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Special Imaging Techniques

CHAPTER
Cnenuanbubie Metoasl OToOpaxenus
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This chapter presents four specific aspects of image processing. First, ways to characterize the
spatial resolution are discussed. This describes the minimum size an object must be to be seen in
an image. Second, the signal-to-noise ratio is examined, explaining how faint an object can be
and still be detected. Third, morphological techniques are introduced. These are nonlinear opera-
tions used to manipulate binary images (where each pixel is either black or white). Fourth, the
remarkable technique of computed tomography is described. This has revolutionized medical
diagnosis by providing detailed images of the interior of the human body.

DTa T7aBa MPEACTABISIET YEThIpe CHeUUUSCKUX acrlekTa oOpaboTku m3o0paxkeHus. Bo mep-
BbIX, OOCYXIEHBI CHOCOOBI XapaKTepU30BaTh HPOCMPAHCMBEHHYIO pPA3Peularuyo cnocoo-
HOCMb. JTO ONHUCHIBAET MUHUMAJIBHBIA pa3Mep, OOBEKT AOHKEH ObIThb, YTOOBI OBITH 3aMEYEH-
HBIM B U300pakeHUU. Bo BTOPBIX, omHowenue cuenan-uiym ACCIe0BaHO, OOBACHIS KaKUM Ma-
JICHBKHM OOBEKT MOXKET OBITh, YTOOBI BCE K€ ObITh OOHApyKeHHBIM. TpeTbe, MpeaCTaBICHBI
mopgonocuueckue metosibl. OHM - HENMHEHHbIE ONepaliy, OOBIYHO UCHOJIb3yEeMbIe IS YIIPaB-
JICHUS IBYXYPOBHEBBIMH M300pakeHUSIMH (TA€ KaXKIIbIA TTMKCET SBISETCS WM YEPHBIM N Oe-
JbIM). UeTBepThIii, onrcaHa 3aMevaTeIbHas METOIUKA KOMNbIOMEPHOU momozpaguu. ITO PeBo-
JIOLMOHU3UPOBAIO MEIULMHCKYIO IUAarHOCTUKY, oOOecreunBas JAeTajJbHble N300paKeHUs BHYT-
peHHel 00J1aCTH YeJI0BEYECKOro Tea.

Spatial Resolution
IIpocTpancTrBennas Pa3pemaromas cnocod0HOCTh

Suppose we want to compare two imaging systems, with the goal of determining which has the
best spatial resolution. In other words, we want to know which system can detect the smallest
object. To simplify things, we would like the answer to be a single number for each system. This
allows a direct comparison upon which to base design decisions. Unfortunately, a single parame-
ter is not always sufficient to characterize all the subtle aspects of imaging. This is complicated
by the fact that spatial resolution is limited by two distinct but interrelated effects: sample spac-
ing and sampling aperture size. This section contains two main topics: (1) how a single parame-
ter can best be used to characterize spatial resolution, and (2) the relationship between sample
spacing and sampling aperture size.

HpeIIHOJIO)KI/IM, 4YTO MBI XOTUM CpPaBHHUTb ABC CUCTCMBI 0T06pa)KeHI/I}I, C LCJIbIO OMPCACIICHUA,
KOTOpasi UMEET JYUIITYI0 MPOCTPAHCTBEHHYIO Pa3pelIaroNy0 ClIOCOOHOCTh. JIpyrumMu ClioBaMH,
MBI XOTUM 3HAaTh, KOTOpasi CUCTEMa MOXXET OOHApyXKMBaTh CaMblii MaJeHbKUN 0OBEKT. UTOOBI
YHOPOCTUTH BCIIH, MBI XOTCIIN 6I>I, 4TOOBI OTBET OBLI €OUHCINEEHHBIM HOoMepom I Ka)KI[Oﬁ CHUcC-
TEMBI. DTO MO3BOJISET MPSMOE CpaBHEHHE, YTOOBI Oa3MpoBaThecs perieHus npoekra. K coxane-
HHIO, eI[PIHCTBeHHBIﬁ mapaMETp HE BCCrga AO0CTATOYCH, 4TOOBI OXapaKTCpPU30BaTb BCC TOHKHUC
aCIEeKThl 0TOOpa)keHHUs. DTO YCIO0KHEHO (PaKTOM, YTO MPOCTPAHCTBEHHAS pa3pelIaromias Cro-
COOHOCTh OTpaHWY€Ha JBYMS OTJIMUYHBIMHU, HO B3aUMOJCHCTBYIOMUMHU ddextamu: urnmepsan
8b100pKU U anepmypHulil pamep ocyujecmesieHus 6bloOOpKu. ITOT pas3lied COACPKUT JBE OCHOB-
HBIX TeMbI: (1), Kak e AMHCTBEHHBIN MapaMeTp MOKET JIyUIlle BCETO MCIOJIb30BaThCs, YTOOBI Xa-
pPaKTEpU30BaTh MPOCTPAHCTBEHHYIO Pa3pelIalolyl0 CIOCOOHOCTh, U (2) OTHOIICHUS MEXIY BbI-
OOpPOYHBIM ITPOCTPAHCTBOM U BHIOOPOUYHBIM allEPTYPHBIM Pa3MEPOM.
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Figure 25-1a shows profiles from three circularly symmetric PSFs: the pillbox, the Gaussian, and
the exponential. These are representative of the PSFs commonly found in imaging systems. As
described in the last chapter, the pillbox can result from an improperly focused lens system.
Likewise, the Gaussian is formed when random errors are combined, such as viewing stars
through a turbulent atmosphere. An exponential PSF is generated when electrons or x-rays strike
a phosphor layer and are converted into light. This is used in radiation detectors, night vision
light amplifiers, and CRT displays. The exact shape of these three PSFs is not important for this
discussion, only that they broadly represent the PSFs seen in real world applications.

Pucynox 25-la moxa3piBaeT KOH(UTYpaLUU OT TpeX LHUPKYJISIPHBIX(KPYrooOpa3HbIX) CUMMET-
puunbix OPT: pillbox, ['ayccuan, u mokazatenpHas ¢yHknus. Ouu npeactasutenu uz OPT,
00OBIYHO HAaXOAMMBIEC B cucTeMax oroOpakeHus. Kak omucano B mpornuioii riase, pillbox moxer
CJIeZIOBaTh M3 HEHAAJIEXKaIIUM 00pa3oM COCPEOTOUYEHHOM CHCTEMBbl XpyCTalnKa. AHAJIOTHYHO,
I'ayccuan copmupoBaH, KOra ciay4aiHble OMMOKH 0ObEeIMHEHBI, TUIIA IPOCMOTpPA 3BE31 Uepes3
TypOyneHTHyto atmocdepy. [lokazarenpaniii ®PT crenepupoBaH, KOTJa IEKTPOHBI UM PEHT-
TeHbl HAXKUMAIOT clIoi dochopa u npeodpazoBaHbl B CBET. DTO UCIIONIB3YETCS B pajlallHOHHBIX
JETEKTOpax, YCHIUTENIX HOYHOTO BUACHUA(CUCTEMAaX TEXHUYECKOro 3peHus), u aucmiesx CRT
(KATOHO-JIYYEBOI TPYBKU — KPT). Tounas dopma u3 tux Tpex ®PT He BaxHa s

3TOro 00CYXJIeHUs, TOJNbKO, YTO OHU IHUPOKO npenacTtaBisioT OPT, 3amedeHHble B peabHBIX
MHUPOBBIX MIPUIIOKECHUSX.
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FIGURE 25-1

FWHM versus MTF. Figure (a) shows profiles of three PSFs commonly found in imaging systems: (P) pillbox, (G)
Gaussian, and (E) exponential. Each of these has a FWHM of one unit. The corresponding MTFs are shown in (b).

