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METO/J OBPABOTKHN CUI'HAJIOB HECTAIHMOHAPHBIX ITPOIIECCOB

CIHEKTPOMETPUU B 3AJAYE CEKBEHUPOBAHUSA JTHK
C UCHOJb30BAHUEM OBPATHBIX ®YHKIIUI

HeobxoauMocTh aHaIN3a HeCTAIMOHAPHBIX MPOIECCOB BO3HUKAET BO MHOTHX 3aJjadax crekrpoMerpuu. Hecramuo-
HapHBIMU SIBJISIIOTCS TIPOLIECCHI, B KOTOPBIX HEKOTOPBIE MapaMeTpbl CUTHAJIOB MEHSIOTCS BO BpeMeHH. B Oosbiiom
KOJIMYECTBE Pa3HOOOPA3HBIX MPHOOPOB BPEMSI MOXKET IMMOHUMATHCS yCiioBHO. Hampumep, B criektpodoTomepun 310
JUIMHA BOJHBI ()OTOHA, B MACC-CHEKTPOMETPUH — MOJIEKYJSIpHAs Macca, B (POTORIIEKTPOHHOW CIIEKTPOMETPUH —
9HEPrUsl CBSI3U HJIEKTPOHA B aTOME M T.I. B kauecTBe Mepbl BpeMeHU B OOJIBIINHCTBE MTPUOOPOB MOXKET OBITH BBI-
OpaHa (u3nueckas XxapakTepUCTHKa, B KOTOpPOH KanuOpyeTcs IIkana ceKTpa — ock adcuuce rpaduka. B Hacros-
meit paboTe paccMaTPUBAIOTCS! ATOPUTMBI 00PaOOTKHM CUTHAIOB HECTAI[MOHAPHOTO IPOIEcca, KOTOPBIM SBISIETCS
COBOKYITHOCTh CHTHaJIOB cuKBeHc-aHanmm3a JJHK mo Csnrepy mMeTomoM KammuisipHOTO 3iekTpodopesa. B naeans-
HBIX CIIy4asxX B TaKUX NMPHOOpAx MIMPUHA CIEKTPAIBHBIX MTHMKOB W MHTEPBAJ BPEMEHH MEXIy BBIXOIOM ITHKOB CO-
cenuux (B uenu JIHK) HykineoTun0B oaMHaKoBbl Ajs BceX KaHasioB. OJHAKO B peasibHbIX NMPHOOpax MpU aHalIU3e
JumHHBIX ¢parmentoB JIHK nopsaka 1000 HykieoTHIIOB 3HAYEHUS] 3TUX MapaMETPOB M3MEHSIOTCS BO BPEMEHHU.
Tak, Hanpumep, B KOHIIE pabOYero LUKJIA aHalu3a MIMPUHA THKOB YBEJIMYHMBACTCS, & PACCTOSHHE MEXIY HUMHU
YMEHBIIAETCA, ¥ CHEKTPaJIbHbIe MMKU NPAKTUYECKU CIMBAIOTCS APYT ¢ ApyroM. B paborTe paccMaTpuBaroTCs airo-
PUTMBI IpeoOpa30BaHMs HECTAIIMOHAPHOTO CIIEKTPa B CTAIMOHAPHBIH ITyTeM IEepeHoca TOYEK (OTCUETOB) HCXOIHO-
TO HECTAI[MOHAPHOTO CIIEKTPa Ha IIKaJy BBIXOJHOTO CTAIMOHAPHOTO CIIEKTpa IIPU MOMOIM oOpaTHOH (QyHKIMH
mKanel BpeMeHH. OOparHas (QyHKIUS MO3BONSET CKOPPEKTUPOBATh HENWHEWHYIO MIKATY BPEMEHH. AJNTOPUTMEI
MPOTECTUPOBAHBI HA MAaTEMATHUECKUX MOJENAX M Ha PealbHBIX CUTHAlaX. Pe3ynbTaThl TECTUPOBAHUS MpEACTaBIIe-

HBI B paboTe.

Knioueguie crosa: ceKBeHUPOBaHHE HYKIEUHOBBIX KUCIIOT, MaTeMaTHYecKas 00paboTKa HECTAllMOHAPHBIX
MPOLIECCOB B CIIEKTPOMETPHH, HCIIOJIb30BaHUE OOPATHBIX (DYHKIIUHA

