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MOJIEJJUPOBAHUE NMEPBUYHBLIX JAHHBIX
OJTHOMOJIEKYJISIPHOTO CEKBEHATOPA.
Y. 1. CAMYJISALUS JETEKTUPOBAHMS W3JIYUYEHUS
BOJIHOBOJIA HYJEBOW MOJBI

B pabote mpeyioxkeHa CTOXacTHYeCKasr MMHUTAMOHHAs MOJENb Ipolecca JeTeKTHPOBaHUs (BIyopecleHn Me-
YEHHBIX HYKJICOTHJIOB IPH OJHOMOJICKYIIPHOM CEKBEHHPOBAHMH B YETHIPEX CIEKTPaIbHBIX KaHanax. ObecnedeHa
MHOTO()AKTOpPHASI HUMHTALMS CUTHAJIOB JETEKTOpa. B mepBoii yacTH cTaThby OMMCaH aNTOPUTMHYECKUH MAOIOH A
MOJICTTMPOBAHNUS OTKJINKA CBETOUYBCTBHUTEIHHBIX 3JIEMEHTOB BHJICOKAMEPHI Ha CBET, MOCTYMAIOMINI U3 OJHOTO BOJI-
HOBOJ]a HYJIEBOH MOJIbI B OJJHOM CIIEKTPAJIFHOM JHana30He B IIPOIECCE CEKBEHHPOBAHMS OANHOYHOW MOJIEKYIIBI
JIHK. Beneno monstue "0a30Boro u3o0paxeHus", UMHTHPYIOIIETO YUCIO (POTOIICKTPOHOB B CCHCOPAX 3a BpeMs
skcrio3unuu. O6JIacTh CUMYJIISILIMM TAKOTO M300paXKeHMsI MpeJicTaBisieT co00M KBaapaTHOE MoJje pasmepoM (2 x 2),
..., (§ X 5) mukceneil, cyMMapHasi SpKOCTb KOTOPOTO JIae€T eIMHUYHBIN OTCUET Tpeiica B JaHHOM KaHaye. Paccmar-
puBaroTCst TpU pexuma HopMHUpOBaHUS 0a30BOro M3o0paxeHus: 1) TOJIBKO TEMHOBOH TOK, 2) GoHOBOE M3IyueHHE
IPU OTCYTCTBUH BCTPAaWBaHMS HYKJICOTHIA M 3) CBETOBOE IISITHO (DIIyOPECHIEHTHOM BCTIBIMIKH C ()OHOBBIM YPOBHEM
IpH BCTpanBaHuU. [[i1a MonenmpoBaHus 6a30BOro n300pakeH!s IPUBEICH MOMIATOBBIN AJITOPUTM: 3aJ]aHUE pa3Me-
POB M CMEIIEHHS IATHA, aMIUUTY L (iyopectieHny U (oHa; GOpMHUPOBaHNE ABYMEPHBIX I'ayCCOBBIX pacIpeaeie-
HUH 17151 POHA M CHTHAJIA U X CyMMHPOBAHHE; YIET CUTHAJI-3aBHCUMOTO LIyMa C HCIIOIb30BAHUEM alllIPOKCHMAINN
pe3yIbTaToOB 3KCIEPUMEHTOB C JETEKTOPOM U CUTHAJI-HE3aBUCHUMOTO IIyMa C HCIOJIb30BaHUEM HOPMAaJIbHOTO pac-
NpeJielieHNs U apaMeTpOB KaMephbl; 3aJJaHue CMEILEHUs] HYJIEBOTO YPOBHS M (JMHAIHOE CYMMHPOBAaHHUE LITYMOBBIX
KOMIIOHEHTOB C HM300pakeHHeM. Takyke ONMCcaH aJrOpUTM MOJIEIMPOBAHUS (POHOBOIO CHIHAala C YYE€TOM CIIEK-
TPaJbHON MOMEXH OT COCEJHUX KaHasioB. Pa3paboTaHa mporpaMma-CUMYJISATOP MEPBUYHBIX MUDPOBBIX JAHHBIX OJI-
HOMOJIEKYJISIPHOTO CEKBEHATOpa, 00eCIIeunBaromasi IMUTAIUIO PE3yIbTaTOB ceKkBeHHpoBaHuA B (popmarax FASTA,
TRACE u MOVIE. Ha BxXox cumynaropa MOKeT OBITh ITO/IaHa peanbHas mocienoBarenbHocTs JJHK, momyuennas

13 FEHOMHO# 0as3bl.

Kniouesvie cnosa: cuMynsaTop Nocien0BaTeIbHOCTH, JITHHHBIE PUIBI, IMUTALIUOHHOE MOJICIUPOBAHHE,
OJTHOMOJIEKYJIIPHOE CEKBEHUPOBAHNE, BOJTHOBO/] HYJIEBOH MOJIBI

BBEJAEHHE

O/HOMOJIEKYIISIPHOE ~ CEKBEHHpOBaHUE —  Tep-
CIIEKTUBHBIA M OypPHO pPa3BHBAIOIIUKACS METOJ MOIy-
YeHUs] TeHeTHYecKol MHpopManuu B TeX 00JacTsx,
I/ JAJMHA CUMTHIBACMBIX PHUIOB HMEET pellarolee
3HAUCHME /TSI MHTEpIpeTaly JaHHbIX. Hambomee
CIIOJKHBIE 3aJauydl METareHOMHUKH W DIHICHETHKH —
CEKBEHHPOBaHUE de novo, aHajau3 OONBLIOrO yHcia
MOBTOPSIIOIINXCS ¥ TOMOJIOTHYHBIX YY4aCTKOB T€HOMa,
JpyTHe UCCIEIOBaHNUs, CBI3aHHbIE C MHTEpIIpeTaluen
JUIMHHBIX TEHOMHBIX TIOCIIEOBaTEIbHOCTEH, — HE
MOTYT OBITh 3(GEKTHBHO pelIeHBI TOJIBKO METOJaMH
NGS, obecrieunBarOIUMHI YTEHHE KOPOTKUX PHUJIOB.

Pazpaborkm  kommnanmii  Pacific  Biosciences
(PacBio) m Oxford Nanopore Technologies (ONT)

MPEICTaBIsIIOT COOOH JBE OCHOBHBIE TEXHOJIOTHH Ce-
KBCHUPOBAHUA TPETHETO IIOKOJICHUA, II0 KOTOPLIM
CeroJHs Pa3BHBAETCS OIHOMOJEKYJISIPHOE CEKBEHH-
poBanue. llepBast Ttexuomorusi, Ha3BaHHas SMRT
(Single Molecule Real Time sequencing), BHaJaie
06CCHG“II/IB3J13 MOJIY4YCHUC HCIIPECPBIBHBIX JJIMHHBIX
yreHnid (continuous longreads, mmu CLR) ¢ ypoBHEM
omubOok 15%, a 3aTemM mojy4mia pa3BUTHE B METO/IC
Hi-Fi punoB, cHmkatoieM ypoBeHb OIIMOOK /10 BEIH-
guHbl < 1%. Bropast TeXxHOIOTHs 1aeT BO3MOKHOCTb
MOJy4aTh YJIbTPaJJuHHbIe puabl 10 4 Mbp, HO ¢ BbI-
COKHM YPOBHEM OIIMOOK, KOTOpPBIE MOKHO CHHU3HUTH
oyt 110 ypoBHs Merona Hi-Fi, ucmone3ys TexHoo-
run " mymiekcHoro" cexBeHupoBanud [1]. O6e TexHo-
JIOTHH TIOCTYXKHMJIM JJIsl 3aBEepUIAIONIEro dTama pac-
mHU(POBKM T€HOMa YEJIOBEKAa — CEKBEHHPOBAHUS
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Y -XpOMOCOMBI, UMEIOIIEH CIIOKHYIO MOBTOPSIOLIYIO-
csl CTPYKTYpY [2].

B oTkpeITOM IOCTYIE CyIIECTBYET HECKOJBKO CH-
MYJISITOPOB JUIMHHBIX TOCIIEA0BaTEeIbHOCTEH, UMHUTH-
PYIOLIMX AaHHBIE CEKBEHATOPOB TPETHETO MOKOJICHUSI.
Oto, Hampumep, mporpammbel SimLoRD, NPBSS,
PBSIM, PaSS [3—6]. OHu mo3BONAIOT MOIYYHUTH TIO-
clleioBaTeIbHOCTH  JUIMHHBIX  puaoB  (longreads)
B popmare FASTA-daitnoB, Mmogenupys pasindHbIe
OMOKK YTEHHsI, YTO JaeT BO3MOXKHOCTH HCIIOJB30-
BaTh 3TH JaHHbIC B Pa3UYHBIX 3agadax OnomH(Op-
MaTHKH U OTJIAJKH alrOPUTMOB BTOPHUYHOH 0Opa-
00Tku. Takue CUMYNATOPHI AAIOT BBICOKYIO CTEICHb
NpUONMKEHUST K pe3ysbTaTaM, MOJYyYeHHBIM IIPH pe-
IbHOM CeKBeHHpoBaHUH. OTHAKO OHU HE MO3BOJISIFOT
MOJYYHUTh TIEPBUYHBIE, HJIH CBIpbIE (raw), TaHHBIE, T.€.
nzobpaxkenus (movies) u Tpelcsl (traces) mis SMRT-
cekBeHaTopoB. OT HUX OTJIMYAETCS CHMYJISTOP
Nanopore SimulatlON, KOTOpHIH CHENHATBHO Tpe/I-
JIOKEH KaK CUMYJISTOpP MEPBUYHBIX JaHHBIX JUIS TeX-
Hostorun ONT-curHaaoB HOHHOTO TOKa [7].

CuMynSaTOpB IEPBUYHBIX AaHHBIX ISl CEKBEHATO-
POB, PETUCTPUPYIOLIMX CHUTHAIBI (hIyopecueHnuy,
OTCYTCTBYIOT B yOnmuHOM joctyne. PacBio B cBoux
BHYTPEHHHX TECTaX, OYEBHIHO, HCHOJb3YeT COOCT-
BEHHbIE T'€HEPATOPhl CUMYJILIUHI, KOTOpbIE HE MyOJu-
KYIOTCS B OTKPBITOM BHUjE. JTO TMPEJCTaBISET IMpo-
OmeMy B ciiydae HEOOXOTUMOCTH WMHUTAIMU TIEPBUY-
HBIX JaHHBIX CEeKBeHaTopoB PacBio, Hampumep, s
pa3paboTKH M ONTHUMH3AINH COOCTBEHHBIX aJITrOpPHUT-
MOB MEpBUYHOI 00pabOTKM AAaHHBIX THUIA MmMOVie
u trace A ONTHMH3ALUM IIPOLENypbl IOUCKa 0a3
(base-calling).