Unfortunately, similar values of FWHM do not correspond to similar MTF curves.
PUCYHOK 25-1

FWHM mnporu MTF. PucyHnok (a) nokaseiBaer koHpurypamu tTpex ®PT, 00bIYHO HaXOIUMBIX B OTOOpasKEHUU
cucreM: (P) pillbox, I'ayccnan (G), n mokazarensHas ¢pynkuust (E). Kaxnsrit u3 aux umeer FWHM onnoro mony-

ms1. Ilepenaya MTFs nokassiBaercs B (b). K coxanenuto, nono6usie 3nauennss FWHM He cooTBeTCTBYIOT 1107100~
HbIM KpuBbIM MTF.

The PSF contains complete information about the spatial resolution. To express the spatial reso-
lution by a single number, we can ignore the shape of the PSF and simply measure its width. The

most common way to specify this is by the Full-Width-at-Half-Maximum (FWHM) value. For
example, all the PSFs in (a) have an FWHM of 1 unit.

OPT coaepXuT MOJHYI WH(POPMAIUIO OTHOCHTEIHLHO MPOCTPAHCTBEHHOMW pa3pelIaroNie Cro-
cobHocTH. YTOOBI BBIpaXaTh MPOCTPAHCTBEHHYIO pa3pelIalollyl0 CIIOCOOHOCTh €IUHCTBEHHBIM
HOMEPOM, MBI MOXEeM HTHOpHUpoBaTh gopmy OPT u mpocto mamepsaTs ero wupuny. Haubonee
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OOBIYHBIN c110cO0 ompenenuTh 3T0 - 3HadeHue " [lomHoit upunst B IlonoBune Makcumyma "
(FWHM - IIILIIM?). Hanpumep, Bce O®PT B (a) umeror FWHM(IIILIIM) 1 Momys.

Unfortunately, this method has two significant drawbacks. First, it does not match other meas-
ures of spatial resolution, including the subjective judgement of observers viewing the images.
Second, it is usually very difficult to directly measure the PSF. Imagine feeding an impulse into
an imaging system; that is, taking an image of a very small white dot on a black background. By
definition, the acquired image will be the PSF of the system. The problem is, the measured PSF
will only contain a few pixels, and its contrast will be low.

K coxxanenuio, 3TOT METO MMEET /IBa CYIIECTBEHHBIX HEJ0CTaTKa. Bo MepBhIX, 3TO HE COOTBET-
CTBYET JPYyTUM MepaM IMPOCTPAHCTBEHHOW pa3pelnaronield CriocOOHOCTH, BKIIIOYash CyObhEKTHUB-
HOE pelleHHe HalOoJaTesneld, paccMaTpUBalOMIUX H300paxeHus. Bo BTOpHIX, 0OBIYHO OYEHB
TPyIHO HemocpencTBeHHo n3meputh OPT. BooOpasure nmogaBaTe UMITYJIbC B CHUCTEMY OTOOpa-
KEHUS; TO eCTh Oepst n300pakeHne OYeHb MaJeHbKOW Oenoil Touku Ha yepHoM ¢ore. [lo ompe-
neneHuto, npuodperenHoe nzoopaxkenue Oyner OPT cucremsl. [Ipobnema, mamepennbrii ®PT
OyZeT TONBKO CoJepkKaTh HECKOIBKO MUKCENIOB, U €r0 KOHTPACT OyJeT HU3OK.

Unless you are very careful, random noise will swamp the measurement. For instance, imagine
that the impulse image is a 512x512 array of all zeros except for a single pixel having a value of
255. Now compare this to a normal image where all of the 512x512 pixels have an average value
of about 128. In loose terms, the signal in the impulse image is about 100,000 times weaker than
a normal image. No wonder the signal-to-noise ratio will be bad; there's hardly any signal!

Ecnu Bl He 04eHb OCTOPOXKHBI, CIIydalHBIN IIyM, 3aTONUT M3MepeHnue. Hanpumep, BooOpasu-
Te, 4YTO U300pakKeHUE UMITyJIhca — MaccHB 512x512 Bcex HyJsel eciu Obl HE €ITMHCTBEHHBIN TTHK-
cell, uMeromuii 3Hauenue 255. Tenepb CpaBHUTE 3TO C HOPMAJIBHBIM H300pa)KeHHEM, T BCe
512x512 mukcenbl UMEIOT cpenHee npubau3uTenbHo 128. B cBOOOIHBIX TepMUHAX, CUTHAT UM-
nyJjbca B n3o0pakeHuu - npubmausurenbHo B 100000 pa3 cnabee uem HOpMaiIbHOE M300paxe-
Hue. HeyMBUTENBHO OTHOIIEHUE CUTHAI-UIyM OyJeT IUIOXMM; TaM MMEEeTCs efBa Jro0o0il cur-
Han!

A basic theme throughout this book is that signals should be understood in the domain where the
information is encoded. For instance, audio signals should be dealt with in the frequency domain,
while image signals should be handled in the spatial domain. In spite of this, one way to measure
image resolution is by looking at the frequency response. This goes against the fundamental phi-
losophy of this book; however, it is a common method and you need to become familiar with it.

OcHoBHasi TeMa TOBCIO/Iy 3TOM KHHTH - TO, YTO CUTHAIIBI JOJKHBI OBITh MOHATHI B IOMEHE, T]Ie
uHpOpManus 3akoaupoBaHa. Hampumep, ¢ ayauo-curHaJaMH HY)KHO UMETh JIEJI0 B YaCTOTHOM
JIOMEHE, B TO BpeMsl KaK CHTHaJIbl W300paskeHHsI JOJDKHBI OBITh 00paboTaHbl B MPOCTPAHCTBEH-
HOM JoMeHe. HecMoTps Ha 3TO, OMH CIOCO0 M3MEPSITh Pa3pelIaroIly0 CIOCOOHOCTh U300pa-
KEHUS - CMOTPS HA YACMOMHYIO Xapakmepucmuky. DTO WAET NPOTUB (yHIAMEHTAIbHOU
¢durocodun 3TOM KHUTH; OJHAKO, 3TO - OOBIYHBIN MeTOMA, U BBl JOKHBI CTaTh 3HAKOMBIMHU C
ITHM.

Taking the two-dimensional Fourier transform of the PSF provides the two-dimensional fre-
quency response. If the PSF is circularly symmetric, its frequency response will also be circu-
larly symmetric. In this case, complete information about the frequency response is contained in
its profile. That is, after calculating the frequency domain via the FFT method, columns 0 to N/2
in row 0 are all that is needed. In imaging jargon, this display of the frequency response is called
the Modulation Transfer Function (MTF). Figure 25-1b shows the MTFs for the three PSFs in
(a). In cases where the PSF is not circularly symmetric, the entire two-dimensional frequency
(c) ABTOKC, Canxr-IlerepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru
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response contains information. However, it is usually sufficient to know the MTF curves in the
vertical and horizontal directions (i.e., columns 0 to N/2 in row 0, and rows 0 to N/2 in column
0). Take note: this procedure of extracting a row or column from the two-dimensional frequency
spectrum is not equivalent to taking the one-dimensional FFT of the profiles shown in (a). We
will come back to this issue shortly. As shown in Fig. 25-1, similar values of FWHM do not cor-
respond to similar MTF curves.

