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1. BBeaenue

JlanHoe yueOHOe mocobue peKOMEHIyeTCsl MPUMEHSTh B Y4EOHOM IMpoIiecce Kak
JUIA KOHTAKTHOM palboThl (JIeKIuH, JlabopaTopHble pabOThl), TaK U ISl CaMOCTOS-
TenbHOM paboThl cTyAaeHToB (CPC).

B nanHoM yyeOHOM 1MocoOMM M3JI0KEHBI MPSIMbIE U OOpaTHbBIE MPUKIIAIHBIE 3a-
Jla4d BOCCTAHOBJIEHUS! MCKaXXEHHBIX M300pakeHuil u crnekTpos. JlaHo ¢usmueckoe,
TEXHUYECKOE, MAaTEMAaTUYECKOE U NPOTPaMMHOE ONMUCaHue 3aaad. M3510KeHbl HEKO-
TOpPBIE YCTOMYMBBIE METOABI PCIICHHUS YPABHEHUN, B OCHOBHOM, HWHTETPAJIbHBIX.
[IpuBenensl TEKCTHI psiga mporpamMm B cucteMe MatlLab u pesynbTaTsl pemieHus
OpsSIMBIX U OOpaTHBIX 3a]1a4.

Onpenenenue. llpamou 3a0aueii HA3IBAETCSA MOJEIUPOBaHUE ((POpMUPOBA-
HUE) BBIXOJHOTO Ipoliecca (M3MEPEHHOr0 N300pakeHUs WIIK CIIEKTPa), MOJyYeHHOTO
U3MEPUTEIBHBIM YCTPOMUCTBOM ((poToannaparoM WM CHEKTPOMETPOM) MO BXOJHOMY
nporeccy (1 annapaTHON QyHKIUHU YCTPOHCTBA, CM. AAJIbLIE).

3ameuaHnue. Eciau npsmas 3amada pacCUMTHIBAETCS HA BBIYACIUTEIBHOM
YCTPOMCTBE (IIE€PCOHAIBHOM KOMIIBIOTEPE), TO IOJ MOJEIMPOBAHHEM BBIXOJHOIO
nporecca OyJeM Mmojipa3yMeBaTh €ro KOMIBbIOTEPHBIN pacyeT, a eciu npsMast 3ajada
M3MEpPSETCS Ha pealbHOM U3MEPUTEILHOM YCTPOWCTBE, TO MO (POPMUPOBAHUEM BhI-
XOJTHOTO mpouecca OyAeM MoApa3syMeBaTh €ro MOJIyYEeHUE HENOCPEACTBEHHO HU3Me-
pUTENbHBIM ycTpoucTBOM. [Iponecc MonenupoBaHus IpsSMOM 3aJadyd MOXKHO OTHO-
CUTbh K TEXHOJIOTUU supmyanvrou pearvrocmu (VR) [1], TOCKOIBKY MTPHU MOAEIHUPO-
BaHUU MMEET MECTO HE peajbHbIH, a CMOJEIUPOBAHHBIN (BO3MOKHBIM, NOTEHLINAb-
HBII1) ITPOLIECC € €r0 UCKAXKEHUSMU, IOMEXaMH, ITyMaMH.

IIpuMepbl NPAMBIX NPUKJIAAHBIX 32124 [2, 3].
1. TlycTh maH HEKOTOPBIA, HapUMep, BpeMeHHOH mporece (7). B kadectse

NEpPBOro MpUMEpa MPAMOU 3a7a4l PacCMOTPUM BBbIUKCIICHUE TpeoOpazoBaHus Dy-
pbe, WIH cnekmpa npoyecca.

o
Y(w)= [y@)e dt, —w<o<xn, (1)
—o0
rae o — Kpyrosas yactora Qypee.
Ha puc. 1 — npumep ucxoaHoro mporecca )(¢) u ero npeodbpazoBanus Oypbe B

BHzie MOIyIs |Y ()| . JauHblii npumep B cucteme MatLab 3anmcan B Bujie m-gaiina:

$FT.m, Cumsukor, ToJyioBHas mnporpamma, MatLab 7 umm 8.

%$BpeMeHHOM (MCXOIHEIM) IMPOlLleCC B BUIE TpPeX CUHYCOUOAJIBHEIX TapMOHMUK U IIyMa
%M ero CIeKTp (npeobpaszoBaHue dypbe) .

clc, clear %oumcTka Command Window m Workspace
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t = 0:0.0005:1; %2000 marorB mo BpeMeHM T
y = 0.4*sin (2*pi*150*t) + sin(2*pi*200*t)

+ 0.4*sin (2*pi*250*t);

randn ('state',0) SuHMLUMaIM3ALUMSA I'eHepaTOopa CJyYaMHHX YMCe]

yl = y + 0.1*randn(size(t)); %nobariyeHue HopmanbHOTO myMa [0,0.05]

$I'paduk npouecca (neperie 100 oTcueToB) :

figure %dopMMpOBaHME HOBOTO I'PadMUUeCcKOI'O OKHa

plot(yl1(1:100), 'Color',[0,0.5,0], "LineWidth',2.5)

grid on %ceTka

Srpaduk yl (3ei.)

hold on %npomosmxeHMe rpaduka (C DpyTMMM IapaMeTpamn)
plot (zeros(1,100), '-k', 'LineWidth',1.2)
text (2.25,1.87, "{\ity} ({\itt})"', 'FontSize', 22, 'FontName', ...

'Times New Roman', 'Color',[0,0.5,0]);

SIIMHMSA HYJIEBOT'O YPOBHSA (UYepH.)

TTEeKCT Ha rpaduxe (3e.)

text (65,-2.3, 'Homep oTcuera BpemeHm {\itt}', 'FontSize',18,...

'FontName', 'Times New Roman');

axis ([0,100,-2,2]); %ImuamnasoHB KOOPOMHAT IO OCSIM

hold off %oTMeHa NOPOIOJIXEHMS NOCTPOEHMA rpadmra

%CnexTp (II®) npouecca:

Y1 = £ft(yl,1024); %BI® no nepeuM 1024 oTcueTam
1x1024 double

M = abs(Yl); Smomysp II® (AUX crnexTpa)

f = (0:150)*2000/1024; %nepoe 151 3HaUeHME JIMHEMHOM YACTOTH

figure S%crnenyonmi rpadmMk C COXpaHeHMeM IMpenvaymero Ipaduka

plot (£,M(1:151),'-r', 'LineWidth',2.5) S%rpadux |Y1|
grid on
text (10,380, " [ {\itY} ({\it £} ) |','FontSize',24, ...

'FontName', 'Times New Roman', 'Color','r');

(kpacH.)

text (220, -30, 'nmuHerHas yvactora {\it f}', 'FontSize', 18, ...

'FontName', 'Times New Roman') ;
axis([0,300,0,400]);

OtMmeTruM, 4TO TEKCT mporpamMmbl FT.m crenuanbHO COACPIKUT MOJIPOOHOCTH,

9TOOBI MTOMOYh TEM, KTO €Il HEAOCTATOYHO Xopotno ocBoms MatLab.

° 30 OO
15 350}
1 300!
05 250/
0 200}
05 150!
-1 100
15 50 |
20 10 20 30 40 50 60 70 80 90 100°0 50 100 150 200 250 A

HOMCP OTCHYCTa BPCMCHH [
d

JIMHCIHAA yacToTa [

—

0

Puc. 1. a — uCXOmHBIN 3aIIyMJICHHBIN BEIIECTBEHHBIH mporecc Y(f);

6 — MOIyIIb KOMILIEKCHOTO IpeoOpasoBanus Dypse |V (f)|

300

U3 puc. 16 BUAHO, YTO B CHEKTPE YETKO OTOOPA3MINCH TPU FAPMOHUKH, XOTS 11O

puc. la TpyIHO CyIMTh O UX HAJUYUU.



2. MonenupoBaHUE cMa3bl8anusi U300PaAHCEHUSL:
xX+A

gry)=1 [0y, )

rae w(E,y) — 3amaHHOe pacmpeseieHne WHTEHCHBHOCTH 10 MCTHHHOMY (HEHCKa-
’KEHHOMY) n300pakenuro, ¢(x,y) — pacrupeneneHne HHTEHCUBHOCTH 110 CMa3aHHOMY

(cMOIENMpPOBaHHOMY, BUPTYaJIbHOMY) M300pa)KE€HUIO, MIPU 3TOM OCh X (a Takxke &)
HaIpaBlieHa BAOJb CMa3a, a OCh y — MEPIEHAUKYISIPHO cMa3y, A — BEIUYMHA CMa3a
(mompobHocTH nanee). Eciu e cmaszbpiBaHUE W300paKeHUs MPOU3OIIIO0 «ECTECTBEH-
HBIM» IyTeM (B pe3yjbpTaTe caBura (oroamnmapara, ABMXKEHUS 0ObEKTa U T.A.), TO
Gyukust w(&,y) Oyaer Hew3BecTHA (XOTS MOTEHIMAIBLHO CYIIECTBYET), a (DyHKIHS
g(x,y) dbopmupyercs (HO HE pacCUNTBIBACTCS) YCTPOHCTBOM 00pabOTKH H300paske-
Hus (poroarnmaparoM U T.1.).

3aMeTHM, 4TO, COTJIACHO MHTETPAIIbHOMY UCUUCIICHUIO, BHEIIHS TEPEMEHHAs X
U BHYTpEHHsA niepemMeHHas & B (2) MOKHBI 0003HAYATHCS MO-Pa3HOMY, XOTS UMEIOT
OJIMHAKOBBINA CMBICH (OCH BIOJIb CMa3a).

Ha puc. 2 B kauecTBe mpuMepa MpeCTaBICHO HEUCKAXKEHHOE TOMOTpauueckoe
nzo0paxenue ((paHTom), a TakKe cMazaHHOE (M 3alIyMJIEHHOE) U300paKeHue.

I - true (undistorted) image Smeared and noisy image

Tomogram Tomogram i —

Puc. 2. a — HeuckaxxeHHas ToMorpamma; 6 — cMa3aHHas ¥ 3allyMJICHHas TOMOTpaMMa

DTOT NpUMEp paccuMTaH 1o cienytonieit MatLab-niporpamme:
sTomogram.m, CusukoB, TOJIOBHas nporpamma, MatLab.
sllpuMep MOIeNMPOBAHMA CMa3a M 3allyMJIeHMs M300paxeHMsa (npaMmasd 3azada) .



clc,clear %oumctka Command Window m Workspace
$UTeHre ToMOTpPadMUecKOoTo M300paxeHMsS (TOMOTPAMMEL) :
RGB = imread('mrt-1-02.bmp'); %407x380x3 uint8

I = rgb2gray(RGB); %npeobpa3oBaHME B MOJIyTOHOBOE (Cepoe) M300paxeHHUe
%BelBOI M300paxeHMsa (C INOBHUIEHHHM KOHTPAcTOM) B l-e IIOOOKHO:

figure

subplot(1,2,1), imshow (I, [])

title('I - true (undistorted) image', 'FontSize',18,...

'FontName', 'Tahoma')
%CosnmaHmre Macku (®PT, PSF) 1nJjg cMa3bBaHUSA M300pPaXeHUS :
PSF = fspecial ("'motion',7,35); %cmasz mnmHOM 7 mnkc mon yrjom 35 Tpan.
%$CMazbBaHMe M300paXeHUs :
S = imfilter (I, PSF, 'circular'); $%$c wmucnoonbs30oBaHmMeMm onumm 'circular'
%3alyMIIeHMEe CMa3aHHOTO M300paxXxeHMs MMIIYJIbCHBIM IiyMoM ("coJsib u nepeu") :
SN = imnoise (S, 'salt & pepper',0.02); $%$zamymieHo 2% m300paxeHUd
%BEIBOIO CMaz3aHHOTO M 3BallyMJIEHHOTO M300paxeHms BO 2-€ IOIOKHO:
subplot(1,2,2), imshow (SN, [])
title ('Smeared and noisy image', 'FontSize',18, 'FontName', 'Tahoma')

3. MoaenupoBaHue uzmepeHus Henpepvl8HO20 CNEeKMpa CIEKTPOMETPOM:

b
u(h) = J.K(X,K')z(l') d\', c<A<d, (3)

a
rae z(A) — 3aaHHOE UCTUHHOE PACIPE/IC/ICHUe HHTEHCUBHOCTH 110 CIICKTPY B (DyHK-
UK JUTAHBL BOJIHBL A; K(A,A") — anmapartnast ¢pyukuus (A®D) cnekrpomerpa; U(A) —
paccuuTaHHOE (CMOICIMPOBAHHOE, BHUPTyaIbHOE) paclpee/icHHe WHTEHCHBHOCTH
0 M3MEPEHHOMY CIEKTPY (eciu ke crekTp U(A) monydeH B pe3yibrare GU3nIecKo-

'O 3KCIICPUMCHTA, TO OH PETUCTPUPYCTCA HCIIOCPEACTBCHHO CIICKTPOMCTPOM, HO HC

paccuutbiBaercs). [logpoOHOCTH TaHHOM 3a7]a41 CIIEKTPOCKOIIUU CM. B 1I. 4.2.
HHTCHCHBHOCTD, VY.C.
T T

460 480 500 520 540 560 580 600 620 640
J. W' M

Puc. 3. / — uctuHHbIHA criekTp z(A); 2 — U3MEepEHHBII criekTp U(A);
3- 10K(485,k')7' 4—10K(620,1")



Ha puc. 3, B xauecTBe npumMepa, JaHO: pACIPEAECICHUE SHEPTUH NTO UCTUHHOMY
criektpy z(A), criakeHHOE H3MEPEHHOE CICKTPOMETPOM pacIpe/eiiCHUE DHEPTUH

u(A\) u 1Ba ceucHHs HEPA3HOCTHOM anmmapatHoi ¢pyHkuun K (485,1") u K(620,1").

4. HanoxxeHue OJU3KUX CIEKTPAIbHBIX JIMHUMN:

N
Z(\)=> zj(A) + 8z, a<i<b, (4)
J=1
rae Z(\) — CyMMapHBIii CIIEKTp, COCTOSAIIMI U3 HECKONBKHUX (N) TMHMI ¢ HHTEHCHB-
HOCTAMM Z;(A), j=1,N, IpUYEM JIMHUM MOTYT MEPEKPHIBATLCS U UMETh LIyM OZ.

Ha puc. 4 npuBeaeH npuMep NepeKpbITUS HECKOIbKUX (HEBUIUMBIX ) TUHUM.

Puc. 4. Z(\) — He3alyMII€HHBI CyMMAapHBbIi CIEKTp (HEenpepbIBHAS TEMHOCHHSSI JIMHUSA);
+ cy1a60 3alryMIIeHHBIH ciekTp Z () ; O 3auryMiIeHHbIH criekTp Z (A ), Cria’KeHHBbIH

CIUTAWHOM; T OLIEHKHU LEHTPAJIbHBIX JJIUH BOJH A j (cM. mambie)

B npuBenennsix npumepax y(¢), w(E,y), z(A) u Z(L) — BXOQHBIE IPOLECCHI, a
Y(w), g(x,y), u(X) u z;(A) — BBHIXOAHBIE IPOLECCH], PACCUUTAHHBIE ITYTEM BBIUKC-

nenus uarerpanoB (1)—(3) u cymmsl (4) win MoaydeHHBIE B pe3yIbTaTe U3MEPEHUM.
[Tepetinem k oOpaTHBIM (60JIee CIIOKHBIM, HO U 00JIee BaXKHBIM) 3a/1auaM.
Onpenenenne. Obpamuoi 3a0ayeli HaA3BIBACTCS BOCCTAHOBIICHUE BXOJIHOTO

npolecca Mo U3MEPEHHOMY BBIXOJIHOMY MpoOIecCy (M anmnapaTHOW (PyHKIUN).

IIpuMepbl 00paTHBIX NPUKJIAAHBIX 321a4. JTO Te ke npuMepsl 14, HO 3anu-
CaHHbIE B MHOU (popme.
1. Boccmanosnenue ucxoonoeo npoyecca y(t) mo uzsectHomy Dypbe-CreKTpy

Y(®) Ha ocHOBe cooTHoIeHus (1), 3aMcaHHOTO B BHJIE



e}
[ e y@ydt=Y(@), —o<o<wn. (5)

—00
Kazajgoce Obl, MBI JIMIIb MOMEHSIM MecTaMu Y (M) W MHTErpas, T.C. JIEBYIO H
npaByto yactu B (1), HO MbI MOMYYHJIM CYIIECTBEHHO HOBBIM pe3yibrar. CoOoTHOIIE-
Hue (5) MOXKHO paccMaTpHBaTh KaK MHTEIPAlbHOE YPaBHCHHE OTHOCHUTEIBHO )(f),

npu 3ToM Y (®) — mpasas 4acTth, a e'® — qnpo ypaBHenus. OTMETHM, YTO BHIUUCIIATE

uHTerpal B (1) 0OBIYHO 3HAUUTENHHO MPOIIE, YEM PElIaTh HHTETPATbHOE YPAaBHCHHE
(5) (mogpoOHee 006 MHTErpaIbHBIX YpaBHEHUSAX cM. Aanee). [IpaBna, ypaBHeHue (5)
€CTh TOT PEIKUN CITydaid, KOT/Ia €ro pelIeHne HaXOAUTCS aHATUTHIECKH (B BHUIE 00-
paTHOTro peodpazoBanusi Pypre):

o0
1 :
y(O)=5= [Y(@)e ™ do, —o<i<w. (6)
271
—0o0
2. Boccmanosnenue pacnpedenenusi uHmMeHCUSHOCMY TI0O UCTUHHOMY (HEHCKa-
’KEHHOMY) M300paKCHHUIO Ha OCHOBE M3MEPEHHOI'0 CMa3aHHOTO M300pakeHHsI C pac-
npeeacHHeM MHTCHCUBHOCTH g(X,)). 3amada CBOIUTCS K PEHICHHIO OJHOMEPHOTO
HHTErpajgbHOTO ypaBHeHus BoabsTeppa I poa:
x+A

+ Jw,@de=g,(0 )

MPH KaXKJOM 3HAYCHHUHU ), HTPAIOIIEM POJIb MapaMeTpa, T.e. K PEIICHHI0 Habopa oj-
HOMEPHBIX HMHTETPAIbHBIX YPaBHEHUH (TOAPOOHOCTH — B 1. 3.2).
3. Boccmanosnenue ucmunno2o cnekmpa z(\) Ha OCHOBE U3MEPEHHOTO CIIEKTpa

z(A) u ammaparnoii pynkuuu criekrpomerpa K(A,A") — obpaTHas 3agada CrieKTpo-

CKOIMHU. 3aJjaya 3aKJI0YaeTCs B PEIICHUH UHTETpajlbHOr0 ypaBHeHUs @pearonbma I
poxa:

b
[KOM 2 d) =u(n), c<h<d. (8)

Pemenne ypaBHeHus (8) MO3BOJIUT pa3pelinuTh OJU3KUE JTUHUU B CIIEKTPE, BbI-
JENUTh cladble JTMHUHM, BOCCTAHOBUTh TOHKYIO CTPYKTYpPY CIIEKTpa, APYTHMMH CIIOBa-
MU, TIOBBICUTDH Pa3pEIIaloNIyl0 CIIOCOOHOCTh CIIEKTPOMETpa MAaTEeMAaTHYECKUM TyTeM
— 3TO OJIMH U3 BapHAHTOB PEAYKIIMOHHOM mpobaembl Panes (cm. 1. 4.2).

4. Onpeoenenue uucna N nunuti u ux npoguaeti z j(A) 10 CyMMapHOMY CIIEKTPY

Z(\) (cm. (4)).

OOpaTtHble 3a71auu (HOPMYIUPYIOTCS TAK)KE B BUIE ONEPAMOPHO20 YPAGHEHUS
Ay=1, ©)
rae A — HeKOTOPBIN orepaTop, y — UCKkoMasi pyHKIus (BXOJHOM Ipoliecc), f — npaas
4acTh (BBIXOIHOM MPOIECC).
Pemenue ypaBnenuit (7)—(9) u ap. no3BoJigeT, B NPUHIIUIE, MATEMATUKO-KOM-
IBIOTEPHBIM ITyTEM BOCCTAHOBUTD BXO;[H%I?I IPOLIECC U TEM CaMbIM MOBBICUTH pa3pe-



HIAIOIIYI0 CIIOCOOHOCTh HM3MEPHUTEIBHOI0 yCTpoiicTBa (¢oTroammapara, TeJIecKola,
MHUKPOCKOIIa, CHEKTPOMETpa, ToMorpada, aHTeHHBI U T.]1.).

CornpskeHre W3MEPUTEIBHOIO yCTPOWCTBA C BBIYMCIUTEIBHBIM YCTPOHCTBOM
(KOMIIBIOTEPOM, LU(PPOBBIM CUTHAIBHBIM MPOIIECCOPOM H T.JI.) PABHOCHUIIBHO CO3/a-
HUIO HOBOT'O, 00JIe€ COBEPIIEHHOTO N3MEPUTEIBHOTO YCTPONCTBA.

Spkuil mpuMep TOMY — BOCCTaHOBJIEHUE JE(POKYCHPOBAHHBIX H300pakKeHHUH

KOCMHYECKHX OOBEKTOB, TOJYYCHHBIX aMEPHUKAHCKAM KOCMHUYECKHM TEIECKOTIOM
«Xa66m» (KTX) (cMm. puc. 5).

Puc. 5. HeobpaboTtannoe n3obpaxenue ragaktuku M100 (NGC 4321) (cnea)
Y UCIIPaBIICHHOE U300pakeHUE (CIpaBa)

[Tpu sTOM caenaem cienyroniee 3amMedanue. OOpaTHbIE 3aJa4l MOKHO pas-
NenuTh Ha d6a muna (cp. [2, 3]).

OO6partHble 3a1a4K nepgoeo muna — 3TO T€ 3aJa4H, B KOTOPBIX UCKOMYIO (PyHK-
U0 MOXKHO TIOJy4YUTh 0€3 MaTeMaTU4YeCcKOl 00pabOoTKU M3MEepeHuid (3a cUeT coBep-
IIEHCTBOBAHUSI U3MEPUTENLHOTO yCTpoicTBa). [Ipumepsl 3a1ay mepBoro TUma — 3To
BBINIEU3JI0KEHHBIE PUMEPHI 2 U 3 (BOCCTAHOBJICHUE H300paKEHUN U CIIEKTPOB).

OOpaTHble 3aa4l 6Mopo2o0 muna — 3TO TaKUe 3a/layM, PH PEIICHUN KOTOPBIX
HUKaKO€ COBEpIICHCTBOBAHNWE M3MEPUTENILHOTO YCTPOWCTBA HE MO3BOJUT BOCCTAHO-
BUTh MUCKOMYIO (DYHKIHIO 0€3 MaTeMaTHKO-KOMIBIOTEPHON 0O0pabOTKH HM3MEpEHUil.
[Tpumep 3amad BTOpOro THma — 3To Hempsimble MeToabl SIMP-tomorpaduu, pentre-
HOBCKOU kommbioTepHO ToMorpaduu (PKT) u UK-tomorpadum [2, 3]. Pons marte-
MaTHYECKHX METOJIOB MPH PEHICHUU 33]a4 BTOPOTO THIA ropaso BakHEE, YeM Ipu
peIIeHnH 3a71a49 MEPBOTO TUTIA.

KOHTpOJIbHLIe 3alaHUsl 1 BOIIPOCHI

1. aiiTe onpenenenue npsiMoi U oOpaTHOM 3a1a4aMm.

2. [IpuBectu npuMepsl MPSAMBIX U 0OPATHBIX MPUKIAAHBIX 33/1a4.
3. JlaTh MaTeMaTH4ECKOE OMMCAaHUE MPSMOIM 1 0OpaTHOM 3a/1ay.
4. Paz6epure npe MatLab-niporpammsl FT.m u Tomogram.m.
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2. O0 u3o0pakeHUsAX

[TpuBeeM OCHOBHBIC TIOHSTHS, CBA3aHHBIE C U300PAKEHUSIMH U UX 00pabOTKOM
(0OBEKTHI, MPUOOPHI, UCKAKEHUS, KJIacChl yucen) [2—7].

CHumaemble 00BEKTBI: JIIOJH, KUBOTHBIC, TEKCThI, KOCMHUYECKHE OOBEKTHI
(MIaHeThl, TaTaKTHKH), HAOI0JaeMbI€ B TEJIECKOI, 3¢MHasi IOBEPXHOCTh, CKAHUPYE-
Masi CO CITyTHHMKA, BUPYCHI, HAOII0jaeMble Yepe3 MUKPOCKOT, ABIKYIIHUECS OOBEKTHI
(camoiier, aBTOMOOWJIb, TaHK), HOMEPHOM 3HAK aBTOMOOWIS W T.n1. B pesynbrare
CBHEMKH MOIYUYAEM U300padiceHUst 00bEKMO8.

IIpubopsbl perucTpanum u3odpaxenuii: nuppossie GoToanmnaparsl, BUICOKA-
Mephbl, CIyTHUKOBBIC U aBUIIMOHHBIE OOPTOBBIC TATUUKH, TPUOOPHI METUIIMHCKON BU-
3yaJu3aliy, TEJIECKOIbl, MUKPOCKOIIbI, ToMorpadgsl U T.1. OTMETUM Take BbIYHUC-
JUTENIbHbIE YCTpoicTBa: nepcoHanbHble KoMibioTepsl (1K), mamorabaputHsie cre-
UATN3MPOBaHHBIE BHIYUCIHTENbHBIE YeTpoiicTBa (CBY).

OObIyHO M300pakeHre B IU(GPOBBIX YCTPOMCTBAX PETHCTPUPYETCS MaTpHIIeH
cencopoB Ha ocHoBe [[3C-matpurnibl. Cencop — 3TO 3IEMEHT, MpeoOpa3yoluil OcBe-
IMIEHHOCTh B Hampspkenue [5, ¢. 90], a I713C — monynpoBOJHUKOBBINA TTPUOOp C 3apsi-
JIOBOM CBSI3bI0, B KOTOPOM OCYLIECTBIISIETCS IEPEHOC 3apsA/ia OT JIEMEHTA K 2JIEMEHTY
[5, c. 96], [7, c. 33].

[Tpu 3TOM BBINOJHAIOTCS oyupposka, ouckpemusayus 1 Keanmosanue u3o00pa-
xeHus [5, 7]. YcTpoilcTBOM, BBIMOMHSIIOMIMM 3TH OTEPAIlUU, MOXKET SIBISATHCS IH]-
poBasi (oTo- UM BUAeokamepa. B pesynbrare nzoOpaxeHue OyIeT MpPe/CTAaBICHO
mampuyel UHmMeHCU8Hocmeti U3 m CTPOK U 1 CTOJIOLIOB WJIM mXn TUKCEIOoB (OyaeM
nucaTh KpaTKo: NKC). [luxkcens — 3TO TOUKA HA TUCKPETHOM M300pa)KeHUU (IJIEMEHT
U300paKEHUS).