Taxum o0Opa3zom, A pemieHus 3a1a4d pacio3HaBa-
HUS  (QIIyOpeCIMPYIOIUX OOBEKTOB HA HCXOMHBIX
M300paKeHNUAX U JajbHeWIel WHTeprpeTanuu CHUr-
HQJIOB B METOJle OJHOMOJEKYISIPHOIO CEKBEHHPOBa-
HUS BBHJY HEIOCTaTKa W JIOPOTOBU3HBI TOTYYEHHS
9KCHEPUMEHTAIIBHBIX AHHBIX U OTCYTCTBHS CUMYJIS-
TOPOB CTaHOBSTCS aKTyaJIbHBIMHU 3a/la4d UMHUTAIMOH-
HOT'O MOJICTTUPOBAHUS I IPOTPAMMHUPOBAHUSI.

Pa3paboTka coOCTBEHHOTO CHMyJsSTOpa — 3a7ada
CJIO’KHAs 1 HETPUBUAIBbHAS, TIOCKOJIBKY peaIMCTHYHAS
CUMYJISILIMST TPeOyeT MOJENUPOBAHUS KUHETUKHU I10-
JTUMepasbl, XapaKTepUCTHK KpacHuTeleH, HCIOob3ye-
MBIX Ul MEYEHHsI HYKJIEOTHIIOB, OCOOEHHOCTEH OIl-
THUKH, IIyMOB CHCTEMBI JCTEKTHPOBAHUS H TMPOYHX
napamMeTpoB, OOJIbIIAs YaCTh KOTOPHIX UMEET BEPOST-
HOCTHBIN Xapakrep. OueBUAHO, YTO ISl KaueCTBEH-
HOW UMHTAIMH JaHHBIX TpeOyeTcs pa3paboTKa HOBO-
ro Meroaa moaenupoBanus. Hambomee nemecoobpas-
HBIM TPEJCTaBISETCS MOAX0] "BUPTYaJTbHOTO CEKBE-
HUPOBaHUA'", IPU KOTOPOM OOECTIEUYMBAETCSI MHOTO-
(dakTOpHasT WMHTAlMsl CHUTHAIOB, BO3HUKAIOIINX
Ha CBETOYYBCTBUTENBHBIX 3JIEMEHTAaX BHACOKaMEpBI,
c(OPMHUPOBAHHBIX C Y4YETOM MEPEUHCICHHBIX BBILIE
napameTpoB.
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CUCTEMA JNJETEKTHUPOBAHUA
OHOMOIJIEKYJISAPHOI'O CEKBEHATOPA

CucreMy [ETEKTUPOBAaHUS MpPHU OJHOMOJIEKYJISAp-
HOM CEKBEHHPOBAaHMHM II0 TEXHOJIOTUH, OJIN3KOI
k PacBio [8—12], MOXHO IpeICTaBUTh KaK CICIIHAIIH-
3UPOBAaHHBII YETHIPEXKAHAIBHBIA, MO YHCTY CIEK-
TPAIBHBIX JUAIMA30HOB, (I)JIIOOpeCHCHTHLIfI MHKpPO-
CKON ¢ TM(POBOA perucTpanuen u300pakeHui
(bnyopecunpy}omnx 06bexkToB BHM' (BOJ‘IHOBOI{OB
HyJeBoi Moabl). Kaxaplii crniekTpanbHbIM auana3oH
COOTBETCTBYET OJIHOMY W3 YeThIpeX (IyOpecLUEeHTHO
MEUYEHHBIX HYKJICOTHJOB, TPaJUIMOHHO OOO3HAYae-
Mbix A, T, G u C. BHM mnpencrasnser coboii HaHO-
CTPYKTYpY, B KOTOPOI NMpPOTEKaeT peakiusi CEKBEHH-
poBaHUs. DTO LHMWIMHAPUYECKUH HAHOKOJIOIEL C TIIy-
OuHOI U uH/IpHHoﬁ okono 100 HM, chopMHUpOBaHHEIH
B TOHKOH TUICHKE ATIOMUHHS, oGBeM KOTOpOTO HE
npessimaer 107" 1. B kaxzom BHM B mpomecce
BCTpauBaHUsl TOJUMEPA30Hd OUEPEAHOTO MEUYEHOTO
HYKJIEOTHIa W3 PEaKIHOHHOTO Oy(epHOro pactBopa
MPOUCXOJUT SMHUCCHS (PIYOpPECHEHIIMH COOTBETCT-
BYIOIIEH METKU O] IeUCTBHEM BO30YyKIAIOMIETO Ja-
3€PHOTO M3IYYeHUs, MaJalolIero Ha Mpo3pavHylo Mo-
BEPXHOCTb M3MEPUTENIBHON s4elku cHuzy. Sueiika
coniepkuT 6ompinoe yncio BHM n HaxoguTes B mosne
3peHHsT MHUKPOOOBEKTHUBA BBICOKOTO pa3pelIeHust
C IeNbI0 OJHOBpPEMEHHOro HaOmromeHus (iyopec-
LIEHIIMHY BO BCEX HAHOCTPYKTYypax.

Beixonsmue u3 00BEKTHBA IIy4YKH CBETa HECYT
WHPOPMALIMIO O MPOCTPAHCTBEHHOM pacIpeIeiIeHUu
BHM u cnekTpanbHOM cocTaBe u3iydeHus. s pas-
NeNICHUs CIIEKTPaJbHBIX [UANla30HOB PETUCTpHUpYe-
MO (pIyopecueHIIMK CBETOBBIC MyYKH MPOXOJAT Ue-
pe3 aucriepcuoHHyto npusmy [13]. Ilpu moctpoenun
n300pakeHusl u3NyueHue oT kaxaoro BHM Oyner
pasmemnsATbcs B HANpaBlICHWM IUCIIEPCHU INPH3MBbI
B COOTBETCTBHUHM CO CIHEKTPaJbHBIM COCTaBOM (QuIyo-
PECIIEHIINY YeThIpeX U3ITy4alouX MeToK (puc. 1).

Ceer momanmaer Ha ()OTOCEHCOPHI BUACOKAMEPHI,
rac B TCYCHUC 3a/IaHHOTO BPEMCHU SKCIIO3MIIUU T'CHE-
pupyetrcs wuzoOpaxenwe. Jnsg oToOpakeHHs Bcex
BHM  wucnonw3yercs omHa  KpynHO(pOpMaTHas
BbIcOKOUyBcTBUTENbHAsAS CMOS-uneokamepa [14].
Ha ¢dorocencopax Bunmeokamepst mis kaxjaoro BHM
MO’KHO BBIZICTIUTH YETHIPE CMEXKHBIX I'PYHIIBI MHKCE-
JIel, B KOTOPBIX CUTHAJIBI '€HEPUPYIOTCS KaK CBETO-
BbI€ IIITHA B COOTBETCTBHHM C HWHTCHCHBHOCTBIO
U CIIEKTPaJIbHBIM COCTABOM IIONABLIETO HA HUX CBETA.

Pasmep u dopma cBeToBBIX mATEeH OymyT ompese-
JSTbCA B OCHOBHOM XapaKTEPUCTHUKaMHM M paspe-
HIAfOIIe CIIOCOOHOCTHIO ONTHYECKOH CHUCTEMBI MPH
MTOCTPOCHNH N300paKEHNS CYOMUKPOHHOTO OOBEKTA.

' B anrnossbranoit mureparype ZMW (Zero-Mode Wave-
guide).
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Puc. 1. CooTBeTcTBHE KaHAIOB JETEKTUPOBAHUS JUCIIEPCUU CBETA HA IIPU3ME.

1 — uraYynMpOoBaHHOE JazepoM u3inydeHue or BHM; 2 — nucnepcuoHHas mpusMma;
3 — JucmepcHs cBeTa Ha CEHCOopax BHJeokamepsl; 4 — chopMUpoBaHHOE U300pa-
xkenne BHM B ueTbIpex crekTpanbHbIX KaHanax. VCIosib3yercst y4acToK CIEKTpa

550-750 am

Pazmepsl u300pa’keHHS B THKCENAX 3aBHUCHT
OT JHCIIEPCHUHM TPHU3MBI, BBHIOPAHHOTO YBEITUUCHHS
n (Qusznyeckoro pasMepa CEHCOPOB BHICOKAMEPHL.
W300paskeHnst CBETOBBIX IATEH ISl Pa3HBIX HYKJIEO-
THU/IOB YaCTUYHO MEPEKPHIBAIOTCA B COOTBETCTBUH
C MEPEKPHITHEM CIIEKTPOB (PIIyOPECIIEHTHBIX METOK.

[Mony4yeHHoe ANl KaXAOro Kaapa H300pakeHue
nepenaercsi B komnbiorep. Cepus Takux H300paxe-
HUI QopMupyeT HAOOP CHIPBIX JAHHBIX MOVies, KOTo-
pBIe TIOJBEpTraroTCs JaibHelmeld oopadotke. B mpo-
mecce MepBUYHON 00pabOTKH B KOMITBIOTEPE MPOBO-
JIUTCSI JIOKAJIM3alusl U300pakeHul BceX (Iyopeciiu-

Nasepbl O6bekTus
SMuUccus Ba3soeble
tdnyopocopos n3oBpaxeHun

AucnepcroHHag
npusma

ducnepcua ceeTa

Ha CeHCcopax sMAeOKaMepbl

pyromux BHM nHa o6mem n3zo0pakeHnu Kaapa u ocy-
IIECTBIISIETCS TPACCUPOBKA CUTHAJIOB (DIIyopecieHInn
JUISL K@XJIOTO CHEKTPaJIbHOTO KaHaja, B pe3yjbraTe
4ero GOpPMHUPYIOTCS Tpeichl — HaOOpHI TaHHBIX, TIE
xpanutcsi nHpopmanms 00 U3MEHEHHUH WHTEHCHUBHO-
cTH (IryopecueHnn BO BpeMeHH. [locie mpensapu-
TENBbHOW (UIBTPAlH TPEHCOB MO BBHIOPAHHBIM KpH-
TepusiM KadecTBa mpoBomuTcs basecalling-oOna-
PY)XKEHHE W WHTEpIpeTalys HWMITYJILCOB B KaXIOM
CIEKTPaIbHOM KaHaje, 4TO B HTOre oOecrednBaeT
(bopMupoBaHHe HYKICOTHIHOW IOCIEAOBATEILHOCTH

(puc. 2).