Bzsartue nymepnHoro npeobpaszoBanus dypre OPT obecnieunBaeT NByMEpHYIO 4acTOTHYIO Xa-
paktepuctuky. Ecnmu ®PT mupkyasipHbIi CHMMETPUYHBIN, €r0 YaCTOTHAs XapaKTEepUCTHKA Oy-
JIeT TaKXKe [UPKYJIIpHas CUMMETpHUHas. B 3ToM cityuae, 3aKkoHUMTE HH(POPMALIUIO OTHOCUTEb-
HO YaCTOTHOM XapaKTEPUCTUKHU, COIECPKUTCS B ero KoHdurypamuu. To ecTb nmocie BEIYUCICHHS
4acTOTHOTO JioMeHa depe3 meTor BIID, cronbier ot 0 k N/2 B ctpoke 0 - Bce, 9TO HEOOXOIUMO.
Ha >xaprone otoOpaxxeHus1, 3TOT AUCIUICH YaCTOTHOW XapaKTEPHCTUKU Ha3biBaeTcs MyHKIUeH
nepenaun moayJsimuun (MTF - ®IIM). Pucynok 25-1b nokazeiBaer ®IIM miis atux tpex OPT
B (a). B ciyuasx, rne @PT He nMpKyISIpHBIM CUMMETPUYHBIH, TOIHAS IByMEpHAsl YaCTOTHAs Xa-
pakTepucTuka coaepxut uHbopmarmio. OgHako, 0OBIYHO JTOCTaTOYHO 3HATh KpuBbie OIIM B
BEPTUKAJIBHBIX U TOPU3OHTAJIBHBIX HANpaBICHUAX (TO ecTh, cToiOUBl 0 k N/2 B ctpoke 0, u
ctpokax 0 k /2 B cTon6iie 0). Bo3pMute Ha 3amMeTKy: DTa Ipoleypa U3BJICUCHUS CTPOKH WU
cTos0Ia OT IByMEPHOI'O CIIEKTpa YacTOT - HE SKBUBAJICHT B3ATHIO ogHOMepHOro BIID xonpu-
rypanuii, ToKka3aHHbIX B (a). MBI Bo3BpaTUMCS K 3TOW mpoOieme Bckope. Kak moka3zaHo B puc.
25-1, nopo6ubie 3nayenus [1IITIM He cooTBeTcTBYIOT TOA0OHBIM KpuBEIM PIIM(MTF).

Figure 25-2 shows a line pair gauge, a device used to measure image resolution via the MTF.
Line pair gauges come in different forms depending on the particular application. For example,
the black and white pattern shown in this figure could be directly used to test video cameras. For
an x-ray imaging system, the ribs might be made from lead, with an x-ray transparent material
between. The key feature is that the black and white lines have a closer spacing toward one end.
When an image is taken of a line pair gauge, the lines at the closely spaced end will be blurred
together, while at the other end they will be distinct. Somewhere in the middle the lines will be
just barely separable. An observer looks at the image, identifies this location, and reads the cor-
responding resolution on the calibrated scale.

Pucynok 25-2 moka3piBaeT JaTYMK Mapbl JUHHI, YCTPOUCTBO OOBIYHO MCIIOJIB3YEeMOE IS U3-
MepeHus paspemaromei crmocooHoctr nzobpaxenus yepes GIIM(MTF). [laTunku napsl CTpoku
BXOJSIT B pa3inyHble (OpMBI B 3aBUCHMOCTH OT cnenuduyeckoro npuinoxenus. Hampumep,
4yepHO-0enblii 00pasel], MoKa3aHHBIA B 3TOM PUCYHKE MOT HEMOCPEACTBEHHO HCIIOJIb30BATHCA,
YTOOBI MPOBEPHUTH BUACOKaMephl. 11 peHTTeHOBCKOI cucTeMBbl 0TOOpaxeHus, ooeuaiiku(pedpa)
MoOrau Obl OBITH CHENaHbl OT BBIBOJA, C PEHTTEHOBCKUM IMPO3PAUYHBIM MATEPHAIOM MEXIY.
I'maBHast 0COOEHHOCTD - TO, YTO YEPHO-OEINbIE THHUHA UMEIOT OJMKe HHTEPBAT K OAHOMY KOHILY.
Korna uzo0pakeHue NpuHATO JaTYMKOM Mapbl JUHUN, TUHUH B OJM3KO PACIONOKEHHBINH KOHEI
OyAyT CIUTHI BMECTE, B TO BpeMsi Kak B JpyTrOM KOHIE OHU OynyT oTinu4HbL. [ ne-Hubyap B cepe-
JHE, TUHUU OyAyT TOJIBKO-TOJBKO OTAeanMbl. Habmonarens cMOTPUT Ha U300paskeHue, UeH-
TUPHUIUPYET 3TO PACHOJIOKEHUE, M YATACT COOTBETCTBYIOIIYIO Pa3peIIaloIyi0 CIIOCOOHOCTh B
KaJIMOpOBaHHOM MacIiTabe.

(c) ABTOKC, Cankr-IletepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru
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FIGURE 25-2

Line pair gauge. The line pair. gauge isa g " 8. Exaraple profile at 12 lp/mm
tool used to measure the resolution of imag- e 350

ing systems. A series of black and white ribs - — !
move together, creating a continuum of spa- 15 — 1
tial frequencies. The resolution of a system

is taken as the frequency where the eye can

no longer distinguish the individual ribs.
This example line pair gauge is shown sev-
eral times larger than the calibrated scale
indicates.

PUCYHOK 25-2

JaTuuk napel nuHuil. JlaT4ukK napsl IMHUN -
MHCTPYMEHT, OOBIYHO HCIOJIB3YEMbIH ISt
M3MEpEeHUs] pas3pellaroniedl  CrocoOHOCTH
cucrteM oroOpakeHus. Psn depHO-OemnbIx
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The way that the ribs blur together is important in understanding the limitations of this measure-
ment. Imagine acquiring an image of the line pair gauge in Fig. 25-2. Figures (a) and (b) show
examples of the profiles at low and high spatial frequencies. At the low frequency, shown in (b),
the curve is flat on the top and bottom, but the edges are blurred, At the higher spatial frequency,
(a), the amplitude of the modulation has been reduced. This is exactly what the MTF curve in
Fig. 25-1b describes: higher spatial frequencies are reduced in amplitude. The individual ribs
will be distinguishable in the image as long as the amplitude is greater than about 3% to 10% of
the original height. This is related to the eye's ability to distinguish the low contrast difference
between the peaks and valleys in the presence of image noise.

Ilymb, COBMECTHOTO pazmbiéanus pedep 00beIMHEHUEM SIBJISIETCS BaXXKHBIM B MOHUMaHUK Orpa-
HUYEHHH 3TOTO M3MepeHus. BooOpasure npruodpeTeHHOe N300paKeHHE NaTYMKa Mapbl JIUHUHA B
puc. 25-2. Ha pucynkax (a) u (b) mokazanbl IpUMepPbl KPUBBIX HU3KUX W BBICOKHX MPOCTPAHCT-
BEHHBIX YacToT. B HM3KOI "acrore, mokazaHHOW B (b), KpuBas €IMHOOOpa3Ha HAa BEpXHEH U
HIDKHEH TpaHUIle, HO TPaHU Pa3MBITh, B BepXHEW NMpOCTpaHCTBEHHOU YacToTe, (a), amniumyoa
MOJIYJISIIIUK ObLTAa COKpalieHa. JTo - TO9HO, 4To onuckiBaeT GIIM(MTF) kpusoii B puc. 25-1b:
BBICOKHE MPOCTPAHCTBEHHBIE YACTOTHI COKpAIlleHbl B aMIUIUTyAe. MHIuBHyansHble pedpa Oy-
YT pa3IuuuMbl B U300paKeHHH, TIOKAa aMIUIUTyaa Oonblie, yeM npubausutensHo 3 % - 10 %
NEPBOHAYAILHOM BBICOTBHI. JTO CBSI3aHO CO CIIOCOOHOCTHIO IU1a3a, OTJIMYaTh HU3KYIO KOHTPAcT-
HYIO Pa3HOCTh MEX/ly TOUKaMHU MTMKOB 1 MUHUMYMOB B IIPHCYTCTBUU IIyMa N300pa’KECHHUS.

A strong advantage of the line pair gauge measurement is that it is simple and fast. The strongest
disadvantage is that it relies on the human eye, and therefore has a certain subjective component.
Even if the entire MTF curve is measured, the most common way to express the system resolu-
tion is to quote the frequency where the MTF 1is reduced to either 3%, 5% or 10%. Unfortu-
nately, you will not always be told which of these values is being used; product data sheets fre-
quently use vague terms such as "limiting resolution." Since manufacturers like their specifica-
tions to be as good as possible (regardless of what the device actually does), be safe and interpret
these ambiguous terms to mean 3% on the MTF curve.

