpPOrpaMMbl AJsl OLEHKH yIJa
HaKJIOHA IOJIMHOMA JIMHEHHOW perpeccuy BXOIHBIX
naHHbIXx — "SlopeEstimateN".

e Peammzarms momHOro anroputMa (COBMECTHOM
pabotsl "SlopeEstimateN" u "BuildPrc").

e HaxoxneHue KoppekTupyromeid Matpuubl M
¥ ee Ipeodpa3oBanue B 00paTHyI0 MaTpuiy M .

e lrorosoe TecTMpOBaHUE ANTOPUTMA C HCIIONb-
30BaHWEM pedepeHTHOro TeHoMa OakTepuodara
Phix 174.
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Iloonpoepamma "BuildPrc”

OcHOBHOE Ha3HAYCHUE AAHHOU MOIIPOrpaMMBbl —
(¢bopMHpOBaHHE BEKTOpPAa IAaHHBIX, KOTOPbIE MOIYT
OBITH UCIIONIB30BAHbI Ul BBIUKMCICHUS YIJIIOBOTO KO-
a¢urmenTa HaKJIOHA JIMHUU PErpecCr.

OtoT BeKkTOp (popMupyeTcss M3 BEKTOpa BXOTHBIX
JAHHBIX, HCKAKEHHBIX IE€PEKPECTHBIMH IOMEXaMH,
LIyMOM U APYIMMH MELIAOIMMH MO0JIe3HOH HH(Op-
Maruu Qaxtopamu. CoriacHO AaHHBIM padoTH [6],
KJacTepsl (MMHMKCENH), 3HaYeHWe WHTEHCHUBHOCTH KO-
TopbIX HIKE 60-ro m Bbie 90-ro mpoueHTUsIeH, He
MOT'YT OBITh MCIIOJB30BAHBI JUII KOPPEKTHOW OLIEHKU
yrinoBoro kodddummenta. [losToMmy, 9TOOBI OIEHHUTH
YHCTOE BIMSHHE MNEPEKPECTHHIX INOMeX O0e3 IMocTo-
POHHEr0 IIyMa, KJIacTephl C MOAXOAALIMMU IO KpPH-
Tepuil mymMa M OPyrux Memaromux (GakTopoB 3Haue-
HUSIMM HMHTEHCHUBHOCTU JOJDKHBI OBITH  yIaJIeHBI
13 BEKTOpPA BXOJIHBIX JAHHBIX. JTO M peanu3yer Moi-
nporpamma "BuildPre". Ilocne ymamenus "mmoxmx"
KJIaCTEPOB Y4aCTOK 3HA4YeHUI MHTEHCHBHOCTH B Ka-
HaJle MOJIe3HOr0 CHrHajla pa30MBaeTcs Ha HECKOJIBKO
paBHBIX MHTepBaioB (OMHOB). B Kakmom mHTEpBaie
(bune) Oepercst cpemHee 3HAYeHHWE HWHTEHCHBHOCTH
[0 OCH KaHaja IOJIE3HOTO CUTHajla U MUHHMaJbHOE
10 OCH KaHaja Mapa3uTHOTo CUTHamna [6]. 1o u ecTh
3HAQYEHHSI MHTECHCHUBHOCTEH B BEKTOPE, KOTOPBIA n1a-
Jee  moaBepraercs  00paboTKe  MOMIporpamMMmon
"SlopeEstimateN".

Ha puc. 2 u puc. 3 6enbiM KOHTYpOM BBIJI€IEHBI
JaHHBIE, KOTOPbHIE HCHONB3YIOTCS Ul ONpenereHus
[apaMeTpOB JINHUM PErPECCUU.

Ha puc. 4 npencraBnena nmuHus perpeccun (IyHK-
TUpHAsl JIMHUS), MOCTPOEHHas IIOCie MPOLEAYPHI
OLIEHKH TIPOIIEHTHIIEeH, pa3OneHns Ha UHTepBabl (Ou-

20 ; ; ; ; ‘ g

channel C

i i i i
40 80 100 120 140 160 180
channel A

Puc. 4. Jluaus perpeccuu (ITyHKTHPHAS JINHUSA), TOCTPO-
€HHasl 1I0CJIe BBIIETICHHS JaHHBIX C IOMOIIBIO MOANPO-
rpamMbl  "BuildPrc" i naHHBIX, NIPEACTaBIEHHBIX
Ha puc. 2.

HBI) U HaXOXKJIEHHS MHUHUMYMOB B 3THX HMHTEpBanax
¢ momotnkto oanporpaMmsl "BuildPre" mis maHHBIX,
MIpeJCTaBIIEHHBIX HA puc. 2. Jlmanua perpeccun Obina
noctpoeHa no 100 Toukam, KOJUYECTBO KOTOPBIX CO-
OTBETCTBOBAJIO KOJIMYECTBY WHTEPBAJIOB (OMHOB).

VYrioBo#t k03(pPHUIHEHT — TaHTEeHC yrila HaKJIOHA
JIMHUU PErpeccHuu, NPeACTABICHHON Ha pucC. 4, paBeH
0.6032, U, COOTBETCTBEHHO, yroJ HAaKJIOHA ¢ PaBEH
0.5428 pan. Jlamee B moamporpamme "Slope-
EstimateN" ¢ momompio mMatpuisl moBopora MrRt
(6) TTpom3BOAMTCS TMOBOPOT BEKTOpA JAaHHBIX, MOIY-
yeHHbIX B moanporpamme "BuildPre", ma yronm Ha-
KJIOHA ¢ T10 YaCOBOH CTpeiKe:

MrR¢ = co.s(a) sin(a) . ©6)
—sin(a) cos(x)

Pe3ynpTaT noBopora npencraBieH Ha puc. S.