Tunsl n300pakeHui:

yeemnvwle (noaHouBeTHbie, RGB, rgb) — B kaxk10M MuKcele NPUCYTCTBYET CMEChH
kpacHoro (R), 3enenoro (G) u cunero (B) nBeTOB B HEKOTOPOM MPOTOPIIMH, YTO TIO-
3BOJISIET IOBOJIBHO TOYHO MMHUTHUPOBATh LIBETA PA3JIMYHBIMH YCTPOUCTBAMHU (I{BETHBI-
MU MOHUTOPAMH, IPUHTEPAMHU U T.1.);

noiymoHosvle (cepble, gray, grayscale) — B KaXJOM IHKCEJIE MPUCYTCTBYET
Takxe cmech R, G u B 11BeTOB, HO B paBHOM COOTHOIIIeHUH, T.e. R=G=B;

uHOexkcuposanHvle (LIBETHBIE MaTUTPOBBIE, ind) — ycTapeBiuas pa3HOBHUIHOCTD
RGB-u300pakenuit, HCTIONb3yIOIIas BETOBYIO KapTy (map);

ounapnvle (4epHO-0enbie, 4/0, ABoMYHBIE, logical, bw), ucnonb3yemsbie sl OTO-
OpaxxeHus (HO He JJ1s1 00pabOTKH) TEKCTOB (HE MyTaTh 4/0 U cepble n300pakeHus!).

Uckaxenns mzodpaxenuil. bynem paccmatpuBaTh HCKaXeHUs, TpeOyroIIue
CJIOKHOM MaTtematnueckoil 00paboTku (cornacHo [4]): cMa3biBaHue, neOKyCcHpoBa-
Hue (pachOKyCHpPOBKa), 3alIyMJIEHHOCTh U300paKCHHUS.

[IpuuuHol cMa3biBaHUS M300paKeHHUs] 00BEKTa MOTYT ObITh: cMmerieHue YPU —
YCTPOMCTBA perucrpanuu n3odpaxkenui (poroanmnapara, BUeoKaMepsl U T.1.), pac-
COTJIACOBAHMUE JIBMXKCHUSI KOHBEWepa C JeTalsiMU M KaMephbl NapajliesIbHOTO CIeXkKe-
HUSI, OTJIUYHME BPAIIEHUS TEJIeCKona U HeOeCHOU cdepsl, a TaKKe JABHKCHHE CaMOTO

o0BeKkTa (caMosera, aBTOMOOMIIS, OeryHa Ha JOPOXKKE U T.JI.) 32 BPEMS DKCIIO3HIINH.
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[TpuunnOW nedokycupoBaHUsT M300paKEHHSI MOTYT OBITh: HETPaBUJIbHAS YyCTa-
HOBKa (okyca B YPU, chepuueckas abepparus 3epkajia TEIECKOINa, Kak B CIydae C
TeneckonoM «Xabom» (puc. 5 ciera).

[TpuanHON 3anTyMIICHUS W300paKEHUS MOTYT OBITh: ITOMEXH B aTMocdepe —
IbLTb, BOASHBIC KAIUIA, CHEXXKUHKH (BHEUTHUHN ITyM) WJIM TTOMEXH, BBI3BAHHBIC BBIXO-
JIOM U3 CTpOst yieMeHToB MaTpullsl [13C (BHYTpeHHHE, MHCTPYMEHTAIBHBIC IITYMBI).

Kuaaccel unces B cucteme MatLab. B makere IPT (Image Processing Toolbox)
UCTIONB3YIOTCS CIICIYIOIINE KAACCHL YUCE:

uint8 — 6e33HakoBoe (unsigned) menoe (int) 8-0MTOBOE YKCIIO, TPUHUMAIOIIIEE
3gauenus 0,1,...,255 =28 —1;

double — BemiecTBEHHOE YHUCIIO € TJIaBAKOIIEH TOUKOW JBOMHOM TOYHOCTH (16

nudp) B guanasone ot ~+107308 5o ~ +10308 (8 GaiiT na uncno);

logical — uncino co 3Hauenusimu O uu 1 (1 GalT HA YKCIIO).

Coryanmenue o KOOpAWHATAX. byieM HCIonb30BaTh i U1 0003HAYCHUS HOME-
pa cTonb1a, a j — Il HoMepa CTpoKu u3oopakenus. Och x (1 HOMED i) HapaBUM TO-
PU30HTAJILHO CJICBAa HANpPaBo, a OCh ) (M HOMEp j) — BEPTUKAILHO BHU3, IPH ITOM
i=12,...N, j=12,...,M . bBynem 0003Ha4aTh HHOTJa (HO HE BCEI/Ia) HMHTCHCHB-

HOCTh Ha CMa3aHHOM HM300paXCHUH B HEMPEPHIBHOM Cydae 4depe3 g, (x), a B 1uc-
KPETHOM CIy4ae — 4epe3 g ; (i), e x u i HaTpaBJIEHbI BJIOJb CMa3a, a y U j — MepIICH-

JAKYJISPHO CMasy.

Amnajnoruuno, OymeM 0003HaYaTh WHTEHCHBHOCTH Ha Je()OKYCHPOBAHHOM H30-
OpakeHuu (a MHOTA M Ha CMa3aHHOM M300paKEeHHH) B HEMPEPHIBHOM CIIydae yepes
g(x,y), a B muckpetHoM ciaydae — depe3 g(/,i). [Ipu 3TOM 1Moa TUCKPETHBIM CIyda-

eM OyJieM Mo/ipa3yMeBaTh NpeCTaBIeHUE U300pakeHUs B BUAe HAO0Opa MUKCeNei.
Pasnourenue B o003naucHusx: g(x,y)u g(j,i), rae x u i (a TaKXKe y U j) UMEIOT

OJIMHAKOBOE HaIlpaBJIeHHE, O0YCIIOBJIEHO TEM, YTO B HENPEPHIBHOM CIy4yae MPUHSITO
IEPBBIM apryMEHTOM CTaBUTh FOPU30HTAJIBHYIO OChb, @ B TUCKPETHOM CIydae — HO-
Mep cTpoku j [2, c. 101], [5, c. 102], [7, c. 42].

Bynem nox i v j nHOrAa (HO HE BCEraa) NoJApa3yMeBaTh TAKKE MHUMYIO €UHU-
Iy, yKa3blBasl CIELMAIIbHBIMU ONEPAaTOpaMH, HarpuMmep, 1 = 25 unum 1 = sqrt(-1), uto
[oJIpa3yMeBaeTcs Mo 1 (BEIIECTBEHHBIN MapaMeTp WIM MHUMas €AMHUIIA) .

KOHTpOJIbHLIe 3alaHUsl 1 BOIIPOCHI

1. Ilepeuncnure cHUMaeMble OOBEKTHI.

2. Kakue mpubOpsI UCTIONB3YIOTCA JISl PETUCTPAIIMHN H300paxeHui?

3. OT™MeTbhTe TUTIBI H300paKEHUH.

4. Kakue Ki1acchl Uncen UCIoib3ytoTes B cucteme MatLab?

5. Kakoe nmpuHATO COIIalIeHue OTHOCUTENBHO KOOPAMHAT i W j, & TAKXXE MHH-
MBIX €IUHUIL?
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3. O0pabdoTka n300paxkeHuin

Paccmotpum mipsimbie U 0OpaTHbIE 3a1auu MojenupoBanus ((popmupoBaHus) u
BOCCTAaHOBJICHHSI MCKa)KEHHBIX (CMa3aHHBIX, Je(OKYCHPOBAHHBIX, 3alTyMJICHHBIX )
n300pakeHuii. byiem ucnonp3oBaTh MaTEMaTUYECKUN U IPOTPAMMHBIN armapar.

3.1. MoaeaupoBaHue cMa3bIBaHUs M300paKkeHUuil (MpsaAMasn 3a1a4a)

PaccMmoTpuMm nmaHHyIO 3amady Ha npuMepe (GOTOCHHUMKA, CMa3aHHOTO (CIABUHY-
TOT0, CMEILIEHHOT0) 3a BpeMs 3Kcno3unu. [lomaraem, 4To Apyrue TUIBI NCKaKEHHM
(mapanuHbl, adeppayu U T.1.) OTCYTCTBYIOT WJIA YCTPAHEHBI.

IIpamasn 3amava. bynem cuutath dororpadupyemsblii 0OBEKT MIOCKUM BCIIEI-
cTBUE ero yaaieHHocTu. [lycTh 00bekT u (oTomienka (wim marpuua) poroanmnapara
pacrnoJioKeHbl MapajulesIbHO anepType TOHKOM JUH3bI (poToanmnapara no pasHble CTO-
POHEI OT JIMH3BI HA PACCTOSHUAX OT HEE f| M f, COOTBETCTBEHHO (puC. 6).

w(c,m)
A

Jluuza

(f) n.y

Puc. 6. Cxema noxyyeHus cCMa3aHHOTO U300pakeHus

dororieHKa

[Ipu 3TOM IOJKHO BBIMOJIHATHCS U3BECTHOE ycaosue [2, c. 74]:

1 1 1
=, (10)
h L f
N3 KOTOpPOro CJIcayeT, 4To (I)OTOHJ]CHKa JOJIDKHA YCTAHABJIMBATHCA HA PACCTOSHHUHN
-1
1 1
f = (_ - _j s (1 1)
2 f fl

B 9TOM CJIy4ae CHUMOK OyJeT «B (OKyce» (UETKUM).
[Ipumep. Iycts f,=7m, f=5cm, Torna f, =5.03cm cormacuo (11), a ot-

HomeHue g = f;/f, =139.2, 1.e. uzobpaxenue 6yner B ¢ =139.2 paza MeHbIIe 00b-

eKTa (M IEpPEeBEPHYTO). 13



Jlanee monaraem, 4TO 3a BpeMs SKCIO3ULUHU (DoToamnmapar ¢ mieHKON COBEPIIHIT
OPSIMOJIMHEWHBIA MU PaBHOMEPHBIN cogue (CMEIIEHHE) Ha BEIIMYMHY A MOJ HEKOTO-
PBIM YIJIOM 0 WJIM CIBUT COBEPIIMI caM OOBEKT (Hampumep, ABUKYILIASACA 11€Jb) Ha
BennuuHy gA. HampaBum ock & B0k cMa3a (CABUTA), a 1) — MEPICHAUKYIISIPHO eMY.
B pesynbrate nzobpaxkeHue Ha (HOTOIUICHKE OYJET CMa3aHHBIM (CABHUHYTBHIM, CMe-
IIEHHBIM) BIOJIb § (cM. puc. 7). s MonenupoBaHusl cMasza U300pakeHus pa3pado-
TaHa m-QyHKIMg smearing.m [1, 3].

2(x, )

Puc. 7. Ilpumep cMazaHHOTO U300paKECHHUS.
A — BenmunHa cMasa (CIBUTA, CMEIICHHUS ), OCh & HaMpaBlieHa BJIOJIb CMa3a

3ameuanue. B nakere IPT ects m-bynkuun fspecial.m u imfilter.m [6, 8], B
KOTOPBIX OCh X PacIOj0KeHa TOPU30HTANIBHO, a ) — BEPTUKAIBHO BHU3, T.€. OCH HE
CBSI3aHBI C HAIpaBJeHHEM cMasza. Mbl nanee OyneM MoJb30BaThCsi 0OOMMHU BapHaH-
TaMH — OCh X HaIlpaBJIeHa BOJIb CMa3a U OCh X HAMpPaBJieHa TOPU30HTAIBHO.

Onuiiem MaTeMaTuuecku npsamyro 3aoaqy. Hanpasum och x (4 &) BIOaAb cMaza, a
y (¥ 1) — NepHeHAUKYIAPHO cMa3y, Kak Ha puc. 6—8. Ha HekoTopyro Touky (x,y) ¢o-

TOTUICHKH 32 BPEMs SKCIO3ULIUU CIPOEKTUPYETCS HEMPEPBIBHBIA HA0OOP TOouek ¢ adc-
muccamu oT E=x 10 E=Xx+ A u ¢ pasauyabIMU uHTEHCUBHOCTAMU W(E, V). Pe3yib-

TUPYIOIas WHTEHCUBHOCTh B HEKOTOpou Touke (X,)) QoTomieHkn OyaeT paBHa
cymme (unterpany) uarencusnocreil w(E,y), € €[x,x+A] B HenpepbIBHOM Cilyyae,
Korjaa A monaraercs, BOOOIIe TOBOPSI, HEIENBIM (HE B TUKCEIAX):

X+A

g, (0= [w, @, (12)

IJ€ 3alKCh CAENaHa MOCTPOYHO — BJAOJb KaXIOU y-CTPOKH, PUYEM ) UTPAET POJIb
rapaMmeTpa.
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B (12) nepea uHTErpagoM MOCTaBIEH MHOXKHUTEND 1/A. DTO CBSI3aHO € TEM, UYTO
npu A—0 (B orcyrcTBHe cMa3a) umeeM cormacHo (12): g, (x) > 0/0, T.e. Heompe-

nenennocts Tuna 0/0. PackpoeM HeompeeeHHOCTh o npasmity Jlomurans. [Tomy-
qnM: g, (x)>w ) (x), T.e. MpOCTaBIICHKE MHOKHTENS 1/A ompasraHo.

B nuckpernom Bune mHTerpan B (12) 3ameHsieM KOHEYHOM CYMMOM C IIIarom
1 nxc, a A monaraem uensim, Haripumep, 20 nkc. [Tomyunm:
) 1 i+A . )
g](l)—me::lw](k), l—l,...,n, ]—1,...,m, (13)

r7Ie j — HOMEp CTPOKH, i (1 k) — HOMEp CTOJOIA, 7 U 1 — YUCIIO CTPOK M CTOJIOIOB Ha
JTUCKPETH3UPOBAHHOM M300payKEHUH COOTBETCTBEHHO.
Ha puc. 8 npuBeneHbl HEMCKa)KEHHOE M CMa3aHHOE N300paKEHHsI CaMOJIeTa.

0
Puc. 8. a — HeuckaxxeHHoe u3o0paxenue camoiera w 478x744 nkc;
0 — cMa3aHHOe U300pakeHue camosieta Ha B3nere g, A = 20 nike, 6 = 30°
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Puc. 80 mokasbIBaeT, 4TO B pe3yibTaTe CMa3bIBaHUS HE CTAIM BUAHBI OTIO3HABA-
TEJIbHBIE 3HAKU Ha Kopmyce camoiera. CMa3aHHOE M300pakeHHE IOJIYyUYEHO C MOMO-
b0 M-PyHKIMU smearing.m, a Takke fspecial.m u imfilter.m.

3.2. YcrpaneHne cMa3bIBaHus M300pakeHuil (oOpaTHas 3a1a4a)

PaccMoTpum oOpaTHYI0 3aa4y BOCCTAHOBJIEHUSI U300paXEHUs] W MO U3MEpEH-

HOMY CMa3aHHOMY M300pakeHHIo g. 3anuiieM cooTHoueHue (12) nnaue:
x+A

+ o, @dz=g, ), (14)

a UMEHHO, ITOMEHsIEM JIEBYIO U MPaByl0 4acTu MecTamu. OJHAKO 3TOTO JOCTATOYHO,
9TOOBI TIpsiMasi 3a/1a4a, OMUChiBaeMasi cooTHomeHnueM (12), TpanchopmupoBanachk B
o0OpaTHyt0, Topa3ao 0oJiee CIOKHYIO U BAKHYIO 00paTHYIO 3a/1a4y.

CootHomienue (14) siBisieTcs OCHOBHBIM B 3aJau€ yCTpaHEHHs cMasza u300pa-
KeHuit. B Hem g,,(X) — M3MEPEHHOE MOCTPOYHO PACIPEeICHHE HHTCHCHBHOCTH Ha

CMa3aHHOM H300pakeHuu (Ha (pOTOrUIeHKE) B (DYHKIMH MPSMOYTOJIbHBIX KOOPAUHAT
X,) , IpU4YEM OCh X HaIpaBJ€Ha BIOJb CMa3a, A — BEJIMYMHA CMa3a, a W ¥ (§) — uc-

KOMO€ pachpe/eieHne WHTEHCUBHOCTH Ha HEUCKaXECHHOM H300pa)KeHUH (TON WH-
TEHCUBHOCTH, KOTOpas Obuia Obl HAa (OTOIUIEHKE B OTCYTCTBHE CMa3a, T.€. B CiIydae
A=0).

CootHomienue (14) ectb omHOMEpHOE HHTerpaibHoe ypaBHenue (1Y) tuma
BonbTeppa 1 poa oTHOCUTENBHO W, (§) mpu KaxaoM (PUKCHPOBAHHOM 3HAYEHUU Y,

UTPAOIIEM POJIb TTapaMeTpa, ApYyruMu cioBamu, (14) ectb Habop (cemeticmeo, mMHO-
JHCECMB0) OOHOMEPHBIX UHMESPATIbHBIX YPABHEHUI.

Onnako ypaBHeHue (14) sBIsSieTCS HEKIACCHUECKMM WM HECTAaHAAPTHBIM HMHTE-
rpajbHBIM YPaBHEHHEM, TaK Kak OHO HE MMeEET sapa, 00a mpejena UHTeTPUPOBAHUS
HNEPEMEHHBI U T.[., IOATOMY OHO HEYJOOHO JJ1s urciaeHHoro pemienus. [Ipeodpasyem
ypaBHeHue (14) B apyroe, KJIacCHYECKOE U CTaHAAPTHOE YpaBHEHWE, METOJIbI pelie-
HUSI KOTOPOT'O XOPOLIO pa3paboTaHsbl.

3anumem NY (14) B Buge NY ®@penronsma I poaa tuna ceeptku [2, 3, 9, 10]:

[hx-e)w, (@)de=g,(x), —o<x<w, (15)
rac -
/A, —A<x-E£<0,
h(x=8)= 0, wHaue (16)
NN
/A, —A<x<0,
h(x)= 0, wuHaue (17)

3neck h — matematudecku siapo MY, a pusznko-TeXxHUIECKU — yHKYus paccesi-
16



Hus mouxku (OPT), unu point spread function (PSF) [4, 5, 8] —3T0 TO, BO uTO Kaxkaas
TOouka 00BEKTa MpEeBpaIlaeTCs Ha U300paKEHUU MPU CMa3biBaHUH. B 3amade cmaszbl-
BaHUS (GYHKIOUS /, KaK TPABWIIO, SBIBSICTCS Pa3HOCTHOW, WJIM TPOCTPAHCTBEHHO-
WHBApPUAHTHOM, YTO O3HAUYaET, YTO BEIMYMHA cCMa3a A OJMHAKOBA BO BCEX TOYKaX
U300paKeHUS.

3ameuanue. s ycTpaHeHUs cMa3a MOXET OBITh HCIIOJIb30BAHO TaKXKE JIBY-

MEpHOE€ UHTEerpaibHoe ypaBHeHue @pearonbma I pona tuna ceeptku [9, 10]
o0 0O

| [ne-gy-nwEndidn=g(x.y), -w<xy<ow, (18)
—00 -00
npudeM och x (4 &) HampaBiieHa TOPU30HTAIBHO CJIEBa HAIPaBo, a och y (U M) — Bep-
TUKAJIbHO BHU3, U OCH HE CBSI3aHbl C HANpaBIECHUEM cMa3a H300paxeHus. B stom
cillyyae NpH JMCKpeTU3aluu 3anauu (yHKUUS paccesHus Touku h Oyner PSF-
KBa3HWIMaroHaJbHOW MaTpUIICH B BUJIE Y3KOM moocku [2, ¢. 112], [9] (puc. 9).

Puc. 9. ®ynkuus paccesinust Touku (PSF) B Buze y3koit mosocku

Oto Hauwo orpaxkenue B [PT-nakere m-pyHkuuii cucremsl MatlLab, rae BbI-
yuciaeHue /(x,y) BBIMOJHACTCS ¢ mMoMolibio m-pyHknuu fspecial.m. B Hmxece-

TyIOIIEM IMPUMEPE MPEICTaBICH CIydald cMa3a IiuHoi A = 7 ke moj yriioM 0 = 30°,

a TaK)Ke JIJIsl CpaBHEHUS MO HyJIeBbIM yriom [2, c. 112], [8, c. 181]:
>> format short
>> PSF30 = fspecial('motion',7,30)

PSF30 =
0 0 0 0 0 0.0370 0.0495
0 0 0 0.0185 0.0876 0.1197 0.0495
0 0.0000 0.0691 0.1382 0.0691 0.0000 0
0.0495 0.1197 0.0876 0.0185 0 0 0
0.0495 0.0370 0 0 0 0 0
>> PSFO = fspecial('motion',7,0)
PSFO =

0.1429 0.1429 0.1429 0.1429 0.1429 0.1429 0.1429

Hcnonb3ys takyto PSF-marpuily, MOXHO pemiaTh oOpaTHYIO 3ajady ycTpaHe-
HUS cMa3a U300pakeHus ¢ oMoIbio aBymepHoro MUY (18). Mb1 Oynem niis ycrpa-
HEHHUsI cMa3a H300pakeHUs UCIoab30BaTh kak MY (15), tak u (18).
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Paccmotpum HekoTopeie MeTo bl pemienus MY (15).
Merton nunBepcHoi ¢puabTpanuu. B cooTBeTcTBUM € meopemoii o ceepmke [3],
H(@W,(0)=G, (), (19)

rne H(o), w, () n Gy (®w) — mpeoOpazoBanust ypbe (CEKTpbl) PyHKIUH, BXO-
nsaux B (15):

H(w)= [h(x)el® dx, —o<o<w, (20)
W,(@)= [wE)e®sds, —w<w<xo, 21)
G (@)= [g,(x)e® dr, —o<o<w. (22)
Pemenne Y (15) B Bune o6parHoro nmpeodbpazoBanus Oypre (OI1D):

1 5 .

w, (§) = [W,(0)e ™ do, (23)
r7e, B cooTBeTcTBHH C (19),

()= (24)

YT H(e)

Onnako [3, ¢ 121] cnekrp G (@) 0GBIYHO 3aITYyMICHHOTO H300paKeHHs! g(x)

Ipu ®—>© CTPEMUTCS K HEKOTOPOW KOHCTaHTE («Oelomy IIymMy»), a CIEKTp
H(®w) >0 npu ® —> o U UMeeT HYJU MPU KOHEUYHBIX ®. ITO TOBOPUT O TOM, YTO

pelieHre MeToJoM MHBepcHoU ¢unbTpauuu coryacHo (20)—(24) neycroitunBo. bo-
Jiee TOYHO, 3a/1aua penieHus ypaBHeHus (15) sapisieTcst hekoppexmmuoii [2, 3, 11].
Mertoa mnceBaOMHBEpPCHON (uiabTpamuu. /(1 CHUKEHUS HEYCTOWYMBOCTH
METO/Ia MHBEPCHOW (UIBTPALMM MOKHO HCIOJIB30BaTh TAK Ha3bIBAEMbBIA Memoo
ncegoounsepcrou gurbmpayuu. Ero cyTh cBsizZaHa ¢ TeM, 4TO OOBIYHO (YHKIIMS
g, (x) u3MepsieTcs T AMCKPETHBIX 3HA4YeHUit x ¢ marom Ax =const. B atom ciyuae

makcuMaibHas @Dypbe-uacToTa paBHa O, =7T/Ax — uactora KoTenbHHKOBa—

HaiikBucra. [ToaTomy pemenue (23) MOXKHO 3anucaTh KaK
@

w,, (%) =2—17c [, (@)e- @ do . (25)

max
Taxoe penieHne o0nasaeT HEKOTOPOH YCTOMUMBOCTBIO, TaK KaK ®, ., KOHEUHa.
OnHako octaeTcs HeaocTaToK — Hyau ¢yHkuun H (). [ToaTtoMy nake B OTCYTCTBHE
IIyMa HeJlb3sl HaJiesAThesl Ha 9O (PEKTUBHOCTh METO/1a TICEBIOMHBEPCHON (HIIBTPAIUH,
Meton npeoopasoBanusi ®ypne u peryaspusauuu Tuxonosa. ['opazgo 6o-
nee dpdexkTuBHbIM sBIseTcs pemenue MY (15) memooom 1D ¢ peeynapuzayueri Tu-
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xXonosa. JlanuM ero KpaTkoe U3J0KEHUE MPUMEHUTENBHO K 3a/1a4€ BOCCTAHOBJICHUS
n3o0Opaxenus. Pemenne ypaBuenus (15) merogom 1D c perynspuzanueit TuxoHona
umeer Bua 2, 3,5, 6,9, 10, 13, 14] (oonomepnubiii 6apuanm):

g)—% (W, (@)e @5 do (26)
rae (cp. (24)) .
H(—
Wy ()= D) 27)

‘H(co)‘z +om2p
— peryJspHU30BaHHBIN criekTp pemeHust, o.>0 — mapamerp perymspuzanuu, p>0 —
HOPSAZIOK peryssipu3aliu, o0bldHO p =1 wnm 2, a 11 BEIOOpaA mapameTpa o, pa3pado-
TaH PsAJl CIIOCOOOB: MPUHITUI HEBS3KU, 0OOOICHHBIM MPUHIMI HEBSI3KU U ap. [11-

15]. Omnako B JaHHOM TocoOUM MBI Oy/IeM B OCHOBHOM HCIIOJIB30BaTh /ISl BEIOOpA O
cnocob noobopa (cnocod BU3yaabHON OLEHKU PELIEHUS W, ).

Metoa napamerpu4eckoit punbTpannu Bunepa. Hapsany ¢ metonom peryns-
puzauuu TuxoHoBa OyJeM HUCHOJIB30BaTh Memoo Napamempuyeckou (Quibmpayuu
Bunepa, cornacHo kotopomy [2, 3, 5, 8] (cp. (26), (27))

| T HE0)G, () |
- 08 ey | 28
Wiy () =7 L P (28)

rae K >0 — nexkoropast koHCTaHTa (MTapamMeTp), paBHAask OTHOIICHHIO [ITyM/CUTHAI 1O
morrHocTH (NSPR) B cnekTpanbHoil obnactu. Takoe pellieHue Has3bIBAaCTCS napa-
MempuyecKkou SUHEPOBCKOU (urbmpayuel, WIA MemooOM NaApamempuyeckou
Gunvmpayuu Bunepa.