BBEJEHUE

3agauya 00pabOTKM CHTHAJOB HECTAIMOHAPHBIX
IPOLIECCOB BO3HUKAET BO MHOTUX HAYYHBIX M TEXHH-
YEeCKUX MCCIEOBaHUAX. B criekTpoMeTpun ocHOBHaS,
"mosie3Had" 4yacThb CHIHajla, Kak MpPaBUIIO, MPEACTaB-
JSIeT TOCIEeI0BAaTeIbHOCTh BO BpPEMEHH HEOTpHIla-
TENbHBIX ~ CHEKTPalbHBIX  MUKOB.  OcTaiabHbIE
COCTaBJIIOIINE CHTHAJA, B YacTHOCTH (HOHOBAsS
COCTABIISIIONIAS, IIYMBI, TIOMEXH, OOBIYHO YIAISIOTCS
Ha HAYaJIbHBIX dTamax oOpabortku. Ilpm sTom Ha mO-
CIIeTyIOIIMX JTAIax YacTo BOSHUKAET HEOOXOIMMOCTh
aHalM3a HECTALMOHAPHBIX MPOLECCOB. JTO TaKue
HPOLIECCHI, B KOTOPBIX KaKHe-JIN00 rmapamMeTphl CUTHa-
Ja MEHSIOTCS BO BpemeHH. [lpudyem Bpems 31ech
MOKET TIOHUMAThCS YCIOBHO. B 00mem cirydae 3To Ta
(u3nveckas XapaKTepHUCTHKa, B KOTOPOH KalnOpyeT-
Csi IIKama CIeKTpa ock abcmucc Tpaduka.
Tak, B ()OTO-CIIEKTPOMETPHUH 3TO JJIHHA BOJIHBI (HOTO-
Ha, B MaCC-CIIEKTPOMETPUM — MOJIEKYJIIpHasl Macca,
B ()OTORIIEKTPOHHOI CIIEKTPOMETPHUN — SHEPTHUS CBS-
3 3JIEKTPOHA B aTOME U T.IL.
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HauOonee xapakTepHbIM NPUMEPOM TaKHX CIEK-
TPAJIbHBIX CUTHAJIOB ABJIACTCA COBOKYITHOCTH CUTHA-
noB cukBeHc-aHanmm3a gparmentoB JJHK no Coanrepy
METOJIOM  KalWUIIPHOTO  3jekTpodopesa [1, 2].
doperpaMma — 3aperuCTPUPOBAHHBIE B PE3YJIbTAaTE
anekTpodope3a JaHHbIe, COCTOUT M3 YETHIpeX CIeK-
TPOB, WJIN YETHIPEX LBETOBBIX KaHAJIOB, B €IMHOMN
mkane BpeMeHu. OCHOBHbBIE ITapaMeTPbl CUTHAJIOB —
IHUpPpUHA CHEKTPAJIbHBIX IMAKOB W MHTCPBAJl BPECMCHU
MeXay BbIXOAOM THKOB cocennux (B mermu JHK)
HYKJICOTHIOB — OJIMHAKOBBI Jisi BceX KaHanoB. On-
HaKo mpu aHanm3e IIHHBIX ¢parmenTtoB J(HK, mo-
psanka 1000 HyKI€OTHUIOB, 3HAYCHUS TTAPaAMETPOB CY-
LIECTBEHHO M3MEHSIOTCS BO BPEMEHHU. Tak, B KOHIIE
pabouero muKiIa aHajdu3a MIMPUHA MMHKOB YBEJINYHBa-
€TC4d, a pPacCTOAHUC MCXKAY HHUMHU YMCHBLIIACTCA,
U CIIEKTPAIbHbIE IMKU NPAKTHYECKH CIUBAIOTCS APYT
C IPyrOM.

[Napamerpsl OonmpIIMHCTBA omepaiuii 00paboTKH
CHEKTpOB ((QUIBTPAUK U JpP.) JODKHBI OBITH COTJIa-
COBaHBl C TMAapaMeTpaMy IIOJIE3HBIX CHUIHAJIOB
n mwymoB. Tak, HanmpuMep, B BBIPAKEHUE OIUCAHUS
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oboctpsitoriero ¢uwibTpa [3—5], HCIONIB3yeMOro s
pasmeneHuss  CIMBIIMXCA ~ TNHKOB,  BKJIIOYAETCS
00pa3 UCKOMOTO TOJIE3HOTO THKa, MapaMeTpamMH Ko-
TOPOTO SIBJIIOTCSI IIMPHHA NUKA W TapaMeTphbl WIN
MaTeMaTHYeCKoe BBIpaXKeHHWE (OPMBI MUKa (HAIPH-
Mep, TrayccuaH). I[lapameTper oOpa3a HampsMyIo
OTIPEJEINIOT TOYHOCTh M KOPPEKTHOCTH pa3ielieHHs
CJIMBIIMNXCS ITMKOB CUT'HAJIA.

KoppekTHOCTE MOXKHO NPOMJUIIOCTPUPOBATH Clle-
OylomuM o0pazoMm. Ecnm Mbl aHanmu3upyeM mHadky
U3 JIBYX OAMHAKOBBIX CIIMBLIMXCS MHKOB, TO IPH pa-
BEHCTBE IIUPUHBI TTUKA CHT'HAJIA U 00pasza B GUILTpE,
KaK MPaBUJIO, BBIIEJISIOTCS JBa MUKA (B Cllydyae, eciu
MBI paboTaeM B IIpefenax paspelaronieid crnocooHo-
ctu Merona). Ecim ke ucnonb3yercst 00pa3 B GUIIBT-
pe LWMUpPHHOW, B [Ba pa3a MEHbIICH IIMPHUHBI MUKA
CUTHaJla B IaHHOH TOYKE CHEKTpa (YTO BIOIHE MOXKET
OBITh), TO 0OBIYHO TTOTYYAIOTCS TPU TTHKA.

J1st TOCTOBEPHOI OLIEHKH MapaMeTpoB 00padaThI-
BAaEMBIX CHEKTPAJIbHBIX CUTHAJIOB HECTALMOHAPHBIX
CIly4aiHBIX MPOIIECCOB TPeOyeTCsl HAUTH U UCTIONB30-
BaThb TaKOW METOJ KOPPEKLHH CIEKTPOB, KOTOPBIA
MO3BOJIMA OBl OLIEHMBATh IApaMeTPbl CHEKTPOB
C TaKOH k€ TOYHOCTHIO, KaK B yCJOBHUSX CTallOHAp-
HBIX mponeccoB. B palore mnpemmaraercs onuH
W3 BO3MOXKHBIX METOJIOB OLIEHKU MapaMeTpoOB CIEK-
TpPaJbHBIX CHUTHAJIOB HECTALMOHAPHBIX IPOLIECCOB,
KOTOpI)II‘/'I OCHOBaH Ha HCIIOJIb30BaHUH O6paTHI)IX
¢bysaxmmit [6], [7, pp. 103—120]. Meton anpobupoBan
B 3amadax o0OpaOOTKM CHTHAJIOB B MPOrPaMMHOM
o0ecriedeHur oTedecTBeHHOro cekBeHaropa JJHK.