Iloonpoepamma "SlopeEstimateN"

JlaHHas moAmporpaMma SIBISETCS 1O CYTH SIIPOM
anroputMma. Ee ocHOBHOE Ha3HAYeHHE — ITOUCK YTJII0-
BOro Kod(¢uIMeHTa BEKTOpa BXOAHBIX JIaHHBIX,
K KOTOpOMY TIpUMeHsieTcs JTuHelHas perpeccust (7):

N
D (y,—ax,—b)’ ->min,_,. (7)
i=1

[lonck yrnoBoro kod¢duIHEeHTa MPEACTaBIIIET
co00# UTEPAIMOHHYIO TIPOLIEAYPY MPHOIIKEHHS yTiia
HAaKJIOHAa JHMHUHM PErpeccuu K HYJEBOMY 3HAUYEHHIO.
B kaxa0i uTepaliu BEIYUCISETCS] MaTPULIA TIOBOPOTA
Ha yronr a — MrRt (6), xoropass oOHOBIIsIETCS B Ka-
JKIOU UTEepaluu; o — yroJl MEXIY JIMHUEH perpeccuu
Y TOPU30HTAIBHON OCBIO.

channel C

40 60 80 100 120 140 160 180 200
channel A

Puc. 5. /lannbpie (0) u jauHUS perpeccuu (ITyHKTUPHAS
JUHAA), TIOKa3aHHBIE HA pHC. 4, U NaHHBIE (TOYKH), JIU-
HUS perpeccuu (CIUIONIHAS JTMHHSA), MOTyYeHHbIE MOCHe
MIOBOPOTA Ha yrodl o.

HAVYYHOE I[TPUBOPOCTPOEHME, 2025, Tom 35, Ne 2
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IToBOpoT Ha yromn o SBJSIETCS] MEPBBIM ILIATOM HTe-
PalMOHHOTO MPOLEcca, KOTOPBIN BBIIONHSAET IOAIPO-
rpamMa "SlopeEstimateN". Cnexytommm marom 3To-
ro UTEPAaLMOHHOIO Ipolecca SBISIETCS OLEHKa yria
HaKJIOHA o TOJYyYEeHHOW JIMHUM perpeccun. Hampu-
Mep, ISl TMHUU PETPECCHM, IOKA3aHHOM BHU3Y pHC. 5
(crimorHast TUHES) YTIIOBOW KO3(UIMEHT — TaH-
re’c yria HaksioHa paBeH 0.0342 u, COOTBETCTBEHHO,
yron HakioHa a; paBeH 0.0342 pax. 3atem yriel a
U ) CKJIaJbIBAIOTCS M OCYILECTBISIETCS MOBOPOT
Ha CyMMapHBbIi yroJ, 3HaueHne KOTOporo NprcBanBa-
ercsi nepeMeHHol oa. [lamee moamporpamma
"SlopeEstimateN" nponomkaer UTepallioOHAYIO TPO-
Lenypy, OCYIIECTBIISSI IOBOPOTHI, BBIYMCIECHUS TaH-
TEHCOB YIJIOB HAKJIOHA, 3HAa4YE€HWH CaMHUX YIJIOB
U CyMMBbI 3HaU€HHUS YIJIa, TOJy4EHHOI0 Ha 0YepeHOM
miare UTepanuy, CO 3HAYEHHEM YIJIA, MOIYyYeHHOI'O
Ha IpeablIylIeM Lare ¢ y4eToMm 3Haka. Mrepanuos-
Has IpoLeaypa 3aKaHuMBaeTcs Mocje Toro, Kak abco-
JIIOTHOE 3HAa4YeHUE TAHI'€HCA YIJla HAaKJIOHA HE CTaHeT
MeEHbIIIEe 3aIaHHOTO TOPOroBoro 3Hadenws (th). Hpy-
MM IapaMeTpOM OKOHYaHHUS HTEPAlIOHHOIO Mpo-
1ecca sSBISETCS. KOJINYECTBO BBHIIOIHEHHBIX UTEPALUi
N. Jlns paccmatpuBaeMoro mpumepa th = 5 - 107,
aN=8.

[Tony4yeHHbld TOCHIE HUTEPALUOHHOW HPOUEAYPHI

TaHTEHC YTJIa HaKJIOHa SABJIACTCA 3JIEMEHTOM W21

HCKOMOM MaTpuLbl Mjc.
JUist HaxoXKJIEHUs 3JIeMeHTa W, HCKOMOW MaTpH-

bl Mac (5), T.e. JUIA OLIEHKH TMEPEeKPECTHBIX MOMEX
n3 ka"aja C B kaHall A JOJDKHA CTPOMTHCS €lle OfHA
perpeccus, Ui KOTOPOM TaKkKe HCIIOIb3YIOTCS pac-
cMmotpennbie moanporpammer "BuildPre" u "Slope-
EstimateN". B xadecTBe BXOJHBIX JTAHHBIX HCIIONb-
3yercsl 3aBHCHMOCTb WHTEHCHBHOCTEH B KaHaie A
OT MHTEHCHBHOCTeH B kaHaie C, a He 3aBHCUMOCTb
WHTeHCHBHOCTeW B KaHame C OT WMHTEHCHBHOCTEH
B KaHaJIe A, Kak MmpezcTaBieHo Ha puc. 2. To ecTs To,
910 OBUTO (pYHKIHIEH, CTaJI0 apryMeHTOM, a TO, YTO
OBUTIO apryMeHTOM, cTano (yHKIHeH. 3aBHUCUMOCTh
WHTEHCUBHOCTE B KaHalle A OT WHTEHCUBHOCTEH
B kanane C mpezncraBieHa Ha puc. 6. beiapiM KOHTY-
POM IOKa3zaHa 00JacTh NAaHHBIX, KOTOpas HCIOJIb3Y-
eTcsl 1711 OLIeHKU IIapaMeTPOB JIMHUU PErpecCcHH.

C momompro moamporpamM "BuildPre" u "Slope-
EstimateN" Oput HalieH yriaoBoi K03 UIHEeHT JH-
HUU Perpeccuu Uil AAaHHBIX, BbIIEICHHBIX O€nbIM
LBETOM Ha puc. 6, 3HaU€HHE KOTOPOr'o SIBJISETCS 3Ha-

ueHueM Kodpuimenta W, . [l paccMaTpuBaeMoro

npumepa Wy, = 0.0421.

Takxum 00pa3om, Tereph M0 U3BECTHBIM AJIEMEHTaM
MaTpuibl Muc MOXHO HaWTH OOpaTHYIO MaTpHILy
M. M PaccyumTath OTKOPPEKTUPOBAHHBIE 3HAUEHHS
WHTeHCHBHOCTeW B KaHaiax A u C o popmyie (4).

HAVYYHOE ITPUBOPOCTPOEHME, 2025, Tom 35, Ne 2
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400f -

604

chammel C

Puc. 6. 3aBUCHMOCTbh MHTEHCHBHOCTEW CUTHAIIOB (prryopec-
LIEHI[UM B KaHale A OT UHTEHCUBHOCTEH CHTHAlOB (hiyo-
pecuenmmu B kanaie C.