[IpuBenennsie cooTHomeHus: (20)—(28), nHactpoennbie Ha pemenue UY (15),
3anucaHbl AJi1 BapuaHTa, Korjaa och x (M &) HampaBiieHa BAOJb cMa3a, a y — MepIeH-
TUKYJSIpHO eMy. st 9Toro BapranTta HaMu pa3padoTaHbl m-(pyHKIIMM Smearing.m U
desmearingf.m. Onnako B makere IPT mjist 00paboTku cMa3aHHBIX U300pakeHUH (KaK
U 1eOKYyCHpPOBAHHBIX M300paKEHHI) UCIIONIB30BaH ABYMEpPHbIN BapuaHT. CoriacHo
Hemy, pemraercs ypaBHenue (18) — neymepnoe UY ®penronsma I pona tuma cBept-
ku. Ero pemenne Mmeronom ogymeprozo 1D c pezyrapusayueri Tuxonosa uMeeT BUA

(cp. (26), (27))

w,, (&,M) 4L | j W, (@,®,)e (&0 doy do, | (29)
H *(0),0,) G(0,0,)
‘H((ol,(oz) +a(w! +w})P
H(wp,0))= [ [h(x,p)e© 09 dxdy, (31)
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o0 o0
G(o,05)= | [g(x.p)e/ @ 02 dxdy. (32)
—00 —00
B makere IPT meron asymepnoro 1@ ¢ peryisipuzanuein TuxoHOBa COIrIacHO
(18), (29)+(32) peanuzoBan B m-byHkuuu deconvreg.m. Ita GyHKIUS MOKET OBITH
UCIIOJIb30BaHAa JUIsl BOCCTAHOBJICHUS KaK CMa3aHHBIX, TaK U J1e(POKYCUPOBAHHBIX H30-
OpaxeHUl B paMKax 08YMepHO20 8apUarnmad.

Amnanoruuno, pemenue Y (18) metonom napamempuueckoti punompayuu Bu-
nHepa (I1®B) umeet Bua (cp. (28)—(30))

wK(i,n):# _[ JWK(wl,wz)e"'(ml‘iJf@zn) do;dw, |, (33)

H*(0,0,)G(0,0,)

B makete IPT meton [1®B peanuzoBan B m-pyHknuu deconvwnr.m.
Ipumep. Hwxe npusenena MatLab-nporpamma, WLTIOCTpUPYIOIIAasi METOAbI
nceBaounBepcHor ¢ubtpanuu (IIN®), perynspuzanuu Tuxonosa (PT) u mapamer-

puueckoit punbtpanuu Bunepa (IIOB) yempanenus cmaza 08ymeprvivm sapuanmom.
%% Girl.m (cm. puc. 10), Cusuxos, roy. nporpamma, MatLab.
$llpumep . eMoHCTpalUMUs MeTOoIa NCEeBOOMHBEPCHOMW OOMUIILTpaLMM,
%a TakKxe MEeTONOB peryiusapusauuu TUxXOHOBA M IapaMeTprUeCKOM
$dubTpauMM BuMHEepa B 3azaude yCTPaHEeHUS cMa3a M30DpaxeHUsd.
clc,clear
%% UreHme oOaniya C m30OpaxeHUEM:
RGB = imread('girl.jpg'); %256x256x3 uint8
w = rgb2gray (RGB); %256x256 uint8 gray
%% llpsMas 3alada - CMa3bBaHME U300paxeHUd:
Delta = 20; %mimuHa cMaszsa B IKC
D1 = 1/ (Delta+1l); %$monsa ®PT h
theta = 0; S%yro;n cmMasa B rpan
PSF = fspecial ('motion',Delta,theta); %PSF (®PT) 1x21 double
gu = imfilter (w,PSF, 'circular'),; %cmazsaH. uzobpaxeHue 256x256 uint8
figure, subplot(2,2,1), imshow(gu), title('Smeared image gu')
% ObpaTHas 3ajada - yCTpaHeHMe cMa3a M300paxeHus
METOINOM IICEBIOOMHBEPCHOM GOWMIJILETPALINN :

Wi (0,0,)= (34)

oe

oe

g = double (gu); S%Sneperon B double 256x256

[m,n] = size(g); %m=256, n=256 (UMCJIO CTPOK M CTOJOLOB)
dx = 1; %war muckpermzaumm 1o x (dx = 1 nxc)

ommax = 2*pi/dx; %uacTora KorenbHukoBa-HamkBuCTA

dom = ommax/n; $%$mwar OMCKpeTH3alMUM IO omega

%$B COOTBETCTBMUM C TeopeMoM KoTeJlbHMKOBA M uYacTOTOM HaMxkBucCTa
$Pacuer l-MepHHX MaccuBoB double h m H, He 3BaBucammx oT J:

h = zeros(l,n); %BHOejeHue namaTu nom h (O®PT) 1x256 double
for 1 = 1:n %umkJa 1o HoOMepy cToJjblla

if (i>=n-Delta) h(i) = D1; end %®PT h(x) C yyeTOM N-TNIEPUOAUUYHOCTH
end %i

H = fft(h); %1x256 double complex H - II®/Bl® oT h (OId)
%$PacueT 1o CTpoOKam:

wr = zeros(m,n); S%HNaMATb OO Wr (PEeKOHCTPYMPOBaAH. M300paxeHMue)
for 7 = 1l:m %SumKyI no crpokam
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gj = g(j,:); %$BexTOop 1x256 double gj - j—-g CTpOKa MaATPULHE J

Gj fft(gj):; %Gj 1x256 double complex - l-mepHoe IN®/BI® oT gj
$Pacuetr [IO/BI® pemenmsa W(omega) B J-i CTPOKe:

Wj = GJ./H; $Wj 1x256 double complex

$Pacuer pemeHMs wW(xX) B J-J CTPOKe:

wj = 1fft(Wj); %$1l-mepHoe OBI® wj 1x256 double complex

$BHeceHMe BeKkToOpa abs(wj) B j-I0 CTPOKy MaTpulb wd:

wr(j,:) = abs(w]j); %$HeycToMumBOe pemeHue 256x256 double
end %]
subplot(2,2,2), imshow(uint8(wr)), title('Restored image wr')
Suam
wreg0 = deconvreg(gu,PSF, [],0); S%$HeycTOMuMBOe pemeHue 256x256 uint8
subplot(2,2,3), imshow(wregQ), title('Restored image wregQ')
%719 CpaBHEeHMsS pelleHMe MEeTOINOM peryisapus3aumm TUxXOHOBA:
Tikh = deconvreg(gu,PSF, [],1le-4); %$ycTomumBoe pemeHme 256x256 uint8

subplot(2,2,4), imshow (Tikh), title('Restored image Tikh and Wnr')
%A Takxe MEeTOIOM HnapaMeTrpud. OGuiabTpaumm BuHepa:

$Wnr = deconvwnr (gu, PSF, le-4); %$ycromumBoe pemeHue 256x256 uint8
$subplot(2,2,4), imshow (Wnr), title('Restored image Wnr')

Ha puc. 10 npuBenens! pe3ynbrarhl paboTsl mporpammbl Girl.m.

Smeared image gu Restored image wr

Restored image wreg0 Restored image Tikh and Wnr

Puc. 10. 1) cmazannoe uzobpaxkenue girl.jpg 256x256, A =20, 6 = 0;
2) uzobpakenue, BoccranoBiaeHHoe MeTo oM [TUD cormacuo (15), (17), (20)—(25);
3) uzobpakenne, BoccranoBiaeHHOEe MeTo1oM PT mo deconvreg pu a = 0;
4) uzoOpaxxeHue, BoccTranoBlieHHOe MeToIoM PT mo deconvreg u

metozoM II®B no deconvwnr npu o= K =10~4

W3 puc. 10 Buano, yto meton mnceBnouHBepcHo (uupTpanuu (IIMD) naer
OYCHb HEYCTOMYHMBOE BOCCTAHOBIIEHNE N300pakeHue (CM. 2) 1 3)), a METOMIBI PEeTyJIsl-
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puzanuu TuxonoBa (PT) m mapamerpuueckoin ¢uubtpanuu Bunepa (IIOB) marot
BIIOJIHE YJOBJIETBOPUTEIILHOE BOCCTAHOBIEHUE (CM. 4)). 3aMeTuM, 4TO 37€Ch HE yu-
TEHBI ITyMbl. BivsiHue mrymMoB cM. B 1II. 3.5.

OO0paldoTrka uBeTHBIX H300paxkeHUil. PaccMOTpuM BaKHBIM Ciy4yald, KOrjaa
U300paKEHUE SBIIACTCS YBEMHBIM.

B nakere IPT cucrembr MatlLab 11BeTHbIe M300pakeHUsI MPEICTABICHBI B BHUJIC
RGB (Red, Green, Blue) nzo0paxenuii. O6paboTka BETHBIX H300paKeHU 0OBIYHO
OCYUIECTBJISICTCS CIEAYIOIMMU JBYMS CITIOCOOAMHU.

B nepsom cnocobe (nokomnonenmuoti oopabomxu) n3o0paxeHue pazonBaercs
Ha Tpu KoMnoHeHThl R, G u B, pemaercsa npsmasi 3a1a4a — BHECEHUE MCKAXEHUN B
KaKyI0 KOMIIOHEHTY, 3aTE€M pelraeTcsi oOpaTHas 3ajiadya — YCTpaHECHUE MCKaKCHHM
KQKJI0M KOMIIOHEHTHI HEKOTOPBIM YCTOMYMBBIM METOJIOM, HAIIPUMEP, METOJIOM PETY-
Asipuzanuu TUXOHOBA WM METOJOM MapaMeTpuueckor guibTpanuu Bunepa u B 3a-
KITIOUEHHE TPU KOMIIOHEHTHI COeNMUHSIOTCS B equHoe RGB-m300paxkenue, koTopoe
MO>KHO BBITIOJIHUTH C TIOMOIIBI0 M-QYHKIMH cat.m, uMetomeiics B makere [PT.

Bo emopom cnocobe (6ekmoprotii obpabomku) Tak:Ke peniaroTcs npsimas u 00-
paTHas 3amayu, HO Oe3 pa3OHeHHs] M300pa)KEHUs HAa TPU KOMIIOHEHTHI, a UMEHHO,
n3o0paxeHrne 00padaThIBaeTCs KaK €ANMHOE 11eJioe (I[BETHBIC MUKCEIbl pacCMaTpUBa-
I0TCS KaK TPEXMEPHbIE MAaCCHUBBI).

Ha puc. 11 — oOpabGoTka HBETHOTO H300pakKeHHUsSI IMEPBBIM CIOCOOOM, a Ha
puc. 12 — 06paboTka BETHOT'O U300paKeHUSI BTOPBIM criocoboM [2, ¢. 179—185].

Pucynku 11 u 12 nmoka3pIBatOT XOpoIllee BOCCTAHOBIEHUE LIBETHOI'O CMa3aHHOTO
U300paKeHUs, HO MIEPBBIN CITOCOO TpeOyeT OOJIbIIe onepaluii, 4eM BTOPOii crocoO.

3.3. MoaeaupoBanue aepoKycCHpoBaHusI M300paxkeHUid (MpAMas 3a1a4a)

Paccmotpum erie oiHY BaxkHYIO 33/1a4y 00pabOTKH M300paKeHU — 3a7a4y MO-
nenupoBaHus AeOKYCUPOBAHMS W PEKOHCTPYKIIMHM H300pakeHui ((POTOCHUMKOB
TEKCTa, YeJIOBEKA, MPUPOJbI, TEIECCKOMNYECKUX CHUMKOB KOCMUYECKUX OOBEKTOB —
IUTAHET, TYMaHHOCTEH, TAJIAKTHK, CHUMKOB U3 OJIMYKHET0 KOCMOCa Ha3eMHBIX 00BEK-
TOB CO CITyTHUKOB, U300pa)KEHU OMOJIOrMYECKUX OOBEKTOB, HAOIIOJAEMbIX B MHK-
pockon — BupycoB, JIHK, Tomorpaduuecknx nzobdpaxxenuii u 1.1.).

JledokycupoBaHue M300paKEHUS MOKET BO3HHUKHYTH BCIICJCTBHC HENPABUIIb-
HOM ycTaHOBKM (pokyca ¢oToanmnapara (pacoKyCHpoBKa) WU B pe3yjbTaTe MPOXo-
XKIEHUS M300pakeHus depe3 atMocdepy ¢ TypOyJIeHTHOCThIO [5, ¢. 384] wim u3-3a
HaNMMuusg cepuueckoil adeppalu y 3epKaia TeJlecKola, KaKk 3TO MMEJIO MECTO Y
KOCMHYECKOTo Tejieckona «Xao0m» (3¢ddexT, aHaToruaHbIi pachoKyCHPOBKE).

IIpsamas 3apaua. PaccMoTpum npsavyro 3adauy (MmoaenvpoBaHue AeGOKyCUpo-
BaHUS) U oOpamuyro 3adady (ycTpaHeHue Ne(OKyCHUpOBaHUS MAaTEMAaTUYECKUM ITy-
TeM) Ha npuMmepe Qoroanmnapara. 3agada A1ePOKYCUPOBAHUS UMEET MHOTO OOIIETO C
penpIAyIeH 3anadeii (cMa3bIiBaHue N300PAKEHUI), HO UMEET U OTJIMYHSL.

[TycTh cHEMaembIii 0OBEKT (ITOJIaraeMblil TIIOCKUM HW3-3a €T0 YIAJICHHOCTH) H
doTorenka (UM MaTpuIila CEHCOPOB) PACIIONOKEHBI TAPATIJICIIPHO TOHKOW JIMH3E TI0
pa3HbIe CTOPOHBI OT HEE.
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w - initial RGB-image

wR - R-component

wB - B-component

gBir - smeared B-component

wshiftR, a=1e-7 wshifiB, a=1e-7

Puc. 11. O6paboTka n3o0pakenus peppers.png (mepiisl) IEPBLIM CIIOCOOOM,
MeTOo peryisipusanun TuxoHoBa, m-pyHkius desmearingg.m [2]
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smeared RGB-image 384x512x3

restored RGB-image 384x512x3, K=1e-3

Puc. 12. CneBa — cMa3aHHOe 11BeTHOE n300pakeHue, A = 50 nkc, 0 = 41°;
CIpaBa — BOCCTAHOBJIEHHOE M300pakKeHNE, METO] TapaMeTPUIECKON
dunpTpamuy Bunepa, m-¢pyskuus deconvwnr.m, K = 107

ITycts f; — paccTosiHME OT JTMH3BI 10 O0BEKTA, @ f5 — TO PACCTOSHHME OT JIMH3bI

10 GoToreHKn (MaeaqbHON (POTOTUICHKH, YCTAHOBJICHHOUW B «(OKyCe»), KOTOpPOe
yAOBIETBOPSIET cooTHOMeHnO0 (11) u mpu KOoTopoM Ha (POTOIJIEHKE OYyJIEeT YEeTKOe

n300paxxeHne 0ObeKTA.

Opnako Oyaem mojiaraTh, YTO PACCTOSIHUE OT JIMH3BI 10 (POTOIIEHKH PaBHO HE
fo,a f,+0, rae 8 — morpemHocTh (POKYyCUPOBKH M300paXkeHus, T.e. peanbHas ¢o-

TOTJICHKA YCTaHOBJIEHA «HE B okyce» (puc. 13).

OOBeKT

JIunza

()

Hnecanwuasz
(poTonnenka
("B doxyce")

Peannnan
(poTonnenka
("He B oryee")

Puc. 13. Cxema nonyueHus 1epOKyCUPOBAHHOTO U300paKEeHHUSI

Kak BunHO 13 puc. 13, myun u3 Touku A 1ocie ux NPOXOKACHHS YEPE3 JTHH3Y
0TOOpazaTcsa Ha peanbHON (HOTOIJICHKE HE B TOUKY, & B HEKOTOPOE Pa3MBITOE HAMHO,
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Ha3bIBaeMoe gyuxyueti paccesnus mouxu — OPT (point spread function — PSF [16]).
CHavana paccMOTPUM npocmeuwiuii cay4atl, KOrja Kaxaoe Takoe ISTHO (T.e.
®OPT) ectb 00HOpOOHBIU Kpye paauyca p, UTO COOTBETCTBYET MPOCTPAHCTBEHHO-
uHBapuanTHO OPT (Ha puc. 13 oToOpa)keH UMEHHO TOT MPOCTEUIINIA ciry4ait). 3a-
MeTuM, yTo B m-(yHkiuu fspecial. m makera IPT cucremsl MatLab stomy ciyuaro
cootBeTcTBYeT BapuaHT nosryuenuss OPT: h=fspecial('disk’,radius) [8, c. 115].
IIpumep. Hwxke npuBeneH teket MatLab-nporpammel, naromieit npumep aedo-
KyCHUPOBaHUS U300paKeHUs, MOJIyYEHHOTO U3 UCXOJHOTO U300paxkeHus text.bmp:

$Example2dir.m, rosoenas nporpamma, Cusmkos, MatLab.

TOOpPMMPOBaAHME TEKCTOBOI'O M30OpaxeHMsa, OeboKyCHUPOBAHHOIT'O C HoMmoubio OPT
$B BMIE ONHOPOOHOTO IOMCKa paImyca rho (mpsmas 3amada, direct problem).
clc,clear

tUTeHre Qalya C TEKCTOBBM M30OpPaXEHMEM:

RGB = imread('text.bmp'); %$618x690x3 uint8 (TexcT)
w = double (rgb2gray (RGB)); %618x690 double

$PSE (OPT, wmim Macka) OedoKyCHUPOBaAHUSA M300PaAXeHUS :
rho = 10; $%pamuyc omHoponmHOoTo aucka = 10 nxc

PSF = fspecial('disk',rho);
sHebokycupoBaHme mzoOpaxeHmsa (image defocusing, image blurring) :

defoc = imfilter (w,PSF, 'symmetric'); %mebokycupoBaHHOE u300paxeHue
figure
subplot(1,2,1), imshow (uint8(w)), title('w 618x690', 'FontSize',16)

subplot(1,2,2), imshow (uint8 (defoc)),
title('defoc 618x690, \rho=10', 'FontSize',16)

Ha puc. 14 — pe3ynbrar paboThl JAHHOW MTPOTPAMMBI.
w 618x690 defoc 618x690, p=10

r.r.u (2.1) »
i L f
.fl = 250, ,f:35 ] )
1 1 -1 _ |
f =l » (2-4) »
S A
fr,=3.03, q=f,/f, =82.3. T .

Puc. 14. TIpumep. w — HCXOHOE HEUCKAKEHHOE N300paKeHUE TEKCTa,;
defoc — nedoxycupoBannoe nzoopaxxenue, ®PT — ogHOopoaHbI# KpyT, p=10

Buaum, 4To TOUkKM Ha M300pa’KeHUHU (BCEro IIECTh TOYEK) NEHCTBUTEIHHO Ipe-
BPaTWJINCh B OJTHOPOJHBIC KPYTH (TUCKH) OJIMHAKOBOTO pajinyca.

3.4. YcTrpanenue neoxkycupoBanusi n3o0pa:xeHuii (oOpaTnas 3agava)

Onucanue o0paTHOI 3aJa4ud TNOCPEACTBOM HMHTErpajbHOI0 YpPaBHEHUS.
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OnuiieM MaTeMaTHYeCKd 3a7ady 1e(OKyCHPOBAaHUS B MPOCTEUIIEM ciyyae, KOrjaa

Touka A oTOGpaXkaeTcs Ha peanbHOMN (POTOILIEHKE B OJHOPOAHBIN KPYT pajguyca
aod

A

¢ 1ieHTpoM B Touke A(x,)) (cM. puc. 13), rae a — paauyc anepTypbl JIUH3bI (AlepTy-

(35)

pa — IEUCTBYIOIIEE OTBEPCTHE ONTUUYECKON CUCTEMBI).
PaccMOTpHM, TIOMHMO Kpyra C IEHTpoM B Touke A(X,y), APYroil Kpyr c IeH-

tpoMm B Touke (&,1) (cm. puc. 13). Pamuycel 3TUX KpyroB OJMHAKOBBI M PaBHBI P (CM.
(35)), a momaau Kpyros paBHel S = np2. B pesynbrare nunTeHcuBHOCTh W(E,1) Oy-
JIeT «pa3sMazaHa» Mo Kpyry pajuyca p ¥ IUIomand S =7p2 ¢ NOCTOSHHOMN MIOTHO-
CTBIO HHTEHCHBHOCTH w(&,m)/mp2 .

WureHcuBHOCTE B TOuke A(X,)) OyaeTr pe3yinbTaToM CYMMHPOBAHUS (MHTETPH-
pOBaHHMS) MO BCEM TEM KPyraM, KOTOpbIe HaKpbIBAIOT TOUKy A(X,y). YcioBue Ha-
KPBITHS TOUkH A(X,)) KPyrom ¢ HeHTpoM B Touke (&,1) U pagumycoM p ecTh

V=82 + (-2 <p. (36)
B pe3ynbraTe MHHTEHCHMBHOCTH B Touke A(X,y) OyaeT paBHa
w(e,
cen= [ S ean, (37)

Je—B+(-m2<p P

VYpaBHenue (37) ecTb IByMEpHOE MHTErpajJbHOE ypaBHEHHE | poa OTHOCHUTENb-
HO wW(&,m). OnHAKO OHO UMEET HeCmaHOapmuylo ¢popmy: BMECTO MPEACIOB UHTET-
pUPOBaHUS CTOUT HEepaBEeHCTBO (36), a TakkKe B SBHOM BHJI€ HET sifpa (TOYHEE, OHO
paBHO koHcTauTe 1/mp2 ). HecTanmapTHocTh ypaBHeHus (37) CO3MAET CIOKHOCTH C

ero pemenueM. [IpeoOpaszyem ero k crangaptHout ¢opme. 3amuiiem (37) B Bujae [2,
3,9, 13-15, 17, 18] (cp. (18)):

[ [nee-gy—m)wEndidn=g(x,y), (38)
rae o
B S v
Wy ={mp2 VT =P (39)

0, wuHaue.

Cootnomenue (38) ecte AByMeEpHOE MHTErpaibHoe ypaBHeHue dpenronpma I
poxa Tuma cBeptkd. B Hem g(x,)) — HHTEHCUBHOCTH Ha Je(POKYyCHPOBAaHHOM (OTO-

cauMke, W(E,1) — UCKOMasi HHTEHCHBHOCTh HA HEMCKA)KEHHOM CHHMKE (Ha CHMMKE,
KOTOPBIN ObL1 ObI moayueH npu 0=0), a A(x, ) ecTh AP0 MHTErPAILHOIO ypaBHe-

HUs, sBIsronieecs GyHkiuen paccesaus Touku (OPT) B mpocreiiiem ciydae, Koraa
OPT — 0gHOPOIHBIN KPYT IMOCTOSSHHOTO paguyca p.
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ITpu 5TOM 3HaYEHME P MOKHO OLIEHUTH COTNIACHO (35), rie a U f, W3BECTHBI, a O

MO>KHO OIICHUTH nymem noooopa.

Ecnu B n300pakeHUU UMEIOTCSl TOUKH, KaK Ha JIEBOM pHC. 14, TO p MOXKHO Olle-
HUTH 110 HAUMEHBIIIEMY TMATHY Ha e()OKYyCUPOBAHHOM U300paKEHUH, KaK HAa TIPABOM
puc. 14.

Ho onnum n3 Haunbonee 3(pPeKTUBHBIX U YHUBEPCATBHBIX SBIISETCS pa3BHUBae-
MBI B TOCJIEAHEE BPEMSI TaK HA3BIBAEMBIA CneKmpaibHbuili cnocob [2, ¢. 213-220],
[19, 20]. Cornacuo Hemy, no cnekrpy (aBymepHomy [1D) nedokycupoBaHHOTO M30-
OpaXeHUs MOXKHO OIPEICIIUTh IapameTp p.

[Tocne onpenenenus napamerpa p MmoxkHo pemarb MY (38). Ero pemenue mero-
oM 08ymepHozo 11D c pecynapuzayuei Tuxonosa umeet Buf (29)—(32).

B mnakere IPT umeercss m-dyukius deconvreg.m, a Hamu pa3paboTraHa m-
bynkmus refocusingT.m 1711 BoccTaHOBJICHUs J1e€(DOKYCUPOBAHHBIX H300paKEHUM
nyTeM pemienus apymepHoro MY (38) (wnm (18)) merogom nBymepnoro [1d c pery-
nspusanueit TuxonoBa corjacHo (29)—(32).

MY (38) (nnm (18)) MOKHO pemiaTh TaKKe METOJOM napamempuieckou uibm-
payuu Bunepa cornacuo (33), (34). B makete [PT umeercs m-dynkuus deconvwnr.m
JUTSI BOCCTAHOBIICHUS J1€()OKYCUPOBAHHBIX U300paKEHUI METOI0M MapaMeTPUIECKOM
¢unbrpanuu Bunepa (IIDB).

IIpumep. Hwxke npusenen texkct MatLab-nporpammer Example2inv, siBisio-
nieiicss nmpopomkenreM nporpammbl Example2dir u maromieit mpumep BoccTaHOBIIE-
Hus AeoKycupoBaHHOTO n3o00paxeHus: meroaom [1DB:

o\°

% Example2inv.m, Cusukor, ToJ. nporpamMa, MatLab.
[IponmosrxeHme nporpaMMel Example2dir.m.

BoccraHoBeHre OedPOKyCUPOBAHHOTO M300PAXEHMS METOIOM
napamMeTpudeckoy o¢unabTpauuu BuHepa (II®B, deconvwnr)

$ (0bpaTHas 3amada, inverse problem).

clc,clear %oumcTka Command Window m Workspace

%% UreHue Odamyia C TEKCTOBEIM M30DpaxeHUEM:

o\° o oo

\O

RGB = imread('text.bmp'); %618x690x3 uint8 (TexcT)
w = double (rgb2gray (RGB)); %618x690 double

$PSF (®PT, Macka) neboKyCHpPOBaHUA M3OOPaXEHUH:

rho = 10; S%pamuyc omHoponHoTo nmcka = 10 nkc

PSF = fspecial('disk', rho);

sHedoxycupoBaHMe M300paxeHMsa (npaMmas 3azjada) :

defoc = imfilter (w,PSF, 'symmetric'); %$medbokycupoBaHHOE M300pPaXeHME
%% ObpaTHas B3amada - BOCCTAHOBJIEeHMEe IedOKYyCUPOBAHHOTO
$uzobpaxenmsa defoc meTomom IIOB:

W K = deconvwnr (defoc, PSF,1le-5); %618x690 double

sig W K = rmsd(W_K,w); $oTHOCHTeNbHasa norpemHocTe = 0.028
figure

subplot(1,2,1), imshow(uint8(defoc)),

title('defoc 618x690, \rho=10', 'FontSize',16)

subplot (1,2,2), imshow(uint8(W K),[]),

title ('W\ K 618x690, K=le-5, \sigma=0.028', 'FontSize',16)

Ha puc. 15 — pesynbrar pabotsl nporpammbl Example2inv . Buaum, uto Boc-
CTaHOBJICHHE XOpoOIllee, a UMEHHO OTHOCHUTEJIbHAsl MOTPEUIHOCTh BOCCTAHOBJICHMS
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6=0.028=2.8% cornacHo pazpaboranHol m-¢pyHkiuu rmsd.m [2]. OgHako BoccTa-
HOBJICHHE BBITOJIHEHO B OTCYTCTBHE IIIyMa U C TOYHBIM .

defoc 618x690, p=10 W_K 618x690, K=1e-5, 6=0.028
1 1 1
. PR Gt (2.1)
15 B
. N ) .fl =250, .f=3,
-1
1 1

- IRE=Y i fvereaiefl (RBESL 1T
il

L LA .. f2=3.03, = [,/ f, =82.3.