(c) ABTOKC, Canxr-IlerepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru
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CusibHOE TIPEUMYILECTBO M3MEPEHHS JATYUKOM MAPhI JIMHUM COCTOUT B TOM, YTO 3TO SIBJSIETCS
MPOCTHIM M OBICTPHIM. CaMblii CHUIBHBIA HEOCTATOK - TO, YTO ATO MOJIAraeTcsl Ha YeTOBEYCCKUN
I71a3, U MO3TOMY MMEET HEKOTOPBIH CyOBEKTHBHBIM KOMIIOHEHT. Jlake eciu mojiHas KpHBas
OIIM(MTF) u3mepena, HauOojiee OOBIYHBIN CIOCOO BBIpaXKaTh pa3pelIarolly0 CIIOCOOHOCTH
CUCTEMBI, COCTOUT B TOM, YTOOBI IIUTUPOBATH(OLIEHUBATE) YacToTy, rine ®IIM(MTF) cokpariex
K i 3 %, 5 % nmum 10 %. K coxanenuro, Bam He Bcerga ckaxyT, KOTOpPOE M3 3TUX 3HAUYCHUU
WCIIOJIb3YETCS; TAOMUIIBI JAHHBIX W3JIEHs YaCTO MCIONB3YIOT HEONpeAeICHHbIE TEPMUHBI THIIA
"orpannuenue paspemaronieii cocoonoctu". Haunmnas ¢ gupm-m3roroButeneit mogao0HO HX
cneruQuKanusM, 9To0bl ObITh HACTOIBKO XOPOIIMMH, HACKOJIBKO BO3MOXHO (HE3aBUCHMO OT
TOT0, YTO YCTPOMCTBO (haKTUUYECKU JeNaeT), OyIbTe OCTOPOKHBI B MHTEPIIPETALIUN ITHUX HEOIHO-
3HA4YHBIX TEPMHUHOB, cpeanee 3 % Ha kpuBoir PIIM(MTF).

A subtle point to notice is that the MTF is defined in terms of sine waves, while the line pair
gauge uses square waves. That is, the ribs are uniformly dark regions separated by uniformly
light regions. This is done for manufacturing convenience; it is very difficult to make lines that
have a sinusoidally varying darkness. What are the consequences of using a square wave to
measure the MTF? At high spatial frequencies, all frequency components but the fundamental of
the square wave have been removed. This causes the modulation to appear sinusoidal, such as is
shown in Fig. 25-2a. At low frequencies, such as shown in Fig. 25-2b, the wave appears square.
The fundamental sine wave contained in a square wave has an amplitude of 4/ = 1.27 times the
amplitude of the square wave (see Table 13-10). The result: the line pair gauge provides a slight
overestimate of the true resolution of the system, by starting with an effective amplitude of more
than pure black to pure white. Interesting, but almost always ignored.

ToHkwii MyHKT, 9TO0BI 00paTUTh BHUMaHUE - TO, uTo PIIM(MTF) onpenenen B TepMUHAX CUHY-
CcoOUOaIbHLIX BOJH, B TO BpeMs KakK JaT4YMK Mapbl JUHUI UCHOIB3YyET Kéadpammusie BOIHBL. To
€CTh pebpa - paBHOMEPHO TEMHBIE OOJIACTH, OT/ICJICHHBIE PAaBHOMEPHO CBETIBIMU OOJIACTSMHU.
D10 cnenaHo ISl MPOU3BOACTBEHHOIO yA00CTBa; OYEHb TPYAHO JeNaTh CTPOKU(JIMHHUM), KOTO-
pble UIMEIOT CUHYCOMIaJIbHO U3MEHSIONIYI0CS TEMHOTY. Kakue rmocieacTBus UCIOJIb30BaHUs SB-
JISIFOTCSI JI TIPSIMOYTOJIbHAS BOJIHA, YTO0BI u3Meputh GIIM(MTF)? B BbICOKMX TTPOCTPaHCTBEH-
HBIX YaCTOTaX, BCE KOMIIOHEHTHI YaCTOTHBIE, HO OCHOBHOE TMPABUIIO TPSMOYTOJIbHOM BOJHBI ObI-
JM yJaJNeHbl. DTO 3aCTaBIIsIeT MOAYJISILNIO Ka3aThCs CUHYCOUANIbHOM, TUIIAa TOKa3aHHOM Ha puC.
25-2a. B HU3KMX YacTOTaX, TUMA IMOKAa3aHHBIX Ha pUC. 25-2b, BoaHa KakeTcst KBaapaTHOH. DyH-
JaMEeHTaJIbHasl CHHYCOUJalIbHAsl BOJIHA, COJepKallascs B MPSIMOYTOJIbHON BOJHE, UMEET aMILIH-
Tyny 4/m = 1.27 pa3za aMImuTy bl IPSIMOYTOIbHOM BOIHBI (cM. Tabnuiy 13-10). Pesynbrat: JlaT-
YUK Mapbl JJMHUNA 00ecriedrBaeT HE3HAUUTEIbHO 3aBBIIICHHYIO OIICHKY HCTUHHOM pasperiaronien
CIOCOOHOCTH CHCTEMBI, HAUWHASCh C APPEKTUBHON aMIUTUTY B! OOJIbIIE YEM YUCTBIN YEpPHBIH K
yrcroMy Oenomy. HTEepecHO, HO IOYTH BCETJa UTHOPUPYEMO.

Since square waves and sine waves are used interchangeably to measure the MTF, a special ter-
minology has arisen. Instead of the word "cycle," those in imaging use the term line pair (a dark
line next to a light line). For example, a spatial frequency would be referred to as 25 line pairs
per millimeter, instead of 25 cycles per millimeter.

Tak kak IpsMOYTOJIbHBIE U CHHYCOUAAIbHBIC BOJIHBI HCIIOJIB3YIOTCS B3aUMO3aMEHIEMO, YTOOBI
mmeputbh GIIM(MTF), crienmnanbHas TepMUHOJIOTHST BO3HHMKIA. Bmecto crmoBa "mukin", B Hc-
MOJIb30BAHUN OTOOpPAKEHUS TEPMUH Mapa JMHMI(CTPOK) (TeMHas CTpOKAa(JIMHHS) PSAOM CO
CBETJION cTpokoi(muHuel). Hampumep, mpocTpaHCTBEHHAs YacToTa Oblia Obl YyIOMSIHYTA KakK 25
nap cmpox Ha MUIIUMEmp, BMECTO 25 Yuki08 Ha MULIUMEmp.

The width of the PSF doesn't track well with human perception and is difficult to measure. The
MTF methods are in the wrong domain for understanding how resolution affects the encoded
(c) ABTOKC, Cankr-IletepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru
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information. Is there a more favorable alternative? The answer is yes, the line spread function
(LSF) and the edge response. As shown in Fig. 25-3, the line spread function is the response of
the system to a thin line across the image. Similarly, the edge response is how the system re-
sponds to a sharp straight discontinuity (an edge). Since a line is the derivative (or first differ-
ence) of an edge, the LSF is the derivative (or first difference) of the edge response. The single
parameter measurement used here is the distance required for the edge response to rise from 10%
to 90%.

[Iuprna OPT He mpocCiIeKUBAET XOPOLIO C YEIOBEUYECKUM BOCIHPUATUEM U TPYJHA UMEThb pas-
Mepel. Metoasl ®IIM(MTF) Haxonsrcst B nenpasuibHom domene sl TIOHUMAHUA, KaK pa3pe-
IIaromIasi CiocOOHOCTh BO3/ACHCTBYET HA 3aKOAMPOBaHHYI0 MHpopmanuio. Mmeercs Gonee Oia-
ronpusTHas anbTepHatuBa? OTBeT - Aa, annapatHas GyHKIus cTpoku (ADPC) u 0TBeT(OTKIINK;
XapakTepucTuka) kpas. Kak nokaszano B puc. 25-3, anmnaparHasi GyHKIHS CTPOKU - OTBET CHUC-
TEMBbI K TOHKOW CTpOKe Iornepek n3o0pakeHus. TOUHO Tak ke OTBET Kpasl - TO, KaK CUCTEMa OT-
BE€YaeT Ha KpyTOW IpsMOM pa3pelB (kpail). Tak kak cTpoka - mpou3BOJHas (WIM IepBas pas-
HOCTh) kpasi, LSF(ADC) - nmpousBoaHas (Wwin mepBas pa3HOCTh) OTBeTa Kpas. EnuHcTBEeHHOE
U3MEpEeHUe mapamMeTpa, UCIOJIb3yeMOe 3/1eCh - PacCTOSHUE, TpedyeMoe Uit OTBeTa Kpast, 4TOOBI
noBeIcUTECA OT 10 % 1m0 90 %.

a. Line Spread Function (LSF) b. Edge Response
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FIGURE 25-3

Line spread function and edge response. The line spread function (LSF) is the derivative of the edge response. The
width of the LSF is usually expressed as the Full-Width-at-Half-Maximum (FWHM). The width of the edge re-
sponse is usually quoted by the 10% to 90% distance.