BensiM KOHTYpoM BBIZENieHa 00JAacTh JAaHHBIX, KOTOpas
WCTIONB3yeTCS Ul OINpEeNeNieHHs] TapaMeTpoB JIMHUK Per-
peccuun

OTOBPAXXEHHE PE3VYJIbTATOB
[IBETOKOPPEKLIMN JJJIs1 KAHAJIOB A-C 1 G-T

OTKOppeKTHpPOBaHHBIE JTAHHBIE I KaHAJIOB A
u C mpezacTaBieHbl Ha puc. 7.

Mp1 paccMOTpeny KOPPEKIUIO BIMSHUS MEpeKpe-
CTHBIX TIOMEX Ha MHTEHCHBHOCTH CHUTHAJIOB (hiryopec-
nennuu B kaHainax A u C.
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Puc. 7. 3aBUCUMOCTh MHTEHCHBHOCTEW CHrHAJOB (hiyo-
pecueniun B kaHame C OT MHTEHCHBHOCTEH CHTHAJIOB
¢ryopecueHINM B KaHalle A TOCIe KOPPEKUUH BIUSHUS
MIEPEKPECTHBIX MTOMEX.
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Puc. 8. 3aBHCUMOCTh UHTEHCUBHOCTEH CHUTHAIOB (Iyo-
pecueHuMM B KaHajse T OT MHTEHCUBHOCTEH CUTHAJIOB
¢ryopecuiennmu B kanane G mocie KOPPEKIUH BIUSHUS
MIEPEKPECTHBIX ITIOMEX.

Koppekuus BIusiHUS NEPEKPECTHBIX TIOMEX Ha WH-
TEHCHBHOCTH CHUTHAJIOB (hIyopeciieHnny B KaHanax G
n T Ipon3BOANTCS aHAJIOTUYHO C MOMOIIbIO PACCMOT-
pernbix Beime nognporpamM "BuildPre" u "Slope-
EstimateN". OTkoppekTupoBaHHbIE AaHHBIE I Ka-
HanoB G u T npezncraBieHbI Ha pHC. 8.

MBI paccMOTpenu npouenypy KOppeKLuy BIUsSHUS
MEPEeKPECTHBIX ITOMEX Ha 3HAUY€HHS MHTEHCHBHOCTEH
curHaioB ¢ayopectennnn B kananax A—C u G-T mis
PE3y/NbTaTOB U3MEPEHUM B OAHOM LIMKJIE. AHAJIOTHY-
HO IIPOM3BOIATCSA KOPPEKLMH BIUSHUS NIEPEKPECTHBIX
MOMEX IIOCIJIENOBATENbHO BO BCEX LUKJIAX SKCIEPH-
MEHTAa.

30

20

1234567889 11 13 15 17

19 21

23 25 27 29 3
Homep mmna

ITo OTKOPPEKTHPOBAHHBIM 3HAYCHUSM HHTCHCHB-
HOCTEll CHTHAJIOB (hIyOpecleHIUH ¢ MOMOIIBI0 TPO-
nenypsl "BaseCalling" u mporpamMHOro obecrede-
HUsSL COOPKHM TE€HOMa CTPOHTCS IOCIIEI0BATEIHHOCTh
OyKB HYKJICOTHJIOB JIJISl ICCTIEIyeMOI TPOOBI.

CpaBHUM pe3ynbTaThl COOPKH T€HOMA LTSI MCXOI-
HBIX ¥ OTKOPPEKTUPOBAHHBIX HA BIIHMSHHE MEPEKPECT-
HBIX TIOMEX M3MEPEHHBIX WHTEHCHBHOCTEH CHTHAJIOB
(bayopecteHnum.

CPABHEHUE PE3VYJIbTATOB CBOPKI
I'EHOMA JIUI1 OTKOPPEKTMPOBAHHBIX
N HEOTKOPPEKTHMPOBAHHbBIX JJAHHBIX

COopka reHoMa M OIEHKAa €€ XapaKTePUCTHK IS
HCXOIHBIX ¥ OTKOPPEKTHPOBAHHBIX Ha BIIMSHHE IEpe-
KPECTHBIX TIOMEX M3MEPEHHBIX WHTEHCHBHOCTEH CHT-
HaJoOB (hIyopecueHINH MNPOBOAMIACH C ITOMOILIBIO
mporpamum "Ugene" u "Qualimap". C momomipio 3Trx
nporpaMM ObUT ONpeneNeH HMPOLIEHTHBIN COCTaB Co-
nepxanus HykineotuaoB A, C, G u T B mpo0e, comep-
xamieii reHom Oakrepuocdara Phix174. Dror reHom
coiepkuT 5386 HYKJICOTUIOB C U3BECTHBIM MPOLIEHT-
HBIM COZAEPKaHUEM Ka)KIOro M3 HYKJIEOTHIOB. DTOT
T€HOM SIBJIETCS CTAaHAAPTOM JISl IPOBEPKU MOJIydae-
MOH B CEKBEHATOpaxX T€HETHYECKOM ITOCIEAO0BATENb-
HoctH. CozeprkaHue OTIENbHBIX HYKIEOTHIOB B 3TOM
reHome cnenytomee: A — 24.0%, C — 21.5%, G —
23.3%, T — 31.2%. [10]. B pe3ynbraTe 3KCIIEpUMEH-
Ta OLEHKH IPOLIEHTHOTO COAEP’KAaHUSI HYKJICOTHIOB
[0 WHTEHCHUBHOCTH CUTHAJOB ()IyopecueHLuu, A
KOTOpBIX ObljIa BBINOJIHEHa KOPPEKTUPOBKA BIIMSHUS
MEPEKPECTHBIX IOMEX [0 PACCMOTPEHHOMY BBIILIE aJl-
TOPUTMY, IPOLIEHTHOE COJEpKaHUE HYKJICOTHIOB I10-
nyunioch cienyroomee: A — 23.5%, C — 21.5%,
G — 23.6%, T — 31.4%, 4TO COOTBETCTBYET CTaH-
naptHoMmy reHomy Phix 174.