Puc. 15. TIpumep. defoc — nedpokycupoBannoe nzoopaxenue, OPT —
OJHOpOAHBIN KpyT, p=10; W_K — n3o0pakeHue, BOCCTAHOBICHHOE
MetosioM [IDPB, oTHOCUTENBbHAS MOTPEMTHOCTh BOCCTaHOBIEHUST 6=0.028

3.5. lllymbl HA H300paKeHUsIX

N306paskennst 00bI9HO ObIBatOT 3amrymieHbl. LIlyMbl ObIBaOT pa3aIuvHbIX THUIIOB
[2, 5-8, 21].

Tunel mymoB. PaccMOTpUM 11yMBl CIIETYIOIINUX TUIIOB:

— gHewtHuti (aTMOC(hEPHBIN) U 6HympernHull (AHCTPYMEHTATBHBIN);

— 2aycco8 U UMNYIbCHBIL, & TAKKE Oeblll, PAGHOMEPHDILL, PIJIee6CKUL U p.,

— 8 NPOCMPAHCMBEHHOU 001acmy U 8 4aCMOMHOU 00aacmu.

Buewmnuu wiym Ha n300paX€HUU BO3ZHHUKAET, KOT/Ia MEX]Ly OOBEKTOM U KaMepoi
UMEeTCsl TblIb, TYMaH, Karllld BJard, CHeXXWUHKHU, a 6HYMPEHHUUl WyM MOXKET OBITh
o0ycrnoByeH cooeM B paboTe ceHcopoB maTpuilsl [13C.

l'ayccos wiym OOBIMHO BBI3BaH HEMPEPHIBHBIM CIYYaHBIM MPOLECCOM, HAIPH-
Mep, TYMaHOM WJIM JIBIMKOM, @ TaK)Ke IIyMOM B JIEKTPOHHBIX LemsX. OcCOOEHHOCTh
rayccoBa IllyMa COCTOMT B TOM, YTO OH MPUCYTCTBYET B KAXKJIOM IMUKCEJIE N300paxe-
HUS U IOATOMY HEPEAKO TPYJIHO HAOJII01aeM.

Hmnynvcroui wym 00yCIOBJICH MbUTHIO, KAIUIIMU 0K (BHEIIHUMU MTPUYHHA-
MH), & TAKKE BBIXOAOM U3 CTpos ceHcopoB Matpulibl [13C, B pe3ysibTare 4ero Bo3Hu-
KalOT TaK Ha3bIBaeMble «OWUTHIC MHUKCENbD (BHYTPEHHHE MPUYHMHBI). VIMITYIHCHBIHN
IIyM OOBIYHO MMHTHPYETCS YEPHBIMU U OENbIMH TOYKaMH Ha W300pakeHUUW (HE B
KQXKJIOM IMHKCeNEe). DTO TaK HA3bIBAEMbIU Ounoaapuoii umnyivcHulti wiym. OH X0po-
110 HabJo1aeTCsl Ha U300pakeHuu (CM. puc. 20).

Lllym 6 npocmpancmeennoti obaacmu Xapakrepusyercs (QyHKIHMEH MIOTHOCTH
BEPOSATHOCTHU, a WYM 8 YACMOMHOU 001acmu OTICBIBaeTcs mpeodpasoBanueM Dypbe

(T1D). -



Ms1 Gyzem paccMaTpuBaTh B OCHOBHOM IITyM TayCCOB M UMITYJIbCHBIN (BHEITHUI
Y BHYTPEHHHI, B IPOCTPAHCTBEHHOW U YACTOTHOM 00JIACTSAX).

Crnoco0bl HAJIOKEHHSI TaycCcOBa IIyMa HA n3o0pakenune. YToObl HAIOKUTH HA
U300paKEHUE 2aycco8 uiymM, MOKHO HCIIONb30BaTh M-(PYHKIMIO iImnoise.m, Harpu-
Mep, g = imnoise(w,'gaussian’,m,v), rJe W — HEUCKQXKEHHOE N300paxKeHue, m — Cpe/i-
Hee 3HaYeHUe IIyMa, V — €ro JUCIEepCHsl, a g — 3allyMJICHHOE U300pakeHHe.

Opnako oOpaieHue K imnoise.m ¢ omiuei 'gaussian' CBA3aHO C HEKOTOPHIMU
Heyao0cTBaMu, a UMEHHO [8, c¢. 156], pyHkuus imnoise.m npeodpa3yeT nzobdpaxe-
Hue B kiacc double B nuamazone [0,1] 1 4T0OBI 100ABUTH, HATIPUMEP, T'AYCCOB IITYM C
maroxuganreM m 1 CKO s k u300pakeHHI0 W Kiracca uint8, Hy>)KHO 0OpaTUThCS K
imnoise ciaeayronuM oopa3oM: g = imnoise(w,'gaussian',m/256,(s/256)"2); Takoe 00-
parieHe BecbMa Heya00HO.

Hamu pazpabotana Gonee ynooHas m-pyHKIHS normnoise.m, oOpaimieHue K Ko-
TOpOM MMeEET BUA: g = normnoise(w,per) + m0, rae per — ypoBeHb IIymMa B MPOLEH-
Tax, a m0 — cpeaHee 3HadeHHE (MaTOXHIaHUE) rayccoBa myma. [lanee mbl Oyaem
HEOJIHOKPATHO MOJIb30BaThCs M-(DYyHKIMEH normnoise.m.

Cnoco0bl puiabTpannm rayccoBpa myma Ha usoopaxkenuu. Paccmorpum cro-
co0bl pritbTpanuu (MO1aBJICHUS ) TayCCOBa IIyMa.

Hns purompayuu eayccosa wiyma, Kak moxkaszaso B [2, 5, 21] u np., BecbMa 3¢-
(GEeKTUBHBIMU SIBISIIOTCS CpelHeapupMeTuuecKuil GUiIbTp U aAanTHUBHBIN (GUIBTP
Bunepa. B o6oux ¢unbrpax mo nzodpaxeHuto pazmMepoM MxN CKOJIB3UT MaAl0e OKHO
pazMepoM m*n (cM. puc. 16).

O603HauKM 001aCTh MAJIOTO OKHA uepe3 S -

() [P

Puc. 16. U3o06paxenne MxN U CKOJB3SIIEE OKHO MXn

B cpeoneapugpmemuueckom gunompe [5, c. 346] ipu Kaxa0M MOJOKEHUHA OKHA
BBIUHCIIACTCA CpefHee apu(pMETHYECKOe 3HaUYe€HWE WHTEHCHUBHOCTEW TOYEK, MOTMaB-
IIMX B OKHO Sxy:

fen= Y gs.). (40)

(s,0)€S,,

rae (s,¢) — Touku B OKHe, g(S,f) — 3amIyMJIEHHbIE WHTCHCHBHOCTH, (X,)) — IIEH-
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TpaJbHas TOYKa OKHa, a f(X,)) — OTGHILTPOBaHHAS UHTEHCUBHOCTH M300paKEHHUS,
npucBaumasi Touke (x,)). Cpeaneapupmerndeckuii GUALTP peanu3yeTcs CIeayo-
muM obpazom: pst = fspecial(‘average',[m,n]); f = imfilter(g,psf) [8, c. 173].

Unest cpenneapudmernyeckoro GuiabTpa COCTOUT B TOM, YTO LIyMBbI Ha U300pa-
KEHUU WMEIOT YacThle (DIyKTyaluu W MPU YCPEIHCHWH B 3HAYUTEIHLHON CTETICHU
JOJDKHBI caMU ce0sl TIOJaBUThH (CIIIaiuTh), a U300paKeHUE H3MEHSETCS IIJIABHO B
npenesax yMEpeHHOro, HanpumMep, SX5-0KHa U ce0sl TPAKTUYECKU HE MTOIABIISIET.

Yepenustonuit GuiabTp 'average' OTHOCUTCS K Kiaccy (QUIBTPOB HUZKUX YACTOT
[6, c. 531], T.e. OH MOJABISET BHICOKHME YACTOThI, UJIM MEJIKOMacIITaOHbIe (IyKTya-
MU B U300paKEHUH, COXPaHSsl HU3KKHE 4acTOThl. OJTHAKO €ro MpUMEHEHNEe MTPUBOJAUT
K HEKOTOPOMY Pa3MBITHIO U300pa’KE€HUS U TOHUKEHUIO €ro PE3KOCTH.

bonee addexTuBHBIM sBISCTCS adanmugHvlli gurvmp Bunepa (aganTuBHAs
dbunbTpanus Bunepa) [21, p. 536-548], [6, c. 553], [5, ¢. 357-358]. OtoT DuneTp Ha-
3bIBACTCS AJJAIITUBHBIM TIOTOMY, YTO B HEM MPEAYCMOTPEHO M3MEHEHHE CTaTUCTUYe-
CKHUX CBOMCTB M300pakeHusi (MaTOXKUJAHUS M TUCIIEPCUU) OT TOYKU K TOUYKe. Ajan-
TUBHBIN PunsTp Bunepa peanuzoBan B m-pyHKIIMN wiener2.m.

OOparmenne Kk m-GpyHKIUA wiener2.m MOXKET ObITh CITYIOIINX THUIIOB:

1) £ = wiener2(g); 2) f = wiener2(g, [m n]); 3) [f,noise] = wiener2(g,[m n]);
4) f= wiener2(g,noise); 5) f = wiener2(g,[m n],noise);

371ech g — 3allyMJICHHOE U300pakeHUe, MaTpulIa; [m n] — CKOJIb3411ee OKHO (110
ymomyanuto [3 3]); noise — aucnepcus myma, ckaisip; f — oTduiabTpoBaHHOE U30-
OpaxxeHue, NpUOIMKEHUE K HEMCKAKEHHOMY M300pa)KEHUI0 W, MaTpHUIIA.

Cnoco0bl HAJIOKEeHUS UMIYJbLCHOTO IIyMa Ha u3o0pa:kenume. Tenepn pac-
CMOTPUM C1IOCOOBI (POPMHUPOBAHUS OUTTIOJISIPHOTO UMITYJILCHOTO IIyMa.

bunonapnuiti umnynvcueiii wiym, Ha3pIBaeMbIi Takke «salt & pepper» («conb u
neper), IpeIcTaBisieT coool Habop YepHBIX U OeNbIX TOYeK Ha m3o0paxkenun. OH
peanu3oBaH B m-QyHKIMH imnoise.m B Buje: g = imnoise(w,'salt & pepper',d) [6, c.
549], [8, c. 156], moctatouyHO yAOOHON (DYHKIIMHU, MOATOMY JJIS 3aIIyMJICHHUS H30-
OpaXeHHsI UMITYJIbCHBIM IIYMOM MBI OyJieM HCIOJb30BaTh M-(PYyHKIMIO imnoise.m
(3mecwy d €[0,1] — moJast 3amIyMICHHOCTH H300pasKEHUS).

Cnoco0bl puabTpauMu UMIMYJAbCHOIO IIYyMa HA u300paxkeHuu. [{ns Quibt-
paluu UMITYJILCHOTO ITyMa, Kak MoKa3aHo B [2, 5, 8], BecbMa 3heKTUBHBIM SIBIISIET-
csl Meouanuwvld unvmp (MeauaHHas QuibTpanus uzodpaxkenus) [6, c. 550], [8, c.
119], [21, p. 469], [22, c. 124]. OToT PunsTp BHepBbie npeaioxuwi B 1974 r. JIxk.
ThIOKM — aMEpPUKAHCKHUI MaTeMAaTUK, OJMH U3 aBTOPOB 3HAMEHUTOTO OBICTPOTO Tpe-
obOpazoBanust Oypoe (BIID), mosToMy MbI OyJ1eM Ha3bIBATh €T0 MEOUAHHBIM DUIbM-
pom Teioxu.

B mennannom guibtpe ThIOKH, Kak B IPEABIAYIINX (CpeaHeapupMEeTHIECKOM 1
BUHEPOBCKOM) (PHIIbTpax, HCIONb3yeTCa CKOyb3siiee okHO (puc. 16). Oanako mpu
KQKJIOM TIOJIOKEHUM OKHA BBIYUCISIETCS He cpenHeapudmMerndeckoe 3HaueHue (40)
WHTEHCUBHOCTEH g TOYEK, MOIMABIINX B OKHO (B ATOM cilydae OyAeT yCpeIHeHHe Kak
1o «OemHsAKaM» — MaJIbIM HHTCHCUBHOCTSIM, TaK M M0 «O6oradam» — OOJIBIIUM UHTCH-
CUBHOCTSIM), & BBIYUCIISIETCSI TaK HA3bIBAEMOE MeouaHnHoe 3HaueHue. JIjist 3Toro uH-
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TEHCHUBHOCTH g OKHA PACIOJIaratoTcsi Mo BO3pACTaHUIO (BCETO mn WHTEHCUBHOCTEH)
U LEHTPaJbHOM TOYKE OKHA MPUCBAMBAETCS UHTEHCHUBHOCTH MOJ CPEIHHUM (MEIuaH-
HbIM) HOMepoM (mn +1)/2. B 3ToM ciydae W3 WIphl MCKJIIOYAIOTCS «OEIHAKU» U,

IJIABHOE, «O0raun», CUIbHO 3aBBIIAIOIINE CPETHEAPUPMETUUECKOE 3HAUCHNUE.

Menuannsiii puibtp Thioku peanuzoBan B m-pynkiuu medfilt2.m. OGparme-
HUS K HeW MOT'YT OBITH CIIEAYIOIIHE:

1) f = medfilt2(g); 2) f= medfilt2(g,[m n]);

3neck g — 3alyMICHHOE N300pakeHne, MaTpUIa; [m n] — CKOJIb3sIIee OKHO (110
ymomganutio [3 3]); f— orpunerpoBanHOE M300paKeHUE, MATPHUIIA.

JUi WILTIOCTpaluy U3JI0’KEHHBIX MPUEMOB HAJOXKEHUS IIyMOB (TayccoBa U UM-
NyJIbCHOI0) Ha H300paxkeHuss U uX (uiabTpanuu paspadortaHa rosnoBHas MatLab-
nporpamma Noises.m (IIyMbl Ha U300paKeHUU MOHET U UX (PUIIbTPALIMS):

oe

% Noises.m, Cusmukor, Troj. nporpamma, MatLab.
dopMUpPOBAHME WYMOB (TayCCOBa ¥ MMIIYJILCHOTO) Ha M300pPaxeHUsX
”n ux ouiabTpaumudg (nomaBJIeHHUE) .

lc,clear

% UreHue OQanja C HeMCKaXeHHEM M300paXeHUEM:

= imread('eight.tif'); %242x308 uint8 gray (MoHEeTH)

%% HamoxeHMe CephIX (MIOJyTOHOBHIX, Jgray) IyMOB:
randn ('state',0); SuHMUMaIM3aLUMA TeHepaTopa HOPM. CJyYaMHEIX 4YMCel
rand('state',0); SuHMLMaAIM3aLMA I'eHepaTopa PAaBHOM. CJIydaMHBIX UMKCeJ
gl = imnoise (w, 'gaussian',5/256, (25/256)"2); S%$noBaBiyieHMe TayccoBa IyMa
g2 = normnoise (w,10)+5; %$mobarmnenHme 10%-ro TayccoBa LiyMa
g3 = imnoise(w, 'salt & pepper',0.05); %SnmobaBjeHME MMIIYJIECHOT'O IIyMa
%% BHIBOI Ha 5DKpPaH CEPHX 3allyMJIEHHHBX M300paxeHM’ :

figure

subplot(2,3,1), imshow(gl), title('gl', 'FontName', 'Tahoma')
subplot(2,3,2), imshow(g2), title('g2', 'FontName', 'Tahoma')
subplot (2,3,3), imshow(g3), title('g3', 'FontName', 'Tahoma')
%% OMIbTpalusa UYyMOB:

fl = wiener2(gl, [5 5]); f2 = wiener2(g2,[5 51);

f3 = medfilt2 (g3, [5 51);

%% BEIBOI Ha B5KpPaH CEePHX OTOMIBETPOBAHHEIX M300paXeHMN:
subplot(2,3,4), imshow(fl), title('fl', 'FontName', 'Tahoma')
subplot (2,3,5), imshow (f2), title('f2', 'FontName', 'Tahoma')
subplot(2,3,6), imshow (f3), title('f3', 'FontName', 'Tahoma')

o0 Q o° o°

)

Ha puc. 17 — pe3ynbTat paboTsl mporpaMmmbl Noises.m.

Puc. 17 mokaspiBaeT, 4TO rayccoB IIyM, MPUCYTCTBYIOIIUMN B KaXJ0W TOUKE
n3o0paxenuii gl u g2, HaOI01aeTCsl HEUETKO, CKOopee, KaK OJTHOPOIHBIN (OH, a Ou-
MOJISIPHBIA MMIYJIBCHBIA LIYM, NMPUCYTCTBYIOIIMN JAJ€KO HE B KaXJOM TOYKE H30-
Opaxxenus g3 (Tounee, B d-Toif yacTu M300pakeHus ), HAOJII01aeTCS BEChbMa YETKO.

Puc. 17 nmoka3piBaeT Takke, 4YTO rayCCoOB IIyM XOpoIIo (UIbTPYETCS aJarTHB-
HBIM QuIbTpoM BuHepa, a UMIyJIbCHBIN IIyM — MeauaHHbIM GuiibTpoM Thioku. Eciu
KE TayCCOB IIyM (UIBTPOBATH MEAMAHHBIM (DUIHTPOM, a UMITYJIBCHBIN IIIyM — aJiarl-
TUBHBIM (DUIBTPOM, TO, KaK MOKa3aHO B [2], pe3ynbTaTsl GUIbTpaIiuu Oy IyT 3aMETHO
XYXKe.

3aMeudanue. [IoMUMO BBIIEU3IOKEHHBIX (DUIBTPOB IIIYMOB Ha U300paKeHU-

SIX, CYILIECTBYET TAKXKE pan2o6vlil purbmp (paHTroBasi, UIU MOPSAAKOBas GUIbTPAIKS)
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[6, c.550], [8, c.118]. PanroBas dunbTpamus SBISIETCS Pa3BUTHEM MEIUAHHOU
bunbTpanK U MO3BOJSET CO3/1aTh OYEpHEHHE (IPO3HI0) U 0OETMBaHHE H300pake-
Husa. OHa peanuzoBana B m-QpyHkuuu ordfilt2.m. Otnuune panroBoil puibTpauuu OT
MEJIUAHHOW COCTOUT B TOM, YTO B HEM LIEHTPAIBLHOM TOYKE OKHA MOXHO NMPUCBAUBATH
MHTEHCHBHOCTh HE 00SI3aTENIbHO ¢ MEJUaHHBIM HOMepoM (mn +1)/2, HO U ¢ MeHb-

MM HOMEpoM (OyeT OYepHEeHHE) Wi ¢ OONIbIIUM HOMEpoM (OyneT obenrBaHue).

f1 fz f3

Puc. 17. Bepxuauii psin — 3anrymiieHre n300pakeHusl MOHET, g1 — rayccoB IIyM,
m-QyHKIMS imnoise, g2 — rayccoB IIyM, m-(QyHKIMS hormnoise, g3 — UMITYJIbCHBIN
myM, m-QpyHkuusa imnoise. Huxauil pan — gunbrpanus mymos, f1 — rayccoB mrym,

m-pyHkuusa wiener2, f2 — rayccoB myM, m-QyHkuust wiener2, f3 — UMITyJIbCHBIIM

myMm, m-pyakuus medfilt2

IMorpemnocts BoccTaHOBJIeHMsT u300paxkenus. Eciu TouHoe mzoOpaxeHue
W WM3BECTHO (HAIpPHUMED, B Cilydae 00pabOTKH MOJEIBHOIO M300pakeHus ), TO MOXK-
HO pacCcuMTaTh OTHOCHUTEJBHYIO CPEIHEKBAIPATUYECKYI0 MOTPEIIHOCTh BOCCTAHOB-
JIEHHst U300paKeHus W, METOAOM perynspusauuu Tuxonosa [2, 20, 23, 24]:

i i[(wo‘)ﬁ _wﬁ]Z
6oy (0) =12 . (41)

m n o
Zzwjzz

j=li=1

Hcnons3oBanue ¢popmyiisl (41) no3BoisieT HE BU3yalIbHO, @ YUCICHHO OLIEHUTh
HOTPELIHOCTh BOCCTAHOBJIEHUS M300pakeHus. AHalornyHa Qopmyiia Ajias Morpem-
HOCTH BOCCTAHOBJIEHHSI U300PaKeHHs Wy METOIOM IapaMeTpudecKom PIIbT-
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paumu Bunepa, siis BMecTo o B popMyite (41) Hy>xHO mmcaTb K.

BoccraHoBiieHHe CMa3aHHBIX U 3allyMJICHHBIX H300paskeHuil. Paccmorpum
CJIy4aii, Korja n300paxeHre CMa3aHo U 3alryMieHo. B kauecTBe mpumepa paccMoT-
puM cMazaHHOe n300paxkeHne CaTypHa ¢ YETBIPhMS CITyTHUKAMHU W C HaJOKCHHBIM
HECMa3aHHbIM BHEITHUM UMIYJIbCHBIM IIIyMOM (cM. puc. 18a) [24].

Takas cuTyanysi MOXET BO3HUKHYTh M3-32 TOrO, YTO KOCMHYECKHUE OOBEKTHI
4acTo OBIBAIOT ca0OCBETAIIME U TIPU UX PoTorpadupoBaHUU TPEOYETCs MPOI0IKH-
TeJIbHAsl HKCIO3UIIMA. 32 3TO BpeMs, €ClIU TEJIECKON He BpallaeTcs Bcien 3a Hebec-
HOU cdepoit, n300pakeHrne 00beKTa CMaXKeTCsl, @ aTMOC(HEPHBIN 1yM (TbLIb, KATUIH
BJaru) He OyJeT cMmazaH. Ecnu jke Teneckon Bpalaercs, TO CMa3blBaHUE U300paxe-
Husi CaTypHa CO CIIyTHUKAMH MOTJIO TIPOU30MTH M3-3a PACCOTTIACOBAHUS BPAICHHUS
TeJecKona U HeOeCHOU cdephl, a UMIMYILCHBIN HECMa3aHHBIA (MHCTPYMEHTALHBIN)
IIIyM BO3HHK B PE3YJIbTATE BBIXO/A U3 CTPOS psia ceHcopoB Marpuubl 113C.

Pa3paborana mporpamma Saturn.m myis 00pabOTKH M300pa)KeHHs], MPEACTaB-

JIEHHOTO Ha puc. 18a.
%% Saturn.m, Cuswmkos, roJ. Oporpamma, MatLab.
%CaTypH C UYETHPbMSA CIYyTHUKaMMA.

%$CHauajla pelmaeTcsd NpaMas 3azjada — MOIeNMpOBaHME CMasaHHOTO
$uzo0bpaxeHusa CaTypHa M €U0 3allyMJIeHMEe MMIIYJIbCHEIM HeCMa3aHHEM IIyMOM.
%ajiee pemaeTcsa obpaTHas 3alada - MeTon I[I0B 6e3 duiabTpauuu myma,

%a Takxe IpeduecTBylllas OUIbTpalMsa WyMa MeIMaHHBM QUIIbLTPOM
%Y B3aTeM yCTpaHeHMe cMa3a MeTomoM IIOB.

clc,clear

%% UreHue oGaniya c mz0OpaxeHUEM:

RGB = imread('saturn.png'); %$1500x1200x3 uint8

w = rgb2gray (RGB); %1500x1200 uint8

w = double (w); %1500x1200 double

%% IpamMag B3ajadya - CMasbHBaHMe M300paxeHus (image smearing) :

Delta = 40; %miMHa CcMaza B IIKC

theta = 35; %yros cMaza B I'paln

PSF = fspecial('motion',Delta,theta); $PSF (®PT) 25x33 double

c = imfilter (w,PSF, 'circular'); %cmas. msobpaxenme 1500x1200 double
%% JobOaBJieHME UMIIYyJIbCHOT'O HECMAa3aHHOTO WyMa K CMa3aHHOMY M300paxeHU:
rand ('state',0); $yCcTaHOBKAa T'E€HEPATOPOB CJIyUaMHEIX

randn ('state',0); $%Sumces B HavaJIbHOE COCTOSHME

d = 0.02; %S$pong BamyMJIEHHEIX OUKceJer (2%)

cn = imnoise (uint8(c), 'salt & pepper',d); %1500x1200 uint$8

figure, subplot(2,2,1), imshow(cn,[]), title('(a)"')

%% ObpaTHas 3amada - ycCcTpaHeHMe cMasza (removal of smear)

tMeTomoM IIOB Oes GuiabTpauMy UyMa :
Wnr cn = deconvwnr (cn,PSF,le-1); %1500x1200 uints8

sig relWnr cn = rmsd(Wnr cn,w); %=0.192 (OTH. HNOI'PEMNHOCTE)
subplot (2,2,2), imshow (Wnr cn, []), title('(6)")

%% lpenBapuTesibHaAsS MeOMaHHas OUIbTpaluMsa MMIYJIbLCHOTO IIyMa :
c3 = medfilt2(cn, [3 3]); %$1500x1200 uint38

sig relc3 = rmsd(c3,w); %=0.115

subplot(2,2,3), imshow(c3,[]), title('(®)"'")

%% YcTpaHeHMe cMaza MeTomoM IIOB mnocie ouiabTpaluuy WyMa:
Wnr c3 = deconvwnr (c3,PSF,le-3); %$1500x1200 double
sig relWnr c3 = rmsd(Wnr_c3,w); %=0.0506

subplot (2,2,4), imshow (Wnr c3,[]), title('(r)")
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Ha puc. 18 — pe3ynbrar padoTsl nporpaMmsl Saturn.m.