NPEJJIATAEMOE PEHIEHHE

IIpeobpazosanue necmayuonapnoz2o cnekmpa
8 CIMayuoOHapHbll

Takoe npeoOpa3oBaHUe MPU HEKOTOPHIX YCIOBHSIX
MOXKET OBITh BBHIMIOJIHEHO MEPEHOCOM TO4YeK (oTcdye-
TOB) UCXOJIHOTO HECTAIIMOHAPHOI'O CIIEKTPa Ha KAy
BBIXO/IHOTO CTallMOHAPHOTO CIEKTPa CO CABUTOM IO
BpCMeHI/I, HpOHOpHI/IOHaJII)HI)IM OTJINYUHO I/IHTCpBaIIa
napaMeTpa HECTAIIMOHAPHOCTH OT HEKOTOPOTO 3HaYe-
HHUS, 3aJJaHHOTO KaK COOTBETCTBYIOIIMI MOCTOSHHBIN
WHTEPBaJl BBIXOJHOTO CHEKTpa. JTOT MOCIETHUN HH-
TEepBaJI B YaCTHOM CITy4ae MOXKET OBITh PaBHBIM Cpe/I-
HeMy 3HAYCHUIO I/IHTCpBaJ'Ia B HCXOOHOM CHCKTpe
(Torma IIMTENHHOCTH MONyYEHHOTO CHeKTpa Oynmer
paBHa AIUTEIBHOCTH HCXOAHOTO) WMJIM K€ BBIOpaH
M3 HEKOTOPBIX PYTHX COOOPAKEHUI.

IIpeobpazosanue wikanvl pemeru

3amaua pemaercs Ipy CIeIyIOUINX YCIOBHAX:

— Ilapamemp necmayuonaprocmu, KOTOPbIA B pe-
3ynbTaTe mpeoOpa3oBaHus TpeOyeTcs clienaTh MOCTO-
SIHHBIM, MIPEJICTaBIIsIeT COOOW MOJIOKUTETbHBIN, HEHY-

JIEBOM MHTEpBaJ BPEMEHU Ha Bced mkaie. Harpumep,
TAaKOM mapameTp, Kak IIUPUHA CHEKTPAJbHOTO IHKA,
HE MOXCT 6I>ITI) OTpULATCIIbHBIM HJIM HYJICBBIM —
3TO HE UMEET (PU3MUECKOI0 CMBICIIA.

— Ulxanupyrowas ¢ynxyus, ONUCHIBaloIas U3Me-
HEHME IapaMeTpa Mo IIKaje, — MEJICHHAs U IIaiKast
(cMm. nmanee). Hampumep, 1yig ciekTpa B JACCSATKUA ThI-
CiA4Y OTCUETOB TaKas q)YHKHI/IH BIIOJIHE TIPUEMIIEMO
MOJKET OBITh IIPEICTaBICHa NOJIMHOMOM 5-TO HOpPAL-
Ka, P TOM YTO IIUPHUHA CHEKTPAIbHBIX MUKOB (Ta-
paMeTp HECTAIMOHAPHOCTH) OOBIYHO WMEET IMOPSAIOK
5-30 orcueTos.

LudpoBbie olleHKH MapaMeTpOB NPUBEIEHBI PH-
MEHMTENBHO K 33a4ye KalWUIIPHOTO 3JIeKTpodopesa
qutst ananuza JJHK.

Hwxe ncrons30Banbl ciieAyromue 0003HaueHusL:

t — "dusnueckoe" BpeMsi, ONpenenseT KAy Uc-
XOJIHOTO, 3aPETHCTPUPOBAHHOTO CIIEKTPA;"

7 — "BHpTyaibHOE" BpEMs, ONPENENsIeT NIKAIy
"BUPTyalbHOI0", NIEATLHOTO CIIEKTpa, I/I€ WHTEPBAJ
napamerpa HECTAL[MIOHAPHOCTH MOCTOSIHHBIN
(constant);

0 — TapaMeTp HECTalOHAPHOCTH Ha IIKaJe f,
HaTnpuMep, IUPUHA CIIEKTPAIBHOTO MUKA, HHTEpBa
BpPEMEHU;

A — 3HaueHHWe MapamMeTpa HECTAMOHAPHOCTH
Ha "ujeanbHON", BUPTyaJIbHOM IIKaJE 7, MOCTOSTHHBIN
(constant) HHTEpBaJI BPEMEHHU.

[IpencraBum ceOe CIEOYIOUIYH0  MBICICHHYIO
MOJIEJIb CHCTEMBI, B KOTOPOH HEOOXOIMMO PEIIUThH
o0cykIaeMyto 3ajaqy.

BxonHoit mponiecc mpejacraBisier co0oii "uieanb-
HBIH" CTIEKTP C TIOCTOSTHHOM IIMPHUHOW CHEKTPAThHBIX
MUKOB A B TeueHHe Bcero BpeMeHH 7. OIHaKO MpH ero
peructpaury nNpubOpOM BO3HUKAET MCKAXKEHHUE ILKa-
JIbI BPEMEHU [ BBIXOJHOIO 3apETUCTPUPOBAHHOTO
CIIEKTpa, HallpUMep, 3a cUeT "MIaBaHus" 4acTOThI 3a-
JAIOIIET0 TeHeparopa, (OPMHUPYIOLIETO OTCUETHI
OoUM(POBKK BBIXOAHOTO criekTpa. COOTBETCTBEHHO
MEHSIETCSI B KOJMYECTBE OTCUETOB IIMPUHA CIEK-
TpaJbHBIX TIUKOB J(f) Ha ATOM IIKae.

B kauectBe ompaBnaHus BbIOOpa TaKOro Ipumepa
CKa)KeM, YTO OH HauboJiee HArJISIHBIN, XOTS U Hau-
MeHee BEpPOSITHBIM, TaK KakK 3a/JaiolIue TeHepaTOphI
SIBIISIFOTCS, MOy, caMbIMHU CTaOWJIBHBIMH M TOY-
HBIMH 3JICKTPOHHBIMH KOMITOHCHTaMMU.

HckaxeHue MIKaIbl ONUCHIBAETCS HEKOTOPOH
mkanupyromei ynkuuedt ¢ = f{r) (cm. puc. 1).