33 35 37 39 41 43 45 47 48 51 53 55 57 58

Puc. 9. IIporiertHoe comepxanne HykineotuaoB A, C, G, u T B 3aBHCHMOCTH OT HOMEpa IUKJIa H3MEPEHUI B CEKBEHA-
TOpE IPH MPUMEHEHUH aJITOPUTMa KOPPEKLIUMH HAJIOXKEHHS CIIEKTPAIbHBIX IOJIOC.
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Puc. 10. Ilpouentrnoe conepxanne HykiaeoTunoB A, C, G, u T B 3aBUCHMOCTH OT HOMepa IUKJIa H3MEPEHUH B CEK-
BeHaTOpe 0e3 MPUMEHEHHUS AJITOPUTMa KOPPEKIIMHU HAJIOKEHHUS CIIEKTPAIIBHBIX MOJIOC

Ha puc. 9 npeacraBieH pe3yapTaT MPOLIEHTHOTO
COZIep’KaHUs OTAEIBHBIX HYKJICOTHIOB JUISI HCXOIHBIX
JAHHBIX MHTEHCHBHOCTEH CHUTHAJIOB (IyOpecLeHIUH,
KOTOpBIE IOJBEPrajiiCh KOPPEKTHPOBKE Ha BIHSHHUE
nepekpecTHbix noMex. Ha puc. 9 mokasaHo nmpoueHT-
Hoe comepkanne HykieotuoB A, C, G u T B 3aBucu-
MOCTH OT HOMepa IIMKJIa U3MEPEHUH B CEKBEHATOPE.

Kak BUIHO M3 JaHHBIX, IPEACTABICHHBIX Ha pU-
CYHKE, IPOLIEHTHOE CYyMMapHOE COZEpKaHUE HYKJIEO-
tiaoB G u C IpaKkTUYecku BO BCEX MHKIIAX MPUOIH-
3UTENBHO cocTaBisieT 44%, 4TO COOTBETCTBYET CO-
JepKaHUIO 3TUX HYKIIeoTH0B B cTaHAapTe Phix174.

Ha puc. 10 npencraBieH pe3ynbTar onpeAeieHus
MPOLIEHTHOTO COZIEP)KaHUS OTAEIBbHBIX HYKICOTHIOB
IVl JAHHBIX MHTEHCHBHOCTEH CHTHaloB Quryopec-
LEHLINN, U1 KOTOPbIX He Obula IPOBEJEHA KOpPPEK-
TUPOBKA Ha BIUSHHUE IEPEKPECTHBIX IOMEX IO pac-
CMOTPEHHOMY BBIIIIE aJITOPUTMY.

Kak BUIHO M3 HaHHBIX, IPEACTABJICHHBIX Ha pU-
CYHKE, IPOLIEHTHOE CYyMMapHOE COAEpKaHUE HYKJIEO-
0B G 1 C MpakTHYeCKH BO BCEX IUKIIAX IMPEBHIIIa-
er 65%. OToT dakT cBUAETENLCTBYET O TOM, YTO MH-
TEHCHBHOCTH CHUTHAJIOB (pryopecrieHIny B kaHaie C
ObUIM MCKa)KEHbl MHTEHCUBHOCTSIMH CHTHAJIOB (IyoO-
pecueHuy B KaHaie A.

CpaBHeHHE Pe3ysIbTaTOB, IPEICTaBICHHbBIX HA pHC. 9
n 10, mokaspBaer 3P PeKTHBHOCTh TPUMEHEHHS pac-
CMOTPEHHOT'0 aJIrOpUTMa.
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Crnemyer OTMETHTB, YTO HMCIOJIB30BAaHHE KOPPEK-
MW TIEPEKPECTHBIX TIOMeX obierdaer HaMm (hopMupo-
BaHHE OOydJaromied BHIOOPKH TIpH MPUMEHEHHH Ma-
IMAHHOTO OOYyYeHUs B MPOTPaAaMMHOM OOecredeHrun
cexBeHatopa Hanodop CIIC [4, 11]. B atom cimyuae
napaMeTpbl MOJelield CTAHOBSITCS MEHEe KOppermupo-
BaHHBIMHU. C PYTroil CTOPOHBI, MBI MOJKEM BO3JIOKHTH
caMy KOPPEKIHIO Ha METO/Ibl MAIIMHHOTO 00Y4YeHHSI.

BBIBOJIbI

1. SIBneHue nepekpecTHhIX MOMEX MPU U3MEPEHU-
SIX CHUTHAaJOB (pIIyopeceHIN MPUBOIUT K OIMHO0Y-
HBIM OLIEHKaM BEJIMYMH WHTEHCHBHOCTEH CHIHAJOB
B COCEIHUX KaHAJlaxX CEKBEHAaTOpa, MCKaXAIOLINX I10-
CIIEAYIOIIYI0 HACHTH(UKaLNI0 OyKBEHHOro Koza
HYKJICOTH .

2. Jlns KOppEKUMH OLIMOOYHBIX BEIMYMH WHTCHCHB-
HocTell (DITyOpECLEHTHBIX CUTHAJIOB HEOOXOAMMO OImpe-
JIEJIUTh MAaTPULLy TIEpEKpPecTHhIX noMmex. Ha ocHoBe atoi
MAaTpHLbl ONpEAesieTcs: o0paTHash MaTpHUIA, HCHOIB30-
BaHUE KOTOPOW IO3BOJISIET CYLECTBEHHO CHHU3HUTH BIIMSI-
HHE HAJIOKEHWS CHEKTPAJIbHBIX IOJIOC Ha TOYHOCTh
OLICHKH M3MEPEHUI CUTHAJIOB ()IIyOpECLICHLINH.

3. ANroput™M HaxOXICHHS 3JIEMEHTOB MaTpHLbI Iie-
PEKPECTHBIX ITIOMEX BKJIFOUYAET CIICAYIOIINE OEPaLHN:

a) ¢ momortpto oreHkrn 60 u 90 TporteHTHITeH on-
penensiercst Auarna3oH BEIMYMH MHTEHCHBHOCTEH
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CUTHAJIOB (pIyopecLeHIIMM B KaHajle, KOTOpbIe
HCKa)KalOT BEJIMYMHBI MHTEHCHBHOCTEH B COCEN-
HEM KaHaJle M3-32 SIBJICHUS HAJOXKECHMS CIIEK-
TpaJIbHBIX I10J10C;

0) TOy4YeHHBIH IMana3oH BEJIMYMH HHTEHCHBHO-
CTell CUTHAJIOB pa3OMBaercs Ha Psi PaBHBIX HH-
TEpBaJIOB;

B) B K&)KJJOM MHTEpBaJIC HAXOANUTCS MUHUMAJIbHAS
HMHTEHCUBHOCTB;

I') IOJyYEeHHbIE 3HAaYEHUs] MUHIMYMOB B Ka>KIOM
HMHTEpBaJIe UCIIOJIB3YIOTCS sl IOCTPOCHUS JIU-
HUU PErpeccruu B UTEPALIMOHHON NPOLENyPE;

1) HAXOJUTCS YTIIOBOH KOA(PHUITMEHT, KOTOPBIit
SIBJISICTCSI 3JIEMEHTOM MAaTpHUIBbl IEPEKPECTHBIX
MOMeX.