BHM (1

cxoAHoe nsobpaxeHue)

... GGAAATTGGC

Movies gna ogHoro BHM (Konopu3oBaHHOE)
; DL A ... GGAAATTGGC

e e )

Movies ana oaHoro

Rt

ANnA cepyun Kaapose

-0

Tpelicel ana ogHoro BHM

Puc. 2. O6o61enHas cxemMa AeTeKTUPOBaHUs (IIyOpECUEHIMU ITPU OJHOMOJIEKYJIIPHOM CEKBEHHPOBaHUHU

C UCIIOJIb30BAHUCM }IHCHepCHOHHOﬁ IMPU3MBIL.
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MOJIEJIMPOBAHUE BA30BbIX U30BPAXEHUI
1 CUT'HAJIOB AJI OJHOI'O BHM

Ipunyun gpopmuposanus 6a306020 MOOEIbHOLO
uz0opadicenus:

Ha mepBom stane ¢hopmupyeTcst anroOpuTMUIECKUHA
Y TIPOTPaMMHBIN MAOIIOH, MpeTHA3HAYeHHBIH IS MO-
JeTUPOBAaHUs MPOIIECCOB, MPOTEKAIIMX HAa CBETO-
YyBCTBHUTEJIBHBIX 3JIEMEHTAX BHUACOKAMEpHI IIPHU IIO-
InagaHnuu Ha HHUX CBETa B KaKOM-HI/I6O OAHOM CIICK-
TpaJlbHOM Jihana3oHe oT ogHoro BHM.

B pesymprare MoXXeT OBITH MONY4EHO 0Oa3080€
uzobpasicenue, HUMHUTHPYIOIIEE KOIMYECTBO (HOTO-
3JIEKTPOHOB, HAKOIMJICHHBIX B COOTBETCTBYIOLIUX CEH-
copax BHAEOKaMepbl 3a HEKOTOPOE BpeMs JKCIIO3M-
mu. bazoBoe m3obpaxkenune ogmHogroro BHM ¢dop-
MUPYETCS] BHYTPH 3aJJaHHOM 00J1aCTH CUMYIISLINH.

O6nacTh CUMYJISIIMHA CBETOBOTO MATHA JJIs1 OAHOTO
CIEKTPAJIbHOIO  JIMara3oHa IpeAcTaBisieT coOoi
KBaJ[paTHOE M300pakeHUe, pazMep KOTOPOTO0 MOXKET
OBITh YCTAHOBIJICH BBIOOPOYHO OT 2 X 2 0 5 X 5 muK-
ceneil. OIMH MHUKCENb TAKOro 6a30BOr0 M300paKeHHS
COOTBETCTBYET OJHOMY CEHCOPY BHIEOKaMepbl. Ypo-
BEHb SPKOCTU B OJTHOM THKCEJIE COOTBETCTBYET YUCITY
(hOTO3JIEKTPOHOB, HAKOMJICHHBIX B COOTBETCTBYIOIIEM
CEHCOope 3a BpeMsl OJHOKpaTHOHN 3kcro3uunu. Cymma
SIPKOCTEH BCEX MHKCEJICH B 00JIACTH CUMYJISIH Gop-
MHUpPYET WHTETPAIBHBIA 0a308blll CUSHA, KOTOPBIHA

CTaHOBHTCSI €AMHUYHBIM OTCYETOM Tpelca B OJHOM
CHEeKTpaJIbHOM KaHaie (puc. 3).

Ha puc. 3:

—Jlazep 1 uamynmpyer ¢myopecuenio B BHM 2
C MMMOOWJIM30BaHHOW Ha JHE ToJuMepasol, dpar-
MeHtoM uenu JHK u MedyeHHBIMH HYKJICOTHIAMHU
B pacTBOpE.

—B mponecce BerpaumBanuMsa  GUIyOpECLEHTHO-
MEueHHOro Hykjeotuaa u3 BHM non aeiictBuem na-
3epHOTO M3ITy4YEHHs MCITyCKaeTcs CBET, KOTOPBIH, Mo-
majas Ha CEHCOpbI BUAEOKaMepsl 3, B KaxkaoM (op-
MHUPYET OKBUBAJICHTHBIM JJIEKTPUYECKUN  CUTHAI
B (hoToanmexTponax (¢. 31.).

— HaxomnneHnsle B ceHCOpax KaMephl CUTHAJIBI MO-
TyT OBITh CMOJIEIMPOBAHEI B BUJE NMHUKCETEeH pa3zHOU
SIPKOCTH B 00JIACTH CUMYJISIIIUU 33JJaHHOTO pa3mepa 4,
I7Ie YPOBEHb SPKOCTH B IHKCENE MPONOPIHOHAIEH
9quciIy (OTOIIEKTPOHOB B COOTBETCTBYIOIIEM CEHCOPE
BHJIEOKaMepBHl.

— CyMMapHBI CHTHaII BCeX MHKCeled 0a30BOTro
n300pakeHus (HOPMUPYET HMHTErPAIbHBIN 0a30BBIH
CUTHAJI, COOTBETCTBYIOIIUIA OJJHOMY OTCUETY Ha TpeH-
ce 5 B MOJIeNMpyeMOM CIEKTPaIbHOM KaHale.

B kayecTBe npumMepa peasbHOro Tpeiica Ha puc. 4
MmokaszaH QparMeHT manutensHocThi0 30 c. JlaHHBIC
MOJIYYEHBI TIPH perucTpanuy (GiIyopecleHInd B KaHa-
ne G 11 OIMHOYHOW MOJIEKYJIbl CTPENTAaBUINHA, UM-
MoOmIn30BaHHON Ha 1He BHM.

SMuccua ceeta n3s BHM Obnactb ba3oBble curHansl
CUmMynaunm (oTcyeThl Tpeuca)
5 x5 SbSC=4eH=4¢.3n.
4e”
5y n 6azoBble n3obpaxeHuns o % WOT'MQ‘?O

4% 4

ONS pa3HbiXx obnacren

3 x3

Puc. 3. ®opmupoBanue 6a3oBoro m300paxkeHus u 6a3oBoro curaara BHM B omHOM cHieKTpaibHOM KaHale.
1 — mazep, HHAYIUPYIOMHUH (IIyOpeCceHIHNI0; 2 — BOJHOBOJ HyJeBoi Moasl (BHM); 3 — ceHcopsl BuaeokamMepsr;
4 — nuKcenn BO3MOXKHBIX MoAeneil 0a30BbIX M300pake€HNUH; 5 — OTCUETHI Tpeiica MOASIUPYEMOTO CIIEKTPaIbHOTO

KaHaJia
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Puc. 4. ®parmenr Tpeiica

Monekyna crpenTaBUIMHA TIOMEYEHA KPacHUTEJIeM
Cy5. B BHM no6aBneHbl MEUEHHBIE 3TUM K€ KpacH-
TEJeM HYKJICOTHJIbI, CBOOOHO IUIaBamoIue B Oydep-
HOM pactBope. Ha oTmeTke 6.5 ¢ BKIIOUMIM KPaCHBIN
Jazep W PETUCTPUPOBAIM BBITOpPAHUE KPACHUTEINS
Ha CTpenTaBUANHE, mocie 15 ¢ mobaBuiIM MedeHbIe
HYKJICOTHU/BI. I/IHTeraJII)HI)II\/'I CHUI'HaJl HHTCHCUBHOCTH
ceeyeHns BHM ompenensinicss Ha ydacTke n3o0pake-
HUs pazMepom 3 X 3 mukcensi. UTHTeHCHBHOCTE (hOHO-

d

BazoBbie uzobpaxeHus ans
CUrHanoeB S... Aana obnacrtwu
cumMynaumm 5 X5 nukcenen

Sbsc = i) Sbsc: 48 Sbsczlzz

MUKC.

NUKC. NUKC.

BOT'O CBEYEHUS! STMEHKH I0CTIe BKIIOYEHUS Jla3epa co-
craisier mpuMepHO 1200 GOTONIEKTPOHOB, CUTHAIIBI
¢dayopecnenimu B BHM (0a30Bbie CUTHANBI, MIIK OT-
cYeTHl Tpeiica) mpesblmaT no ammmrtyae 200—400
(hOTORIICKTPOHOB.

HMumauuﬂ d)OHa, noJjlie3H020 cucHauia
U memHo6020 uyma

Ecmu paccmarpuBath 0a30BBI CHUTHAI C TOYKH
3pEeHUs TOTO, NMPOM3OILIO WM HE MPOHM30ILIO COOBI-
THE BCTPaUBaHUs HYKJIEOTHAA, 0a30Boe N300paKeHne
MOJeT OBITh C(HOPMHPOBAHO KaK:

1. CuMmynsmust HaTM4Ms TEMHOBOTO TOKA B CEHCO-
pax BUJIeOKaMephl B ciy4ae, eciu cBeT oT BHM He
n3nmy4aercs BooOme (curyamwms "a'").

2. Cumynsiuusi cuTHanNa (JOHOBOTO M3ITyYSHHS JUIS
cilydasi, KOrja BCTPaWBaHMS HYKJICOTHIA B JIAHHOM
CIICKTpaJIbHOM JUAIla30HC B TCUCHHUEC BPEMCHU TCKY-
IIe¥ SKCIIO3UINH He Tipoun3onuio (cutyarus "b").

3. CaMynanusi CBETOBOTO IATHA OT (iyopec-
HCHTHOﬁ BCIIBIIIKK, B TOM YHUCJIC U CUT'HaJIa q)OHa, JJIA
MMHTAIUK TIpoIiecca BCTPAaWBaHUS HyKJIeoThaa (CH-
Tyanus " n)

DT cUTyalluy OpeACTaBIeHbl Ha PUC. 5.

0

HOCHE,&OBaTEﬂbHOCTb OTCYETOB
(6azoBbix curHanos) B Tpeice

H T"'F"

I |||'||[ |||I"|

7, McC .

Puc. 5. ba3oBsie n300pakeHNs 00IACTH CUMYJIIIIAN pa3MepoM 5X5 nukceneit (a) u mpowti SpkocTH 1y HUX (0).

Ha © BBepxy — oOTCYeTH

0a30BBIX CHUTHAJIOB Ipyu HWMHUTAIlMKM TEMHOBOTO INyMa KaMEpPbI

(curyanms

"a").

Ha 6 BHH3Y — OTCUeTHI 0a30BBIX CHTHAJIOB IIPH UMHUTAIIUH (QoHA sueiiku (cuTyarms "b") u coOBITHIT BCTpanBaHUs HYKJIEO-

TU0B (cutyarus "c").