There are many advantages to using the edge response for measuring resolution. First, the meas-
urement is in the same form as the image information is encoded. In fact, the main reason for
wanting to know the resolution of a system is to understand how the edges in an image are
blurred. The second advantage is that the edge response is simple to measure because edges are
easy to generate in images. If needed, the LSF can easily be found by taking the first difference
of the edge response.

HNmMerorcs MHOrO NpeuMyIieCTB IJIA HCIIOJIb30BaHUS OTBCTA Kpas JId I/ISMepI/ITeJIBHOﬁ pa3pce-
maroniel crmocooHocTr. Bo mepBeIX, H3MepeHne HaXOAUTCs B TOM ke caMoi (popMme, MMOCKOIBKY
uHpopManus H300pakeHus: 3akonupoBaHa. (DaKTUYECKH, OCHOBHAs MPHUYMHA JUIS SKEITaHUS
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3HATh Pa3pemaIoNIy0 CIIOCOOHOCTh CUCTEMBI COCTOUT B TOM, UYTOOBI MOHSTH, KaK TPaHU B M30-
OpakeHUM paszmvimul. BTopoe MperMyIIecTBO COCTOMUT B TOM, YTO OTBET Kpas sIBISIETCS TPO-
CTBIM UMETh Pa3Mephl, IOTOMY YTO T'paHH MPOCThI TeHEPUPOBaTh B M300pakeHusx. Eciu HeoO-
xonumo, ADC(LSF) moxer jierko ObITh HalIeH, Oepsi MEPBYIO pa3HOCTh OTBETA Kpas.

The third advantage is that all common edges responses have a similar shape, even though they
may originate from drastically different PSFs. This is shown in Fig. 25-4a, where the edge re-
sponses of the pillbox, Gaussian, and exponential PSFs are displayed. Since the shapes are simi-
lar, the 10%-90% distance is an excellent single parameter measure of resolution. The fourth ad-
vantage is that the MTF can be directly found by taking the one-dimensional FFT of the LSF
(unlike the PSF to MTF calculation that must use a two-dimensional Fourier transform). Figure
25-4b shows the MTFs corresponding to the edge responses of (a). In other words, the curves in
(a) are converted into the curves in (b) by taking the first difference (to find the LSF), and then
taking the FFT.

Tperbe MPEeUMyIIECTBO COCTOUT B TOM, YTO Bce OOIIMEe(0OBIYHBIE) OTBETHI TPaHEH MMEIOT TO-
no0HYI0 (hopMy, Ta)Ke MPH TOM, YTO OHH MOTYT MPOUCXOIUTH U3 pelnTeabHO paznudHbix OPT.
DTOMy TOKa3bIBAIOT B pHUC. 25-4a, rae orBeThl kpas pillbox, I'ayccman, u nmokazarensHoit ®PT
otoOpaxenbl. Tak kak ¢opMmbl mog00HKI, paccTosaue 10% - 90 % - nmpeBocxomHas €IMHCTBEH-
Has Mepa mapameTpa paspemaronield crmocoOHocTu. YeTBepToe MpenMyIecCTBO COCTOUT B TOM,
yro OIIM(MTF) MoxkeT ObITh HEOCPEACTBEHHO HaiifeH, Oeps omHomepHoe BIID ADC(LSF)
(B otimmane ot OPT x Beruncnenuro GIIM(MTF), koTopoe MODKHO HMCIOIB30BaTh ABYMEPHOE
[IpeobpazoBanue Dypoe(Tpanchopmanty Dypwe)). PucyHok 25-4b mokassiBaer OIIM(MTF),
COOTBETCTBYIOIIME OTBeTaM Kpas (a). [Ipyrumu cioBamu, KpuBbIe B (a) mpeoOpa3oBaHbl B KpH-
BhIe B (b), Oeps mepByto pazHocThb (uro0s! Haiitu ADC(LSF)), u 3atem 6epst BI1O.
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FIGURE 25-4

Edge response and MTF. Figure (a) shows the edge responses of three PSFs: (P) pillbox, (G) Gaussian, and (E) ex-
ponential. Each edge response has a 10% to 90% rise distance of 1 unit. Figure (b) shows the corresponding MTF
curves, which are similar above the 10% level. Limiting resolution is a vague term indicating the frequency where
the MTF has an amplitude of 3% to 10%.

PUCYHOK 25-4

Ortser kpast u ®IIM(MTF). Pucynok (a) nokassiBaet orBeThl kpast Tpex ®@PT: (P) pillbox, (G) 'ayccuan, u (E) no-
kazatenbHas ¢yHkiusa. Kaxnprii orBer kpas umeer 10% - 90% paccrosaus noseienust 1 Moxyinst. Pucynok (b)
nokaspiBaeT, 4yro coorBercTBytomuii ®IIM(MTF) nsrubaercsi, KOTOpbIE SBISIOTCS MOJOOHBIMU BBIIIE YPOBHS
10%. OrpaHnueHHe paspeniaomeil CroCOOHOCTH - HEONPENCNCHHBI TEPMHH, YKAa3bIBAIOIIMM YacToTy, TIIe
OIIM(MTF) nmeer ammmuryny 3 % - 10 %.

The fifth advantage is that similar edge responses have similar MTF curves, as shown in Figs.
25-4 (a) and (b). This allows us to easily convert between the two measurements. In particular, a
(c) ABTOKC, Cankr-IletepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru
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system that has a 10%-90% edge response of x distance, has a limiting resolution (10% contrast)
of about 1 line pair per x distance. The units of the "distance" will depend on the type of system
being dealt with. For example, consider three different imaging systems that have 10%-90%
edge responses of 0.05 mm, 0.2 milliradian and 3.3 pixels. The 10% contrast level on the corre-
sponding MTF curves will occur at about: 20 lp/mm, 5 Ip/milliradian and 0.33 lp/pixel, respec-
tively.

[IaTO€ HpPEeruMyLIECTBO COCTOMT B TOM, UYTO MOAOOHBIE OTBETHI Kpash HMMEIOT IOA0OHBIN
OIIM(MTF), u3rubaer, kak mokazano B Puc. 25-4 (a) u (b). 3To mo3BoiseT HaM JIETKO mpeodpa-
30BbIBaTh MEXIY STUMHU JABYMs pa3Mepamu(u3MmepeHusiMu). B uyacTHocTu cuctema, KoTopas
umeet oteT Kpast 10% - 90 % paccTosiHUs, UMEET pa3peIIaonlyto ClIOCOOHOCTh OTPAaHUYCHUS
(xontpact 10%) mpubnusutensHo 1 mapa cTpoku Ha pacctosHue x. Moaynu "paccrosiHus" Oy-
JYT 3aBHCETh OT THIIA CUCTEMBI, C KOTOPOH UMEIOT Aeno. Hampumep, paccMoTpuTe Tpu pa3inud-
HBIX CHUCTEMBI OTOOpa)keHHus, KOTopble MMeEIOT oTBeThl Kpas 10% - 90 % ot 0.05mmMm, 0.2
milliradian u 3.3 nukcena. Yposens kontpacra 10% Ha coorBercTByromux KpuBsix ®IIM(MTF)
npousoieT B oTHocuTeNbHO: 20 Ip/mm, 5 lIp/milliradian u 0.33 lp/pixel, coorBeTcTBEHHO.