4. SIBneHue MepeKpecTHhIX NMOMEX B CEKBEHATOPE
Hanodop CIIC nckakaer BeTUIMHBI UHTEHCUBHOCTH
TONBKO B ABYyX mapax kaHanoB: A—C u G-T. B npy-
TUX Mapax KaHanax, Takux kak A-G, A-T, C-G, C-T
U T.Il, UCKaXEHHS BEIMYMH HMHTEHCHUBHOCTEH M3-3a
SIBJICHUSI NIEPEKPECTHBIX MOMEX HPAKTUYECKH OTCYT-
CTBYET. DTO OOCTOSITEIHCTBO MO3BOISET ST KOPPEK-
WU BJIMSHUS SIBJICHUSI NEPEKPECTHBIX IIOMEX YIPO-
CTUTh MaTpPHUILy IEPEKPECTHBIX MIOMEX U HCII0Ib30BATh
JIBE MaTpHUIBI pasMepoM 2 X 2. OmHy MaTpHIly it
KOppEeKIIN HMCKakeHWH B kaHamax A—C, a Ipyryro
s kaHanos G—T.

5. Pe3ynpTaT I€HETHUYECKOro aHalv3a CTaHIapTa
Phix174 nmpu ucmons30BaHUM WHTEHCHBHOCTEW CHT-
HaloB (UIyOpeCUEHIMH, HE CKOPPEKTUPOBAHHBIX
Ha BJIMSIHUE TIEPEKPECTHBIX MOMEX, II0Ka3ajl, 4To Mpo-
1eHTHoe cojepxkanue HykineotnnoB C u G cymect-
BEHHO MCKa)KEHO, TOTAa KaK AJIsl CKOPPEKTUPOBAHHBIX
WHTEHCUBHOCTEH MPOLIEHTHOE COAEp)KaHHE HYKIIEO-
tug0B C 1 G COOTBETCTBYET CTaHIAPTY.

6. Meronbl KOppeKIuu (IIyOpecieHTHBIX CHTHa-
JIOB, MCKa)XKeHHBIX d(dexramu (aszupoBanus / nmpeda-
3upoBanus (phasing/prephasing), B HacTosmei pabo-
Te He OBIIM PacCMOTPEHBI, XOTS 3TH METOIbl TAKKE
OCHOBaHBI Ha OLEHKE MapaMeTPOB JAHHBIX C IOMO-
b0 JUHEHHOU perpeccun. Ilpeamonaraercs pac-
CMOTPEHHE 3TUX METO/O0B B CIeyoIel padore.

Paboma evinonnena ¢ MAIl PAH 6 pamkax I'ocydapcm-
seHHoeo 3adanus 075-01157-23-00 Munucmepcmea nayxu
U 8vICULe20 0OPA3OBAHUAL.
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CORRECTION OF FLUORESCENT SIGNALS DISTORTED
BY OVERLAPPING SPECTRAL BANDS
IN THE "NANOFOR SPS" SEQUENCER

V. V. Manoilov, A. G. Borodinov, A. Ya. Loginov,
A. L. Petrov, 1. V. Zarutsky, V. E. Kurochkin

Institute for Analytical Instrumentation of RAS, Saint Petersburg, Russia

An important stage in the technology of massively parallel sequencing of nucleic acids is the process of mea-
suring fluorescence signals. The spectral composition of the fluorescence signal carries information about the
type of the fluorescence object (nucleotide) included in the DNA sample analyzed by the sequencer. The more
nucleotides are correctly recognized during the reading process, the more accurate the result of reading the en-
tire genome will be. The phenomenon of overlapping spectral components of the fluorescence signals of nucleo-
tides A, C, G and T (cross-talk) is one of the negative factors that prevents reliable reading of the genome.
To combat this phenomenon, a color correction algorithm is needed. This algorithm is decisive in determining
the type of nucleotide located in these coordinates (cluster) in a given reading cycle. The paper considers a color
correction algorithm that allows one to determine a crosstalk matrix using the linear regression method. Based
on this matrix, an inverse matrix is determined, the use of which allows one to significantly reduce the influence
of spectral band overlap on the accuracy of fluorescence signal measurement evaluation. The algorithm has been
tested on experimental data and has shown high reliability of the results.

Keywords: nucleic acid sequencing, mathematical data processing, crosstalk phenomenon, crosstalk matrix, linear
regression, least squares method nucleic acid sequencing, mathematical processing and classification of multivariate data,
principal component analysis, machine learning
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INTRODUCTION

The Institute of Analytical Instrumentation of the
Russian Academy of Sciences has developed the first
domestic software-hardware complex (SHC) for de-
coding nucleic acid sequences using the massively
parallel sequencing method (Nanofor SPS) [1, 2]. The
massively parallel sequencing method is also called
sequencing technology by synthesis. In the SHC Na-
nofor-SPS, fluorophore molecules (fluorescent dyes)
that label the nucleotides A, C, G, and T are excited
by laser radiation. The fluorescence signals of each
nucleotide have a wavelength corresponding to the
nucleotide type. The fluorescence signals are recorded
using four video cameras (according to the number of
nucleotide types) [3]. The recorded radiation passes
through various light filters corresponding to the wa-
velengths of the fluorescence signals of each of the
four dyes that label the nucleotides — green, orange,
red, and dark red. "Various chemical processes in-
volved in sequencing by synthesis technology cause
shifts in the values of the recorded intensities, includ-
ing phasing/prephasing, signal decay, and cross-talk
effects" [4]. In this paper, we consider methods for
correcting fluorescent signals distorted by the influ-
ence of cross-talk.