3a Bpemsi cumyJisinud, pasHoe 310 Mc, mpou3oIuio aBa coObITUS BeTpanBaHus. Kaxmaoe coObiTHe 00pa3oBaHO MATHIO OT-
CYeTaMH C MHTEHCUBHOCTHI0, peBbimaronield 100 goroanekrponos (¢.o11.). OTcueTs! (OHOBBIX CHI'HAIOB CHOPMUPOBAHBI

0a30BBEIMH CUTHAJIaMU MEHBIIEH HHTEHCUBHOCTH

HAVYYHOE ITPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 1
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Puc. 6. Crextpbsl BO30YXIEHUS M SMHUCCUU (DIYOPECHEHTHBIX KpacuTelew,
UCIIOJIB3YEMBIX ISl MEYCHHS HYKJICOTUJIOB.
3aiTpUXOBaHbl 00JIACTH B3aWMHOTO CIIEKTPAIBLHOTO MEPEKPBITHS MEXIy KaHa-

mamvMa AuT, TuG,GuC

Hepekpecmﬂble CNneKmpa’ijlbHble nomexu

IIpu cunteze xomiuiementapuou renu JIHK nBa
PaA3HbIX HYKJICOTHUOIA HEC MOTYT OAHOBPCMCHHO BCTPO-
HUTHCS B IEPBUYHVIO 1IETH, MOATOMY B oqHOM BHM He
MOI'YT OIHOBDPEMEHHO CBETUTHCA aBa (hayopodopa.
OmHaKO B MOMEHT CBEUYEHHUS Kakoro-mudo OIHOro
HYKJIEOTHIa B COCEIHUE C HUM KaHaIbl JETEKILIUU MO-
I'YT IONAJaTh IEPEKPECTHBIE CIIEKTPAJIbLHBIE ITOMEXH
(crosstalk). B MomenpHOM cHUrHajne BeIWYMHA TAKOH
IIOMEXH1 MOXKET 6I)ITI) 3aJlaHa B IIPOILICHTAX OT UHTCH-
CHUBHOCTH CHUTHalIa (hIIyOpECLIEHIIMA B KaHAaJle, KOTO-
DBIM SBISIETCS HUCTOYHHMKOM noMexd. BeawmumHa no-
MeXH N00aBISIETCS K MHTErPAILHOMY CHTHAJY SPKO-
CTH B MOZEIUPYEMOM KaHajle M 3aBUCUT OT (HOPMBI
CIEKTPOB BO30V)KIEHUS W WCIYCKaHHS HCIIOIb3ye-
MBIX KpacuTenei (puc. 6). [lomexy u3 kanana A B ka-
Han T o6osnaunm kak CrTk" u, Ha0GOPOT, HOMEXY
u3 xanana T B kanan A o6o3naunm kak CrTk™. Jlo-
ruKa 00O3HAYEHWH JUIsl IPYTHUX CIEKTPaJbHBIX KaHa-
JIOB aHAJIOTMYHA.

JIyis MOeTUpPOBAHUS Pa3JICJICHUS Y4 OT YeThI-
pex (hIyopecreHTHBIX KpacuTeNneld Ipy TTOMOIIH JTHC-
MIEPCUOHHON IPU3MBI CIIELYET PACIOJIOKUTh UYEThIpE
0a30BBIX M300pakeHUs APYT MO IPYroM IO BEPTH-
KaJld B TIOPSI/IKE YBEITMYEHUS JIJIMHBI BOJHBI CIIEKTPOB
smuccun A (3enensiit), T (xenTsiit), G (kpacHbiil) u C

(TemHO-KpacHbIi). Kaxmoe u3 yeTsipex 0a30BBIX U30-
OpakeHHH TEHEpUpPYeTCsl OTHAENIBHO B COOTBETCTBHHU
C 3aJaHHBIMHU JJI1 JAHHOTO CIEKTPaJbHOro KaHaja
napamMeTpamH.

Aneopumm moodenuposanus 6a306020
uzobpadxicenust Sbasic

Anzopumm moodenuposanusa (éapuanm 1) 6a3oBo-
T0 N300pakeHHs B 00JIACTH CUMYJIISIINH IS KaHama A
(SbasicA) B citydae BCTpavBaHHsS MEUEHHOT'O HYKJICO-
tuga A (puc. 7):

1. 3agate pa3smep o0NacTW CHUMYJSIHMHM B NHKCE-
JSIX ¥ CMEIIEHHE MOJIEIMPYEMOTO CBETOBOTO IIATHA
BHYTpPHU OOJIACTH.

2. 3amate aMIIUTYAy curHana (iyopecueHmm A
B (hoToamexkTponax — FI°.

3. 3amath amnTyay GoHOBOrO curHana BkGrd”,
T.e. BEJIMYMHY CHUTHaja COOCTBEHHOTO CBEUYCHHUS W3-
MEpPUTENBHON SYEHKH B OTCYTCTBHE CHUTHaja (Quryo-
PECIIEHIINHM OT BCTPaMBAaeMOT0 HYKIEOTHIA B MOJIe-
JUPYEMOM KaHalle.

4. CchopmupoBath IByMepHbIE W300pa)KeHUs Ta-
yccoBa pacripeielieHus SIPKOCTH B 00JIaCTH CHUMYJIS-
1uu Jiist oHa U (HITYOPECIICHIIMU COTIACHO 3aJIaHHBIM
napamerpam. CymMmmupoBath 00a n300paskeHusI.

HAVYYHOE ITPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 1
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Puc. 7. ®opmupoBanue 6a30B0ro u300pakeHus Sbasic st Ka)I0r0 U3 YeThIPEX CIEKTPAIbHBIX KAHAJIOB.
B xanane A monenupyeTcs MoNe3HsI curHai (Haamaue quryopecteHnnn). Ludpamu mokazaHsl COOTBETCTBYIOIINE ATAIIBI

ITOPUTMA MOJICITUPOBAHUS

5. MopaenupoBath LIyM, 3aBUCSAILIMNA OT BEJIMUYHHBI
CUTHaJIa, HAKOTJIEHHOTO B CEHCOPAax 3a BPEMs DKCIIO-
3unun, kak cymmy PRNU (Photo Response Non-
Uniformity) u apo6osoro myma (Shotgunnoise) —
Ngp. s 3T0r0 paccyurars BEJIMYHMHY IIYMOB B Ka-

HAVYYHOE ITPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 1

JIOM THKCeJe Ui TOJYYEeHHOTO B M. 4 CyMMapHOTO
M300pakeHNI.

> C nomowpo arnmpoOKCUMAaIIUU IKCIEPUMEHTAIbHO TOMY-
yeHnHoit 3aBucumoctu CKO wmHTErpaspHOro 6a3oBoro cur-
HaJlla, W3MEPEeHHOr0 B 3aJaHHON KBaJIpaTHOW o0iacTu
M X M nmkceseH, OT BETHYUHBI 3TOr0 CHTHAJa.



10 E. K. BACUJIBEBA, 1. B. YYBUHCKUI-HA JIEXIH

6. MopenupoBaTh IIyM, HE 3aBHCALIMN OT BEIH-
YMHBI CUTHAJIA, HAKOIJICHHOTO B CEHCOPax, KaK CyMMY
temHoBoro myma DSNU (Dark Signal Non-
Uniformity) u mryma cumtbhiBanusi kamepsl ReadOut —
Nyngp. 11 3TOro paccymTarh BEIMYUHY IIyMOB
B K&XIOM ITHKCeNle C MOMOIIBI0 HOPMaJbHOTO pac-
TIpeIeIeHns CO CpeTHNM, paBHBIM HyIo, 1 CKO, yka-
3aHHBIM B ITaCOPTE BUACOKAMEPLI JJIs1 JaHHBIX BUAOB
LIYMOB.

7. 3agarh cMelieHue WHTEHCHBHOCTH CHUTHAa OT-
HOCHMTENEHO HYJIS JUIs Kaxkoro nmukcens — OffSet.”

8. Jlo6aBUTH paccUMTaHHBIE ITyMBI W CMEIIEHHE
K n300paxeHno GoHa u (HIyopecleHINH, TOTYUYCH-
HOMY B II. 4.

Anzopumm moodenuposanus (eapuanm 2) 6a3oBo-
ro n300paxkeHusi B 001aCTH CUMYJISIIMN A5 KaHana T
(SbasicT) (¢dou + crekTpanpHas momexa u3 A) B CiIy-
Yyae BCTpauBaHMs MEUCHHOTO HyKIeoTuaa A (puc. 7):

1. 3amate pasmep oOlIacTh CUMYISIIUN B TTHKCE-
JSIX U CMEIICHHE MOJAEIMPYEMOro CBETOBOTO ISTHA
BHYTpPHU OOJIACTH.

2. 3amate cHnekTpanpHyl0 mioMexy (crosstalk)
B kaHajie T B MMpOoLICHTax OT aMIUIUTYAbl CUTHAJIa U3
KaHala A, CO3/afomero 3Ty nomexy — FI* x CrTk™.

3. 3amate  ammuTyay — (OHOBOTO  CHTHala
BkGrd" — BennuuHy CHMrHama COOGCTBEHHOIO CBede-
HUS U3MEPUTEIBHOU SYEHKH B OTCYTCTBHUE CUTHAJIA
¢diyopecueHIMM OT BCTPaMBAaEMOI0 HYKJICOTHAA
B MOJEIIUPYEMOM KaHaJle.

4. CchopmupoBath AByMEpHBIE H300paKeHHs Ta-
yccoBa pacrpelesieHusl IPKOCTH B OOJIACTH CUMYJIS-
1uu Jiist poHa U (HITYOPECIICHIIMU COTJIACHO 3aJIaHHBIM
napamerpaMm. B manHOM ciydae cobctBeHHas ¢uryo-
pecueHIys B KaHaie T paBHa HyIto, HO opmMupyercs
Mapa3uTHEIN (IyOPECIIEeHTHBIA CUTHAI OT 3aCBETKH
n3 kanana A. CymmupoBatb 00a n300pakeHusl.

5. MoaenupoBarh 1IyM, 3aBUCAILIANA OT BEJTUUHHBI
CHUTHaJla, HAKOIUIEHHOT'O B CEHCOPax 3a BPEeMs 3KCIIO-
sunun, kak cymmy PRNU (Photo Response Non-
Uniformity) u apo6oBoro myma (Shotgunnoise) —
Ngp. 11 5TOTO pacCUUTATh BEIMYMHY IIYMOB B KaXK-
JIOM TIHMKCENe AJIS MOJyYeHHOro B 1. 4 CyMMapHOTO
M300pakeHNI.