*) 3/1ech MCIIONB30BAHO TAKOE MM, YTOOBI HE IMyTaTh, HA-
IIpUMeEp, C TAKUM YCTOSBUINMCS TEPMUHOM, Kak "peanabHoe"
Bpems (on-line). Crexyer oTMeTHTh, 4TO 00pabOTKa CIIeK-
TPOMETpUYECKON MH(OPMALIMH, KaK NPABHIIO, TIPOU3BOIUT-
cs Kak pa3 B "HepeansHOM" BpemeHu (off-line), korma Becsk
CIIEKTP YK€ NOJIHOCTHIO HAKOIUICH U 3aPETUCTPUPOBAH.
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Puc. 1. TlosicHeHUsI K NOCTPOECHUIO LIKAJIBI C IO-
MOIIBI0 00paTHOH (QYHKITHH.

a — ImKajgmpyroomas u oOparHas (QYHKIWH,
0 — 3aBHCHMOCTH IIUPHUHBI TUKOB OT BPEMEHHU

CraBuTCS 3amada BOCCTAHOBJICHHS HCXOIHOTO
W/ICANBHOTO CIIEKTPa M0 3apPETrHCTPUPOBAHHOMY CIIEK-
TPy Ha IIKae f.

Ecmu ¢yHkuus f(r) cTporo MOHOTOHHAs, TO s
Hee CylecTByeT oOpatHas QyHKIHS 7=f (t)
KOTOpasi Takke SBISETCS CTPOr0 MOHOTOHHOH.
A u3 Teopuu oOpaTHbIX ¢GyHKuuit [6], [7, pp. 103—
120] u3BecTHO, YTO

[(f@)=r, f(f'0)=t (1)

Takxum 0Opa3om, s TOTO YTOOBI B HAIIIEH MOJENH
BOCCTAaHOBUTH, a B PEAIBHOCTH CO3/aTh, "UICATbHYIO"

MIKaNy 7, HEOOXOIUMO TOJBEPTHYTh (DHU3HUECKYIO
mKany obOpatHOMY TipeoOpa3zoBaHHi0 (PyHKIMEH
.

B peanbHOCTH B HalleM pacriopshKeHUH UMEeTcs 3a-
PETHCTPUPOBAaHHBIH (DU3MYECKUI CIIEKTp Ha IIKaje .
OTOT CHEKTp MOXXKHO 00paboTaTh, HAWTH CIEKTPAITh-
HBbIE TIMKH U MOCTPOUTH MO HUM 3aBHCUMOCTH IIHPH-
HBI ITUKOB OT BpeMeHu J(f) (puc. 1).

Ha puc. 1 Benmuumabl A 1 J 1300pake€HBI YCIOBHO-
WITIOCTPATUBHO, YTOOBI MOKHO OBIJIO YTO-TO pasriis-
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JIETh, peaTbHO K€ 3TU BEJIMYUHBI HA 2-3 NEeCATUYHBIX
MOpsIIKa MEHbIIE JUTUHBI KAkl [loaToMy ux BromHe
MPUEMIIEMO HCTIONB30BaTh Kak AuQQepeHITnab.
Tornaa u3 puc. 1 npousBoHas 7 1o ¢ OyAeT

dz(r) :A

dt  8@t) @)

®ynkims f'(f) pacCUNTBHIBAETCH MHTETPHPOBAHH-
€M €€ MPOU3BOJIHOM

T Al
f (t)_r(t)_AO(S(t)dz.

Oyuknus 1/6(f) sBnsiercss HEHYJIEBOH IMOJIOKH-
TeIpbHON (PyHKIIMEH, U WHTETpasl OT Hee OYIeT CTPOro
MOHOTOHHBIM. HOE)TOMy BI)IHOJ'IHSICTC)I IMPUBEACHHOC
BbILlIE YCIIOBHE, uToOBl (yHKIMS £ '(f) GBI CTPOrO
MOHOTOHHOM.

OyHKIHO f{7) MOXHO BBIYHCIHTH MOOOHBIM JKE
cnocobom. OHako HanbosIee MPOCTHIM U HA/IEKHBIM
(B mIaHe yCTpaHEHUS BO3MO>KHOTO HAaKOIUIEHUS OIIH-
00K BBIUMCIICHWH TIPU WHTETPUPOBAHHUN) CIIOCOOOM
saBisieTcss OpMHUpPOBaHHUE f Kak 3epKallbHOE OTpaxKe-
Hue (Wim pe3yiabTar BpameHus Ha 180 rpamycoB)
(GYyHKIWYU f OTHOCUTENBHO OCH T = f. [leno B ToMm,
9T0 TpeOOBaHME K TOYHOCTU BBIYHCIICHHS ITUX (DYHK-
Ui, BOOOIIEe TOBOpS, BIIOJHE yMEPEHHOE, HO TOY-
HOCTb MX COOTHOIICHUS, TOYHOCTH BBITIOJHEHHUS TIpe-
oOpazoBannii (1) momxHa OBITH aOCOIIOTHOM.

[locne co3maHusi mKaibl 7 B HEEe MEPEHOCATCS
CIIEKTPAJIbHBIC JIAaHHBIC W3 Kb Hns sroro
Ha IIKaJie 7 3aJIal0Tcs OTCUETHI 7;, KaK IpaBuilo, C TOo-
CTOSIHHBIM 1marom. Jlys K&KJIOr0 U3 STHX OTCHETOB
1pu noMomM (GYHKIUH f ' (f) BHIUMCIISETCS COOTBET-
CTBYIOILIEE €My BpeMs 4 U COOTBETCTBYIOILIEE TOMY
BPEMEHU 3HA4YEHHE CIEKTPalbHBIX AaHHBIX D[1(t))]
MEPEHOCUTCS B OTCUeT i mikaibl T — D[7(z;)]. HeoOxo-
AUMO OTMETHTb, YTO BPEMS /; IOUTH BCErAa He Oyner
TOYHO COBIIA/IaTh C BPEMEHEM KaKOTO-TH0O0 OTcueTa
Ha wkane ¢. [Tosromy 3Hauenue D[#(t;)] HeoOxonumo
BBIYUCIATH IPU IIOMOLIU MHTEPHOJIAINU MCEKIAY CO-
OTBETCTBYIOIIMMH COCEIHNUMHU OTCYETAMH IIKAJIBI 7.