It is assumed that methods for correcting fluores-
cent signals distorted by other factors are to be consi-
dered in the authors’ other paper.

The emission frequencies of the fluorescent dyes
used partially overlap, which leads to a correlation of
the intensity readings. This in turn leads to the fact
that an increase in the signal intensity, for example, in
the channel of the nucleotide A, results in the signal
intensity growth in the channel of the nucleotide C,
and vice versa. The signals of channels A and C, G
and T exert the greatest mutual influence on each oth-
er in pairs (Fig. 1). This phenomenon can also be
called parasitic fluorescence or cross-talk.

Fig. 1. Emission spectra of fluorescent labels and
lasers.

In Fig. 1, the letters G, T, A, and C denote the
emission spectra of the fluorescent dyes used to stain
the corresponding nucleotides, and L1 and L2 are the
spectral lines of the 515 and 638 nm laser emitters of
the optical system of the Nanofor SPS device. The
passbands of the light filters in the recording channels

Article received by the editorial office on 06.09.2024

are shown by shading. The wavelengths of laser exci-
tation of fluorescence were selected based on the
usual requirements for the optimal quantum efficiency
of each pair of dyes. The excitation efficiency of dye
G is expected to be about 92% of the efficiency at the
wavelength of the extinction maximum, dye T —
about 26%, dye A — about 90%, dye C — about
17%. From the data presented in Fig. 1, it is evident
that mutual parasitic influence is present for all four
channels. The choice of the passbands of the record-
ing channels' filters is based on ideas of covering such
a range of the useful signal spectrum, which intensity
exceeds a given threshold, whereas the parasitic influ-
ence of other channels is minimal. In this case, these
two requirements conflict, so a compromise solution
is implemented. Subsequently, after downloading im-
ages from the device's video cameras and realizing
a number of digital processing procedures for these
images, described in works [3, 5] and others, the phe-
nomenon of superposition of the spectral components
of fluorescence signals undergoes software correction.
Programs implementing the correction of data dis-
torted by crosstalk are a mandatory component of the
primary data analysis programs described in works
[6-9].

This paper describes an algorithm designed to cor-
rect data distorted as a result of the phenomenon of
superposition of the spectral components of optical
signals recorded by the Nanofor SPS device and
shows that the absence of such correction leads to sig-
nificant errors in the genetic analysis.

DIRECT AND INVERSE
CROSSTALK MATRICES

The phenomenon of crosstalk is that the same nuc-
leotide cluster fluoresces simultaneously in all chan-
nels. In the absence of crosstalk, the cluster would
fluoresce only in one channel, corresponding to the
dye that labels the nucleotide currently in the cluster.
In other words, the sum of the fluorescence intensity
values measured in each channel in a given cluster
corresponds strictly to the intensity value in only one
channel, which is currently the channel of the useful
signal. That is, the fluorescence signal intensities in
the remaining channels are zero. Mathematically, the
fluorescence signal intensity in the absence of cross-
talk can be represented by the relation (1)
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In the relation (1):

— I,(x,y) is the sum of the measured intensity val-
ues in all channels by the pixel with coordinates x and
s

- 1,, 1., I, I, are the measured net intensity
values in each channel;
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In the relation (2): M is the crosstalk matrix; Wy

are the coefficients of the crosstalk matrix, called an-
gular coefficients.

The task of the color correction algorithm is to mi-
nimize the influence of crosstalk. The mathematical
solution to this problem can be represented in the
form (3), as the multiplication of the right-hand side
of (2) by the matrix M ', the inverse of the matrix M.

o~
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2~

C

]i,corr(xﬂy):M_l X (3)
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~

iT

In the ratio (3), I, (x,y) is the corrected total

value of the cluster signal intensity with coordinates x
and y. To solve this problem, it is initially necessary to
determine the values of all the coefficients of the
crosstalk matrix.

PAIRWISE INTENSITY SCATTER PLOTS

According to the measured values of fluorescence
signals in all four channels, so-called pairwise intensi-
ty scatter plots are formed. Figures 2 and 3 show pairs
of channels C—A and channels T-G, respectively.
Pairwise plots of channels G—A, T—A, and others are
not shown, since distortions of fluorescence signal
intensities due to the overlap of spectral components
in these channels are practically absent.

Each of the two graphs is formed as follows: the
abscissa axis shows the fluorescence signal intensity
value of the cluster with coordinates x; and y; in one
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— b,, b., b;, b, are the background values in the
CCD matrix.

In the case of crosstalk, the total measured intensi-
ty does not any longer correspond to the signal inten-
sity in only one channel, and the relation (1) takes the
form (2).

]A bA ]A bA
1 b 1 b
x| S+ Cl=Mx| |+] € 2)
IG bG ]G bG
]T bT ]T bT

channel, and the ordinate axis shows the fluorescence
signal intensity value by the same pixel, but in another
channel.

Fig. 2. Dependence of fluorescence signal intensities
in channel C on fluorescence signal intensities in
channel A.

The white outline highlights the data region that is
used to determine the parameters of the regression
line

Fig. 3. Dependence of fluorescence signal intensities
in channel T on fluorescence signals in channel G.

The white outline highlights the data region that is
used to determine the parameters of the regression line

Obviously, the highest intensity value in the cluster
with coordinates x; and y; is observed in the useful
signal channel. Thus, from the entire set of data dis-
played on the pairwise scatter plot, two groups are
clearly formed; for each of them, the useful signal
belongs to only one of the two channels.

ALGORITHM FOR ESTIMATING
THE COEFFICIENTS OF THE CROSSTALK
MATRIX AND SUBSEQUENT COLOR
CORRECTION

¢ In the detected clusters, selection of the data
areas of the intensities, which are distorted by the
phenomenon of crosstalk, noise, outliers, etc. This
region is used to determine the parameters of the re-
gression line [6].
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» Estimation of the cross-talk matrix by linear re-
gression of pairwise graph data.

* Calculation of the inverse matrix for the cross-
talk matrix.

* Application of the found inverse matrix to pair-
wise scatter plot data distorted by cross-talk.