@ | (©)

Puc. 18. a — cMa3anHoe n3o0Opaxenue CatypHa co COyTHUKAaMU U C HECMa3aHHbIM
UMITYJIbCHBIM IITyMOM; 0 — 00paboTka uzoopaxenus (a) merogom [1DB 6e3 hunbrpa,

K=10"1, 6=
(a) ¢ Mackoii 3%3; T — II®B u3o6paxenns (8), K =103, G, =0.050

0.192 ; B — npeaecTBYOMMI MeIUaHHbIN (UIBTP U300paKEHUS

C nomoIpio JaHHOW MPOTPaMMbI CMOJIEIMPOBAHO CMa3bIBAaHUE H300PAKEHUS
CarypHa u crnyTHMKOB Ha BennuuHy cmaza A =40 nkc mox yrnom 0=35° u nano-
KEH Ha M300pakeHre UMIYJIbCHBIN HecMa3aHHbIN myM (puc. 18a). Puc. 18a nokasbl-
BAeT, YTO 32 IIyMOM COBEpPLICHHO HE BMUJIHO CMa3aHHBIX (B BHJIE€ OYEHb CIAOBIX
IITPUXOB) U300paKEHUHN CITyTHUKOB, XOTsI OHM MpUCYTCTBYIOT. [lanee (puc. 180) BbI-
TMIOJIHEHO yCTpaHEeHHe cMa3a U300paxkeHus (a) METO0M ITapaMeTpudecKo pIbT-
pauun Bunepa (II®B) 6e3 mpenBapurenbHod (UABTpaLMK IIyMa MEIUAHHBIM
bunbTpoM B Haaexae, uro Meros [IPB cam ycTpaHUT HE TOJNBKO CMa3, HO U IIyM.

Bumum, 4TO pe3ynbTar IONY4YMIICS HEYNOBIETBOPUTENbHBIM (G, =0.192). na
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yIIy4dIlIeHUs] pe3yJibTaTa BBIIOJHEHA MPEIIIeCTBYIONIAs MeIuaHHas (pUiabTpanus 1y-
Ma Ha U300pakeHuu (a).

Puc. 18B mokasbIBaeT, 4yTo IIyM OT(HUIBTPOBAICS M OCTAICA JUIIbL CMa3 Kak
n3o0paxxenus CartypHa, Tak U CIIyTHUKOB (B BUJE CIa0bIX IITPUXOB). 3aTEM BBIMNOJI-
HEHO ycTpaHeHue cMasza MetoqoM [1DB (puc. 18r). Bugum, 4To Xxopoiio BoccTaHo-

BUJIMCh M300paxenus (o, =0.050) kpynnoro oonvekra — CaTypHa M, IJ1aBHOE, U30-

OpakeHHsI MEJIKHUX 0OBEKTOB — BCEX YEThIPEX CIYTHUKOB, MPUYEM O€3 JIOKHBIX MeJ-
KUX OOBEKTOB.

JlaHHBII NpUMep TOBOPUT O TOM, YTO B ClIydae, KOrJa U300pakeHHE OTATOIIEHO
KaK CMa30M, TaK U IIyMOM, HEOOXOJUMO IIyM YCTPaHSTh CHELHAIbHBIMUA METOIAMHU
(MenuaHHBIM (PUIBTPOM W T.A.), @ CMa3 YCTpPaHATh METOAAMHU MapamMeTpHYECKOU
dbunsrpaniuu Bunepa (II®B) unu perynspuzanun Tuxonosa (PT) u T.1. Ilpu sTom,
KaK MOKa3aHo B [24], B ciydyae UMITYJIbCHOI'O ITIyMa BaXKHO, B KaKOU MOCIEA0BATEb-
HOCTH HY>KHO BBIMOJHATH QUIBTPALMIO IIIyMa MEIUAHHBIM (QUIBTPOM M YCTPAHEHHE
cMma3a (B 3aBUCMMOCTU OT KOHKPETHOM MOMEXO-CUTHAJIbHON CUTYyalllH), a JJs rayc-
COBa ILIIyMa MOPSIIOK BBIIOJHEHUS 3TUX OIEpaliil HECYIIECTBEHEH. JTO O0bsICHSETCA
TeM, 4To MeauaHHas ¢uibTpanus (M®) UMIyIbCHOTO IIyMa SIBISETCS HETMHEHHON
orepalyeil, a aanTUBHAs BUHEPOBCKAs (PUIIbTPALIUS TayCccoBa IIyMa — JTUHEHHO.

Paccmotpum em€ npumep [24] — nzobpaxkenue JIynsl (puc. 19).

(6) (8) (r)

Puc. 19. a — Tounoe nzobpaxxkenue Jlynsr; 6 — usoOpaxxeHue, 3alryMICHHOE UM-
MYyJIbCHBIM IIYMOM U €(OKYCUPOBAHHOE BMECTE C IIIYMOM; B — u300paxkeHue (0),
BOcCcTaHOBJIEHHOE MeToioM PT, o = 1078; I — IOCJICYIOIIAsl MEMAaHHAs
bunbTpanus (M®) uzobpaxenus (B) ¢ mackoi 3x3, o, = 0.0259

Ha puc. 20 mpeacrasiieHbl 3aBUCUMOCTU G () U G, (K)— OTHOCUTENLHBIE

MOTPEIIHOCTH BOCCTAHOBJICHUS n300paxkeHust JIyHol (cm. (41)).
[lo MUHUMyMaM 3THUX 3aBUCUMOCTEH OBbUIM OMpENENICeHbl ONTHUMAaJIbHbIE 3HAYe-

() =0.0259; Ko =107 1 o, (K)=0.0691. Bu-

JIUM, YTO B JIAHHOM MPUMEpPE MOTPEIIHOCTh BOCCTAHOBIEHUSI N300paXKEHUsI METOJIOM
perynspuzaniuu Tuxonosa (PT) 3HauntenbHO MeHbIe (B 2.7 pa3a), 4eM METOJIOM Ma-
pamerpuueckoit punsTpanuu Bunepa (ITOB).
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Puc. 20. OTHOCUTENBHBIE TOTPEUIHOCTH G () U G ., (K) BOCCTaHOBIECHUS

rel rel

n300paxenus JIlyHel. 1 — norpemnocts 6 (o) meronom PT ¢ mocnenyromein M®;
2 — morpemHocTh G, (o) Merogom DB ¢ nmocnenyromeit MO

BiusinMe HETOYHOCTH MAPAMETPOB UCKAXKEHUI HA TOYHOCTH BOCCTAHOBJIE-
HHS U300paxkeHuil. BaXHBIM SIBJISIETCS BOIIPOC O TOUHOM 3HAaHUU (YHKIIUU paccesi-
Hus Touku (OPT, PSF), a umenno, o BenmuuuHe A u yrie 0 cMasza B ciydae cMa3biBa-
HUSl U300paKEHHUA, a TaKXKE O BEJIUYHMHE pajuyca p MiITHa Ne()OKyCHpOBaHUS H30-
Opaxenus. Jleno B Tom, yto MeTobl peryisipusauuu Tuxonosa (PT), mapamerpuye-
ckoit punbrpanuu Bunepa (II®B) u np. 4yBCTBUTEIBHBI K TOTPEITHOCTAM MapameT-
pOB UCKaxxeHus A, 0 u p.

B xadectBe mmmoctpanmu Ha puc. 2la mpuBeneno m3obpaxkenue football.jpg
256x320, cmazannoe nox yriiom 0=30°, Benmnunna cmaza A =15 nkc.

(@) (6) (B)

Puc. 21. a — usoOpaxenue, cmazannoe moj yriaom 0=30°, cmaz A=15 nkc;

6 — H3006pakeHne, BOCCTAHOBICHHOE IPU TOUHBIX mapameTpax 0 u A (K =10"4);
B — H300pakeHNe, BOCCTAHOBJICHHOE IPH OMMO04HEIX 0 =32°, A=15 (K =1073)

Ha puc. 216 npencraBieH pe3yiabTaT BOCCTAHOBIICHUS U300paKEHUS MTyTEM pe-
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menus ypaBHenus (18) meromom mapamerpuueckor puabTpannu Bunepa mpu Tou-
HbIX 3HaueHusX mapamerpoB cmaza 0=30° u A=15. A na puc. 218 npuseneHO BOC-

CTaHOBJICHHOE M300pakeHUe Mpu OMMOOYHBIX MapameTpax cmaza: 0 =32° u A=15.

Xorst O M A HE3HAUUTENBHO OTIMYAIOTCA OT TOYHBIX 0 1 A, BOCCTaHOBJIEHUE MOJY-
YUJI0Ch HEYIOBJIETBOPUTENIHHBIM (puc. 21B).

Ha puc. 22 nan aHanoru4yHblid npumep ¢ 1epoKycupoBaHUEM U300paKEHHUS.

OTu u apyrue npumepsl [2, 5, 19, 20, 23] nokassiBatot, uto meroasl PT u [1OB
B COBOKYIMHOCTH ¢ MeTojaMu ¢puibTpauuu mryMmoB M® u A®B ycToiuuBbI 1O OT-
HOLLIEHUIO K IIyMaM Og B U3MEPEHHOM HCKa)KEHHOM M300paXKeHUU g WITH, BBIPAXKasACh
MaTEMaTUYEKH, YCTOMUYMBBI 110 OTHOLIEHUIO K ITOTPEUIHOCTSM IPABOM YacTHU MHTET-
pansHoOro ypaBHenus (15), (18) wnm (38).

OpHako 3TH METOAbl HEYCTOMYMBBI TAK)XKE 10 OTHOLIEHUIO K HETOYHOMY 3Ha-
HUIO MapaMeTpoB UCKaxkeHuil A, 0 u p (puc. 218 u 22B), T.€. K HOTPEIIHOCTIM (PYHK-
LMY PACCESHUS TOUKHU WJIU, BBIPAXKasiCh MATEMaTUYEKH, 110 OTHOIIEHHIO K MOrPEIIHO-
CTSM SApa MHTErpaibHOro ypaBHeHus. Ecmu ke k metonam PT u I1®B nobGaButh
CHEKTpaIbHBINA criocob oneHku A, 6 u p [19, 20], To, kak moka3ano B [2, 19, 20], Boc-
CTaHOBJICHHE U300paKEHUI CTaHET YCTONUMBHIM (puc. 210 u 2206).

(a) (6) (B)

Puc. 22. a — nedoxycupoBanHoe uzoopaxenue moon.tif 537x358
(OPT — opHopoaHsIii quck paaunyca p =10 nxc);

6 — n300paXkeHNe, BOCCTAHOBJICHHOE IIPH TOYHOM 3HaueHnH p (K =107%);
B — H300pakeHNe, BOCCTAHOBJICHHOE IpH onmboyHoM p=12 (K =1073)

B [25] npennokeH yCTOMYMBBII pPEryaspU3UPYIOLIMI aJITOPUTM BOCCTaHOBIIE-
HUS N300pakeHuid mpu HeTouHO u3BecTHON OPT, mpuuem B [25] paccMoTpeH citydai
CIIy4aifHbIX OIIHUOOK, a MBI paCCMaTPUBAEM CIIy4ail JETEPMUHUPOBAHHBIX OIINOOK.

B [27] paccMOTpeHbl BOIIPOCHI, MOCBSIIEHHbIE pa3nuuHbIM sapaM (kernels) un-
TErpajbHbIX YpaBHEHUM, KOTOPbIE MOKHO CUMTaTh annaparHbiMu QyHkiusMu (AD,
RF) nnu pynkumsmu paccestuust touku (OPT, PSF).
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KOHTpOJIbHLIe 3alaHUA U BOIIPOCHI

1.

2.

)

ChopmynupyiiTe mpssmyro U 00OpaTHYIO 3a/1a4u CMa3bIBaHMS H300paKEHUH.
[IpuBenuTe cXeMy U ONMUIIUTE MAaTEMATUUECKU 00€ 3aa4Hu.

Onuiure HeyCTONYUBBIE METObl MHBEPCHOUW U TCEBAOUHBEPCHOMN (UILTpa-
[IUH, a TAK)KE YCTOMUYMBBIC METOABI peryisipu3alnu TUXoHOBA U MapaMeTpu-
yeckor punbTpanuu Bunepa.

. Ilepeuncnure BcTpoeHHble B MatlLab mporpammbl (m-(yHKIUN), peaan3yro-

II1e METOJbl IMCEBIOMHBEPCHON (UIbTpalMK, peryispuszanuu TuxoHoBa u
napamMeTpuuyeckou gpuiabTpanuu Bunepa.

. 3noxute 00paboTKy IIBETHBIX U300paKEHHI.
. CopmynupyiiTe U ONMUIIUTE MAaTEMATHUYECKH MPSAMYI0 M OOpaTHYIO 3aJa4u

nedoKycupoBaHus U300paKCHUIA.

. Onumure TUMBI IIYMOB M CIIOCOOBI UX (PHIIBTPALIHH.
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4. O0pabdoTKa CIeKTpPOB

Paccmotpum npsimbie 1 0OpaTHBIEC 3a/1a4d CIIEKTPOCKOIIUU — MOJCIIUPOBAHUE U
BOCCTaHOBJICHHE UCKAKEHHBIX (CTIIAKEHHBIX anmapaTHoi (QyHKIMEH, B3auMHO Tiepe-
KPBIBAIOIIUXCS, 3alTYMJIEHHBIX) CIIEKTPOB. byeM HCMoab30BaTh MAaTEMATUUECKUN U
IPOTPAMMHBINA anmapar MOYTH TaKOH ke, Kak B 00paboTKe M300paKeHHM, TTOITOMY
MbI 00OBETMHIIIN B OJHOM Y4eOHOM 1TOCOOMH 00pabOTKy M300pakKeHHI 1 CTIEKTPOB.

4.1. BBeieHue B ClIEKTPAJbHBINA aHAJIN3

CrnekrpajibHble aHAJIM3 U NPUOOPLI. {11 KAUECTBEHHOIO U KOJIMYECTBEHHOTO
MCCIIEIOBAHUS BEIIECTB IUPOKO UCIONB3YETCS cnekmpanbhbl anaius [2, 3, 26, 27].
On 3akiovaetcs [28, c. 708] B onpejieieHur cocTaBa BellecTBa (a TakKe ero Temrie-
paTypsl, TJIOTHOCTU, JABJCHUS W T.J.) Ha OCHOBE M3Yy4YCHHUS CIEKTPOB HU3IIy4YCHUS
(amuccun), moryornieHus (adcopobuuu) u ap. [28, c. 303, 354, 713], [29].

CrekTpanbHbI aHaIU3 MOXHO Pa3ACNIUTh HA WUPOKONONIOCHbIN (N3ydeHHE
CIEKTpa B LIMPOKOU MOJIOCE YACTOT) U Y3KONOJLOCHbIU (M3yUeHUE TOHKOW CTPYKTYPHI
OJTHOM JIMHUU), a TaK)K€ aTOMHBIN, MOJICKYJISIPHBIM, YMUCCUOHHBIN, aOCOPOITMOHHBIH,
Ka4E€CTBEHHBIN, KOJIMYECTBEHHBIN U T.[I.

[Ton cnekmpom moapa3zymMeBaeTcs 3aBUCUMOCTh UHTEHCUBHOCTU HM3JIYyYEHHS OT
JUTMHBI BOJIHBI MJIM YaCTOTHI (4ACTO BMECTO YAaCTOTHI V = ¢/A HMCIONB3YIOT k =1/A —

sonnosoe uucno [28, c. 85)).

J{ns paznoxeHus U3Iy4eHUs B CIIEKTP U €r0 PErMCTPAli UCIIOJIb3YIOTCS ONTHU-
YecKHue cnexkmpaivbhvie npuoopst [27, c. 23], [28, c¢. 703-708], [30, c. 309-312]. Ka-
KBl TaKOW MPUOOP COCTOUT U3 TPEX OCHOBHBIX YACTEH: OCBETUTEIHHOU (HE0Os13a-
TeJbHAs YacCTh), CIIEKTPAILHON U perucTpupyromeii. B 3aBucumoctu ot crocoba pe-
THCTpAlMH CIIEKTpa pa3inyatoT CIEAYIOLUE npubopbi:

— cnekmpockonsl (C BU3YalIbHON pErUCTpalnei);

— cnekmpomempul 1 1p. [30, c. 127-129].

CriekTp MOET OBITh MOJYYEH CIEAYIOIIUMHU IMyTSAMHU: MO PA3NOKEHHUIO JTyda
CBETa IPU €ro MPOXO0KJICHUH Yepe3 Npu3My (B MPU3MEHHBIX CIIEKTPOCKOIIAX ), IyTEM
BbIUMCIIEHUS TTpeoOpa3zoBanus Pypbe OT ABYX MHTEpdepupyromux nyudeit (B Oypre-
CHEKTPOMETPAX) U T.1.

Ha puc. 23 npeacrasieH NpuHIMN padOThl IPU3MEHHOIO CIIEKTPOCKOIA.

\ IIpY3Ma

Puc. 23. ITpuniun paboThl MPU3MEHHOTO CIIEKTPOCKOIIA
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Jlyum cBera, colepkaliyre KOMIIOHEHThI ¢ Pa3jIu4yHbIMU JUIMHAMH BOJIH, MPOXO-
JSIT 4epe3 1Ielb, Yepe3 00bEKTUB (JIMH3Y) KOJUTUMaTopa (KOJUIMMATOp — YCTPOMUCTBO
JUISL TIOJIy4EeHMsI NapaJyiebHBIX Jyueil), a TakKe uepe3 MpHU3My U HCIBITHIBAIOT B
npu3Me JBa npesioMiieHus (pU BXOJE B MPU3MY U MPHU BBIXOJE U3 HEE).

[Tpu 3TOM KO3(DPUIIMEHT MPENOMIIEHUS 3aBUCUT OT JJIMHBI BOJHBI A (4eM OO0JIb-
e A, TeM MEHbIIIE PEIIOMIICHHUE), TOATOMY IPH MPOXOXKIACHUH Yepe3 MPU3MY Kaxk-
JIBII JTyY pasjiaraeTcsl Ha psiji JIydell ¢ pa3iiMuHbIMU A U B pe3yJibTare (1mocje Mmpoxo-
KIACHUS JIydell depe3 (OKYyCUPYIOIIUNA OOBEKTUB KaMepbl) Ha BBIXOJE MOJIy4aeTCs
cnekmp — 3aBUCUMOCTbh MHTEHCUBHOCTH CBETA OT JJIMHBI BOJIHBI A.

Ha puc. 24 npencrasieH npuHun padotsl ypre-CeKTPOMETpA.

HCITOABHUKHOEC 3€PKAJIO
[ 1

b
JIMH3a Y =

)/
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cBeTa 3epKao
Sy )
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S <>
"bQ ‘Zﬁ\'
O 48 @
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SO
S
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(hoTonpueMHHUK

Puc. 24. Tlpuniun padoTsl onTuyeckoro ypbe-cnekTpoMerpa

B ®ypbe-criekTpomeTpe mpu3Ma He HCMOab3yeTcs. CBET OT MCTOYHMKA ITOCHE
NPOXOXKICHUS Yepe3 JIMH3Y KOJTUMaTopa pasleisieTcss Ha JBa MydYKa C MOMOIIBIO
MOJTYTIPO3PAYHON CBETOJICIUTEIHHON TIACTUHBL. 3aTeM OJIMH M3 IyYKOB OTPAKaeTCs
OT HETOJBMKHOTO 3€pKana, a APyrod — OT TOJBMXKHOIrO 3epkana. IlepemernieHue
MOJIBIDKHOTO 3€pKajia MO3BOJISET U3MEHSITh PA3HOCTh X0/1a Jiydel mydkoB. Jlanee o6a
My4YKa COCIMHSIIOTCS B (DOTOTPUEMHHUKE, IIe OHH UHTEPPEPUPYIOT U TIOTydaeTCs UH-
Tepdeporpamma (MHTEHCUBHOCTh CUTHAJA B (DYHKIIMHM PA3HOCTH XO0Jia IBYX ITY4YKOB).
B 3akmrouennu mosydeHue ciekTpa B GyHKIIWU JUTHHBI BOJHBI WM YaCTOTHI MTPOU3-
BOJMTCS C IIOMOIIIBIO TIpeoOpa3oBanus Oypbe oT HHTEpPEeporpaMMbl B KOMITBIOTEPE.

Tunsl cnexkTpoB. CriekTpsl ObIBatOT (puc. 25) [28, c. 712], [30, c. 647], [42]:

— HenpepuvleHble, WU chiowHble (IPUMEPHI: CIIEKTPhI PacILIaBIEHHOTO METaslia,
TOPSYETO Ta30BOTO MOTOKA B COIUIC PAKEThI U T.J.) — 3TO CIEKTPHI OT BEMIECTB C I0-
BBIIIICHHOW INIOTHOCTBIO;

— OuckpemHvle, WIH JuHeluamsole, COCTOAIINE U3 TOYTH MOHOXPOMATHYECKHX
CHEKTPAJIBHBIX JIMHUH C TUCKPETHBIMU 3HAYCHUSMHU JJIMHBI BOJHBI A WJIM YaCTOTHI V
(MpUMEpBI: CIEKTPBI BEIIECTB, HAXOMANIMXCA B TIIyOOKOM BaKyyMe, B YaCTHOCTH,

CIICKTPBI PaACCCAHHBIX MCIK3BC3IHbBIX TYMaHHOCTCﬁ);
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— nonocamale, COCTOAIIUE U3 LA MOJIO0C, KaXKaas U3 KOTOPBIX, B CBOIO 0YEPEIb,
COCTOHT U3 Habopa OMU3KUX JAUCKPETHBIX JTUHUH (TpUMep: CIIEKTPhI BEIIECTB, HAXO-
JSUIMXCS B HEMTYOOKOM BakyyMme, B YaCTHOCTH, CIIEKTPBI JTIOMUHECLIEHTHBIX JIAMIT U

JaMII «THCEBHOTI'O CBeTa»);
— CJI0J2iCHble, NJIN KOM6uHup06aHHble, COCTOAIIUC, HAIIPUMCEP, N3 HCIIPCPLIBHOT'O

CHEKTpa U psijia JUCKPETHBIX JTUHUM.

400 500

HenpepwiBHbIi

(crnomHo)
Cnnoumow cnekTp.
JuckpeTHbli,
SHOE()KTp dTOMapHOro BD}J,OE)((})D,G
1583051

nexkTp HaTpus
450

JIMHEHYaThIH

neKTp Meﬂld

- . . _ Horosam

CI'IBKTD V'ICFIyCKaHVIFl napoe noaa

CnekTp yronsHon gyru (nonockl monekyn CN u C,)
500 600 700

IuHMm nornoweHns CbpayHrO(bepOBhl nvHuK) B cnektpe ConHua

JuckpeTrHo-
MOJ0CAaThIA

Heupepbisublii +
JUCKPETHBIC JTMHUH
OO CHUS

Puc. 25. Tunsl ciekTpoB (yKa3aHbl JUTMHBI BOJH B HM)

Obs1acTH NPUMEHEHUSI CIEKTPAJIBLHOT0 AHAIM3A:

— ¢usuka (U3y4eHHE CIIEKTPOB ra3oB, JKUIKOCTEH, METAIJIOB, IJ1a3Mbl);

— acmpoghuzuxa (M3y4eHUE CIEKTPOB IIAHET, 3BE3/1, TAJIAKTHUK, KOMET);

— memannypeus (ONPEAEIIEHUE M0 CHEKTPY COCTOSHUSA PACIIaBIEHHOIO METall-
Ja, HarpuMep, B IOMHE);

— xumusi 1 AMP-cnekmpockonus (onpenenenue no AMP-crnekTpy XuMU4ecKoro
COCTaBa BEIIIECTBA);

— eeoghuzuxa (pa3BeqKa pya, MUHEpanIoB, HedTH, Taza) U T.1.
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4.2. BoccraHoBJIeHHE HENPEPBLIBHBIX CIIEKTPOB

[lepeitnem kK MaTeMaTUYECKOMY OIMMCAHUIO TIPSIMOM U 0OpaTHOM 3a/1a4 CIIEKTPO-
CKOIIMU B CJIy4ae, KOI/1a CHEKTpP SIBJISETCS HENPEPhIBHBIM (CIUIOWIHBIM) [2, 3, 26, 28,
31, 32]. Beaem crieayrolue BaKHblE MOHATUA: anmnapaTHas QyHkuusa (AD) crek-
TPOMETPA, ICTUHHBIN U U3MEPEHHBIN CIIEKTPHI U .

AnnapaTHasi QyHKUIMS CHIEKTPAJbHOro npudopa.

Onpenenenue. Annapamuoti Gynxyueti (CUEKTPaJIbHOW YyBCTBUTEIBHO-
CTbIO, UHCTPYMEHTAJIBHBIM KOHTYPOM, (YHKUIMEH NpOnycKaHWs, (PYHKIMEHN ILEH)
K(\,A") Oynem Ha3bpIBaTh U3MEPEHHYIO CIIEKTPOMETPOM HHTEHCHBHOCTH TUCKPETHOM

JMHUU €IMHAYHON MHTEHCUBHOCTH M YaCTOTHI A’ TIpW HACTPOMKE CIEKTPOMETpA Ha
4acToTy A (cM. puc. 26).

K(h, 1)

A A A, A
Puc. 26. Anmaparnas pyukuus (ADP) ciekrpomerpa K(A,A")

®opma AD MoxkeT ObITh pa3IUYHON (HaNpUMeEp, TayCCHaHOW) B 3aBUCUMOCTH
OT TUIA eau, Tudpakuuu, adeppanuit u 1.1. [26] (cM. ganwiie). Kpome toro, B y3-
KOIMOJIOCHOM crniekTpockonuu ¢popma AD npakTUUEeCKH OJIMHAKOBA TIPU PA3IUYHBIX A,
U3MEHSIONMXCS B y3KHX Impeaenax, u A®d Ha3piBaeTcsi pPa3HOCTHOW (YaCTOTHO-
uHBapuaHTHOH): K = K(A — L") ¥ MOXeT 3amuchiBaThcsl Kak (YHKIHS OAHOHN Tepe-

mennoi: K = K(A). B ciydae ke MIMPOKOIMOJIOCHOHN CIIEKTPOCKONHH (KOTIa Mcciie-

AyeTcsl CIIEKTP, HApUMep, OT (PHOIETOBOrO 10 KpacHOTro 1BeToB) hopma AD m3me-
HSETCS C U3BMEHEHUEM A (CTAaHOBUTCS IIUPE C POCTOM A).
MUcTHHHBI ¥ W3MepeHHBIH crnekTpbl. O003HauuMm uepe3 z(A) ucmumnnbiil

cnekmp — 3aBUCUMOCTbh MHTEHCUBHOCTH U3JIy4Y€HHUS OT JUIMHBI BOJHBI A, HE UCKaKEeH-
Hasli MEIAIKUMH (akTopamMu (KOHEYHOW mUpuHON AD crieKTpoMeTpa, IIyMaMu U
T.1.), a yepe3 u (A) — usmepennwiti (AKCTIEPUMEHTANILHBIN) CneKmp — 3TO CIEKTP, TO-
JTy4YEHHBIN B pe3yibTaTe CKaHUPOBAHUS IO JAJIMHE BOJHBI A (B HEKOTOPOM JIMana3oHe
JUIMH BOJIH) peaJbHBIM CIIEKTPOMETPOM, a UMEHHO, ¢ yueToM ero AD K(A,A") u mpu
HaJMYUU PA3JIMYHBIX IITYMOB (HOTPENTHOCTEN MU3MEpPEHU, TYpOYJIEHTHOCTEH B Cpeie,
yepe3 KOTOpYI0 HJET u3iydyeHue, u T.71.). C yuerom 3THX (PAKTOpOB, MCTUHHBIH
crektp z(A) — 3TO CIeKTp, KOTOPBI ObLT OBl U3MEPEH MPU OECKOHEYHO Y3KOM (Uje-

anbHOI) AD U B OTCYTCTBUE IIIYMOB.
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V3MepeHHBIi CIIEKTPOMETPOM cIieKTp % (A) 006brdHO Ooistee crimaxeH, yeM z(A)
(B u(A) He pa3pelieHbl OMU3KWE JMHWM, 3arfIa)KeHa TOHKAsi CTPYKTYypa HEKOTOPBIX
AWHHKA) U 1 (A) OOBIYHO 3alIyMJICH (B pe3yibTaTe cla0ble JIMHUU «TOHYT» B IIyME).
Puc. 27 nnmoctpupyer ckazannoe (AP Hepa3zHOCTHAs).

c a A b d

Puc. 27. 1 — uctuHHEIHA criekTp z(A); 2 — u3MepeHHbIi criektp u(A),
criaaxeHHbIit AD, HO Oe3 1ryma; 3 — K3MEPEHHBIH ¢ IITyMOM CIeKTp % (M) ;
4 — ceuenne AD® K(A,A') B yHKIHH A’ TIpH HEKOTOPOM (PHKCUPOBAHHOM A

Puc. 27 nokaspiBaeT: B UCTUHHOM CIieKTpe z(A) 5 nuHMH, HO B M3MEPEHHOM
crekTpe # (A) OHM HE pa3pelIMINCh U3-3a IMPOKoH AD, a TakiKe 3allyMJICHBIL.