3)

IIpumep npeobpazoanus WKAIbL BPeMeHU
07151 MOOeNU CneKmpa qbopeepajwwbl
cooeparcawyelt NUKU pasHotl WUPUHbL

PaccMoTpenHbIil B ipeAplyieM NOApPa3AEie CIo-
co0 mpeobpa3oBaHus BpeMeHHON MIKaibl ObUT CHaYa-
Ja TpOBEpeH C IOMOINBI0 MOJAEIH (QOoperpaMmbl
u3 25 000 oTcueroB, B KOTOpoil conepxkanocs 160 mu-
KOB TayccoBoil (opmbl. [Inku HaxoaMIMCh Ha OJUHA-
KOBOM pAacCCTOsIHHMHU, HO Ka)K,HBIﬁ U3 HUX OTJINYaAJICA
WUPUHON. V3MEHEHUE IHPUHBI MUKOB OT BPEMEHU
MIPOUCXOAMIIO MO TMHEHHOMY 3aKOHY.

Cnenyer oOpaTuTh BHUMaHHE Ha TO, YTO B JIHC-
KpPETHOM MareMaTUKe M B IPOrpaMMHUPOBAHUU
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3JIEMCEHTBI MACCHBOB JAaHHBIX I/IIL@HTI/I(I)I/IHI/IPYIOTCSI
HOMEpPaMH 3THX 3JEMEHTOB B Maccuse. IloaTomy s
MIPOCTOTHI HAa MPUBEAECHHBIX HIKE PUCYHKAX IIKaIbI ¢
1 7 oM(pOBaHBl B OTCUETAX M TAK )K€ HAa PUCYHKAX
Ha3BaHbl. [lIkanbl MIMPHUHBI MMKOB OLM(BPOBAHEI B KO-
nudecTBe oTcueToB. CekyHmaaM 5TH onnudpoBKH OyayT
COOTBCTCTBOBATL IMPU PABCHCTBC PACCTOAHUA MCKIY
orcyetamu 1 c¢. OgHAKO SKCHEpUMEHTAIBHBIE JaH-
HBI€, HCIIOJIb30BaHHBIC B JaHHOI paboTe, OBLTH TMOITy-
YeHbl HA CEKBEHATOPE C 33/IaHUEeM WHTEpBalla MEXIy
otcueramu, paBHbIM 0.25 c. To ecTb B cekyHIax Be-
JUYUHA 3TUX OIM(POBOK OyJeT B 4 paza MEHBIIIE.

Ha puc. 2, a, mokazan ¢parMeHT MOJEIH CIEKTpa,
Ha KOTOpPOM O0O3HAaueHa IIMPHUHA MHUKOB IS Havaja
1 KOHIIa HIKaJIbl 1O IMPUMEHECHUA aJillfTOpUTMa JIMHCApH-
3anuu mkansl. Ha puc. 2, 6, nmpruBeneHa 3aBUCUMOCTD

b. B. BAPJIVIH u np.

INUPUHBI MMAKOB OT BPEMCHU IJid MOJC/IM CIIEKTpa,
MpeICTaBIeHHON Ha puc. 2, a. Ha puc. 2, B, — ¢par-
MEHT MOJIeJIU CIIeKTpa, Ha KOTOPOM ITOKa3aHa IIHpUHA
MUKOB /7151 HayaJla U KOHIA LIKAJIbl I1I0C]I€ BOCCTAHOB-
JICHUS MIKaJlbl BPEMCHH 110 PACCMOTPEHHOMY BBIIIC
croco0y, HCIHONB3YIOMIEMY OOpaTHYI (QYHKIHIO.
Ha puc. 2, T, moxa3anbl 3aBUCUMOCTH IIUPUHBI THKOB
IS UCXOJHOM HEJIMHEMHOM IIKalbl U JJIsS IIKaJbl,
BOCCTAHOBJICHHON C TIOMOIIBI0 OOpaTHOW (HYyHKITHH.
HpI/I BOCCTAaHOBJICHHMU WIKaJIbl BPEMCHH HMCIIOJIB30Ba-
Jach  UHTEPHOJISALUS Ha  OCHOBE
2-ro mopsaKa.

Kak BuaHO M3 puc. 2, I, 3aBUCUMOCTb IIUPHUHBI
MUKOB OT BpeMeHHu B auanazone ot 0 go 20 000 npen-
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CpenHee 3HaYCHHE IIMPHHBI ITUKOB HA ATOM yda-
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OpHako ISl TOCTPOEHUS MIKAIMPYIOMMX (QyHK-
Ui HET HEOOXOAWMOCTH ONpENeNsiTh HapaMeTphl
BCEX MHUKOB CIIEKTPOB. MOKHO MpeaBapuTeIbHO MPo-
W3BECTH IIOWICK MHUKOB OoJiee TPyOBIMH METOJaMHu
(punpTpamm), MeHee KPUTHUYHBIMH K BEJIMYHHE
IIUPUHBI TUKOB. MOKHO TaKke MPOM3BOIUTH BBIYUC-
JICHUE MIKATUPYIOIUX (PYHKIUNA Ha dTare KaJauOpoB-
KM TIprOOpa ¢ MCII0JIb30BaHUEM KaTMOPOBOYHOM MPO-
ObI, 0 KOTOPOH anpruoOpH U3BECTHO BCE.

PE3VYJIbTATHI U BBIBO/IbI

1. Jlns mOoCTOBEpHOH OIEHKH TapamMeTpoB obpada-
THIBAEMBIX CHEKTPAIbHBIX CHTHAJIOB B YCIOBHSIX
HECTAallMOHAPHBIX CIy4ailHBIX TPOILIECCOB B 3aaadax
CHEKTPOMETPUM TpeOyeTcsi HaWTH M HCIOJIb30BaTh
TaKOW METOJ KOPPEKLMH CIEKTPOB, KOTOPBIN IO3BO-
aun Obl  OLEHUBATh  NApPaMETpPhl  CIIEKTPOB
C TaKoM k€ TOYHOCTBIO, KaK B YCJIOBMSX CTalllOHap-
HBIX IIPOLIECCOB.

2. HcnonpzoBanne oOpaTHOW (YHKIMM IIKAJbI
BPEMEHH II03BOJIIET CKOPPEKTHPOBATh HETUHEHHYIO
IIKaJly BPEMEHH, KOTOpas SBISETCS OAHUM U3 3Je-
MEHTOB HECTallMOHAPHOCTH HECTAIlMOHAPHBIX CIIy-
YalHBIX NIPOLIECCOB B 3a7ja4ax CIIEKTPOMETPHH.