6. MoaenupoBaTh IIyM, HE 3aBHCALIMN OT BEIH-
YMHBI CUTHAJIA, HAKOIJICHHOTO B CEHCOPax, KaK CyMMY
temHoBoro myma DSNU (Dark Signal Non-
Uniformity) n mryma cuutsiBanus kamepsl ReadOut —
Nungp- M1 3TOro paccumrTarh BEIMYUHY IIyMOB
B K&XIOM IIHMKCEJIe C MOMOIIbI0 HOPMAJIBHOIO pac-
MIpeJIeIeHns CO CpelHUM, paBHBIM HyJt0, 1 CKO, yka-
3aHHBIM B ITaCOPTE BUACOKAMEPLI JJIs1 JaHHBIX BUAOB
LIYMOB.

3 o

Iapamerp OffSet BUmEOKAMEpHI, 3aJAIONIMNA CMEIICHHUE
HYJIEBOTO YpPOBHS, B paccMaTpUBAcMOM CIIydae pPaBeH
100 enuHUIL IPKOCTH HA MTUKCEJIb.

7. 3agarh cMelieHue UHTEHCHBHOCTH CHUTHANA OT-
HOCHTEIBHO HYJS JUTsl Kaxkaoro nukcenst — OffSet.

8. JloO6aBUTH paccUWTaHHBIE ITyMBI W CMEIIEHHE
K n300paxeHno GoHa u (HIyopecleHINH, TOTYUYCH-
HOMY B II. 4.

[Ipy HEOOXOAMMOCTH MOJENUPOBAaTH TEMHOBON
TOK B CEHCOpPax HCIOJIB3YIOTCS TOJIBKO MYHKTHI 6 1 7
JIrOpUTMA.

Iloacnenue x n. 4 ancopumma. 3 BHM nHa Bu-
JleoKaMepy TomajgaeT CYMMapHBIH MOTOK CBeTa, MO-
DPOXKIAEMBII KaK CHTHalIoOM (hIyODEeCHEHIMH HYKIIEO-
THZA, €CIM MPOU30LUI0 BCTPAaUBaHHUE, TaK U OOIINM
tdonoBbeIM m3nyueHueM BHM, oOycioBieHHBIM CBe-
YEHHUEM TIOBEPXHOCTH SYEHKH U CIa0BIM CUTHAJIOM OT
MEUYEHBIX HYKJICOTHIOB, IUIaBAIOIIMX B pacTBOpE.
B obownx ciydasx wu3o0pakeHHEe CBETOBOTO IISITHA
B 00JIACTH CHMYJISIIIMA MOXKET OBITh CMOJEITUPOBAHO
JByMEPHBIM T'ayCCOBEIM pacmpezeneHneM sipkocta (1)
C 3aJIaHHBIM O (0 = O, = O), KOTOPOE COOTBETCTBYET
panuycy cBeTslierocs oObeKTa, W 3aJaHHBIM CIIy-
YaliHBIM CMEIIEHUEM LIEHTpa IATHA My, m,. 1Ipu sTOM
caM ONTHYECKUH CHTHall COOTBETCTBYET BEJIMYMHE
JIByMEPHOTO TayCCOBOTO MHTErpana (puc. 8)

emy (om)
S(x,y)= L o 1
2no o (D

x>~y

CMelieHre LEHTpa CHUMMETPHU IISITHA 3a7aeTcs
OIMIUOHANILHO CIyYalHBIMH BEIHYUHAMH C PABHO-
MEpPHBIM pacrpe/ieNIiCHHEM B TIpejieax 00JIacTi CUMYy-
JSIMY M TIO3BOJISIET YYECTh MPOSBICHUE MPOCTPAHCT-
BEHHOW HECTaOUILHOCTH M300paKEeHHS.

OOmast SIPKOCTh BCEX IMUKCENCeH H300paKeHus
B 00JIaCTH CUMYJISILIUU OIIpEeJeNIseTCs 3aIaHHOMN BeIn-
YUHOU 0a30BOro curHana F/ (Hampumep, TOJBKO JIs
(ayopecuienTHoro curHama). llporpammuao 06a30BBIi
curHan (HopMHUPYeTCsl Kak CyMMa SIPKOCTEH BCEX THK-
ceneld B 0a30BOM u300pakeHUH. J[J1s 3TOr0 Kax bl
HHKCEb B 00JIACTH CUMYIISALMH TIOIy4aeT sIPKOCThb A;;
C COOTBETCTBYIOIIUM BECOBBIM K03 duiimenTom, kak
ToKa3aHo B (2):

(=m) (-m)’

B o, @

— 20
270 ¢

i

B wrore amroput™M (GOpMHpPOBaHHS MOJECIHHOTO
JIByMEPHOr0o 0a30BOr0 M300pakeHUs Sps. B 00JacTH
CUMYJISIIIA MOKET OBITh TaK OmHcaH GopMyIaMH.

e Mogenupyem Hamuuue QIIyopecleHIun (TpH-
Mep [T KaHana A):

S =(FI* # £ (x,y) + BkGrd™ * f (x,y)) +

bsc

+Ngp + Ny + Offset. 3)

HAYYHOE [NPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 1
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O6beM NoA NOBEPXHOCTLIO
onpeaenseT UHTerpasbH bIiA
onTuyeckuit curHan Fl

Fl = fJ:Zf(x,y)dxdy ‘

AMnauTyaa spkoct B Touke {i,j}: A;; = —
: o

AMNNUTYAa SPKOCTY B UeHTPe, B Touke {0,0}: Ago =

BaszoBoe M3o06paxeHune
(nBYMEpPHbIW rayccuaH), rae
My, M, —NONOXEHNE LeHTpa

1 _me? -my)
e 202 202

f,y) =

2ma?

Fl _(i-my? (-my)®

e 202 202

Fl
2mo?

Puc. 8. I"ayccosa mozens n3o0pakenus curnana duyopecuennun BHM

e MozenupyeM ToJbKO (OH (IpuMep /it KaHasia
T):

T Bg __
Sbsc -

=(FI* % CrTh™" * f(x,y)+ BkGrd" * f(x,y))+
+ Ny, + N + Offset. 4)
e MogenupyeM TEMHOBOM Kajp:

Spr = N iy + Offset. %)

Obocnosanue cnocoba MooeruposaHus wymos

IHloacuenue k n. 5 anzopumma. IKCepUMEHTAITb-
HOC H3YUCHHUE 3aBUCUMOCTU HIYMOB BHACOKAMECPLI
OT BEJIMYMHBI PETHCTPUPYEMOro CHTHajla MO3BOJIHMIIO
ompeaenuth CKO curaanma spkocTa u300pakeHUs
U3MEPUTENHHON STYeKH, MHTETPUPOBAHHOTO B 00JIac-
ta 3 % 3 nukcena. Ha puc. 9 npencrasnena 3aBucH-
MocTh otHOcuTensHOro CKO (ompeneneHHoro B mpo-
LIEHTaX I10 OTHOLICHUIO K COOTBETCTBYIOIIECH BEJIMYH-
HE CHUTHaja) TaKOro CHrHaja SIPKOCTH Ui IyCTOH
SIYEUKH, 3aCBEUEHHOM 3€JIEHBIM U KPACHBIM JIa3€PaMH.
ITox "xopormmumu" NMHUKCEISIMHU 3/1eCh MOAPa3yMeBacT-
Csl OCHOBHOE MHOXKECTBO IMHKCeNeN Kamepsl, I KO-

HAVYYHOE ITPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 1

TOPBIX W3MEPEHHBIN pa3dpoc CWrHalla SPKOCTH OIu-
30K K yKa3aHHOMY B TaclopTe BHJEOKaMephbl 3Haue-
Huto. [lon "mmoxumu" MUKCENsIMA MBI IMEEM B BHITY
HEKOTOpBIE MHKCENIW C YpOBHEM pa3bpoca curHana,
MPEBBIMIAOINIUM MACIOPTHBIC 3HAYCHUS B 5 U Oonee
pa3. [lonaganue Takux NMHUKcenel B 00JacTb HHTETPH-
pOBaHUs CHTHAJISl SAPKOCTH TMPH TIOCTPOCHHH Tpelica
MoxkeT yBenmuuTh CKO myma ¢oHa w 3aTpyaHHTH
MOCJEYIOUIHHA TTOUCK CUTHAIOB-COOBITHI .

JlaHHBIC JUUISI TOCTPOCHUS 3aBHCUMOCTH IOJTYyYCHBI
B pe3yJsibTaTe 00paOOTKH CepUH KaJPOB, 3aPETHCTPH-
POBaHHBIX B PEKUME TEMHOTO MOJIs (ITPU OTCYTCTBUHU
BHEIITHET0 MCTOYHHWKA CBETA) M MPH BKIIFOUCHHBIX Ja-
3epax C TOCIENOBATEIBHO YBEIUYHBAIOIIAMCS Bpe-
MeHeM 3kcno3unuu ot 10 mc 1o 250 mc.

* Cuenan-cobvimue — coGeITHe, KOTOpPOE COCTOUT B H3IY-
YEHUU CBETA B OJHOM U3 CIIEKTPAJIbHBIX KaHAJIOB B IIPOLIEC-
ce KOMIUIEMEHTAapHOTO BCTpaMBaHUSA (PIIyOPECHEHTHO Me-
yeHHoro Hykieoruna B uenb JJHK. Coctout u3 coBokyr-
HOCTH 0OA306blX CUZHANI08, KOTOPBIC MPEICTABISIOT COOOMH
WHTErpajbHbIE CUTHANBI SIPKOCTH JuIsl M300pakenuss BHM,
MOJIYYE€HHbIE B 33JIaHHON 00JIacTH Ha KaJpe 3a Bpemsl OjI-
HOKpaTHOM »kcno3uiuu. Ha Tpelice BBITMSAUT, Kak HUM-
IyJIbC.
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Puc. 9. 3aBucumocts otHocuTensHOro CKO curnana spkocT (MHTEHCUBHOCTH) N300pakeHHs (hoHa sTueii-
KU B 00JIACTH MHTErPUPOBAaHUs 3X3 MUKCENsS OT BEJIMYMHBI STOr0 CUTHaja C BBIYETOM CMEUICHHs ypPOBHS

Offset

3TO MO3BOJUIIO M3MEPHUTH YPOBHH SPKOCTU H30-
OpaxeHHnss COOCTBEHHOTO CBEUEHHS SUEHKH B IIHUPO-
KOM Jiuana3one 3HaueHui. [[yst koppekTHoH 00paboT-
KA JaHHBIX U3 BEJIMYMHBI HWHTETPAIbHOTO CHUTHaja
OBUT BBIYTEH YpOBEHb cMeleHus, paBHblid 100 doro-
3JIEKTPOHOB HA MHUKCEIIb, UCKYCCTBEHHO JOOABIIAEMBbIH
B BHJICOKaMepe Ui KOPPEKIUH HYJIEBOTO YPOBHS.
C moMomIpl0 anmpoKCUMAaluU Pe3ybTaTOB H3Mepe-
HUHM nojiydeHa (PyHKIMOHAIbHAS 3aBHCUMOCTH BEJIU-
yiHbl CKO nHTerpansHoro cursana N oT ypoBHS HH-
TEHCHBHOCTH 3TOr'0 MHTETPAIBbHOrO CHrHaja S B 00-
jacTv 3 X 3 muKcens:

N =128.15xS§77, (6)

[Nony4yeHHOE BBIpaKCHUE HUCIOJIB3YETCS MPH MO-
JIeTMPOBaHUN 0a30BOTO M300paKEHUS MO (QOopMyIam
(3), (4) o onpeneneHUsT BETUYUHBI ITYMOB, 3aBUCSI-
IIUX OT YPOBHS curHana Ng,. st 3TOro BMeCTo Be-
JuauHbl S B (6) ClieayeT MoJACTaBUTh CYMMY CUTHAJIOB
honHa 1 dayopecleHIN AT MOJEIUPYEMOTO TTHKCe-
7151 B 00J1aCTH CUMYJISALIUH.