Bo3HukaeT 3a1a4a: o SKCIEpUMEHTATBHOMY criekTpy u (L) u AD K(A,A") my-
TeM MaTeMaTHKO-KOMITbIOTEPHON 00pabOTKKM BOCCTAHOBHTH MCTUHHBIN CrieKTp z(A).

VcIenHoe peleHne 3To 3aa4k MO3BOJIUT MOBBICUTH Pa3pemaromyo CrioCOOHOCTh
CIIEKTPOMETPA, a 3HAUUT, KAYECTBO CIIEKTPAIBLHOIO aHAN3a.
3agava onpeneeHnss HCTHHHOTO crieKTpa z(A) Ha OCHOBE IKCIIEPHMMEHTAILHOTO

cnektpa u (L) u AD K(A,A\") HasbiBaeTCs 3adaueti pedykyuu (IPUBEACHUS) nPODuis
CneKmpa K uoeaibHoMy CHeKmpaibHoMy npubopy (Ipyroe Ha3zBaHHE: UCKIIOUEHUe

AD) [10, 26].

UT0oOBI MOBBICUTH Pa3peNIAtONIyI0 CIIOCOOHOCTh CIIEKTPOMETPA, MOKHO MCIIOJIb-
30BaTh (PU3HUKO-TEXHUKO-KOMMEPUYECKUN MyTh, a UMEHHO, MCIOJb30BaTh Oo0Jiee CO-
BEPIICHHBIN (&, 3HAYUT, O0Jiee TOpOroi) crekrpoMerp. Ho MOXXKHO HMCIONIB30BaTh M
MaTEMaTHUKO-KOMITBIOTEPHBIA MyTh, @ UMEHHO, BBIMOJHUTh MaTEMaTHYECKylO0 0oOpa-
00TKY (C TOMOIIBIO KOMITBIOTEPA) PE3YIHTATOB H3MEPEHUH MTyTEM PEIICHUS COOTBET-
CTBYIOLIErO yYpaBHEHMs. DTO — OJIMH U3 BapUAHTOB M3BECTHON pedyKYUOHHOU Npo-

onemwvl Panes [32].
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IIpsimas u oOpaTHasi 3a1a4u cnieKTpocKonuu. OnuilieM MaTeMaTUYECKU npsi-
My 3a0ayy (MOJIETMPOBaHUE SKCIEPUMEHTATBHOIO HCKaKEHHOTO crekTpa). M3me-
PCHHOC 3HAYECHUE MHTEHCHUBHOCTH 1 (A) TNPH HACTPOMKE CIEKTPOMETpa Ha JJIHHY

BOJIHBI A paBHO UHTErpaiy (CyMMme) 10 BCeM MHTCHCUBHOCTSM z(A) ¢ BecOBO# QyHK-
uuen, pasaoit K, 1.e. (cp. [27, c. 25])

b
B = [z K(LM)d) +8u, c<h<d. (42)
a

MaremaTruecku B (42) 3agaroTcs HCTHHHBIN criekTp z(A) (kpuBas 1 Ha puc. 27)
u AD K(MA') (kpuBas 4 Ha puc. 27), a pacCUMTHIBACTCS SKCIICPUMEHTATBHBIN
(crmaxxennsnii) criektp #(A) (xpuBast 2 Ha puc. 27) U 100aBISIETCSA MOIPEIIHOCTD Ou

(3 Ha puc. 27).
Tenepp onuieM MaTeMaTUYECKU oOpamHylo 3a0ayy (BOCCTAHOBIEHHUE HCTHUH-
Horo criektpa z(A)). [ToMeHsieM MecTaMHu JIEBYIO M IIPABYIO YacTH B (42), MOIyYrM:

b
[KO)zO0)dn =0, e<r<d. (43)

B cootHomennu (43) u3BecTHBI (M3MepeHbl Wi 3an0anbl) u (L), K(MA'), a, b, ¢
ud, a z(A") sBisgercs nckomort pynkuueir. CootHoruenue (43) ectb unmezpanvroe
ypasnenue (1Y) @penronsma [ poga otHocuTenbHO z(A').

Marematuueckue (¥ ¢GU3MYECKHE) Ha3BaHUsA BXoAAmux B (43) ¢yHKIM:
K\, — sanpo (AD), z(A") — uckomast GyHKIMS (MCTUHHBIN criekTp), # (A) — mpa-
Bas 4acTh (M3MEPEHHBIN CIEKTP).

Ecim K(A,A")= K(A—A"), To (43) 3amuceiBacTCs B BHJIE

o8]
J.K(k—k’)z(k’)dk'zii(k), 0<A<oo. (44)
0
Cootnomienue (44) ectb Y ®penronbpma I posa Tuma cBEpTKU Ha MOTYOCH.
Ecau npenenst [a,b] u [c,d] mupokue, To MBI UMEEM €TI0 € IIUPOKOMOIOCHOM
CIIEKTPOCKOIHUEH, M B 3TOM cllydae HY)>KHO YUHTHIBaTh n3MeHeHue Gpopmbr K(A,A") ¢
nsmenenneM A. Eciu xe npenenst [a,b] u [c,d] y3kue (Hanpumep, npu M3y4eHUH

TOHKOU CTPYKTYpPhI OJTHOM JIMHUM), TO 3TO OyJeT 3ajaya 00pabOTKHU CIEKTpa B paM-
Kax Y3KOIIOJIOCHOM CIIEKTPOCKOIINH, U CIIEAyET HCIoIb30BaTh MY Buaa

b
[KO-)z00dn =0, c<h<d. (45)

3agaua pemenus Y (43)—(45) ssnsiercst nekoppexmuou (CylIECTBEHHO HEyC-
ToitunBoif). Ha puc. 28 npuBeneH pe3ynbrar yuciaeHHoro pemenust 1Y (43) metonom
KBaJpatyp 0e3 JOMOJHUTENBHOTO HCIOJb30BaHUs YCTOMYMBOTO MeTona. Perienue
MOJTYYHJIOCh YPE3BBIYAfHO HEYCTOWYMBBHIM — B BHJIE TaK HA3bIBAEMOU «ITHJIBDY OO0Ib-
IIO¥ aMIUTHTYIbI, HUYETro OOIIEro He UMEIOIIEel ¢ TOUHBIM perienneM Z(A) .
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Puc. 28. 1 — Tounslii ciektp Z(A); 2 — criuakeHHbIN (M3MEPEHHBIN) CeKTp u (M) ;
3 — meycroiunBoe (nmuaoodpasHoe) pemenue z(A)

Metoa peryasipuzanuu Tuxonosa. B n. 3.2 uznoxens! Mmetosl [1® u peryns-
pusanmu TuxoHoBa (cormacHo (26), (27)), a Takke METO MapaMeTPUIeCKol (HUITHT-
pauun Bunepa (cornmacho (28)) peuenust 1-mepuoro MY ®@penronsema I poaa tumna
ceeptku (15), nanmomuuaromero NY (44) u (45). Ot Meroabl NOBEIEHBI [0
m-pyskuuii  deconvreg.m, deconvwnr.m wu desmearingf.m. OpHako JgaHHBIE
m-(QyHKIIMK OPUEHTHUPOBAHbI HA 3aJjauy YCTPAHEHUs CMa3blBaHUSI M300paKCHUU U
NPAKTUYECKU HE TIOAXOMAST JIJISl pellIeHrsl 0OpaTHOM 3aJja4K CIIEKTPOCKOIIHH.

Kpome Toro, B . 3.2 He ObUT pacCMOTPEH METOJ perysipu3aiuu THXOHOBA C
KBajJpaTypamu s perienus 1-mepuoro MY ®dpenronsma I poga obmiero tumna (43).

[Toaromy npusenem Bapuant pewenus Y @pearonsma I poga Meroom KBaj-
patyp ¢ perynspusanueii TuxoHoBa, OpUEeHTUPOBAHHBINA Ha OOpaTHYIO 3a7a4y CIEK-
TPOCKOIHH (2 TAKXKe APYTHUe 3a7a9H).

Bynem umets B Buny Y ®penronsma I poga obmiero tuna (43), HO 3amuiiem
€ro B MHBIX 0003HaueHusX (cp. [2, 3]):

b
Ay=[K(x,5)p(s)ds=f(x), c<x<d, (46)

rae K(x,s) —sapo, y(s) —uckomast pynkius, f(x) — mpaBast 4acTh, A — omeparop.
ITycTh mpaBas yacth f(X) 3ajaHa Ha HEPABHOMEPHOM X-CETKE Y3JIOB:
c=x <Xy <..<x;<..<x, =d, 47)
a perieHue )(S) UIIETCS HA APYroM, TaK)Ke HEPABHOMEPHOH S-CETKE Y3JI0B:
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a:s1<S2<...<sj<...<sn:b. (48)

3ameHuM UHTETpal B (46) Mpu KaKJOM X KOHEUYHON CyMMOH 1o ¢opMyIie Tpa-
neuui, MOJy4YuM CHCTEMY m JHMHEHHBIX anreopanueckux ypaBHeHuid (CJIAY)
OTHOCHTEJIBHO 71 HEU3BECTHBIX Y ; = y(s j):

n -
erKijyj:fi, i=lm, (49)
j=1
riae
n=22_%1 r-:—sj+1_sj_1 i =2n—1, p, ="n"n-l (50)
1 2 > 1 2 > J s s 'n 2
— ko3 punueHTs KBagpaTypHoi popmyisl Tpanenuit. 3anuiem CJIAY (49) B Buue:
Ay=1, (51)
Tae a;; =r; Kl.j, izl,_m, Jj=Ln — snementsl marpuubl A, . ; Y, — ACKOMBIH

BEKTOp-CTONOC; f . — IpaBas 4yacTh (BEKTOP-CTOJIOEIT).

mxl1
B metone perynspuzanuu 0-ro nopsinka Tuxonosa Bmecto CJIIAY (51) pewaer-

csa CJIAY [3, c. 193, dopmymna (8.6)]:
(aE+ATA)y, =ATf, (52)
rae o.>0 — mapametp perynsipusanuu; E — eauHWYHAs MaTpuia (I@aroHaIbHbIC

3JIEMEHThI — €IMHHIIBI, OCTaNbHbIE — HyIHN); A — TpaHCIOHMPOBAHHAS MATpPHIIA.
Perynspu3oBaHHOE PEIIEHUE y, MOXKHO 3aIMCaTh B BUJE

Vo =(@E+ATATTAT 1. (53)
Pazpaborana m-pynkmus TikhO.m gs pemenus MY (46) MmeTogom KBaapatyp ¢

perynspuzanueit Tuxonosa 0-ro nopsijaka coriacHo (47)—(53):

%% TikhO.m, Cusmxos, m-dyHkuusa, MatLab.

%PelleHMe MHTEeTpPalIbHOTO ypaBHeHusa dpenrojbma 1 pola

METOIOM KBaIpaTyp MU perynaspuzaumm 0-17o nopsaika TUXOHOBA

(a Takxe MeTOIOM KBaIpaTyp M MHK Taycca npum alpha=0).

BxonHEIEe NapaMeTpH (apr'yMeHTEH) :

f - npamas uyacte f(x) - BekTOp-CTpoOkKa, lxm double,

X — CeTka y3JIOB IO X (HeoOsa3aTesIbHO paBHOMepHas), lxm double,

S — CeTKa y3JI0B IO s (HeobOa3aTeJIbHO paBHOMepHas), lxn double,
$kern - samgpo K(x,S) MHTeI'pajlbHOT'O ypaBHeHUus (m-dyHkuus), double,

o

%alpha>0 - napameTp perynspuzaumm, double.

Q.

$BHIXOIHEIE IapPaMeTPH (apT'yMEHTH) :

Q.

%y _alpha - perynapmsoBaHHOe pemeHre y alpha(s), double,

Q.

3y0 _alpha - perynapmsoBaHHOe pemeHue y alpha(s)>=0, double.

Q.

%B0o3BMOXHEIE BapMaHTH oOpamenuy Kk TikhO:

Qo

%y alpha = TikhO(f,x,s,@kern,alpha);

UM

%[y alpha,y0 alphal] = TikhO(f,x,s,Q@kern,alpha);
tJmrepaTtypa: Cu3smxoB B.C. OOpaTHBEE NPUKIJIAIOHBEIE 3alaull U
$MatLab. - CI6.: Jlavs, 2011, c.206-207.

%CusmukoB B.C., KpmsBex A.B. Ontmxa m crnexkrpockonmusa. 2014,

$T.117, N 6, c. 1040-1048, dopmyna (3).

o° o o o oo

o\

function [y alpha,y0 alpha] = TikhO(f, x,s, kern,alpha)
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m = length(x); %nommHa MaccuBa X

n = length(s); %$moamMHa MaccuBa s

POPMUPYEM BEKTOP-CTPOKY KBAaOPATYPHHX KOOOMUIMeHTOB 1xn:

r = [s(2)-s(1), s(3:n)-s(1l:n-2), s(n)-s(n-1)1/2;
TPopMMPYyEM MaTpHULy A mXn:

A = repmat(r,m,1l).*kern(repmat(x',1,n),repmat(s,m,1));
$PemeHye MY B Bume pemeHus CJIAY MeTOoIoOM MCKJIoueHUs l'aycca:

y_alpha = ((alpha*eye (n)+A'*A)\ (A'*f"))'; S$per-uma 0-To mopgamnka
$KoppexTupoBka peumeHus (ecamu y<0, 1o y=0):
if (nargout==2)
y0 alpha = y alpha; y0 alpha(y0 alpha<0) = 0; %Spomn. ycuoBmue: y>=0
end %if
Pazpaborannas m-¢gyukius TikhO0.m MoxeT ObITh UCTIOJIB30BAHA JJIS1 PEIICHUS
MY (43), koTopoe 3anuiieM B BUJI€, aHATOTUIHOM (46):

b
Az=[KOM)z(V)d) =T(1), c<A<d (54)

WJIM B BUJIE OTlepaTopHOro ypaBHeHus (cp. (51)):
Az=u. (55)

[Tonmaraem, 4To BMECTO TOUHBIX # U K n3BeCTHBI u W K Takwue, 9To0 ||[u —u ||< 9,

| K-K I &, roe d u § — morpenHoCcTH NpaBo 4acTu u u sapa K.
B meroze perynspuzauuu 0-ro nopsiaka TuxoHoBa BmecTo (55) pemaercs orne-
paTopHOE YpaBHEHUE, a IPU UCIOJIb30BaHUU MeToAa kBaaparyp — CJIAY (cp. (52)):
(aE+ AT A)z, = ATu. (56)
O cnocode BbIOOpa mapaMeTpa peryJsipu3anuu o. BaxXxHbIM SBIIE€TCS BOIIPOC
0 BbIOOpE mapaMeTpa perysipu3alny o U 00 OLIEHKE MOTPEIIHOCTH PETyIsIpHU30BaH-
HOro pemenus z,. Jlusg BeIOopa o OOBIYHO MCIOJB3YIOTCS CIEAYIOLIUE CIIOCOOBI:

MPUHIIUAI HEBS3KU, 000OIIEHHBIN MPUHIIUI HEBSI3KU U JIP.

B nanHoM ydyeOHOM mocoOuu MpeasiaraeTcsi UCIOJIb30BaTh ISl BEIOOpa O CHO-
co0 00ydarnmx MpUMEPOB-CIEKTPOB (CIIOCO0 MOJEIBHBIX CIIEKTpoB) [2, 3, 33], B
KOTOPOM HCIIOJIB3YIOTCSI 00ydaronme MOJEIbHbIC CIIEKTPHhI, «OIM3KHE» K BOCCTaHAB-
JMBAEMOMY CHEKTPY. DTOT CIOCOO MO3BOJISET OIEHUTH MOTPEITHOCTh BOCCTAHOBIIE-
HUS CIIEKTPa, HE 3HAasi UCTUHHOTO CHEKTpa.

Paccmotpum kpaTko 3TOT cnoco6 [34]. IlycTh HaM naH W3MEpPEHHBIH CIEKTP
u(A) (puc. 29). UsBectHo, uro AP crieKTpoMeTpa ABJISETCS AUCIIEPCUOHHOM [26]:

K= B2
(A =12 +[w()/2]?
rae w(A)=gA — mupuna A® o yposuio 0.5, npuuem g =0.015. HazoBem naHHEI#

(57)

cnekTp npumepoM P. AHanu3 puc. 29 nokaspIBaeT, 4TO B CIIEKTpe-nipumepe P umeer-
cs1 8—10 nunaMi, HO HE BCE OHU BUIHBI.

[TorToMy B KauecTBe BTOpOro (MoOJeiIbHOro, obOywaromiero) npumepa ( ObLI
CMOJIETTUPOBAaH «OJIM3KUI» K OPUTHHAIY P mpuMep, UICTUHHBINA CIIEKTP KOTOPOTO CO-
crout u3 8—10 criekTpaabHBIX JTUHUH (B BUC rayCCHaH).
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o . T~ | | | i I et N 3
450 470 490 510 530 550 570 590 610 630 650
A, X HM

Puc. 29. Ilpumep P. I — tounslii cuekTp #(A); 2 — 3ammyMiIeHHbIH criekTp # ()
u 1Ba ceueHust AD: 3 — 10K (485,1") u4—10K(620,1)

B psne pa6or [2, 3, 15, 33, 34] nmokasaHo, 4T0

Az
G el () pel || Z°|‘| | <g(a), (58)
rac
_ 4l o
(@)= 0 ot g (59)

N =084 +&. 3aeCh G () =] Az, ||/|| z|| — OTHOCHTENBHAS OrPELIHOCTH BOCCTa-
HOBJICHHS CIIEKTpa, a €(0) — ormbaroIas MorpeHoCTH, IPUIEM g ONPEAEIeTCs U3
yenoBusa G (o) =¢g(a). Ouenku (58) u (59) mna npumepoB P u () OJMHAKOBEI
C (o) 1 &(0), Tak KaK y HUX OIMHAKOBHI || A||N.

Ha puc. 30 mpeacraBieHsl MOJy4YeHHBIE 3aBUCHMOCTH Grel(oc)Q Uil psaa

«OIU3KUX» MOJIETBHBIX MPUMEPOB U Psiia 3HAYCHUM MOTrpeIHOCTH 1 (00JacTh MEX-
Iy KpuBbIMU [ U 2). 3aMeTuM, 4TO KpuBas 3 B CIOCOOE MOAEIMPOBAHUS IOJAraeTcs
HEU3BECTHOW; OHA NPUBEACHA JINIIb JJI UIUTFOCTPALIUH.

Ha puc. 30 mpencraBieHO TakKe HECKOJIBKO OTHOAIONINX &(o) coryiacHo (58)

npu || A]|=0.843 u n=0,, +§

OpaHO TO 3HaYEHUE g, TPU KOTOPOM OJHA U3 KPUBBIX €(0L) KacaeTcs Habopa KPUBBIX

el = 2-1072 mus pana 3nauenuid g ot 0 1o 0.1. BeI-

G (@), a umenno, g=0.045. DTomy COOTBETCTBYET 3HAUEHUE IIAPAMETPA PEryIIsi-

pusamun =0, =10722. U3 puc. 30 BUAHO, YTO, HECMOTPS HA Pa3OpOC KPUBBIX

g
G () ¥ €(0), 3HAUECHHE g U, KAK CIIEICTBUE, OL OLUEHUBAETCS HAJICHKHO.
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Puc. 30. OTHOCHTEIBHBIC IOTPEIHOCTH G (0t) It TpuMepoB O
(/ u 2 — orpanu4eHus CBEPXY U CHU3Y, a 3 — G (a) p)
u orubaromue (o) I psga 3HaYCHUH TTapameTpa g

Ha puc. 31 npueneHo pemeHne (BOCCTaHOBICHHBIH CrekTp) mpH o, =10722,

g
G op (0t g) =0.073=7.3%. U3 puc. (31) BUAHO, HACKOJIBKO TOYHO BOCCTAHOBHJICS

CIICKTP: pa3pCUINJINCh 6HH3KI/I€ JIMHUU U BBIACIINIINUCDH CJ'Ia6I>Ie JINMHHUH.
9 ) ! w | ! | !
: : 1 : : :

i
620 640
A, A, HM

I \ l i |
460 480 500 520 540 560 580 600

Puc. 31. [Ipumep P. | — UCTUHHBIN CIEKTP zp(A); 2 — N3MEPEHHBIN CIIEKTP U p(A);

3 — BOCCTaHOBJICHHBIH CIIEKTP z, p(A) mpu oL =0 g = 10~22 y na ceuenus Ad:

4-10K(485,1") u 5 — 10 K(620,1)
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4.3. Pa3znesienne nepeKpbIBAIINXCS CNIEKTPAJIbHBIX JTMHUH

ITocTaHoBKa 3axauu. PaccMOTpUM emié OHY aKTyalbHYIO OOpaTHYIO 3aaady
CIIEKTPOCKOIINH — 3a/1a4y pasjiesicHus (cenapannm) HeMPEPhIBHBIX MePEKPHIBAIOIINX-
cs cnekTpanbHbIX JuHul [35—41]. [Iponmmtoctpupyem 3angady pucyHkoMm 32. Ha Hem
OTOOPAXKEHBI Z (A), j=1,N —npopumu N =3 nepekpsiBaromuxcs IuHui. O1HAKO

npodunn z j (A) HeW3BECTHBI, @ H3BECTEH JIUIIb CyMMAapHBII U3MEPEHHBIN CIIEKTP
N
ZM)=2z;(A), a<i<b, (60)
j=1

rJie j — HOMEp JIMHUH, [a,b] — npenensl u3Menenus A. TpebdyeTcs Ha OCHOBE CyMMap-
HOTO (0OBIYHO 3aIIYMJICHHOT'0) U3MEPEHHOT0 CIEKTpa Z(A) onpenenuTh YACIO JUHUN
N ¥ BOCCTaHOBHTE NPOYHIIA OTAENBHBIX JIMHUA-KOMIIOHEHT Z ;(A). IIpu 5ToM MOXKHO

MOJIETUPOBATh MPOQPMIN JIMHUA HEKOTOPHIMU (DYHKIIMSAMU (rayccHaHamu, JIOpEHIUa-
HaMU Y T.Jl.) ¥ UCIIOJIb30BaTh JOMOIHUTENIbHYI0 HHGOPMAIIUIO O JUHUSAX (HadadbHbIE
npUOIMKEHUS TApaMETPOB JIMHUM, TUAMA30HbI UX U3MEHEHHUS U T.1.).

550 555 560 565 570 575 580 585 590 595 ), nm 600

Puc. 32. Ucxonnsie ciekTpsl. 1, 2, 3 — HICTUHHBIC NEPEKPHIBAIOIINECS JIMHUU
(rayccuansl) z1(A), z2(A), z3(Ah); 4 — cymmapsiii criektp Z(A) = zy(A) + zo(h) + z3(R)
HE3allyMJICHHBIN (HeNpepbIBHAS JIMHUS) U 3alIyMJICHHbBIN (KBAaJIPATUKH )
S-tiporieHTHBIM TIIyMOoM (8z = 0.1) [39, puc. 3]

Crtporo roBopsi, JaHHas 3a/a4a SBJISIETCS HEKOPPEKTHOU (MOXKET HE CYIIECTBO-
BaTh PEILICHUS, OHO MOXET OBITh HEEAUHCTBEHHBIM WM HEyCcTOWMUMBBIM) [11-15].
OmHako 3a CYET WCIOJIB30BAHUS JOMOJHUTEIHLHON WH(pOpMAIUU U, HampuMep,
MeTOoJa peryiaspu3anuy TUXoHOBa 3a/1aya MOXKET CTaTh YCIOBHO KOPPEKTHOM [ 14].
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MopenupoBaHue JUHMHA M OLeHKa HUX 4YMcad. VcnonsdyeM MoaenupoBaHHUe
JUHUN raycCHaHaMH W JIopeHuuaHamu. IIpu 3Tom mid oueHku yucna auHuil N uc-
TOJIL3YEM WM3BECTHBIA Memood npou3eooHbix CyMMAapHOro crektpa d'Z (X)/ d\, tne

00BIyHO [ = 1,_4, T.€. UCIIOJIB3YIOTCS MMPOM3BOJIHbIC OT 1-T0 110 4-ro nopsaakos [35, 37,
38, 41].

MopaeaupoBanue JuHMii rayccuanamu. B pabore [35] BrnepBoie npenioxeH
Memoo npou3BoOHbIX C UCTIONb30BAHUEM MPOU3BOAHON JHUIIbL 1-TO MopsAliKa, a B MO-
cnenyromux padorax [37, 38, 41] u 1p. UCNOIB30BaHbl IPOU3BOIHBIE BILUIOTH 110 4-TO
nopsiaka. MonenupyeM Kaxayro JIMHUIO Z ] (M) eayccuanoii (rayccoBoit pyHKIHEH):

2
20 J
rne A j — aMILINTY/1a JTMHUH, A j — KOOpJMHATAa MaKCHMyMa, 02

2TOM 1, =+2In206; =1.1773 06 ; —TIONyMHUPUHA TAYCCHAHBI 10 YPOBHIO 0.5[33, 42].