3. Jns moctpoeHuss oOpaTHOW (YHKIUHM IIKAJBI
BpEMEHH HEOOXOJUMO TMPOW3BECTH OOHApyKEeHHE
CHEKTPAJIbHBIX IHKOB, MPOMHTEIPUPOBATH 3aBHUCH-
MOCTb PAcCTOSHUM MEXAY ITMKaMH OT BPEMEHH, a 3a-
TEM B HOJIY4YE€HHOH (YHKLHUH 3aMEHUTHh 3aBUCHMOCTh
MEPEMEHHOM IO BEPTUKAIBHOM OCHM OT NEPEMEHHOU
M0 TOPU30HTAIBHOM OCH 3aBHCHMOCTBIO IIEPEMEHHOU
10 TOPU30HTAIBHONH OCU OT NEPEMEHHOWU IO BEPTHU-
KaJIbHOU OCH.

4. Tlocne moctpoeHus: oOpaTHON (YHKIMH OTCYe-
ThI CIIEKTPa B HOBOM HIKajle HEOOXOAWMO BBIUUCIIATH
Py MOMOIIY HMHTEPHOJSIUUU MEXKAY COOTBETCTBYIO-
IIMMH COCETHUMH OTCUETaMH IIKaJbl BpEMEHHU.

5. UHTepnonsuus MexAy COOTBETCTBYIOIIUMU CO-
CeHUMHU OTCYETAMHU IIKaJIbl BpEMEHH MOXKET OCYIIle-
CTBJISITHCSI METOJIOM HAaUMEHBIINX KBaApaToOB IIPHU I10-
MOIIH TOJMHOMA, CTETIEHb KOTOPOTO BHIOMpAeTcs IIy-
TEM MHHHMMHU3ALUH CYMMBI KBaIpaTOB OTKJIOHEHUH
MEXJy JKCHEPUMEHTAIBHBIMU OTCUETaMH BpEMEHU
U anmnpoKCUMHPYIOIIEro MOJINHOMA.

Dunancuposanue

Hccnedosanue svinonneno ¢ pamxax Iocydapcmeenio-
20 3a0anusi Munucmepcmea Hayku u 8blcule2o 06pas0ea-
nusi Poccutickoii @edepayuu Ne 075-00444-25-00 (om
26.12.2024).
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A METHOD FOR PROCESSING SIGNALS FROM NON-STATIONARY
SPECTROMETRIC PROCESSES IN DNA SEQUENCING
USING INVERSE FUNCTIONS

B. V. Bardin, A. Ya. Loginov, V. V. Manoilov, A. L. Petrov

Institute for Analytical Instrumentation of RAS, Saint Petersburg, Russia

The need to analyze non-stationary processes arises in many spectrometry applications. Non-stationary
processes are those in which some signal parameters change over time. For a wide variety of devices, time can
be understood conditionally. For example, in spectrophotometry, it is the photon wavelength; in mass spectro-
metry, the molecular mass; in photoelectron spectrometry, the electron binding energy in an atom, etc. As
a measure of time in most devices, one can choose a physical characteristic, according to which the spectrum
scale — the abscissa axis of the graph, is calibrated. This paper discusses algorithms for processing signals from
a non-stationary process, which is a set of signals from Sanger DNA sequencing analysis using capillary elec-
trophoresis. Ideally, in such devices, the width of the spectral peaks and the time interval between the peaks of
adjacent nucleotides (in the DNA strand) are the same for all channels. However, in real devices, when analyz-
ing long DNA fragments of approximately 1000 nucleotides, the values of these parameters vary over time. For
example, at the end of the analysis cycle, the peak widths increase, while the distances between them decrease,
and the spectral peaks practically merge with each other. This paper examines algorithms for converting a non-
stationary spectrum into a stationary one by transferring points of the original non-stationary spectrum
to the scale of the output stationary spectrum using the inverse function of the time scale. The inverse function
allows for correction of the non-linear time scale. The algorithms were tested on mathematical models and real
signals. The test results are presented in the paper.

Keywords: nucleic acid sequencing, mathematical processing of non-stationary processes in spectrometry, a use of inverse
functions
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INTRODUCTION

The problem of processing signals from non-
stationary processes arises in many scientific and
technical studies. In spectrometry, the main, "useful"
portion of the signal typically represents a time se-
quence of non-negative spectral peaks. The remaining
signal components, particularly the background com-
ponent, noise, and interference, are usually removed at
the initial stages of processing. However, at subse-
quent stages, the need often arises to analyze non-
stationary processes. These are processes in which
some signal parameters change over time. Time here
can be understood conditionally. Generally, it is the
physical characteristic by which the spectral scale —
the abscissa axis of the graph — is calibrated. For ex-
ample, in photospectrometry, this is the photon wave-
length; in mass spectrometry, this is the molecular
mass; in photoelectron spectrometry, this is the elec-
tron binding energy in an atom, and so on.

The most typical example of such spectral signals
is the set of signals from Sanger sequencing analysis
of DNA fragments using capillary electrophoresis [1,
2]. A phoregram — the data recorded as a result of
electrophoresis — consists of four spectra, or four
color channels, on a single time scale. The main signal
parameters — the width of the spectral peaks and the
time interval between the peaks of adjacent nucleo-
tides (in the DNA strand) — are the same for all
channels. However, when analyzing long DNA frag-
ments, approximately 1000 nucleotides, the parameter
values change significantly over time. Thus, at the end
of the analysis cycle, the peak width increases and the
distance between them decreases, and the spectral
peaks practically merge into each other.

The parameters of most spectral processing opera-
tions (filtering, etc.) must be matched to the parame-
ters of the useful signals and noise. For example, the
expression for describing a peaking filter [3—5] used
to separate merging peaks includes an image of the
desired useful peak, the parameters of which are the
peak width and the parameters or mathematical ex-
pression of the peak shape (e.g., a Gaussian). The im-
age parameters directly determine the accuracy and
correctness of separating the merging signal peaks.