PE3VYJIBTATBI

Takum o0Opa3oM, Ha CHMYyITHUPOBAaHHOM 0a30BOM
M300paKECHUU MBI OYJIEM UMETh JIEI0 C aCUMMETPUY-
HBIM TIATHOM, 3aJaHHBIM JIByMEPHBIM TI'ayCCOBBIM
pacnpezeneHiueM cUTrHaIOB (poHa W (iryopecueHIu,
¢ no0aBlleHHEM CIIEKTPANbHBIX TMOMEX M (IIyKTya-
LUSIMH SIPKOCTH B KaKAOM mHkcene. MHrterpanpHas
SAPKOCTh 0a30BOr0 M300paKeHUsT — CyMMa SIPKOCTH
B IIHMKCEJSX B Mpenenax o01acTd CUMYJSIIMU — Tak-
ke OyneT QIIyKTYUpoBaTh B Pa3HBIX peain3alusix J1a-
e TIPU O/IMHAKOBBIX MapaMeTpax CUMYJISINH, CO3/1a-
Basi TAKUM 00pPa30M CTOXaCTUUECKYI0 MMUTALMOHHYIO
MOJIENIb ~ TIpollecca  JETEKTUPOBAHUS  M3ITYyUCHHS
or BHM.

Hcnone3ys Takol anroputM GpopMupoBaHUs 6a30-
BBIX CUT'HAJIOB M M300pa)kKeHUIl MHOIOKPAaTHO, MOXKHO
MOJICJIMPOBATh CUTHANBI  (IyOPECUEHIINH, TPEBbI-
LIAIOLIME MO AJUTEIBHOCTH BPEMsI SKCIO3ULUH U CO-
OTBETCTBYIOIINE COOBITUSIM BCTPaMBAHUS HYKJICOTH-
noB B 1ens JIHK Bo Bcex ueThIpex CHEKTpalbHBIX
kananax. IlpencraBmeHHBIi cnoco® obecriednBaeT
PCAIMCTUYHYIO TCHEpaIMi0 0a30BBIX HW300pakeHUN
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MOJEJIMPOBAHUE TIEPBUYHbLIX JAHHBIX 13

Puc. 10. [Tpumepsl 6a30BbIX H300payKEHUI HYKICOTHIOB.

ITosicHeHHUs cM. B TEKCTE

JUIL WCTIONB30BaHHUA WX B JanbHeimeM monHodop-
MaTHOM MOZEIMPOBAHUN CEPUHM KAAPOB IEPBHUUYHBIX
n300paXeHUH CEKBEHATOpa, KOTOPhIE MOTYT OBITH
c(hOpMHPOBaHBI IS TECTUPOBAHUS aNTOPUTMOB 00-
paboTKK MEPBUYHBIX TAHHBIX U MOBHIIIEHUS TOYHOCTH
pacmo3HaBaHUs (IIyOPECIICHTHBIX COOBITHIA.

Ha puc. 10 nmokazaHsl mporpaMMHbIE CHUMYJISILIUA
0a3oBbIx mM300paxenniit BHM B deTwhipex crekTpaiib-
HBIX KaHaJIax Uil pa3HBIX Pa3MepOB O0JIACTH CHUMY-
JSIMU € Pa3HBIMU BXOAHBIMHU TIApaMETPaMu, BKITIOUast
CHEKTpaJbHbIE TIOMEXHM IJIsi HEKOTOPBhIX H300paske-
HUIH.

Ha puc. 10:
[1]— o6macts 5 x 5 nukc.; a — QuyopecueHmus
B kaHame A; b — duyopecueHnus B KaHaie A

CO CHEKTpaJbHBIM TIIepeKpbiTHeM KaHama T; ¢ —
(dayopecueHuus B kanane G co CEKTpajIbHBIM Tepe-
KpbITHeM KaHana C.

— obnacth 4 X 4 MHKC.; a — (QIIyOpPECICHIUs
B kaHaie T; b — duryopecniennus B kaHaie A.

— obOnacth 3 X 3 mukc.; a — QuyopecueHIus
B KaHaie A; b — ¢yopecnennus B kaHaie G.

— 00macTp 2 X 2 muKc.; a — (pIryopecueHIus
B kaHajie G; b — ¢ayopecuennus B kanaie C.
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MODELING OF RAW DATA FROM A SINGLE-MOLECULE
SEQUENCER. PART I: SIMULATING DETECTION
OF EMISSION FROM A ZERO-MODE WAVEGUIDE

E. K. Vasil’eva, I. V. Chubinskiy-Nadezhdin

Institute for Analytical Instrumentation of RAS, Saint Petersburg, Russia

This work proposes a stochastic simulation model for the fluorescence detection process of labeled nucleo-
tides during single-molecule sequencing across four spectral channels. A multi-factor detector signal simulation
is implemented. The first part of the article describes an algorithmic template for modeling the response of
a camera's photosensitive elements to incident light from a zero-mode waveguide within a single spectral range
during DNA single-molecule sequencing. The concept of "base image" is introduced, representing the number
of photoelectrons in sensors during an exposure time. The area simulation of such an image is a square field
measuring 2 x 2 to 5 X 5 pixels, with total brightness corresponding to a single trace count in the given channel.
Three modes of base image formation are considered: 1) dark current only, 2) background radiation in the ab-
sence of incorporation of a nucleotide, and 3) a fluorescent spot with a background level. A step-by-step algo-
rithm for modeling the base image is provided. It includes: defining the size and offset of the spot, fluorescence
and background amplitudes; generating two-dimensional Gaussian distributions for background and signal of
fluorescence; and summing them; accounting for signal-dependent noise using experimental data; modeling sig-
nal-independent noise with a normal distribution; setting the zero-level offset; and finally summing all noise
components to create the image. The algorithm for modeling background signal considering spectral crosstalk
from the nearest signal registration channel is also described. A program simulator for primary digital data from
a single-molecule sequencer has been developed, allowing for the simulation of sequencing results in FASTA,
trace, and movie formats. The simulator accepts a real DNA sequence from a genomic database as input.

Keywords: sequencing simulator, long reads, simulation modeling, SMRT, zero-mode waveguide

REFERENCES formatics and Biomedicine (BIBM), Madrid, Spain, pp. 1-
) . 8. URL: https://ieeexplore.ieee.org/document/8621253
1. Mahmoud M., Huang Y., Garimella K. et al. Utility of 8. Eid J., Fehr A., Gray J., Luong K., et al. Real-Time DNA

long-read sequencing for All of Us. Nat Commun., 2024. Sequencing from Single Polymerase Molecules. Science,

vol. 15, id. 837. DOI: 10.1038/s41467-024-44804-3 2009, vol.323, id.5910. pp. 133-138 DO
2. Rhie A., Nurk S., Cechova M. et al. The complete se- 10.1126/science.1162986

quence of a human Y chromosome. Nature, 2023, 9. Korlach J., Bjornson K.P., Chaudhuri B.P., et al. Ch. 20 —

vol. 621. pp. 344-354. DOL: 10.1038/s41586-023-06457-y Real-Time DNA Sequencing from Single Polymerase

3. Stocker B.K., Koster J., Rahmann S. SimLoRD: Simula-
tion of Long Read Data. Bioinformatics, 2016, vol. 32,
iss. 17, pp. 2704-2706. DOI:
10.1093/bioinformatics/btw286 //Epub 2016 May 10.

4. Wei Z.-G., Zhang Sh.-W. NPBSS: a new PacBio sequenc-
ing simulator for generating the continuous long reads
with an empirical model. BMC Bioinformatics, 2018,
vol. 19, id. 177. DOL: 10.1186/s12859-018-2208-0

5. Ono Y., Asai K., Hamada M. PBSIM2: a simulator for
long-read sequencers with a novel generative model of
quality scores. Bioinformatics, 2021, vol.37, iss.5,
pp- 589-595. DOLI: 10.1093/bioinformatics/btaa835

6. Zhang W, Jia B., Wei Ch. PaSS: a sequencing simulator
for PacBio sequencing. BMC Bioinformatics, 2019,
vol. 20, id. 352. DOL: 10.1186/s12859-019-2901-7

7. Rohrandt C., Kraft N., Gielelmann P., et al. Nanopore
SimulatlON — a raw data simulator for Nanopore Se-
quencing. 2018 IEEFE International Conference on Bioin-

Molecules. Methods in Enzymology, Pacific Biosciences,
Menlo Park, California, USA, 2010, vol. 472, pp.431-
455. DOLI: 10.1016/S0076-6879(10)72001-2

10. Levene M.J., Korlach J., Turner S.W., et al. Zero-Mode
Waveguides for Single-Molecule Analysis at High Con-
centrations. Science, New Series, 2003, vol. 299, no. 5607,
pp. 682—-686. URL: http://www.jstor.org/stable/3833436

11. Bessmel'tsev V.P., Terent'ev V.S., Vileiko V.V. et al.
[Development of the platform for nucleic acid analysis
(DNA sequencer)]. Prikladnaya fotonika [Applied pho-
tonics], 2016, vol. 3, iss. 4, pp. 388—412.
DOI: 10.15593/2411-4367/2016.04.03 (In Russ.).

12. Chen J., Dalal R.V., Petrov A.N., et al. High-throughput
platform for real-time monitoring of biological processes
by multicolor single-molecule fluorescence. PNAS, 2014,
vol. 111, no. 2, pp. 664—669.
DOI: 10.1073/pnas.1315735111

15



16 E. K. BACWJIBEBA, U. B. YYBMHCKUI-HAIEXIUH

13. Melentiev P.N., Bukatin A.S. et al. [Optical methods for  14. Camera Dhyana 400BSI V3, Tucsen Photonics Co., Ltd.
detection of single biomolecules: visualization, sensorics, https://www.tucsen.com/scmos-dhyana-400bsi-v3-product
sequencing of DNA molecules]. Uspekhi fizicheskikh
nauk [Advances in Physical Sciences], 2024, vol. 194,
iss. 11, pp. 1130-1145. (In Russ.).