A=A )2
zj(k):Ajexp{—!j, j=1N, (61)

— JUcCTIepCcus, IpH

[poussoausie nopsiakos /=1, 2, 3,4 ot z;(1) 1o A pasusl (cp. [38-41, 43])

4, [ =% (-1,
zi (M) =——=exp| - > | : (62)
4, -2 P ) ( -2
z']'-(k):——éexp - 2f .{— 2’ +1], (63)
o“ 204 o4
J J
A, A=A A=A )2 A=A
Z”’(%)——é p—# ‘(‘(—zj)”M J} (64)
S 2075 o Sj

(65)

4,
zy M) = —eXp| -
)
N3 dpopmyn (62)—(65) caenyer, 4To

_ _ A;
<0, z".)=0, z"(k,)=3—->0, (66)
VAN, J A 4
J
T.€. OTPUIATEIBHBIN SKCTPEMYM 2-H MPOU3BOJAHON M TOJOXKHUTEIBHBIM SKCTPEMYM
4-11 NpOU3BOJIHOM COOTBETCTBYIOT MAKCUMYMY j-i JINHWHU, a HYJIEBbIC 3HAUCHUA 1-i1 1

Z}(Xj):()a Z;(XJ) :_G_é.
J

3-ii IPOU3BOJAHBIX (IpH Z;- (x j) <0, zy (A ;7)>0) TaKKe ykasblBaKOT Ha j-10 INHUIO.

W13 BeIpakeHH Is Z'J'- (n ;) m Z}V(X j) B (66) MOXKHO ompenenurs A ;10

periasi CUCTeMY JIBYX YpaBHEHHUIA:
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J _ _mr

g— Zj(xj)a
J

ﬁ—lznf(x ) (67)

4 37/ Jr
J

OTKyJa
[z"(X )]? —
J = zjw(xj) A J=LN. (68)
J N\

OpnnHako peanbHBIN (HE MOJEIBHBIN) U3MEPEHHBIN CIIEKTP OOBIYHO 3alllyMIICH, U
ero uncieHHoe nuddepeHrpoBanue (He Mo aHATUTHYECKUM (popmynam (62)—(66))
BBITIOJTHSACTCS CO 3HAYUTEIBHBIMU TIOTpermHOCTAMHE (cM. [39, 41]). MoxHO OThUIBT-
poBaTh WIyMbl, Harnpumep, ¢uiabTpoM CaBuiukoro—losnes ¢ MoMoubl0 M-PYyHKIUU
sgolayfiltm B cucreme MatLab [6, c. 193]. MoxHO Takke anmpOKCUMHUPOBATH
CHEKTp cenadxcusarouum cnaavnom [3, 12] u nuddepeHunpoBarh CruiaitH, Kak 3TO
YCIIEIIHO C/eNaHo B [2, c. 323].

Kpome Toro, Ha mpakTHKe HEBO3MOXKHO U (epeHIIMPOBaTh HEMOCPEACTBEHHO
IMHUA Z (A), a MmoxHO auddepeHITUpoBaTs TOILKO cyMMapHbIi criektp Z(A). B

pe3yibTaTe mapaMmeTpbl OTIEIbHBIX JUHUN OYyIyT ONpENeNsIThCS MO MPOU3BOIHBIM
CYMMAapHOI'0 CIEKTpa C MOTPEIIHOCTMU, a Psi/ JIUHUN MOKET BOOOIIE HE TIPOSBUTH-
Csl 10 HEKOTOPBIM IMPOU3BOAHBIM COTJIaCHO KputepusiM (65). TloatoMy HyX)HO uc-
M0JIb30BaTh BCE MPOU3BOIHBIE 1—4-TO TIOPSAIKOB, a TAaKXKe MCIOJIb30BaTh OOJee TOU-
HBIE METOJIbI Cenapanuu JUHUN (MOAU(PUITUPOBAHHBIA METO ] KOOPUHATHOTO CITyCKa
[39, 41] u 1p.), monaras B Ka4eCTBE HAYaIbHBIX MPUOIMKEHUH 3Hauenus N, A > A j

)41 Gj , OOCHCHHBIC I10 MCTOAY ITPOU3BOAHBIX.

B pa6ote [41] BeiBeAeHBI Takxe GOPMYJIbI 17151 IPOU3BOAHBIX 1—4-r0 MOPSAKOB,
KOT/Ja JINHUY alllPOKCUMUPYIOTCS JJOPEHIIMAaHAMH.

Crenenb Hajio:keHus1 JuHUi. B pabote [38] BBenéH rpexkTuBHBIN mapameTp,
XapaKTEepU3YIOIINI CUTYaIlMI0 C HAJIOXKEHUEM JIBYX MHUKOB, — CMENEeHb HAN0NCEHUs]
nuxog (B HaIIMX 0003HAYCHUSIX ):

T
D==, (69)

I'ZI€ T — NOJYIIMPUHA NTUKOB-JIMHUM 10 ypoBHIO 0.5, a A — paccTossHHE MEXKy IUKA-
mu. OgHako dopmyina (69) npumMeHuMa JUIIbL IJis Ciydasi, KOrja MmoayIupuHbl 000-
UX MUKOB OAMHAKOBBI. A I Ciy4asi, BOOOIIE roBOps, pa3HbIX MOJYIIMPUH Ipea-

raem clielyouryro Gopmyiy:

52



T
D= X (70)
rae T=(1, +7,)/2 — cpennsis monymupuna 1-ro u 2-ro mukoB. OxHako dpopmyna
(70) He yuyuThIBa€T BO3MOXHOI'O PAa3IN4Us aMIUIUTY]lT A MUKOB U CIy4asi, KOrja 4uc-
1o nukoB N 6onbiue aByX. [Ipeanaraercs cinemyromas ¢popmMyna sl ciydae, BOoOIie

TOBOPSI, pa3HbIX aMIUIUTY 1 A;, j =1, N, TukoB u N > 2:

T, |A. —A4. | .
,j+1 +1 .
D =+ ——— | j=LN-I, (71)
A At
rne T; i =(1;+71; +1)/2 — cpennss momymmpuHa cocennux (ju j + 1) nmuxos, a
A= A I - j — PacCTOSHHE MEXTY COCEIHUMH ITUKAMH.

Cnenaem HekoTopbidt ananuz hopmyn (69)—(71). Ecau amMmnuTyabsl TUHUN Ou-
HaKOBBL: A; = A;y;, TO popmyna (71) nepexoaut B Gpopmyiry D i1 =T /AJ-,]-+1 ,
anpu N =2 B Qpopmyny (70). A ecnu 4jiy << A;, 10 D; ;1 =27, 1 [A; .y . D10
roBopuT 0 ToM (1 popmyia (71) 3T0 NOATBEPAKAAET), UTO YEM LIMPE MHUKHU, a TAKKE
4eM OHM OJIMXKe Jpyr K APYyry U 4eM Oobllle OTIMYAIOTCA MX aMIUIUTYJbl, TEM
0oJIbllIe CTENEHb HAJIOKEHUS MUKOB D, a 3HaUUT, TEM CJIOXKHEE pa3fesuTh MUKU IpU
perieHnn o0paTHoM 3a1auu (CM. Jajee).

bynem ucnosp30BaTh Takke CICAYIONIMN TapameTp:
o | N
D=y Zle,jﬂ (72)
J:

— CpeaHee 3HAYCHUE CTEIIEHN HAJIOKEHU BCeX N IMUKOB-JIUHUN.

Cenapanusi cneKTpajJbHbIX JUHHHA. PaccMoTpuM Bompoc o paszzieneHun (ce-
napamuy) NepeKpbIBAIOIINXCS CHEKTPAIbHBIX JIUHUM HA IpHUMEpE, MPEeACTaBICHHOM
Ha puc. 32.

B Ilpunoxenuu mnpeacraBiieHsl rosnoBHas nporpamma Overlap gauss3.m, a
Takke m-pyHkiuu gauss.m, Deriv_z.m, Codesc.m, F1.m, deltap.m, npeanaznauen-
HBI€ JIJIsl CeNapaly TPEX rayCCoOBBIX CIEKTPAIbHBIX JIMHUM (CM. puc. 32-35).

CHauasia OLIEHUM YUCJI0 KOMIIOHEHT N B IIpUMeEpe Ha pUC. 32, IS YEro UCIOb-
3yeM memoo npouzeoonvix. YucneHHo ¢ nomoniplo m-pynknuu diff.m Haxomum
pou3BOJHBIE TI0 A 1-T0 mopsinka Z'(A) u 2-ro mopsiaka Z"(A) cyMMapHOTO CIIEKTpa

Z()\). Ha puc. 33a npusenen cruekrp (ucxomnas ¢pyukuus) Z(A), 3alryMIeHHBIH 5-
IpOIeHTHBIM myMoM. [lepBast mpousBoaHas Z'(A) ot 3amymiaeHHOro crektpa Z(A)

JaeT OYeHb HEYCTOWYMBBHIN pe3ynbTar (MyHKTUp Ha puc. 330). Eme 6onee HeycTo-
YHMBBINA pe3yJbTaT JaET BTOpas npousBoanas Z"(A) (MyHKTHp Ha puc. 33B).

Yrobsl caenars npoueaypy AuddepeHIMpoBaHusl YCTONUNBOM, Mbl allPOKCH-
MHPOBAIH 3allyMJICHHBIA CHeKTp Z(A) CrIaXHBaIONIMM KyOHYECKUM CHIAUHOM
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[3, 12] ¢ momomtsto m-pyHKIMA csaps.m (cp. [44, 45]) u 3arem aBaxkasl quddepen-
MPOBAJIU CIUIaliH. 3aMETUM, YTO CTENEHb CIUIAXXKUBaHUS CIUIaiiHA PEeryaupyeTcs ma-
pametpom criaaxuBanus P € [0, 1], npuuem nipu P = 0 crjiaiiH moJjiydyaeTcss MaKkCH-
MaJIbHO TJIQJKUM, a Tpu P = 1 crila)kxuBaHUe OTCYTCTBYET M CIUIAMH CTAHOBUTCS WH-
TEPIOJTUPYIOIIHIM.

CymmapHeiii criektp Z(A) [lepsas npoussoanas Z'(L) Bropas npoussonas Z"(1)

||I-| LI Ll
iy b 1 hgenn

08 L D 0 fl

04F - | l'l . e O_Dsl

o2t nf - ! : | 0
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R L TR
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i l' [T
i LT
580 590 ) 600
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550 560 570 580 590 3 600 550 560 5]:'0 580 590 3 600 -550 560
a 6 B
Puc. 33. MeTton nmpou3BOAHBIX. @ — CyMMapHbIX crieKTp Z(A) He3auryMIeHHbIN (He-
pephIBHAS JIMHUS ), 3allyMIICHHAs (KBAAPATUKN) U CIIIAXKUBAIOIINH CIUIaiH (TOYKH);
0 — 1-s mpousBoHas Z'(A) ot 3amrymiueHHOU GyHKIuM Z(A) (MyHKTUpHAS TUHUSA) U
OT CIUIaiiHa (HempepbIBHAS JTUHUA); B — 2-51 Tpou3BoiHast Z''(A) OT 3amryMiaeHHOU Z(A)
(MyHKTHpHAsl IMHUA) U OT CIIaliHa (HENpephIBHAS JTUHUS)

Criocobom moabopa BbIOpaH yMEpeHHBIH mapameTp criaxuBanus: P = 0.4.
ITepBas nmpousBoaHas OT ciiaiiHa (puc. 330) UMeeT OJIHO HyJIEeBOE 3HAUYEHUE MPU A =
= 574 um, a BTOpas npou3BojHas (puc. 33B) — TpU OTPULIATENIBHBIX AKCTPEMyMa MIPU
A =563, 573, 583 um. Cnuenan BbIBOJ, YTO YUCIO JUHUN N = 3 U UX LEHTPAJIbHbBIC
JUTHHBI BOJMTH A = 563, 573, 583 HM (TOYHBIC 3HAYCHUS A =565, 574, 583 HM).

YTo4yHeHHe mapaMeTpoB JuHUM. [lociie moaydyeHrs: OUEHKU KOJIUYECTBA KOM-
MOHEHT N Ha OCHOBE 1-i U 2-i1 MPOU3BOJHBIX NEPEXOJAUM K YTOUHEHUIO MMapaMeTPOB
KOMIIOHEHT. KOMIIOHEHTHI Z (A), j=1,N, cymmapHOro criektpa Z(\) MoJenupyeMm

rayccuaHaMu corjiacHo (61), y kaxoi o TPy UCKOMbIX Mapamerpa: amruuryaa A iz

KOOp/IMHATA MaKCUMyMa A ; u CKO o

j .
Janee 3N mapaMeTpoB 00bEAMHSACM B €AUHBIN BEKTOP p JUIMHOU 3N:
p:[Al,7\/1,61,142,7\42,62,143,7\/3,63] (73)
3nauenus p;, J =1,3N HaX0QuM IIyTeM MUHUMHM3ALUMU YHKYUOHANA HEBAZKU
n
~ 2
F=3(Z-z) (74)

i=1
C OTpaHUYCHUAMMU HaA IaApaMETPbl p J B BHUAC
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pminJ SpJ SpmaxJ’ J:L?’N’ (75)

rae Zi =7 (A;) — M3MEpEHHBIE 3HAUYEHUS CyMMApHOIO CIEKTpa, a Z; = Z,;(p) — pac-

CUMTAHHBIC 3HAYCHUS] CYMMApHOTO CIIEKTpa.

Jns muauMuzanuu ¢yHKuoHana (74) HCIOIB3YeM MemoO KOOPOUHAMHO20
cnycka (method of coordinate descent) [39]. B aTom MeTo e orpaHnyeHus He MO3BO-
JSIOT BBIXOJMTH PEIICHUIO 33 MPEeNebl «KOPUIOpa», AaBAEMOTO HEPaBEHCTBAMMU
(75), u TeM cambIM, o0ecrieyrBasi yCTOMUYMBOCTh U CXOJUMOCTh pemieHus. B pabore
[39] nmpuBelieH NCEeBAOKOA METOJa KOOPJAMHATHOTO ciycka, a B Ilpunoxenun — m-
¢ynknus Codesc.m a1 ero peann3aiuu.

BrimonHeHO yTOYHEHUE MapaMeTpoB TPEX JTUHUN-TAYyCCHAaH MyTeM MHHHMH3a-
mun ¢ynkiuonana (74) meronom koopaunatHoro cmycka (KC) ¢ orpanndyenusmu
tuna (75): pon = [3.3, 560, 3.3, 5.6, 572, 4, 2.6, 580, 3.7], p.x = [4, 568, 3.9, 6.5,
576, 4.3, 3.1, 586, 4.3]. Meronom KC BeImonHeHOo 18 urTepaunii ¥ moJydeHO clie-
nyromiee pemenue: p = [3.715, 565.0, 3.666, 6.068, 574.0, 4.163, 2.862, 582.9,
3.880]. IIpu aTOM AOCTUTHYTO cieayrolee 3HaueHue ¢pyukimonana: F = (0.457.

Briuucnena cpenekBaapaTuyeckas MorpeiHocTh peieHus p cornacHo [39]:

| 3N 1/2
op = sz,](p,] _]3])2 5 (76)
J=1
rJe p; — BBIYUCJICHHLIEC 3HAYEHUS NAPAMETPOB JIMHUH, p; — TOYHBIE NapaMETpPhI

(M3BECTHBIC JIMIIL IPU 00pabOTKE MOAENBHBIX CHEKTPOB), @ W; — BECA, PABHBIE
_ 2 _
w; =1 / Prid, NPUIEM  pypig =( Pmin, T Pmax, ) /2. [TorpemHocTh Op peuieHus: p

meronom KC no ¢popmyiie (76) nonyuunack pasroit 0.0103, T.e. 1%.
Ha puc. 34 — pe3ynbTaT BOCCTaHOBIICHUS TPEX JUHMI-Tayccuad merogom KC.

T T

&l

R 2
. $
” - N n0

o SN - - I
o il 1 1 1 1 1

550 555 560 565 570 575 580 585 580 5é5 l ;_\[ 600
Puc. 34. Onpenenenue napaMeTpoB TpEX uHU-rayccuan Mmetoaom KC. Henpepsis-
Hasl TMHUS — TOYHBIA CyMMapHbIi Tpoduiib Z(A), KBaAPATUKHU — 3allyMJICHHBIN MPO-
(buib, MyHKTUPHBIE JIMHUHU — HAWJIEHHBIE TPOPUIN TPEX JIMHUN, KPYKKU — CyMMap-
HBIM HaJIEHHBIN TPO(UITb, KPACHBIN MITPUX-IIYHKTUP — TOYHBIC TPO(PIIN TUHUN
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JIyist cpaBHEHUS OBIJIO BBIMOJHEHO TAKXKE YTOYHEHUE MApaMeTPOB TPEX JIMHUMN-
rayccuaH myTeM MUHHMH3anuu (yHkuuonana (74) cumiuiekc-merogoM Hempepa—
Muna (HM) [46], peanu3oBanHbiM B m-pyHKIuu fminsearch.m [46, c. 399]. Cneuu-
¢duka meroga HM cocTouT B TOM, UTO OH HE UCIOJIb3YET OIPAHUYECHUS, KaK METOJ
KC, a ucnons3yer HavyayibHbIC TIPUOIOKEHUs 1Ji1 napameTpoB. Kpome Toro, meton
HM (kak u KC) He TpeOyeT BEIYUCIICHUS IPaJUEHTOB.

B merone HM ucnonb3oBaHo HauaabHOE MPUOIMKEHUE ISl BEKTOpA p COTJiac-
Ho (73) B BUge: p = [3, 563, 3.3, 6, 573.5, 4.4, 3, 583, 3.8]. Metonom HM Ob1110 BBI-
noiaHeHo 1098 wurepaumii U monydeHo yTouHEHHOe peuienue: p = [4.053, 565.3,
3.728, 5.981, 574.0, 3.755, 3.215, 582.5, 3.890]. ITpu stom F' = 0.372, a norperuu-
HOCTh penieHust op = 0.0697 (mpumepHo B 6—7 pa3 Oosnbie, yem metosiom KC).

Ha puc. 35 — pe3ynbpTaT BOCCTaHOBIEHUS TPEX JIMHUM-rayccuad metogoM HM.

T T T T H2E T T T

1 | 1 o_ -
550 555 560 565 570 575 580 585 590 595 }, v 600

Puc. 35. Onpenenenue napameTpoB TPEX TMHUN-TAYCCUAH ITyTEM MUHUMU3AINH
¢dbynkuunonana F merogom Hennepa—Muna. O603HaueHus Takue ke, Kak Ha puc. 34

MertooM cemnaparuu ObUTH 00pabOTaHbl TAKXKE IPYTHE CIIEKTPHI:

— naHsl (0e3 yMa) Tpu CHEKTPaIbHBIX MEPEKPHIBAIOIINXCS JTUHUU, CYMMapHBIN
CHEKTP KOTOPBIX CIIIaXKEH armapaTHON (GyHKIMEH, B pe3yIbTaTe cCHavajga yCTpaHseT-
Csl CIIaXXKMBaHKE, a OTOM pa3zenstoTcs aunuu [40];

— JIaHbl (C IIyMOM) JIB€ JIMHUU-TAyCCUAHBI, @ TaKXXe JOPEHIIMAHbI C MPOU3BO/-
HBIMHU OT CIIEKTPOB BIUIOTH 110 4-r0 nopsiaka [41].

Peiienrie Bcex paccMOTpeHHbIX BapuaHTOB [39—41] moka3zano 3¢g(heKTUBHOCTD
METOJUKH pa3/ieJIieHUs JUHUNM HAa OCHOBE JudPepeHIIUPOBAHUS CIIEKTPa C UCIIOIb30-
BaHHMEM CIUIAKHUBAIOIIMX CIUIAWHOB U MOCJICIYIONIETO YTOUYHEHHS TapaMeTPOB JTMHUM.

N3noxennass MeTonuka pasjelieHus (cernapanuu) NepPeKPhIBAIOIIUXCS CIICK-
TpaJbHBIX JIMHUH MOXKET OBITh HCIIOJIb30BaHa JJISl pa3pelICHHUs] OJU3KUX JIMHUM B
CIIEKTpeE, JUIsl BOCCTAHOBJICHUS TOHKOW CTPYKTYPHI OTACIbHBIX JIMHUU U T.J., TEM Ca-
MBIM, JIJIsl TIOBBIIICHUSI pa3pelaronield CrioCOOHOCTH CIIEKTPOMETPOB 3a CUET MaTeMa-
THYECKON M KOMITBIOTEPHON 00pabOTKH CTIICKTPOB.
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Metoa cBepTOoK. OCcTaHOBUMCS €MIE€ HA OJTHOM METOJE pa3zesieHus TUHUM.

B paGote [43] mis pasgeneHHs NEPEKPBIBAIOMIMXCS CHEKTPAIbHBIX JUHUN
NPEUIOKEH U PEAIM30BaH TaK Ha3bIBaeMbIl «MeToa CBEPTOK IKCIEPUMEHTATbHBIX
CIIEKTPOB C MPOU3BOAHBIMU TaycCOBOM QyHKIMI». OH 3aKII0YAETCS B CIACAYIOIIEM.

Hckombie (BoccTaHABIMBAEMble) MUKU-TMHUU ANMPOKCUMHUPYIOTCS TayCCHaHa-
MU, YTO XapaKTEPHO JJISi MAcC-CIIEKTPOMETPUUYECKUX MUKOB (B HAlIMX 0003HAYECHU-
IX):

_ (7\‘_}\‘max)2
Z()\,) = AeXp —T ) (77)

rae A —ammtyaa nuka; 6 — CKO, npuuem p=+/2In26=1.1773c — nonyumupuna

nMKa; A .. — [OJOXKEHUE BEpIIUHbI KA. CyMMapHBIi (W3MEPEHHBIN) CIIEKTP PaBEH
CYyNEepHO3ULIMU OTJIETbHBIX TUKOB (77):
N
Z)=2z;(A), a<i<b, (78)
J=1

e j — HoMep THKa, N — 4UCIio MUKOB, [a, b] — mpeaensl CyMMapHOTO CIIEKTpA.
Hanee BBoauTcs 2ayccosasn ynxyus ¢ enuananoi ammmryaoi, ¢ CKO oy (u

TOJIyIIMPUHOM |1y ) ¥ C HyJIEBBIM CMELIEHHEM (II0JI0KCHUEM BEPIIMHEI [TUKA):

2
zo(M)=exp _ M = exp —l(k/cso)2 . (79)
2 G% 2
I"ayccoas pynkuus zy(A) Urpaer poib 0A3UCHOU HYHKYUU.

3aTeM BBIUYMCIIAIOTCA AaHAJIUTUYECKUA IMPOU3BOJHBIC 2-r0 U 4-1o IMOpAOKOB OT
zo (L) 1o Ao, [43, 38]:

woan  d (2)20 \ 1
ZO(X)—W——[1—(X/GO)2]-eXp{—§(X/GO)2} (80)
d(4)ZO M)

1
i (A :W = [3 — 6(%/50)2 + (k/00)4]. exp{—z(k/co)ﬂ . (81

Jlanee BBIONHAIOTCA CBEPTKHU (convolutions) mpousBoHbIX zg(A) U z{ (L) ¢

oaHUM H3 MUKOB (77):

cy(W)=-A4[ z5(L=1) exp(— F] dl, (82)
" 2
ey =—A4 [ zp (=1 exp(— Pj dl . (83)

BprunciuB aHaTUTUYECKHU HHTCI'paJIbl, IIOJTYUYHUM:
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ey () =T [l ~ Jexr{—Lz} (84)

[1+(G/GO)2]3/2 o2 +o} 62 +0}
Ao~/ 6 A2 A4 A2
ca(W)= [3— J+ exp(— J (85)
4 [1+(G/00)2]5/2 62+0% ) (62+0})? 62 +0}

U3 dopmy (84) u (85) cienyer, uto ¢, (L) u ¢ () mpu A =0 umeror Makcu-

MAaJIbHBIC 3HAYCHMUA !

AcA/n
¢ (O) =Comax — 3/ ° (86)
[1+(0/0g)2]”
3461
c4(0) =4 ax :[1+(G/G )2]5/2 . (87)
0
Wcnonb3ys 3nauenus ¢, (0)=C, u ¢4 (0) =C,, MOXHO HAWTH APAMETPLL G U
A nuxka (77):
1/2
C
—o,|3=2 - 88
3/2
A:C2[1+(G/GO)2] (89)
Jno '

[TpakTHUecKyo peanu3aiuio pPacCMOTPUM Ha IMpUMeEpe, 3aMMCTBOBAHHOM U3
[43] (cMm. puc. 36).

3

15

0 i i I I ] I i
0 20 40 60 80 100 120 140 160 180 2 200

Puc. 36. CymmapHsiii ciektp Z(A), COCTOSAIIUN U3 IBYX ITHKOB.
I1—zy(A), A=19, A =96,6=0;2—-2z,(1), A=22, A =108, 6=6

max max
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Ha mpaxTrike otaenbHbie THKHA Z(A) He m3Mepstorcs u cBepTku (82) u (83) He

peanu3yemMbl, a U3MEPSEeTCsl CyMMapHbId cnekTp Z(A), MOATOMY JaellaéM CBEPTKHU
zg(M) mz§ (L) ¢ Z(\):

Ha puc. 37 u 38 — pe3yn

ey == [z =D Z(1)dl,

c (M) =— ng -0z dl.

(90)

€2y

3.0

2.5
20
15¢
10}
05k

pTaThl cBepTOK (90) 1 (91):

]

0.5t
-1.0f
-1.5}
20t
-2.5

0

25

20¢

15¢

10+
05+t

0

051

-1.0r

151
20

20
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100 120 140 160 1802200
Puc. 37. CeepTka BTOpOIi MponsBoHoit zg (1) ¢ Z(A)

-
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160 180 200

Puc. 38. Ceeprka 4eTBEpTOi MpOM3BOAHOU 2 (L) ¢ Z(L)

BuauMm, 4to cBepTKH 2-il U 4-il TPOU3BOAHBIX NAKOT MO JIBa MOJOKUTEIbHBIX

OKCTpEMYyMa IPU HPAKTHUUICCKU TOYHBIX 3HAYCHHAX A

CJIOBJICHA HCYUYCTOM HIYMOB).

max

(BbICOKasi TOYHOCTH OO0Y-

Jlanee onpenensiuch napaMmeTpbl ¢ U A 000UX MUKOB C UCIOJIb30BaHUEM (Op-

My (88) u (89).
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B 3axnrodeHue 3Tu mapaMeTpsl YTOYHSUTHCH C TIOMOIIIBIO UTEPAITMOHHON TPOIIe-
TypHbl, UCTIONB3YIOINIEH MOCIEA0BATEIbHBIE BEIYETH HAWIEHHBIX MTUKOB U3 CYMMAapHO-
ro criektpa Z(A) (cm. [43]).

Ha puc. 39 — okoH4aTenbHbIN pe3ybTaT pa3aeeHHs TUKOB.