Correctness can be illustrated as follows. If we
analyze a burst of two identical fused peaks and if the
signal peak width and the filter image are equal, then
two peaks are typically identified (if we are working
within the resolution of the method). If, however,
a filter image with a width half the signal peak width
at a given spectral point is used (which is quite possi-
ble), then three peaks are typically obtained.

To reliably estimate the parameters of the
processed spectral signals of non-stationary random
processes, it is necessary to find and use a spectral
correction method that would allow us to estimate the

ISSN 0868-5886

spectral parameters with the same accuracy as under
stationary processes. This paper proposes one of the
possible methods for estimating the parameters of the
spectral signals of non-stationary processes, which is
based on the use of inverse functions [6], [7, pp. 103—
120]. The method has been tested in signal processing
tasks in the software of a domestic DNA sequencer.

PROPOSED SOLUTION

Transformation of a non-stationary spectrum
into a stationary one

Under certain conditions, such a transformation
can be accomplished by transferring points (samples)
of the original non-stationary spectrum to the scale of
the output stationary spectrum with a time shift pro-
portional to the difference of the non-stationarity pa-
rameter interval from a certain value specified as the
corresponding constant interval of the output spec-
trum. This latter interval, in a particular case, can be
equal to the average value of the interval in the origi-
nal spectrum (then the duration of the resulting spec-
trum will be equal to the duration of the original) or
chosen for some other reason.

Time scale transformation

The problem is solved under the following condi-
tions:

— The non-stationarity parameter, which must be
made constant as a result of the transformation, is
a positive, non-zero time interval through the entire
scale. For example, a parameter such as the width of
a spectral peak cannot be negative or zero — this has
no physical meaning.

— The scaling function describing the change in the
parameter along the scale is slow and smooth (see be-
low). For example, for a spectrum of tens of thou-
sands of samples, such a function can be quite accept-
ably represented by a fifth-order polynomial, given
that the width of the spectral peaks (the non-
stationarity parameter) is typically on the order of 5—
30 samples.

The authors provide numerical parameter estimates
for the problem of capillary electrophoresis for DNA
analysis.

The following notations are used in this paper:

t is the "physical" time, which determines the scale
of the original, recorded spectrum”;

*) This notation is used here to avoid confusion with, for
example, such established terms as "real" time (online). It
should be noted that spectrometric information is typically
processed in "non-real" time (offline), when the entire spec-
trum has already been fully accumulated and recorded.



7 18 the "virtual" time, which determines the scale
of the "virtual," ideal spectrum, where the interval of
the nonstationarity parameter is constant;

0 is the nonstationarity parameter on the ¢ scale, for
example, the width of a spectral peak — a time inter-
val;

A is the value of the nonstationarity parameter on
the "ideal," virtual scale t — a constant time interval.

Let's imagine the following mental model of the
system in which the problem under discussion must be
solved.

The input process is an "ideal" spectrum with
a constant width of spectral peaks A over the entire
time 7. However, when it is recorded by the instru-
ment, a distortion of the time scale ¢ of the output
recorded spectrum occurs. For example, due to the
"floating" frequency of the master oscillator, which
generates the samples of digitalization of the output
spectrum. Accordingly, the width of the spectral peaks
o(?) on this scale changes in the number of samples.

To justify the choice of this example, we say that it
is the most illustrative, although also the least
probable, since master oscillators are perhaps the most
stable and precise electronic components.

The scale distortion is described by a scaling
function ¢ = f{7) (see Fig. 1).

The problem is to reconstruct the original ideal
spectrum from the recorded spectrum on the 7 scale.

If the function f{7) is strictly monotome then there
exists an inverse function 7=f"'(¢), Wthh is also
strictly monotonic. And from the theory of inverse
functions [6, 7], it is known that

@)=z r(/0)=t (1

Thus, in order to reconstruct, and in reality create,
the "ideal" 7 scale in our model, it is necessary to
subject the physical ¢ scale to an inverse
transformation by the function f~'(2).

In reality, we have a recorded physical spectrum
on the ¢ scale. This spectrum can be processed,
spectral peaks can be found, and the peak width
versus time dependence J(¢) can be plotted from them

(Fig. 1).

Fig. 1. Explanations for plotting a scale using an
inverse function.

a — scaling and inverse functions, 6 — peak width
versus time

In Fig. 1, the quantities A and ¢ are shown
illustratively to make things clear; in reality, these
quantities are 2-3 orders of magnitude shorter than the
scale length. Therefore, they are quite acceptable to
use as differentials. Then, from Fig. 1 derivative of
with respect to ¢ will be

de() A
dt 8@ @

The function £ () is calculated by integrating its
derivative (3)

F0=r0=A —— s (3)

The function 1/6(¢) is a nonzero positive function,
and its integral will be strictly monotone. Therefore
the above condition for the function f'(#) to be
strictly monotone is satisfied.

The function f{r) can be calculated in a similar
manner. However, the simplest and most reliable
method (in terms of eliminating the possible
accumulation of calculation errors during integration)
is to form f'as a mirror image (or the result of a 180-
degree rotation) of the function /7" about the 7 = ¢
axis. The point is that the requirement for the accuracy
of calculating these functions is, generally speaking,
quite moderate, but the accuracy of their relationship
and the accuracy of the transformations (1) must be
absolute.

After the 7 scale is created, the spectral data from
the ¢ scale are transferred to it. To do this, 7; samples
are defined on the 7 scale, typically with a constant
step. For each of these samples the eorrespondmg
time ¢ is calculated using the function f* (), and the
spectral data value of D[#(¢))] corresponding to this
time is transferred to the sample of the i-th 7 scale —
DI[(7;)]. It should be noted that the time #; will almost
always not exactly coincide with the time of any
sample on the ¢ scale. Therefore, the value of D[#(t)]
must be calculated by interpolation between
corresponding adjacent samples on the ¢ scale.

Example of time scale transformation
for a phoregram spectrum model
containing peaks of varying widths

The time scale transformation method discussed in
the previous subsection was first tested using a phore-
gram model of 25000 samples, containing
160 Gaussian peaks. The peaks were equally spaced,
but each peak had a different width. The peak width
changed linearly over time.