Figure 25-5 illustrates the mathematical relationship between the PSF and the LSF. Figure (a)
shows a pillbox PSF, a circular area of value 1, displayed as white, surrounded by a region of all
zeros, displayed as gray. A profile of the PSF (i.e., the pixel values along a line drawn across the
center of the image) will be a rectangular pulse. Figure (b) shows the corresponding LSF. As
shown, the LSF is mathematically equal to the integrated profile of the PSF. This is found by
sweeping across the image in some direction, as illustrated by the rays (arrows). Each value in
the integrated profile is the sum of the pixel values along the corresponding ray.

Pucynox 25-5 nimoctpupyet matematuueckue otTHomeHus Mexay OPT u ADC(LSF). Pucynox
(a) nmokasbiBaet pillbox ®PT, kpyroBas obmacTb LeHHBIH 1, 0TOOpaKeHHBIN Kak Oembli, OKpY-
JKEHHBIN 00JIaCThIO BCEX HYJICH, OTOOpaKeHHBIX Kak moiyToH. Kondurypanus ®PT (To ecTs,
3HAUEHUS MUKCeNa MO CTPOKE, BHIBEJACHHOM MOMEpeK EeHTpa N300pakeHus) Oy1eT MpsIMOYTOJIb-
HeI umnynbe. Pucynok (b) moxkaseiBaer coorBercTByromuii ADC(LSF). Kak moxkasano,
A®C(LSF) maTemaTnuecku paBeH unmezpuposanuol kongueypayuu O®PT. D10 HalineHo, me-
pemeriasch nonepek n300pa)xkeHusi B HEKOTOPOM HAalpaBiIeHUH, KaK WUTIOCTPUPOBAHO JIy4aMH
(ctpenkamu). Kaxkoe 3HaueHne B MHTETPUPOBAHHOW KOHPUTYPALIUU - cyMMa 3HAYCHHUNA TTUKCe-
Jla 0 COOTBETCTBYIOLEMY JTIyUy.

In this example where the rays are vertical, each point in the integrated profile is found by add-
ing all the pixel values in each column. This corresponds to the LSF of a line that is vertical in
the image. The LSF of a line that is horizontal in the image is found by summing all of the pixel
values in each row. For continuous images these concepts are the same, but the summations are
replaced by integrals.

B osrom mnpumepe, rae Jy4dd BEpTUKAIbHBL, KakJas TOYKAa B HWHTETPUPOBAHHOW KpHU-
BOM(KOH(Urypalun) HailfieHa, A00aBnss(npuoOaBisis) BCe 3HAYCHHUS MHUKCENa B KaXKI0M CTOJO-
ne. Oto coorBeTcTBYeT ADC(LSF) cTpokm, KoTOpas SBISICTCS BEPTUKAIBHONW B M300paKCHUH.
ADC(LSF) ctpoku, KOTOpas sIBISETCS TOPU3OHTAIBHONW B M300paXCHWH, HAWACH, IOABOAS
UTOT BCEX 3HAYCHHH MHUKCENa B KAKI0M cTpoke. /[ HempephIBHBIX M300payKEHUM 3TH KOHIICTI-
UM -, T€ JK€ CaMble, HO CYMMHUPOBaHHE 3aMEHEHO MHTETPUPOBAHUEM.

As shown in this example, the LSF can be directly calculated from the PSF. However, the PSF
cannot always be calculated from the LSF. This is because the PSF contains information about
the spatial resolution in all directions, while the LSF is limited to only one specific direction. A
system has only one PSF, but an infinite number of LSFs, one for each angle. For example,
(c) ABTOKC, Canxr-IlerepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru
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imagine a system that has an oblong PSF. This makes the spatial resolution different in the verti-
cal and horizontal directions, resulting in the LSF being different in these directions. Measuring
the LSF at a single angle does not provide enough information to calculate the complete PSF ex-
cept in the special instance where the PSF is circularly symmetric.

Kaxk nmokazano B atom npumepe, ADC(LSF) moxer ObITh HemocpencTBeHHO paccuntan oT OPT.
Opnnaxo, ®PT ue moxer Bcerna BerauciaThes oT ADC(LSF). 910 - To, motomy uro @PT co-
JePKUT MHPOPMALMIO OTHOCUTENBHO MPOCTPAHCTBEHHOM pa3pelaromiell CriocOOHOCTH BO gcex
Hanpasnenusx, B To BpeMs kak ADC(LSF) orpanuueH TOIbKO OJHUM CHeUU()UIECKUM HaIpaB-
nenreM. Cuctema nmeet Tostbko oaquH OPT, Ho 6eckoneunoe uncino ADC(LSF), oqun s kax-
noro yria. Hanpumep, BooOpasute cucremy, kotopast umeer npojoirosarsiii ®PT. Oto nenaer
IIPOCTPAHCTBEHHYIO Pa3pEIlAIONIyI0 CIIOCOOHOCTh OTIIMYHOM B BEPTUKAIbHBIX M T'OPU30HTAJIb-
HBIX HampaBieHusx, npuBojs k ADC(LSF), spusromemMycss OTIUYHBIM B 3THX HaIpPaBICHUSAX.
N3mepenne ADC(LSF) moa eAMHCTBEHHBIM YIJIOM HE 00€CIeYnBaeT JOCTATOYHO WHPOPMAIIHNH,
9T00bI BEIUUCIUTH NOJHBIN OPT kpome B crienmansHoM obpasie, rae OPT nupkynsapHbiil cum-
METpPUYEH.

FIGURE 25-5

Relationship between the PSF and LSF. A pillbox

PSF is shown in (a). Any row or column through

the white center will be a rectangular pulse. Figure

(b) shows the corresponding LSF, equivalent to an 5 pgint Spread Function
integrated profile of the PSF. That is, the LSF is

found by sweeping across the image in some direc-

tion and adding (integrating) the pixel values along

each ray. In the direction shown, this is done by

adding all the pixels in each column.

PUCYHOK 25-5

Otnomenust mexny OPT u ADPC(LSF). Pillbox
@®PT mnokaseBaercst B (a). Jlrobas crpoka wim
crosiber yepe3 Oenblil LEHTp OyAyT HPSMOYIOJIb-
HBIH uMIyibe. PucyHok (b) mokasbIBaeT COOTBET-
creytommii ADC(LSF), sKkBUBaNeHT HHTErpUPO-
BanHOU koHOurypammu OPT. To ecte ADC(LSF)
HaliieH, TepeMeIasch Mmornepek n300paKeHns B HEKOTOPOM HallpaBIICHUH W IPHOaBIsis (MHTErPUPOBAHNE) 3HAYC-
HHUH{ MHUKCeNa 1Mo KaKAOMY JIydy. B IokazaHHOM HallpaBlIeHHH, 9TO CAENIAHO, NPUOABISA BCE NMUKCENBl B KaXKIOM
cronbue.

b, "Integrated” profile of
the PSF (the L5F)

Multiple LSF measurements at various angles make it possible to calculate a non-circular PSF;
however, the mathematics is quite involved and usually not worth the effort. In fact, the problem
of calculating the PSF from a number of LSF measurements is exactly the same problem faced in
computed tomography, discussed later in this chapter.

MmuoxectBeHHble pazmepbi(uzmepenusi) ADOC(LSF) mox pa3anyHbIMU yTiaMH J€71ai0T BO3MOX-
HBIM BBIUUCIUTH HEe-KpyroBoi(He-nukandeckuii) ®PT; oqnako, MmaTemaTHka BeChMa BOBJICUCHA
u 00blyHO He crosimas ycunuil. dakrtudecku, npobiema BbruucieHuss OPT ot pspa pasme-
poB(u3mepenuii) ADOC(LSF) - Touno ta xe camas mpoOiema, rnepes; KOTOPOH CTOSIT B KOMAIbIO-
mepHou momocpaguu, 00Cy ICHHAs MTO3KE B ITOU IIIaBe.