3.0
CymMMapHBIIT CIIEKTP
25t Z(A) -
201
B . BoccTaHoRTeHHEBIT
L)(.-(.-IQHOBJI?I—H{B]II oK 2 ()
mk 1 Z;(A) -

1L.5F 1
1.0} .
0.5 ]

0

0 20 40 60 80 100 120 140 160 180 A 200
Puc. 39. BocctaHoBi€eHHBIE THKH

OTMeTHUM clienyromue J0CTOMHCTBA METOUKH, U3J10°KeHHOi B [43, 38]:

1.He wnyxHO uymcieHHo audpdepeHInpoBaTh 3KCIEPUMEHTAIBHBIN CIIEKTp

Z(A), Tem Oonee, 3amryMiIeHHBIH Z(A), 9TO CBSI3aHO OOBIYHO C OOJIBIIMMHM TIOTPEIII-

HOCTSIMHU (€CJIM HE MIPUMEHSTH CIeIUalIbHbIC MPOIEYPbl, HAPUMED, CTIIaKUBAIOIINE
craiinel [39, 41]). BMecTo 3TOr0 HY>XHO OpaTh aHATMTHYECKH MPOU3BOHBIE (2-T0O U
4-ro nopsAAKOB) OT O0a3ucHOi QyHKIMHU z (L) [43, 38], 4TO BEINONHAETCA TOYHO.

2. DKcriepuMEeHTaIbHBIA cieKTp Z(A) dYepe3 MOCPE/ICTBO CBEPTKH BXOJIUT IO

unrerpansl (90) u (91), a uaTEerpUpoBaHue (B MPOTUBOMOI0KHOCTE AU(dHEPEHITUPO-
BaHHIO) OOJaJaeT CrIIKUBAIOIIMMH CBOWCTBAMH, APYTHUMH CJIOBaMu, (UIbTpyeT
IIyMBbI, YTO XOPOIIIO TPOIEMOHCTPUPOBAHO B cTaThe [47, puc. 9].

3. B MmeTonuke mpesiokeHa WTEpalMoOHHAs Mpolexypa sl yTOYHEHUs Mapa-
METPOB A ¥ G TIMKOB IyTEeM IMOCJICIYIONINX BHIYETOB HAWICHHBIX MMUKOB U3 CyMMap-
HOTO criekTpa Z(A) [43].

OTMETHM TaKKe HEJIOCTATKU METOIUKH:

1. He ucrionp30Banbl MPOU3BOAHBIE 1-10 U 3-TO MOPSAKOB, KOTOPBIE TAKKE YKa-
3bIBAKOT Ha MUKH (11pu ¢;(A) =c3(R)=0).

2. B MeToIuKe HE yYTEHO, YTO TPH YKCIIe TMKOB /N =2 cBepTKa MOJyv4aeTcs He
OT OTIENBHBIX MUKOB, @ OT CYMMAapHOTO CriekTpa Z(A), 9TO BEAET K MOTPEHTHOCTH

napamerpa A, . [Ipu 5TOM mapamerp A .. HE yTOYHSETCS B MTEPALMOHHOM IPO-

X
nenype u TpedyeTcs CreManbHbIi CrIoCo0 A yTOYHEHUS A . .
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KOHTpOJIbeIe 3alaHUA U BOIIPOCHI

1. B 4yem 3akitoyaeTcsi CHeKTpabHbIM aHan3? W310kKUTE NPUHLUIIBI PaOOThI
IPU3MEHHOTO CIIEKTPOCKOIIA U ONTHYECKOro Pypbe-ciekrpomerpa’?

2. Kakue ObiBatoT Tunbl cnekTpoB? I[lepeuncnure obnactu NpyUMEHEHUs CIIEK-
TPaJIbHOTO aHAJIN3A.

3. BoccraHoBiieHHME HENpPEpBIBHBIX CHEKTPOB. ArmmaparHas (QYHKIUS CIEK-
TpaJibHOTO NMpudopa. ICTUHHBIA U U3MEPEHHBIN CIIEKTPHI.

4. Onuuyre MaTeMaTHYECKH MIPSMYIO U 0OpaTHYIO 33/1a4i CIEKTPOCKOIIUH.

5. BoccraHoBiieHHE CIIEKTpa HEYCTOMYMBBIM METOIOM (MHUI000pa3HOE pelle-
HHUE) U YCTOMYMBBIM METOJOM peryispusauun TuxoHosa. O cocobe BbIOOpa mapa-
MeTpa peryspu3anuu o.

6. Cdhopmynupyite 3a7ady pas3AeliCHUs] HEMPEPBIBHBIX MEPEKPHIBAIOIINXCS
CIIEKTPAJIbHBIX JTUHUU.

7. Meto mpou3BOAHBIX 10 4-ro nopsika IIpyu MOACIMPOBAHUY JIMHUI rayccua-
HamMH (HEYCTOWYMBBIM aJrOPUTM) U C HCIOJB30BAaHHUEM CIUIQXKHUBAIOLIUX CILJIAiiHOB
(YCTOWYMBBIM adroput™M). YTOUHEHHE MapaMEeTpOB JMHUNA (aMIUIUTYH, KOOPAMHAT
makcuMyMoB u CKO). .

61



5. Ilpuioxkenue (Hekoropbie MatLab-nporpammsi)

B manHOM mnpunokeHWH TPUBEIEHBI TEKCTHI (MucTUHTH) MatLab-mporpamm:
rojioBHoi mporpammbl Overlap gauss3.m, a Taxxe m-QyHkiuii gauss.m, Deriv_z.m,
Codesc.m, F1.m, deltap.m, npegHa3Hau€HHbIX AJis CeMapaluu TPEX TayCCOBBIX CIIEK-
TpajbHBIX JTUHUM (CM. puc. 32-35).

% Overlap_gauss3.m, Cusukos, JlaBpOoB, T'OJIOBHasa nporpamma, MatLab.
ObpaTHasa 3ajada CIEKTPOCKONIUM:

cenapaumusa (pasmejieHue) NepekprBabommxcsa (overlapped) TayCCOBBIX JIMHUM.
CHauaJjla BBINOJIHAETCSH pPelleHMe MNPSAMOM 3amaduM — pacdeT CyMMapHOTO CIHeKTpa
Ze (lambda) B BUOe CyMMH 3 JMHMM-TayccuaH zl, z2 u z3 (gauss.m) u
3
3

o° o o° o oe

o\

amyMiieHre crnekrpa Zel (lambda) ¢ noMowWblw HaTuMKa CJydaMHBIX dMceJ randn.
aTeM - BOCCTAaHOBJIEHMe (cemnapaumsa) OTHEeJIbHEIX JIMHUM z1, z2 u z3
METOIOOM KOOPIMHATHOIO CIyCKa C MCIOJb30BaHMEM crnocoba CyXallMxXCsa
orpaHunuyeHur (QyHkumsa CoDesc.m), a Takxe NyTeM MUHMMMI3ALUUM OGyHKLIMOHAaJa
Fl cumMmnmexc-mMeTomnoMm Hemnmnmepa-Muna (6e3 OTpaHMUEHMM, HO C HaydaJibHBEM
Snpubmamxenvem) (byHkumsa fminsearch).
clc, clear, clear global
%% IlapaMeTphl 3alaun:
a=550; b=600; %npememnu no lambda B HM
h=1; %h - mar guckpermszauum no lambda B HM

o° o° oo°

o©

n=(b-a)/h+1l; %n=51 - umcio ys3Jj0B o lambda
lambda = a:h:b; %cerka no lambda 1lxn double c marom h
deltaz = 0.1; SOOT'PemWHOCTb MBMEPEHHOT'O CyMMapHOI'O clekTpa (5%)

%% Illpamas 3azmauda

$TouHble (exact) mnapaMeTpB OTHEJIbHBEIX JIMHMM B BMIE eOMHOT'O BeKTOopa pe:

pe = [3.7,565,3.6, 6.1,574,4.2, 2.8,583,3.9]; $%TOUHHE IapaMeTpPH
%3CTeneHM HAJIOXEHUS IIMKOB:

taul2=1.1773* (pe (3)+pe(6))/2; tau23=1.1773* (pe(6)+pe(9))/2; SNONYyLUPWHEL
Deltal2=pe(5)-pe(2); Deltal23=pe(8)-pe(5); 3%IpaccToAHUA MeXIy IUKaAMU
gl2=1+abs (pe (1) -pe(4))/ (pe(l)+pe(4));

g23=l+abs (pe (4) -pe (7)) / (pe (4) +pe (7)) ;

D12=taul2/Deltal2*gl2; D23=tau23/Delta23*g23; $%$cTelneHM HAJIOKEHUS [IUKOB

D= (D12+D23)/2; %0.68 - cpemHee 3HAUEHME CTEIEHM HAJIOXEHUS [IMKOB
Spodmnm OTHEeJILHEIX JIMHUM :

z1l = gauss(pe(l), lambda, pe(2), pe(3)); %zl 1lxn double

z2 = gauss(pe(4), lambda, pe(5), pe(6)); %z2 1lxn double

z3 = gauss(pe(7), lambda, pe(8), pe(9)); %z3 1lxn double

$CyMMapHHM crnekTp 7 (lambda) :

Ze = z1+z2+z3; %$Ze 1lxn double

%% BallyMJIEHHE SKCIEePMMEHTAJIbHE CyMMapHEM crhnekTp zel (lambda) :

randn ('state',0) SuHMLIMaIM3alUMA I'eHepaTopa CJYyYaMHBIX uMCel

Zel = Zetdeltaz*randn(l,n); %moBaBjieHME HOPMAJIbLHOM MNOTPENHOCTHU

%c CKO=deltaz=0.1 (5%) m MO=0

%% 2D-rpadmka (MCXOIHBEIE JIMHMM, MX CyMMa M M3MEPEHHBI CIEKTP) :

figure

plot (lambda,zl,'-.r', lambda,z2,'-.r', lambda,z3,'-.r',...
lambda, Ze, '-b', 'LineWidth',2.5)

grid on %ceTka

hold on S%npomosixeHMe TI'padmka C HOBEIMU IIapaMeTpaMu

plot (lambda, Zel, 'sb', 'LineWidth',1.5, "MarkerSize', 6)

hold on, text(596.15,-.4,'\lambda, ', 'FontSize',18)

text (597.2,-.42," uMm', 'FontName', 'Times New Roman', 'FontSize',16)

text (566.25,3.65, '"\itl', 'FontSize',16, 'color', 'k")

text (571.3,4.5,'\1t2"', '"FontSize', 16, 'color', 'k")
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text (582.5,2.55,'\1t3"', 'FontSize"', 16, 'color', 'k")

text (577.8,5.5,'\1t4"', 'FontSize', 16, 'color', 'k")

Zmin = min(Zel); Zmax = max(Zel); xlim([a b]); ylim([Zmin Zmax+le-6]);
hold off %oxoOHUaHMe NOCTpPoOeHMA Ipadmka

$CrnaxmBaHme zZel KyOMUeCKMM CIJIaXMBAWIMM CIIJIAMHOM :

Zels = csaps(lambda, Zel,0.4,lambda); %0.4 - mapamMeTp CIJIaXMBaHUSI
$llpomsBonurle 1-ro (D1) m 2-ro (D2) nopsankoB oT Zels (lambda) :

[D1,D2] = Deriv_z(Ze,Zel,Zels,lambda); %c 2D-rpadmkor BHyTpu Deriv z
%% Touck 9 mapaMeTpoB TpexX JIMHUM IyTeM MUHUMM3aLUUM OyHKIMOHAJIa

Q

s MeTOIOM KOOPIMHATHOI'O CIIyCKa C OI'PaHMUYEeHMAMNM:

pmin = [3.3,560,3.3, 5.6,572,4.0, 2.6,580,3.7]1;

pmax = [4.0,568,3.9, 6.5,576,4.3, 3.1,586,4.3];

e = (pmax-pmin)/100;

[pc, Fmin,Niter] = CoDesc (QF1l,pmin,pmax,e,100,Zel, lambda)

$lpodui Tpex pPacCCUMTaHHEIX JIMHUM:
zcl = gauss(pc(l), lambda, pc(2), pc(3)); %$1lxn double
zc2 = gauss (pc(4), lambda, pc(5), pc(6)); %$1xn double

zc3 = gauss (pc(7), lambda, pc(8), pc(9)); %$1xn double
Zc = zcl+zc2+zc3; S%ScymmapHBEM Opodmnbs lxn double

%% 2D-rpaduxa:

figure

plot (lambda, Zze, '-b',lambda, z1, '-.r"', lambda, z2, '-.r', ...
lambda, z3,'-.r'", 'LineWidth',2.5)

hold on
plot (lambda, Zel, 'sb', 'LineWidth',1.5, "MarkerSize', 6)
hold on
plot (lambda, Zc, 'ob', 'LineWidth',1.5, "MarkerSize', 6)
hold on

plot (lambda, zcl, '--k', lambda, zc2, '--k', lambda, zc3, '--k', ...
'LineWidth',2.5)

hold on

grid on %ceTka

text (596.15,-.4, '"\lambda, ', 'FontSize', 18)

text (597.2,-.42,"' uMm', 'FontName', 'Times New Roman', 'FontSize',16)

Zzmin = min (Zel); Zmax = max (max (Zel),max (Zc));
xlim([a b]l), ylim([Zmin Zmax+le-6])
hold off

%% Iouck 9 mapaMeTpoB TpeXxX JIMHUM [NyTeM MUHUMM3aUUM OyHKLMOHAJa
ScumMmiiekc-MeTonoM Hemnmepa-Muna 6e3 oTr'paHMUEHMM, HO C 3aIJaHMeM
$HAYAJILHOTO NPUOJIMXEHMS IJid II1apaMeTpOoB:

options = optimset ('tolX',le-4); $%$3amaHue NOTPEUWHOCTM IIE€PEMEHHEIX
[p,opt, rosexflag,rosout] = fminsearch (@ (p) Fl(p,Zel,lambda), ...
[3,563,3.3,6,573.5,4.4,3,583,3.8], options) %Hau. npmubiamxeHue BeKTOPa P
%P - MCKOMBIM BeKTOPp IJMHOM 9

% (amMmuTyna, KoopIaMHaTa M sigma KaxIoW JIMHUM) .
$lpodnnm Tpex PacCUMTAHHEX JIMHUMI :

zml = gauss(p(l), lambda, p(2), p(3)); %1xn double
zm2 = gauss(p(4), lambda, p(5), p(6)); %1xn double
zm3 = gauss(p(7), lambda, p(8), pP(9)); %1xn double

Zm = zml+tzm2+zm3; ScymMapHbBM Opodmib 1xn double

%% 2D-rpaduka:

figure

plot (lambda, Ze, '-b', lambda,zl,'-.r',lambda,z2, '-.r', ...
lambda, z3,'-.r', 'LineWidth',2.5)

hold on

plot (lambda, Zel, 'sb', 'LineWidth',1.5, "MarkerSize', 6)
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hold on

plot (lambda, Zm, 'ob', 'LineWidth',1.5, "MarkerSize', 6)

hold on

plot (lambda, zml, '--k', lambda, zm2, '--k', lambda, zm3, '--k', ...
'LineWidth',2.5)

hold on

grid on %cerka

text (596.15,-.4, '"\lambda, ', 'FontSize"', 18)

text (597.2,-.42,"' uMm', 'FontName', 'Times New Roman', 'FontSize',16)
Zzmin = min (Zel); Zmax = max (max (Zel),max (Zm));

xlim([a b]l), ylim([Zmin Zmax+le-6])

hold off;

%% CpelHekBalpaTMueckas INOTPENMHOCTL PEUleHUS PC MeTOIOM
$KOOPIMHATHOTO CIIyCKa OTHOCUTEJIBHO TOUHOT'O PEUEeHMUs pe:
pmid = (pmin+pmax)/2; w = 1./ (pmid.”2); %w - Beca

dpc = deltap(pc,pe,w); %$=0.0103

$CpenHekBampaTHUUYeCcKass IOTPEMHOCTL PeUleHUS P MEeTOIOM
tHenmepa-Muma OTHOCUTEJIBHO TOUYHOTO PEUIEHUSA pe:

dp = deltap(p,pe,w); %=0.0697

% gauss.m, Cusuxkon, JlaBpor, MatLab.
CneKTpaanaH JIMHVMA B BUIe TI'ayCCUMAHEI.
unction g = gauss (A, lambda, lambda0, sigma) %cobcTBeHHas m-bOyHKLMSI
BxonHEIE NapaMeTpH (apT'yMeHTH) :
- aMmmuTyna (ckanudgp), lambda - Tekyumasd OJjMHa BOJIHEL (MaccuB),
lambda0 - uUeHTpalbHasd IJiMHA BOJIHBE (CKajlap),
sigma - CKO (ckangp) (sigma”2 - nucnepcusa) .
BeIXOOHOWM IapaMeTp (apr'yMeHT) :
gauss - TrayccuaHa (g - NOCpenOHMK) - MaccuB OiamHE lambda.
= A*exp (- (lambda-lambdal) .2/ (2*sigma”2)) ;

Hh o° o°

o° o o° o° oo
=

o\

Q

o\

% Deriv_z.m, Cusuxos, JlaBpoB, m-dOyHKUMA, MatLab.

$BrumciieHMe Npom3BOIOHEIX 1-T0 (D1) m 2-ro (D2) nopsankoB oT z(lam).
function [D1,D2] = Deriv_z(ze,zel,zs,lam) %cobcrTBeHHasda mM-OyHKLMA
$BxomnHBEe NapaMeTps (apTyMEHTH) :

(o)

%ze — CyMMapHEM He3allyMJIEHHBM CIEKTP,
%zel - CcyMMapHBIM BallyMJIEHHBIM CIEKTpP,
%zS — CyMMapHbM 3BallyMJIEHHBEIM CIEKTP, CIJIaXeHHBIM CIIJIaHOM,

Q

%$lam - MaccuB 3HauveHuM lambda.

%BHIXOOHBEIE IIapaMeTpH (apI'yMeHTH) :

%Dl m D2 - mpomus3BOIHHE 1-TO M 2-T0 HNOPSAIKOB oOT zel (lam)

% (BEIUMCJIISIOTCA TakKxe Ipou3sBondHble D1s m D2s oT zs(lam)) .
sllapaMeTpEL:

n=length (lam); nl=n-1; n2=n-2; n3=n-3;

a=lam(l); b=lam(n); h=(b-a)/nl;

UcxonmHasa QYHKLMS:

figure, subplot(l,3,1)

plot (lam,ze, '-b',lam,zs,'.b', 'LineWidth', 2.0, '"MarkerSize"', 14)
hold on

plot (lam, zel, 'sk', 'LineWidth', 1.0, '"MarkerSize', 4)

title ('Cymmapueni crnekTp Z(\lambda)', 'FontSize',12)

text (594,-0.5, '"\lambda', 'FontSize"', 14)

zmin = min(zel); zmax = max(zel); xlim([a b]), ylim([zmin zmax+le-6])
grid on %ceTka

hold off

3lleprasg NpPOMBBOOHASN:

Dl=diff (zel)/h; D1l(n)=2*D1(nl)-D1(n2); $%$3KCTPANOJIALNI
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Dls=diff (zs) /h; Dls(n)=2*Dls(nl)-Dls(n2); %3KCTpaloJALMUsa
subplot(1,3,2), plot(lam,Dls,'-k', 'LineWidth',2.5), hold on;
plot(lam,D1l, '--b',lam, zeros(l,n), '-k', 'LineWidth',1.25)
title ('llepBasg npomssomHas Z\prime (\lambda)', 'FontSize',12)
Dlsmin = min(Dls); Dlsmax = max (Dls);

text (594,D1lsmin-0.06, '\lambda', 'FontSize', 14)

xlim([a b]), ylim([Dlsmin Dlsmax]), grid on, hold off
$BrTopas NpomusBOIHAA:

D2=diff (D1)/h; D2 (nl)=2*D2 (n2)-D2(n3); D2(n)=2*D2(nl)-D2(n2):;
D2s=diff (D1ls) /h; D2s(nl)=2*D2s(n2)-D2s (n3):; DZS( y=2*D2s (nl)-D2s (n2);
subplot(1,3,3), plot(lam,D2s,'-k', 'LineWidth', 5), hold on

plot(lam,D2,'——b',lam,zeros(l,n),'—k','Linewidth',1.25)

title ('Bropas npomusponHasa Z\prime\prime (\lambda)', 'FontSize',12)
D2smin = min(D2s); D2smax = max (D2s);

text (594,D2smin-0.015, '\lambda', 'FontSize',b 14)

xlim([a b]), ylim([D2smin D2smax]), grid on, hold off

o\

% CoDesc.m, Cusukos, JlaBpos, m-byHkUMs, MatLab
OnpegneneHue N>=1 nepeMeHHBX (IapaMeTpoOB)

o\°

SNyTEM MUHMMMBaUUM OyHKLUMOHAaNa (byHxumm) F(pl,p2,...,pN)
$METONOM KOOpIMHATHOTO chiycka (method of Coordinate Descent)
$c opraHmuenuamy pmin(j) <= p(J) <= pmax(j), j=1,2,...,N.
function [p,Fmin,Niter] = CoDesc (F,pmin,pmax,e,s, z,x)
$BxOnHEIE MMapaMeTpH (apr'yMeHTH) :

%F - dyHkumonHas,

$pmin M pmax - OTPaHMUEeHMS Ha NapaMeTph (MacCuBH OnamHOM N),
%¥e - sBajaBaeMble INOTPEWHOCTM OolpemejieHMs p (MaccuB mOiamHoM N),
% Hanpumep, e(j) = (pmax(J)-pmin(j)) /100,

$s>=3 samaéT HauvaJbHele maru h(J)=(pmax (j)-pmin(j)) /s,

%Z — OKCIEPMMEHTAJIbHE CyMMapHHM MacCHUB, HANPMUMED,

o\°

CHeKTp z(xX) IOJIMHOM n,

$X — ceTka IOJIMHOM n.
$BLIXOIHEIE ITapaMeTPH (apI'yMEHTEH) :
%P - HaMIeHHBHEe MCKOMEE IapaMeTphl (Maccup nnmHou N),
$Fmin - MDOJYyYEeHHEBN MUHUMYM OQYHKMOHAaa (4mMco),
ENiter - ofmee UMCJIO BHIIOJIHEHHEIX MTepPalmui.
N = length (pmin); %IOJMHE BEeKTOPOB P,pPmin,pmax,e
h (pmax-pmin) /s; d=h; %HauvaJbHHE MATH
p = (pmint+pmax)/2; %$HauajibHeEE P (])
%% Vrepauum:
repeat = true; Niter = 0;
while (repeat)
for §=1:N %j - HomMep mnapamMeTpa
Niter = Niter+l; fj = F(p,z,x);
while (abs(h(j))>=e(j)/3)
gj=£j; p(3) p(j) h(3);
if(p(j)<pmin(j)) %$B ciaydae BHIXOIa 3a JI€BOe OTI'PaHUUYEHUE
p(3)=pmin(J); h(j)=-h(j)/3; %SyMeHblleHMe mara M CMeHa €TI0 3Haka
continue;
end %if
if(p(J)>pmax(j)) %B ciaydae BHXOIAa 3a IIpaBOoe OTpaHuMUueHUe
p(j)=pmax(j); h(j)=-h(J)/3; %$yMmMeHblIeHMEe mara M CMeHa ero 3Haka
continue;
end %if
£ = F(p,z,%);
if (f j> gj)
h(j)=-h(3)/3;
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end %if
end %Swhile
h(j)=sign(h(j))*d(j); %$BOCCTAHOBJIEHME mAara CO 3HAKOM
end %j
h = h/9; d=h; %yMeHbIIeHMEe BCEX WAaroB
repeat = false;
for j=1:N
if (abs(d(j))>=e(3)/9)
repeat = true;
break;
end %if
end %]
end %Swhile
Fmin = f£3j;
$% F1l.m, Cusuxos, JlaBpor, m-byHkuMusa, MatLab.
%1)MomenupyeTCs CHEKTP z B BMIE CYMMHE TPEX
% CIHEeKTPajbHEX JMHUM-TAyCCMaH UM JIOPEHLMAaH.
2) BriuncyigseTcs GyHKUMOHAJI-HEBS3Ka OTHOCUTEJIbHO N=9 mapamMeTpoB:

o\°

% pl=Al, p2=lambdal 1, p3=sigmal, p4=A2,

function £ = Fl(p, zel, lambda)

$BxonHBEe NapaMeTps (apIT'yMEHTH) :

%p - HauajibHOe NnpubamxeHue BekTopa p 1xN double,

%zel - CcyMMapHBIM BKCIepMMeHTaJlbHBM crnekTp zel (lambda) nmmHOM n,
%$lambda - cerxa no lambda ¢ maroM h nnuHOM n.

%BHIXOOHOWM IIapaMeTp:

$F1 - dyHxkumoHan (f - OoCpelHUK) .

$% JIMHUMM-TayccMraHe (TakoM Xe OJMHB, kKak lambda) :

z1 = gauss(p(l),lambda,p(2),p(3)); %$1lxn double

z2 = gauss (p(4),lambda,p(5),p(6)); %1lxn double

z3 = gauss(p(7),lambda,p(8),p(9)); %1lxn double

z = z1422+42z3; S%CcyMMapHEM pacCuMTaHHBE crekTp lxn double
f = sum((zel-z).%2); S$byHKUMOHAJN (CKaJIApP)

o©

% deltap.m, Cusmukor, Jlaepos, m-dyHkuus, MatLab.
$BLIUMCIIeHME CpelHEeKBaIpaTUYeCKOM INOTPElHOCTM pelleHMus P
FOTHOCUTEJILHO TOUYHOT'O pPelleHUs pe.

function d = deltap(p,pe,w) %cobcreBeHHas m-QyHKLMUS
$BxOonHEIE MMapaMeTpH (apr'yMeHTEH) :

%p - HekoTopoe pemeHue (double),

%pe - TouHOoOe pemeHue (double),

$w — Beca (double)

%$(p, pPe M W - OIOMHAKOBOWM IJIMHE 3n) .

$BEIXOOHOM NapaMeTp (apTyMeHT) :

%deltap - cpenHekbB. HnorpemHoCTh (double) (d - nocpenmHMK) .
n3 = length(p);

d = sqgrt(sum(w.* ((p-pe)."2))/n3);

B npenpiaymux pasnenax JaHHOTO yd4. MOCOOMSI MPUBEAECHBI TakkKe TEKCThl IIPOTPaAMM:
FT.m, Tomogram.m, Girl.m, Example2dir.m, Example2inv.m, Noises.m, Saturn.m, Tikh0.m.

KoHTpoabHbIe 3a1aHUs U BONPOCHI

1. OnumuTe KpaTko 0COOEHHOCTH CUCTEMBI ITporpammupoBanust MatLab.

2. YeM oTIM4aIOTCS TOJIOBHAsS Mporpamma U m-QpyHkiuu? YTto Takoe BCTPOEH-
HBIE U COOCTBEHHBIE M-(PpyHKIINN?

3. U3noxute moapoOHO rooBHyto nporpammy FT.m.
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