It should be noted that in discrete mathematics and
programming, elements of data arrays are identified
by their numbers within the array. Therefore, for sim-
plicity, in the figures below, the ¢ and t scales are digi-
tized in samples and have the same notations in the
figures. The peak width scales are also digitized in
terms of the number of samples. These digitizations
will correspond to seconds if the distance between
samples is 1 s. However, the experimental data used
in this study were obtained from a sequencer with



a sample interval set to 0.25 s. This means that the
value of these digitizations in seconds will be four
times smaller.

Figure 2, a, shows a fragment of the spectrum
model, indicating the peak widths for the beginning
and end of the scale before applying the scale lineari-
zation algorithm. Figure 2, 6, shows the peak widths
as a function of time for the spectrum model presented
in Figure 2, a. Figure 2, B, shows a fragment of the
spectrum model, demonstrating the peak widths for
the beginning and end of the scale after reconstructing
the time scale using the inverse function discussed
above. Figure 2, r, shows the peak widths for the orig-
inal nonlinear scale and for the scale reconstructed
using the inverse function. Interpolation based on
second-order polynomials was used to reconstruct the
time scale.

Fig. 2. Fragments of the phoregram model and peak
width dependences.

a — fragment of the pherogram model with peaks of
various widths at the beginning and end of the scale,
the peak width is given as the number of samples;
6 — dependence of the peak width on the sample
numbers;

B — fragment of the spectrum model indicating the
peak widths for the beginning and end of the scale
after restoring its linearity;

r — dependences of the peak width w for the original
nonlinear scale and for the scale restored using the
inverse function

As can be seen from Fig. 2, r, the dependence of
the peak width on time in the range from 0 to 20 000
is a line close to a straight line, parallel to the horizon-
tal axis.

The average peak width in this region is 23.9, and
the standard deviation is 0.1. A slight increase in peak
width due to edge effects can be seen in the region
from 20 000 to 25 000. The average peak width across
the entire spectrum model range is 24.0, and the stan-
dard deviation is 0.4.

A study of the method for restoring scale linearity
using the inverse function, conducted using the model,
demonstrated its effectiveness for processing real
phoregrams.

Example of time scale linearization
for a phoregram obtained using
a DNA sequencer

Figures 3, a and 6 show fragments of a phoregrams
obtained using a Nanofor-05 sequencer: a — fragment
at the beginning of the scale, 6 — fragment at the end
of the scale. The peak width has increased at the end
of the scale.

Fig. 3. Fragments of the phoregram: a — at the be-
ginning of the scale, 6 — at the end of the scale.

Figure 4 shows the dependence of peak width on
the number of samples at half-height of the peak. The
solid line shows the approximation of this dependence
by a fifth-degree polynomial. This approximation was
performed using the least-squares method to construct
the regression line. The parameters of the approxima-
tion function characterize the nonlinearity of the time
scale.

Fig. 4. Dependence of peak width on sample num-
bers.
Solid line - polynomial fit

Figure 5 shows the direct and inverse functions of
the phoregram time scale. The lower part of the figure
shows the function that results from integrating the
peak width approximation function.

Fig. 5. Direct ¢ = f{r) and inverse 7= '(f) functions
of the phoregram time scale

The integral of the interpeak time approximation
function characterizes the time scale and is ¢ =f{7).
Following the algorithm discussed in the previous sec-
tion, we find the inverse function z=f"'(¢), replacing
the dependence of the vertical axis variable on the
horizontal axis variable with the dependence of the
horizontal axis variable on the vertical axis variable.

The value of D[«(#;)] was calculated as described
above, using a second-order polynomial to interpolate
D[t(?)] between adjacent samples.

Using the inverse time scale function and the inter-
polation result between samples, a new time scale was
obtained. As a result of using the new peak width
scale, the phoregrams changed. The peak width on the
old time scale was 16 units in the 1200 to 1450 sam-
ple range and 23 units in the 16 120 to 16280 range.
After transforming the phoregrams using the inverse
function, the peak widths in these and other ranges
were the same and equal to 10 units.

Figure 6 shows fragments of a phoregram con-
structed in the original (old) and corrected (new) time
scales.



Fig. 6. Fragments of the phoregram.

a — at the beginning of the old scale, 6 — at the end
of the old scale, B — at the beginning of the new
scale, r — at the end of the new scale

The general features and implementation specifics
of the proposed method should be noted. The primary
objective of data processing in sequence analysis is to
detect spectral peaks — all peaks within the resolution
of the instrument (sequencer) and the experimental
methodology. The key operation is the transformation
of the spectral time scale, which requires knowledge
of the peak parameters.

However, to construct scaling functions, it is not
necessary to determine the parameters of all spectral
peaks. A preliminary peak search can be performed
using more coarse methods (filters) that are less sensi-
tive to peak width. Scaling functions can also be cal-
culated during the instrument calibration stage using
a calibration sample, about which everything is known
a priori.

RESULTS AND CONCLUSIONS

1. To reliably estimate the parameters of processed
spectral  signals under non-stationary random

processes in spectrometry problems, it is necessary to
find and use a spectral correction method that would
allow estimating spectral parameters with the same
accuracy as under stationary processes.

2. Using the inverse time scale function allows for
correction of the nonlinear time scale, which is one of
the elements of non-stationarity of non-stationary ran-
dom processes in spectrometry problems.

3. To construct the inverse function of the time
scale, it is necessary to detect spectral peaks, integrate
the dependence of the distances between peaks on
time, and then replace the dependence of the variable
along the vertical axis on the variable along the hori-
zontal axis in the resulting function with the depen-
dence of the variable along the horizontal axis on the
variable along the vertical axis.

4. After constructing the inverse function, the spec-
trum points in the new scale must be calculated using
interpolation between the corresponding adjacent
points of the time scale.

5. Interpolation between the corresponding adja-
cent readings of the time scale can be performed by
the least-squares method using a polynomial which
degree is selected by minimizing the sum of the
squares of the deviations between the experimental
time points and the approximating polynomial.