As a practical matter, the LSF and the PSF are not dramatically different for most imaging sys-
tems, and it is very common to see one used as an approximation for the other. This is even more
justifiable considering that there are two common cases where they are identical: the rectangular
PSF has a rectangular LSF (with the same widths), and the Gaussian PSF has a Gaussian LSF
(with the same standard deviations).
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Kak mpaktuueckuit Bonpoc, ADC(LSF) u ®PT He npamMaTH4YHO OTIMYHBI JUIsl OOJBITMHCTBA
CHCTEM OTOOpaXeHHUs, U OU€Hb OOBIYHO BHICTH TOT, MCIIOJIb3YEMBIH KaK alMpOKCHUMAIUS IS
apyroro. 9to - aaxe Oosiee Moryiiee ObITh ONpaBJaHHBIM PACCMOTPEHHE, YTO MMEIOTCS J1Ba
00Mmux(0ObIYHBIX) CITydasi, [ OHU MJIECHTUYHBI: NpsAMoyroabHblii @PT uMeeT npsamMoyroapHbIi
A®DC(LSF) (¢ Temu xe cambimMu pazmepamu), u ['ayccuan @PT umeet 'ayccman ADC(LSF) (¢
TEMH K€ CaMbIMU CPEAHEKBAIPATUYHBIMU OTKIIOHEHUSIMH).

These concepts can be summarized into two skills: how to evaluate a resolution specification
presented to you, and how to measure a resolution specification of your own. Suppose you come
across an advertisement stating: "This system will resolve 40 line pairs per millimeter." You
should interpret this to mean: "A sinusoid of 40 Ip/mm will have its amplitude reduced to 3%-
10% of its true value, and will be just barely visible in the image." You should also do the mental
calculation that 40 Ip/mm @ 10% contrast is equal to a 10%-90% edge response of 1/(40 Ip/mm)
= 0.025 mm. If the MTF specification is for a 3% contrast level, the edge response will be about
1.5 to 2 times wider.

OTH KOHIENIMH MOTYT OBbITh TMOJXy4eHbl B MTOr€ B JIBYX HAaBBIKOB: KaK OyeHu-
8amb(8vlpadxcamvyucienio) CUeM(PUKALNIO pa3pelIaomeil CrocoOHOCTH, MPEACTABICHHYIO
Bawm, u kak uzmepums crienmpuKamio pa3penraronieii cnocoOHOCTH Bail coOcTBeHHbBIN. [Ipen-
II0JIOKKM, 4TO BBl BcTpeTuTe pekiamy, 3adBisonlyto: "JTta cucreMa paspemaet 40 nap cTpok
Ha MIUTAMETP." BBl TOHKHBI HHTEPIPETUPOBATH 3TO, YTOOBI 03HaYaTh: " cuHyconma 40 Ip/mm
OyIeT UMETh ee aMILTUTY Ty TipuBeneHHOM K 3 % - 10 % ee ucTuHHOTO 3HAYCHHUS, U OyJET TOJb-
KO TOJIbKO BHJIMMa B M300pakeHUU. " Bbl TOMKHBI TakKe Je1aTh YMCTBEHHOE BBIYUCICHUE, YTO
40 Ip/mm @ xontpact 10 % paser 10% - 90 % otBera kpas u3 1/(40 lp/mm) = 0.025 mm. Ecnu
cnenudukanus GIIM(MTF) - nns ypoBHs koHTpacToB 3%, OTBET Kpast Oy1eT NpUOIU3UTEIHHO
ot 1.5 - 2 paza 6oee MUPOKUM.

When you measure the spatial resolution of an imaging system, the steps are carried out in re-
verse. Place a sharp edge in the image, and measure the resulting edge response. The 10%-90%
distance of this curve is the best single parameter measurement of the system's resolution. To
keep your boss and the marketing people happy, take the first difference of the edge response to
find the LSF, and then use the FFT to find the MTF.

Korma Bel uzmepsieTe mpocTpaHCTBEHHYIO pa3pelialonlyo CIOCOOHOCTh CHCTEMBI OTOOpaKeHUS,
IIard BBITIOJIHEHBI B 0OpaTHOM mopsiike. PazMmecture pe3kuii kpail B M300pakeHHE, U U3MEPhTE
3aKaHuyuBawomuiics orBeT kpas. Paccrosaue 10% - 90% 310l KpUBOH - Jiydlllee €IUHCTBEHHOE
U3MepeHHe mapaMerpa paspelaronieii cnocooHocTu cucteMbl. YTOOBI COXpaHAThH Ballero 6occa
U CUACTJIUBBIX JIOJICH MapKeTHHTra, OepHUTe NEepPBYIO PAa3HOCTh OTBETa Kpas, YTOOBI HAWTH
A®DC(LSF), u 3atem ucnonp3yiite bIID, uro6sr Haiitn PIIM(MTF).

Sample Spacing and Sampling Aperture
Br16opouHoe nmpocTpancTBO U Anieprypa Boioopku

Figure 25-6 shows two extreme examples of sampling, which we will call a perfect detector and
a blurry detector. Imagine (a) being the surface of an imaging detector, such as a CCD. Light
striking anywhere inside one of the square pixels will contribute only to that pixel value, and no
others. This is shown in the figure by the black sampling aperture exactly filling one of the
square pixels. This is an optimal situation for an image detector, because al/ of the light is de-
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tected, and there is no overlap or crosstalk between adjacent pixels. In other words, the sampling
aperture is exactly equal to the sample spacing.

Ha pucynke 25-6 moka3aHbl JiBa MpuMepa KPUTHUYECKOTO OCYIIECTBIICHUS BBIOOPKH, KOTOPHIC
MBI HA30BEM COBePIIEHHbIN JaTYNK U PACILIBIBUATHIN AaT4uK. BooOpa3ute (a), SABISIONIHIA-
Csl TIOBEPXHOCTHIO naTumnka otobopaxkenwus, tuna (I13C,CCD). UnaukaTop, HaXUMAIOIMWNA T/Ie-
HUOYJb BHYTPH OJTHOTO M3 KBAJIPATHBIX MTUKCEIOB OyAET CONECHCTBOBATH(BHOCUTH BKIIA[) MOJlb-
KO TOMY 3HAY€HHIO MTUKCeNa, U HEe IPYTUM. DTOMY MOKa3bIBalOT B PUCYHKE Y€pPHOU BHIOOPOYHON
anepTypoi, TOYHO 3aMOTHSIONICH OJUH U3 KBAJAPATHBIX MUKCEIOB. JTO - ONTUMAIBHOE MOJI0KE-
Hue(CUTyaIus) Juisl JaT9uKa U300pakeHHsl, TOTOMY UTO 8eCb UHIUKATOP OOHAPYXKEH, U He UMe-
€TCSl HUKAKOTO TIEPEKPBITUS WU MEPEKPECTHOM CBSA3H MEXIy CMEKHBIMU MUKcenamu. Jpyrumu
CJIOBaMH, BRIOOpOYHAs anepTypa TOUHO paBHA BEIOOPOUHOMY MPOCTPAHCTBY.

The alternative example is portrayed in (). The sampling aperture is considerably larger than the
sample spacing, and it follows a Gaussian distribution. In other words, each pixel in the detector
receives a contribution from light striking the detector in a region around the pixel. This should
sound familiar, because it is the output side viewpoint of convolution. From the corresponding
input side viewpoint, a narrow beam of light striking the detector would contribute to the value
of several neighboring pixels, also according to the Gaussian distribution.