MAIN FUNCTIONS OF THE PROGRAM
IMPLEMENTING THE COLOR CORRECTION
ALGORITHM

General characteristic

Before implementing the color correction algo-
rithm in the software development environment, it is
necessary to make several clarifications regarding the
application of this algorithm to the Nanofor SPS SHC.
The input data of the color correction algorithm is an
array of intensities of the detected fluorescence sig-
nals, which are obtained in clusters with coordinates
corresponding to the template coordinates [3]. To con-
struct the template, an algorithm based on convolution
starting with the second derivative of a two-
dimensional Gaussian peak is used. As a result of ap-
plying the convolution algorithm, the background
practically removes from the detected fluorescence
signals [5]. In the course of describing the correction
algorithm, the mutual influence of channels A and C
is primarily considered. Then the mutual influence of
channels G and T will be considered. In this regard,
the final input data are presented as a two-line array of
experimentally obtained intensity values in channels
A and C. In this case, the general color correction
problem can be brought from form (3) to form (4).

I
]i,corrAC(xﬂy) :MAC_l X|:]IA:|: (4)
iC
1
M, :|: le}- (%)
w, 1

It becomes obvious that the output data of the algo-
rithm is a two-line array of corrected input data. The
general concept of the algorithm is as follows.

* Creating a subroutine that selects the areas of a
given intensities in the detected clusters that are dis-
torted by the phenomenon of crosstalk and that elimi-
nates the influence of noise and the baseline —
BuildPrec.

* Creating a subroutine for estimating the slope an-
gle of the linear regression polynomial of the input
data —SlopeEstimateN.

* Implementation of the full algorithm (joint work
of SlopeEstimateN and BuildPrc).

* Finding the correction matrix M and transform-
ing it into an inverse matrix M.

* Final testing of the algorithm using the reference
genome of the Phix174 bacteriophage.

Subroutine BuildPrec

The main purpose of this subroutine is to form a
data vector that can be used to calculate the slope
coefficient of the regression line.

This vector is formed from the input data vector,
distorted by crosstalk, noise, and other factors inter-
fering with useful information. According to the data
in [6], clusters (pixels) with an intensity value below
the 60th and above the 90th percentiles cannot be used
to correctly estimate the slope. Therefore, in order to
estimate the pure influence of crosstalk without extra-
neous noise, clusters with intensity values that meet
the criterion of noise and other interfering factors
must be removed from the input data vector. This is
what the subroutine BuildPrec perfoms. After remov-
ing the "bad" clusters, the section of intensity values
in the useful signal channel is divided into several
equal intervals (bins). In each interval (bin), the aver-
age intensity value is taken along the axis of the useful
signal channel, and the minimum along the axis of the
parasitic signal channel [6]. These are the intensity
values in the vector, which is then processed by the
subroutine SlopeEstimateN. In Figs. 2 and 3, the data
used to determine the regression line parameters are
highlighted in white.

Fig. 4 shows the regression line (dotted line) plot-
ted based on the procedure of estimating percentiles,
dividing into intervals (bins) and finding the minima
in these intervals using the subroutine "BuildPrc" for
the data presented in Fig. 2. The regression line was
constructed using 100 points, the number of which
corresponded to the number of intervals (bins).

Fig. 4. Regression line (dotted line) plotted after ex-
tracting data using the BuildPrc subroutine for the
data shown in Fig. 2.

The angular coefficient is the slope angle tangent
of the regression line shown in Fig. 4, which is equal
to 0.6032, and accordingly, the slope angle a is equal
to 0.5428 radians. Then, using the SlopeEstimateN
subroutine and the rotation matrix MrRt we carry out
the rotation of the vector of data, obtained in the
BuildPrc subroutine, which is rotated by the clock-
wise slope angle a

cos(a)

(6)

ki =| 0 |

—sin(a) cos(x)

The result of the rotation is shown in Fig. 5.
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Fig. 5. Data (o) and regression line (dashed line)
shown in Fig. 4, and data (dots), regression line (solid
line) are obtained after rotation by an angle a.

Subroutine SlopeEstimateN

This subroutine is, in fact, the core of the al-
gorithm. Its main purpose is to find the slope of the
input data vector to which the linear regression (7) is
applied

N
D (y,—ax,—b)’ ->min,_,. (7)

i=1

Searching for the slope is an iterative procedure for
approaching the slope of the regression line to a zero
value. In each iteration, the rotation matrix by an an-
gle a — MrRt (6) is calculated, which is updated in
each iteration; o is the angle between the regression
line and the horizontal axis.

Rotation by an angle a is the first step of the itera-
tive process, which is performed by the subroutine
SlopeEstimateN. The next step of this iteration
process is to estimate the slope angle a; of the ob-
tained regression line. For example, for the regression
line shown at the bottom in Fig. 5 (solid line), the slope
coefficient — the tangent of the slope angle is 0.0342
and, accordingly, the slope angle o, is 0.0342 rad. Then
the angles a and a; are added together and a rotation
is performed by the total angle, the value of which is
assigned to the variable a. Then the subroutine Slo-
peEstimateN continues the iteration procedure, per-
forming rotations, calculating the tangents of the slope
angles, the values of the angles themselves, and the
sum of the angle value obtained at the next iteration
step with the angle value obtained at the previous step,
taking into account the sign. The iteration procedure
ends after the absolute value of the tangent of the
slope angle becomes less than the specified threshold
value (¢h). Another parameter for the end of the itera-
tion process is the number of iterations NV performed.
For the example under consideration,
th=5-10",and N=38.

The tangent of the slope obtained after the iteration
procedure is an element W,, of the desired matrix
MAC.

To find the element W, of the sought matrix Mac

(5), i.e., to estimate the crosstalk from channel C to
channel A, another regression must be built, for which
the considered subroutines BuildPre¢ and SlopeEsti-
mateN are also used. The input data is the dependence
of the intensities in channel A on the intensities in
channel C but not the dependence of the intensities in
channel C on the intensities in channel A, as shown in
Fig. 2. That is, what was a function became an argu-
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ment, and what was an argument became a function.
The dependence of the intensities in channel A on the
intensities in channel C is shown in Fig. 6. The white
contour shows the data area that is used to estimate
the parameters of the regression line.

Fig. 6. Dependence of fluorescence signal intensities
in channel A on fluorescence signal intensities in
channel C.

The white contour highlights the data area used to
determine the regression line parameters

Using the subroutines BuildPrc and SlopeEstima-
teN, the regression line slope coefficient was found
for the data highlighted in white in Fig. 6. The slope

coefficient value is the value of the coefficient Wy, .