DOI: 10.3367/UFNr.2024.07.039720

Contacts: Vasil'eva Ekaterina Kimovna, Article received by the editorial office on 29.11.2025
virtkat@mail.ru

HAVYYHOE ITPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 1



INTRODUCTION

Single-molecule sequencing is a promising and ra-
pidly developing method for obtaining genetic infor-
mation in areas where the length of reads is crucial for
data interpretation. The most complex tasks in meta-
genomics and epigenetics — de mnovo sequencing,
analysis of large numbers of repetitive and homolog-
ous regions of the genome, and other studies related to
the interpretation of long genomic sequences—cannot
be effectively solved solely by NGS methods, which
provide short reads. Developments by Pacific Bios-
ciences (PacBio) and Oxford Nanopore Technologies
(ONT) represent the two main third-generation se-
quencing technologies that are driving the develop-
ment of single-molecule sequencing today. The first
technology, called SMRT (Single Molecule Real
Time sequencing), initially provided continuous lon-
greads (CLR) with an error rate of 15% and was later
developed into the Hi-Fi read method, which reduces
the error rate to < 1%. The second technology makes
it possible to obtain ultra-long reads up to 4 Mbp, but
with a high error rate, which can be reduced almost to
the level of the Hi-Fi method using duplex sequencing
technologies [1]. Both technologies served for the fi-
nal stage of decoding the human genome—sequencing
the Y chromosome, which has a complex repetitive
structure [2].

Several long-sequence simulators thatimitate data
from third-generation sequencers are publicly availa-
ble. These include SimLoRD, NPBSS, PBSIM, and
PaSS [3-6]. They produce longread sequences in
FASTA file format, simulating various read errors.
This makes it possible to use this data in various bio-
informatics tasks to debug secondary processing algo-
rithms. These simulators provide a high degree of ap-
proximation to the results obtained during real se-
quencing. However, they do not produce raw data,
i.e., movies and traces, for SMRT sequencers. The
NanoporeSimulatlON simulator differs from these,
being specifically designed as a raw data simulator for
ONT ion current signaling technology [7].

Raw data simulators for sequencers that record
fluorescence signals are not publicly available. PacBio
apparently uses its own simulation generators in its
internal tests, which are not published publicly. This
presents a challenge when it comes to simulating raw
data from PacBio sequencers, for example, to develop
and optimize custom algorithms for primary data
processing, such as movie and trace, to optimize base-
calling procedures.

Therefore, due to the limited and expensive nature
of experimental data and the lack of simulators, simu-
lation modeling and programming become essential
for recognizing fluorescent objects in raw images and
interpreting signals in single-molecule sequencing.

Developing own simulator is a complex and non-
trivial task, as realistic simulation requires modeling
polymerase kinetics, the characteristics of dyes used
for nucleotide labeling, optical properties, detection
system noise, and other parameters, most of which are
probabilistic. Clearly, high-quality data simulation
requires the development of a new modeling method.
The most appropriate approach appears to be "virtual
sequencing", which provides a multifactorial simula-
tion of signals generated by the light-sensitive ele-
ments of a video camera, formed taking into account
the parameters listed above.

SINGLE-MOLECULAR SEQUENCING
DETECTION SYSTEM

A detection system for single-molecule sequencing
using technology similar to PacBio [8—12] can be
represented as a specialized four-channel, in terms of
the number of spectral ranges, fluorescence micro-
scope with digital recording of images of fluorescent
objects of the zero-mode waveguides (ZMWs). Each
spectral range corresponds to one of four fluorescently
labeled nucleotides, traditionally designated A, T, G,
and C. The ZMW is a nanostructure in which the se-
quencing reaction occurs. It is a cylindrical nanowell
with a depth and width of approximately 100 nm,
formed in a thin aluminum film, the volume of which
does not exceed 10" L. In each ZMW, as the poly-
merase incorporates the next labeled nucleotide from
the reaction buffer solution, fluorescence of the cor-
responding label is emitted by the excitation laser
light incident on the transparent surface of the measur-
ing cell from below. The cell contains a large number
of ZMW and is positioned within the field of view of
a high-resolution microlens for the purpose of simul-
taneously observing fluorescence in all nanostruc-
tures.

The light beams emerging from the lens carry in-
formation about the spatial distribution of the ZMW
and the spectral composition of the emission. To sepa-
rate the spectral ranges of the recorded fluorescence,
the light beams pass through a dispersive prism [13].
When constructing an image, the emission from each
ZMW is divided in the direction of the prism's disper-
sion according to the spectral composition of the fluo-
rescence of the four emitting labels (Fig. 1).

Fig. 1. Correspondence between the light dispersion
detection channels on the prism.

1 — laser-induced emission from the ZMW;

2 — dispersive prism; 3 — light dispersion on the
video camera sensors; 4 — the ZMW image formed
in four spectral channels. The spectral range of 550—
750 nm is used




The light hits the photosensors of a video camera,
where an image is generated over a specified exposure
time. A single large-format, high-sensitivity CMOS
video camera is used to display all the ZMWs [14].
On the camera's photo sensors, four adjacent groups
of pixels can be distinguished for each ZMW, in
which signals are generated as light spots in accor-
dance with the intensity and spectral composition of
the light incident on them.

The size and shape of the light spots will be deter-
mined primarily by the characteristics and resolution
of the optical system used to construct an image of
a submicron object. The image size in pixels depends
on the prism dispersion, the selected magnification,
and the physical size of the video camera sensors. The
light spot images for different nucleotides partially
overlap, corresponding to the overlap of the spectra of
the fluorescent labels.

The image obtained for each frame is transferred to
a computer. A series of such images forms a set of
raw data (movies), which undergo further processing.
During the initial processing, the computer localizes
the images of all fluorescent nucleotides within the
overall frame image and traces the fluorescence sig-
nals for each spectral channel, resulting in the forma-
tion of traces — data sets storing information about
changes in fluorescence intensity over time. After pre-
liminary filtering of traces based on selected quality
criteria, basecalling — detection and pulse interpreta-
tion are performed in each spectral channel, ultimately
generating a nucleotide sequence (Fig. 2).

Fig. 2. Generalized scheme for fluorescence detection
in single-molecule sequencing using a dispersive
prism.

MODELING BASE IMAGES
AND SIGNALS FOR A SINGLE ZMW

Principle of base model image generation

In the first stage, an algorithmic and software tem-
plate is generated for simulating the processes occur-
ring on the photosensitive elements of a video camera
when exposed to light in a single spectral range from
a single ZMW. This results in a base image simulating
the number of photoelectrons accumulated in the cor-
responding sensors of the video camera over a certain
exposure time. A base image of a single ZMW is gen-
erated within a specified simulation region.

The simulation region of a light spot for a single
spectral range is a square image, the size of which can
be selectively set from 2 x 2 to 5 x 5 pixels. One pixel
of this base image corresponds to one video camera
sensor. The brightness level of one pixel corresponds

to the number of photoelectrons accumulated in the
corresponding sensor during a single exposure. The
sum of the brightnesses of all pixels in the simulation
region forms an integral base signal, which becomes
a single trace sample in one spectral channel (Fig. 3).

Fig. 3. Formation of a base image and a base ZMW
signal in a single spectral channel.

1 — fluorescence-inducing laser; 2 — zero-mode
waveguide (ZMW); 3 — video camera sensors; 4 —
pixels of possible base image models; 5 — trace sam-
ples of the simulated spectral channel

In Figure 3:

— Laser 1 induces fluorescence in ZMW 2 with po-
lymerase immobilized at the bottom, a DNA strand
fragment, and labeled nucleotides in solution.

— During the process of embedding a fluorescently
labeled nucleotide from the ZMW, laser radiation
emits light, which, upon striking the sensors of the
video camera 3, generates an equivalent electrical sig-
nal in photoelectrons in each.

— The signals accumulated in the camera sensors
can be modeled as pixels of varying brightness in
a simulation region of a given size 4, where the
brightness level in a pixel is proportional to the num-
ber of photoelectrons in the corresponding camera
sensor.

— The total signal of all pixels in the base image
forms an integrated base signal, corresponding to one
sample in trace 5 in the simulated spectral channel.

As an example of a real trace, a 30-second frag-
ment is shown in Fig. 4. The data were obtained by
recording fluorescence in channel G for a single strep-
tavidin molecule immobilized on the bottom of the
ZMW.

Fig. 4.Trace fragment

The streptavidin molecule is labeled with Cy5 dye.
Nucleotides labeled with the same dye, floating freely
in a buffer solution, are added to the ZMW. At 6.5 s,
the red laser was turned on, and dye fading on the
streptavidin was recorded. After 15 seconds, the la-
beled nucleotides were added. The integrated ZMW
fluorescence intensity signal was determined over a
3 x 3 pixel image area. The background fluorescence
intensity of the cell after the laser was turned on is
approximately 1200 photoelectrons; the fluorescence
signals in the ZMW (baseline signals, or trace sam-
ples) exceed 200—400 photoelectrons in amplitude.



Simulation of background,
useful signal and dark noise

If we consider the baseline signal in terms of
whether nucleotide incorporation has occurred or not,
the baseline image can be formed as follows:

1. Simulation of the presence of dark current in the
video camera sensors in the case where no light is
emitted from the ZMW (case "a").

2. Simulation of the background radiation signal
for the case where nucleotide incorporation in a given
spectral range has not occurred during the current ex-
posure (case "b").

3. Simulation of the light spot from a fluorescent
flash, including the background signal, to simulate the
nucleotide incorporation process (case "c").

These cases are shown in Fig. 5.

Fig. 5. Baseline images of a 5 x 5 pixel simulation
region (a) and their brightness profiles (b).

0 (top) — shows baseline signal samples when simu-
lating dark chamber noise (case "a").

6 (bottom) — shows baseline signal samples when
simulating cell background (case "b") and nucleotide
incorporation events (case "c").

During the simulation, two incorporation events oc-
curred. Each event consists of five samples with an
intensity exceeding 100 photoelectrons (¢.31.). The
background signal counts are formed by baseline
signals of lower intensity

Spectral crosstalk

When synthesizing a complementary DNA strand,
two different nucleotides cannot be simultaneously
incorporated into the primary strand, so two fluoro-
phores cannot glow simultaneously in one ZMW.
However, when a single nucleotide fluoresces, spec-
tral crosstalk can enter adjacent detection channels. In
the model signal, the magnitude of this crosstalk can
be specified as a percentage of the fluorescence signal
intensity in the channel that is the source of the cross-
talk. This crosstalk is added to the integral brightness
signal in the modeled channel and depends on the
shape of the excitation and emission spectra of the
dyes used (Fig. 6).