For the example under consideration w;, = 0.0421.
Thus, now, based on the known M,c matrix ele-
ments, we can find the inverse matrix M. and calcu-

late the corrected intensity values in channels A and C
using formula (4).

DISPLAYING THE COLOR CORRECTION
RESULTS FOR CHANNELS A-C AND G-T

The corrected data for channels A and C are shown
in Fig. 7.

Fig. 7. Dependence of fluorescence signal intensities
in channel C on fluorescence signal intensities in
channel A after correction for the influence of cross-
talk.

We have considered the correction of the effect of
crosstalk on the fluorescence signal intensities in
channels A and C.

The correction of the effect of crosstalk on the flu-
orescence signal intensities in channels G and T is
performed similarly using the above-described sub-
routines BuildPrc and SlopeEstimateN. The corrected
data for channels G and T are presented in Fig. 8.

Fig. 8. Dependence of fluorescence signal intensities
in channel T on fluorescence signal intensities in
channel G after correction of the effect of crosstalk.

We have considered the procedure for correcting
the effect of crosstalk on the fluorescence signal in-
tensities in channels A—C and G-T for the measure-
ment results in one cycle. The correction of the effect
of crosstalk is performed similarly and sequentially in
all cycles of the experiment.
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A sequence of nucleotide letters for the studied
sample is constructed based on the corrected values of
fluorescence signal intensities using the BaseCalling
procedure and genome assembly software. Let us
compare the results of genome assembly for the origi-
nal and cross-talk-corrected measured fluorescence
signal intensities.

COMPARISON OF THE RESULTS OF GENOME
ASSEMBLY FOR THE CORRECTED
AND UNCORRECTED DATA

The genome assembly and its characteristics were
assessed for the original and cross-talk-corrected
measured fluorescence signal intensities using the
Ugene and Qualimap software programs. Using these
programs, the percentage composition of the A, C, G,
and T nucleotides in the sample containing the
Phix174 bacteriophage genome was determined. This
genome contains 5386 nucleotides with a known per-
centage content of each nucleotide. This genome is
a standard for checking the genetic sequence obtained
in sequencers. The content of individual nucleotides in
this genome is as follows: A — 24.0%, C — 21.5%,
G — 23.3%, T — 31.2%. [10]. As a result of the ex-
periment, an assessment of the nucleotide percentage
for the fluorescence signal intensities corrected for the
effect of crosstalk was performed according to the
algorithm discussed above revealed that the percen-
tage of nucleotides was as follows: A — 23.5%, C —
21.5%, G — 23.6%, T — 31.4%, which corresponds
to the standard Phix174 genome.

Fig. 9 shows the result of the percentage ratio of
individual nucleotides for the original data on fluores-
cence signal intensities, which were corrected for the
effect of crosstalk. Fig. 9 shows the percentage ratio
of nucleotides A, C, G and T depending on the mea-
surement cycle number in the sequencer.

Fig. 9. Percentage of A, C, G, and T nucleotides de-
pending on the measurement cycle number in the
sequencer when using the spectral band overlap cor-
rection algorithm.

As can be seen from the data presented in the fig-
ure, the percentage total content of G and C nucleo-
tides in almost all cycles is approximately 44%, which
corresponds to the content of these nucleotides in the
Phix174 standard.

Fig. 10 shows the result of the percentage content
of individual nucleotides for the fluorescence signal
intensities for which no correction for the effect of
crosstalk using the algorithm discussed above was
performed.

Fig. 10. Percentage of A, C, G, and T nucleotides
depending on the measurement cycle number in the
sequencer when using the spectral band overlap cor-
rection algorithm.

As can be seen from the data presented in the fig-
ure, the percentage total content of G and C nucleo-
tides in almost all cycles exceeds 65%. This fact indi-
cates that the fluorescence signal intensities in channel
C were distorted by the fluorescence signal intensities
in channel A.

A comparison of the results presented in Fig. 9 and
Fig. 10 shows the efficiency of the considered algo-
rithm.

It should be noted that the use of crosstalk correc-
tion makes it easier for us to form a training sample
when applying machine learning in the Nanofor SPS
sequencer software [4, 11]. In this case, the parame-
ters of the models become less correlated. On the oth-
er hand, we can assign the correction itself to machine
learning methods.

CONCLUSIONS

1. The phenomenon of crosstalk in fluorescence
signal measurements leads to erroneous estimates of
signal intensities in adjacent sequencer channels, dis-
torting subsequent identification of the nucleotide let-
ter code.

2. To correct erroneous fluorescence signal intensi-
ties, it is necessary to determine the crosstalk matrix.
Based on this matrix, an inverse matrix is determined,
making it possible to significantly reduce the effect of
spectral overlapping bands on the accuracy of fluores-
cence signal measurement assessment.

3. The algorithm for finding the elements of the
crosstalk matrix includes the following operations:

a) using an estimate of the 60th and 90th percen-

tiles, the range of fluorescence signal intensities in

the channel is determined, which distorts the inten-
sity values in the adjacent channel due to the phe-
nomenon of spectral band overlap;

b) the resulting range of signal intensities is di-

vided into a number of equal intervals;

¢) the minimum intensity is determined for each in-

terval;

d) the obtained values of the minima in each inter-

val are used to construct a regression line in the ite-

ration procedure;

e) the angular coefficient, which is an element of

the crosstalk matrix, is defined.

4. The phenomenon of crosstalk in the Nanofor
SHS sequencer distorts the intensity values only in
two pairs of channels: A—C and G-T. In other pairs of
channels, such as A-G, A T, C-G, C-T, etc., there is
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practically no distortion of the intensity values caused
by the crosstalk phenomenon. This circumstance al-
lows us to simplify the crosstalk matrix and use two
2 x 2 matrices to correct the influence of the pheno-
menon of crosstalk: one matrix for correcting distor-
tions in channels A—C, and the another for channels
G-T.

5. The result of the genetic analysis of the Phix174
standard using fluorescence signal intensities uncor-
rected for the influence of crosstalk showed that the
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percentage of C and G nucleotides is significantly dis-
torted, while, for the corrected intensities, the percen-
tage of C and G nucleotides corresponds to the stan-
dard.

6. Methods for correcting fluorescence signals dis-
torted by phasing / prephasing effects were not consi-
dered in this work, although these methods are also
based on the estimation of data parameters using li-
near regression. It is planned to consider these me-
thods in the next work.