Fig. 6. Excitation and emission spectra of fluorescent
dyes used for nucleotide labeling.

The shaded regions show spectral overlap between
channels Aand T, T and G, and G and C

We denote interference from channel A to channel
T as CrTk*", and, conversely, interference from chan-

nel T to channel A as CrTk'. The notation logic for
other spectral channels is similar.

To simulate the beam splitting from four fluores-
cent dyes using a dispersive prism, four base images
should be arranged vertically in order of increasing
emission wavelength: A (green), T (yellow), G (red),
and C (dark red). Each of the four base images is gen-
erated separately in accordance with the parameters
specified for a given spectral channel.

Sbasic base image simulation algorithm

Simulation algorithm (option 1) for the base im-
age in the simulation region for channel A (SbasicA)
in the case of embedding labeled nucleotide A

(Fig. 7):

Fig. 7. Generating the basic image Sbasic for each of
the four spectral channels.

In channel A, the useful signal (the presence of fluo-
rescence) is simulated. The numbers indicate the cor-
responding stages of the simulation algorithm.

1. Specify the size of the simulation region in pix-
els and the offset of the simulated light spot within the
region.

2. Specify the amplitude of the fluorescence signal
A in photoelectrons — FI™.

3. Set the BkGrd™ background signal amplitude,
i.e., the magnitude of the intrinsic luminescence signal
of the measuring cell in the absence of a fluorescence
signal from the embedded nucleotide in the simulated
channel.

4. Generate two-dimensional images of the Gaus-
sian brightness distribution in the simulation region
for the background and fluorescence according to the
specified parameters. Sum both images.

5. Simulate noise, which depends on the signal
magnitude accumulated in the sensors over the expo-
sure time, as the sum of PRNU (Photo Response Non-
Uniformity) and shotgun noise (Ngp). To do this, cal-
culate the noise value in each pixel for the combined
image obtained in step 4"

6. Model the noise, independent of the signal ac-
cumulated in the sensors, as the sum of the dark signal
non-uniformity (DSNU) noise and the camera readout
noise (ReadOut) — Nyngp. To do this, calculate the
noise value in each pixel using a normal distribution
with a mean equal to zero and the standard deviation
specified in the camera specifications for these types
of noise.

* By approximating the experimentally obtained depen-
dence of the standard deviation of the integral base signal,
measured in a given square area of M x M pixels, on the
magnitude of this signal.



7. Set the signal intensity offset relative to zero for
each pixel™ — OffSet.

8. Add the calculated noise and offset to the back-
ground and fluorescence image obtained in step 4.

Algorithm for modeling (option 2) the base image
in the simulation region for channel T (SbasicT)
(background + spectral crosstalk from A) in the case
of embedding labeled nucleotide A (Fig. 7):

1. Specify the size of the simulation region in pix-
els and the offset of the simulated light spot within the
region.

2. Specify the spectral crosstalk in channel T as
a percentage of the signal amphtude from channel A
that creates this crosstalk — FI* x CrTk*"

3. Spemfy the background s1gna1 amplitude
BkGrd" — the magnitude of the intrinsic fluorescence
signal of the measuring cell in the absence of a fluo-
rescence signal from the embedded nucleotide in the
simulated channel.

4. Generate two-dimensional images of the Gaus-
sian luminance distribution in the simulation region
for the background and fluorescence according to the
specified parameters. In this case, the intrinsic fluo-
rescence in channel T is zero, but a parasitic fluores-
cence signal from the illumination from channel A is
generated. Sum both images.

5. Model the noise, which depends on the signal
accumulated in the sensors during the exposure time,
as the sum of PRNU (Photo Response Non-
Uniformity) and shotgun noise (Ngp). To do this, cal-
culate the noise value in each pixel for the summary
image obtained in step 4.

6. Model the noise, which does not depend on the
signal accumulated in the sensors, as the sum of
DSNU (dark signal non-uniformity) noise and
ReadOut (camera readout noise — Nyndp. To do this,
calculate the noise level in each pixel using a normal
distribution with a mean of zero and the standard dev-
iation specified in the video camera's specifications
for these types of noise.

7. Set the signal intensity offset relative to zero for
each pixel — OffSet.

8. Add the calculated noise and offset to the back-
ground and fluorescence image obtained in step 4.

If it is necessary to model the dark current in the
sensors, only steps 6 and 7 of the algorithm are used.

Explanation of step 4 of the algorithm. The total
light flux generated by both the nucleotide fluores-
cence signal (if incorporation has occurred) and the
general background radiation of the ZMW, caused by

** The OffSet parameter of the video camera, which speci-
fies the zero-level offset, in this case is equal to 100 bright-
ness units per pixel.

the glow of the cell surface and the weak signal from
the labeled nucleotides floating in solution, enters the
video camera from the ZMW. In both cases, the image
of the light spot in the simulation region can be mod-
eled by a two-dimensional Gaussian brightness distri-
bution (1) with a given o(o, = o, = o), which corres-
ponds to the radius of the luminous object and a ran-
dom offset of the spot center m,, m,. The optical signal
itself corresponds to the magnitude of the two-
dimensional Gaussian integral (Fig. 8)

e (o)

1 202 20"2.

f(x,y)= e

Xy

Fig. 8. Gaussian model of the image of the fluores-
cence signal of the ZMW

The offset of the spot's symmetry center is option-
ally specified by random variables uniformly distri-
buted within the simulation region and allows for the
manifestation of spatial instability of the image to be
taken into account.

The overall brightness of all image pixelsin the si-
mulation region is determined by the specified value
of the base signal FI (e.g., only for the fluorescence
signal). The base signal is generated by the software
as the sum of the intensities of all pixels in the base
image. To do this, each pixel in the simulation region
receives a brightness 4;; with a corresponding weight-
ing coefficient, as shown in (2):

_=m)’ (o)

Fl 2072 202 . (2)

= e
2
2o

iJ

As a result, the algorithm for generating a model
two-dimensional base image Sy in the simulation
region can be described by the following formulas.

e We simulate the presence of fluorescence (ex-
ample for channel A):

Sac" =(FI* * f(x,y) + BKGrd* * f (x,y)) +

+Ng, + Ny + Offset. 3)

e Modeling only the background (example for
channel T):

ST Bg

bsc
=(FI* % CrTk™" * f (x,) + BkGrd" * f (x,y)) +

+Ng + Ny + Offset. 4)



e Modeling a dark framesubstraction:

Sow’ = N gy + Offset. (5)

Justification of the noise modeling method

Explanation of point 5 of the algorithm. An expe-
rimental study of the dependence of video camera
noise on the magnitude of the recorded signal allowed
us to determine the standard deviation of the lumin-
ance signal of the measurement cell image, integrated
into a 3 X 3 pixel area. Figure 9 shows the dependence
of the relative standard deviation (defined as a percen-
tage relative to the corresponding signal magnitude)
of this luminance signal for an empty cell illuminated
with green and red lasers. By "good" pixels we mean
the majority of camera pixels for which the measured
luminance signal spread is close to the value specified
in the video camera's specifications. By "bad" pixels
we mean some pixels with a signal spread exceeding
the specifications by 5 times or more. The inclusion of
such pixels in the luminance signal integration region
during trace construction can increase the standard
deviation of background noise and complicate subse-
quent signal-eventsearches”".

Fig. 9.Dependence of the relative standard deviation
of the brightness signal (intensity) of the background
image of a cell in the 3 x 3 pixel integration area on
the magnitude of this signal minus the Offset level
shift.

The data for plotting the dependence were obtained
by processing a series of frames recorded in darkfield
mode (in the absence of an external light source) and
with the lasers turned on, with successively increasing
exposure times from 10 ms to 250 ms.

This allowed us to measure the brightness levels of
the cell's intrinsic luminescence image over a wide
range of values. To correctly process the data, an off-
set of 100 photoelectrons per pixel, artificially added
in the video camera to correct the zero level, was sub-
tracted from the integral signal value.

By approximating the measurement results, we ob-
tained a functional dependence of the standard devia-
tion of the integral signal N on the intensity level of
this integral signal S'in a 3 x 3 pixel region:

N =128.15x 8577, (6)

" An signal-eventsearches is an event that is the emission
of light in one of the spectral channels during the comple-
mentary incorporation of a fluorescently labeled nucleotide
into a DNA strand. It consists of a set of base signals,
which are the integrated brightness signals for the ZMWi-
mage, obtained in a given region of the frame during a sin-
gle exposure. On a trace, itappearsas a pulse.

The resulting expression is used in modeling the
base image using formulas (3) and (4) to determine
the noise level dependent on the Ny, signal level. To
do this, replace the value of S in (6) with the sum of
the background and fluorescence signals for the simu-
lated pixel in the simulation region.

RESULTS

Thus, in the simulated base image, we will be deal-
ing with an asymmetric spot defined by a two-
dimensional Gaussian distribution of background and
fluorescence signals, with the addition of spectral
noise and brightness fluctuations at each pixel. The
integrated brightness of the base image — the sum of
the brightnesses in pixels within the simulation re-
gion — will also fluctuate across different simula-
tions, even with identical simulation parameters, thus
creating a stochastic simulation model of the radiation
detection process from the ZMW.

By using this algorithm for generating base signals
and images repeatedly, it is possible to simulate fluo-
rescence signals that exceed the exposure time and
correspond to nucleotide incorporation events into the
DNA strand in all four spectral channels. The pre-
sented method ensures realistic generation of base
images for use in subsequent full-frame simulations of
a series of sequencer raw image frames, which can be
generated for testing raw data processing algorithms
and improving the accuracy of fluorescence event
recognition.

Figure 10 shows software simulations of the base-
line ZMW images in four spectral channels for differ-
ent simulation region sizes with different input para-
meters, including spectral noise for some images.

Fig. 10.Examples of basic nucleotide images.
See text for explanations

In Figure 10:

5 x 5 pixel region; a — fluorescencein channel
A; b — fluorescence in channel A with spectral over-
lap of channel T; ¢ — fluorescence in channel G with
spectral overlap of channel C.

4 x 4 pixel region; a — fluorescencein channel
T; b — fluorescence in channel A.

3 x 3 pixel region; a— fluorescence in channel
A; b— fluorescence in channel G.

2 x 2 pixel region; a — fluorescence in channel
G; b — fluorescence in channel C.