AnbTepHaTUBHBIN IpuMep n3o0paxaercs B (€). BeiOopouHas aneprypa 3HAUMTENBHO OOJbIIAs
4eM BBIOOPOYHOE MPOCTPAHCTBO, M ITO clenayeT 3a ['ayccmanoM. Jlpyrumu cioBamu, Kaxabld
MIUKCEJ B JaTYUKE TOJIyYaeT COACHCTBHE(BKIIAA) OT MHIMKATOPA, HAXKUMAIOIIETO JaTYhK B 00-
JaCTH BOKPYT IMKCENA. ITO JOJDKHO 3By4aTh 3HAKOMBIM, IIOTOMY 4YTO 3TO - TOYKA 3PEHMS CTO-
POHBI BbIX0OJ]a CBEPTKU. OT COOTBETCTBYIOIEH BXOJHON MOOOYHON TOUKU 3PEHUs, Y3KUIl CBETO-
BOI MyYOK, HAKUMAIOIIUI JaTYMK CIIOCOOCTBOBAJ Obl 3HAUEHUIO HECKOJIBKUX COCEAHUX MUKCE-
JI0B, TaKXke coryiacHo ['ayccuany.

Now turn your attention to the edge responses of the two examples. The markers in each graph
indicate the actual pixel values you would find in an image, while the connecting lines show the
underlying curve that is being sampled. An important concept is that the shape of this underlying
curve is determined only by the sampling aperture. This means that the resolution in the final
image can be limited in two ways. First, the underlying curve may have poor resolution, result-
ing from the sampling aperture being too large. Second, the sample spacing may be too large,
resulting in small details being lost between the samples. Two edge response curves are pre-
sented for each example, illustrating that the actual samples can fall anywhere along the underly-
ing curve. In other words, the edge being imaged may be sitting exactly upon a pixel, or be
straddling two pixels. Notice that the perfect detector has zero or one sample on the rising part of
the edge. Likewise, the blurry detector has three to four samples on the rising part of the edge.

Teneps mepexTOYNTE Ballle BHUMaHHWE K OTBETaM Kpas M3 3TUX JBYX MPUMEPOB. Mapkepsl B
Kol auarpammMe(rpaduke) ykasbplBarOT (haKTHUYECKHE 3HAUCHUsS MHKCeIa, KOTophie Bhl Ha-
U Obl B U300paKeHUH, B TO BpeMsl KaK COCUHUTENbHBIC JIMHUU TIOKA3bIBAIOT OCHOBHYIO KPU-
8y10, KOTOpasi MPOU3BOIUTH BEIOOP. BaykHast KOHIENIHS - TO, 9YTO (popMa 3TOM OCHOBHOM KPHUBOM
oTpesieNieHa MOIbKO 8b100POYHOL anepmypoti. ITO 03HAYAET, YTO pa3pelaromnias ClocCOOHOCTh B
KOHEYHOM H300pakeHUH MOKET ObITh OrpaHMuYeHa ABYMs criocobamu. Bo mepBbIX, OCHOBHas
KpHUBasi MOXXET UMETh IJIOXYI0 Pa3pelIarolyto ClioCOOHOCTh, CIeAys U3 BBIOOPOUHOM amepTyphl,
SBJISIOLLEHCS CIIMIIKOM OoJblIoi. Bo BTOPBIX, BHIOOPOUYHOE MPOCTPAHCTBO MOKET OBITH CIUII-
KOM 0O0JIbIIIOE, TPUBO/S K MAJIEHBKUM MOJIPOOHOCTAM, IOTEPSHHBIM MEXIy BbIOOpKamu. [IBe
KpUBOI OTBeTa Kpasi MpeACTaBICHBI AJIs KaXA0ro ImpuMepa, WUIIOCTPUPYS, UYTO (pakTHueckue
BBIOOPKHM MOTYT MajaTh Te-HUOYAb M0 OCHOBHOW KpuBOMl. [pyrumu cioBamu, oToOpaxkaeMblit
Kpail MOKET HaXxOJUThCSI TOYHO Ha MHUKCENE, UK KoyieOaTbess MEeXKIy NByMs nukcenamu. O0pa-
(c) ABTOKC, Cankr-IletepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru
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TUTE BHUMaHUE, YTO COBEPILICHHBINA JaTYNK UMEET H)Jib WIH 00HY BHIOOPKY HA TOBBIIIAIOIICHCS
YacTU Kpas. AHAJIOTHMYHO, PACIUIBIBUATHIM JATYUK UMEET mpu - yemvlpe BBHIOOPKH Ha TIOBBI-
LIAFOILIECICS YaCTH Kpasi.
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Example 1: Perfect detector

Column
0 1 2 3 4 5 & 7 & 0
[ T T T T T 1

— a. Sampling grid with
square aperture

LA da Ld kd =

Fony

; -

LoD 1 1 [ 1 1 1
b. Edge response |
35
ESH
g
&=
a5

o1 2 3 4 % & 7T & 9 101
Pixel number

12

1 1 1 1 | 1
c. kRdge response
73 A BB Em mm mm mm |
o
E
- 50
75 1
=B
25
(4]

o 2 3 4 5 6 7T 8 9 1011
Pixel number

12

d. MTF

Amplitude

0.0

il .1 0.2 0.3 0.4
Spatial Frequency

0.3

Example 2: Blurry detector

Column

n 2 3 4 5 & 7T K 9
[ T T T T T 1

— . Sampling grid with
Giaussian apermre

et B —

N

R

’ .

1063

f. Edge response

-l
A

:

u

Pixel value

o1 2 3 4 5 & 7 FB 9 1011 12
Pixel number

L [ S . ——
g. Edge response

Atk

Pizce] value

o1 2 3 4 5 & 7 KB 9 101l 12
Pixel number

Amplitude

B,

\1\\‘
| ———
0 1 0z 0,3 0.4 3
Spatial Frequency

0.0

Pucynox 25-6.
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What is limiting the resolution in these two systems? The answer is provided by the sampling
theorem. As discussed in Chapter 3, sampling captures all frequency components below one-half
of the sampling rate, while higher frequencies are lost due to aliasing. Now look at the MTF
curve in (h). The sampling aperture of the blurry detector has removed all frequencies greater
than one-half the sampling rate; therefore, nothing is lost during sampling. This means that the
resolution of this system is completely limited by the sampling aperture, and not the sample
spacing. Put another way, the sampling aperture has acted as an antialias filter, allowing lossless
sampling to take place.

UTto orpaHMYMBAET pa3pemIaroIly0 ClIOCOOHOCTh 3TH JiBe CUCTEMbI? OTBET 00€CIIeUYnBaACTCS 8bi-
bopounou meopemoti. Kak 00Cy>kaeHO B TiaBe 3, MPOU3BOs BHIOOp COOPOB JaHHBIX BCE Yac-
TOTHBIE KOMIIOHEHThI HUKE ITOJIOBUHBI YaCTOThI BEIOOPKHU, B TO BpeMs Kak 0oJiee BHICOKHE yac-
TOTBI MOTEPSIHBI M3-32 HAJOXKEHUs CHeKTpoB. Teneps cmoTpute Ha KpuByto GIIM(MTF) B (h).
Bri0opouHas anepTypa pacIuibIB4aTOro JaTyuKa yJajluia BCe YacTOThl OOJIbIINE, YEM MTOJIOBHHA
Y4acTOThI BBIOOPKH; MTOITOMY, HUumMO HE TIOTEPSHO B TEUCHHE OCYLIECTBICHUS BHIOOPKH. DTO 03-
HAyaeT, YTO pa3pellaroniasi CiocoOHOCTh ATOM CHCTEMBI MOJHOCThIO OTPAHWYEHA BHIOOPOUHON
amnepTypoM, a He BBIOOPOYHBIM MPOCTPAaHCTBOM. M3maras apyroil myTh, BEIOOpOUYHAs amepTypa
JeicTBOBaNl Kak QUIBTP AJIs yCTpaHEHHs 3P PeKTa HaI0XKEHUS CIIEKTPOB, IMO3BOJISAS OCYILECTB-
JIeHHe BBIOOPKH 0€3 IOTEph UMETh MECTO.

In comparison, the MTF curve in (d) shows that hoth processes are limiting the resolution of this
system. The high-frequency fall-off of the MTF curve represents information lost due to the
sampling aperture. Since the MTF curve has not dropped to zero before a frequency of 0.5, there
is also information lost during sampling, a result of the finite sample spacing. Which is limiting
the resolution more? It is difficult to answer this question with a number, since they degrade the
image in different ways. Suffice it to say that the resolution in the perfect detector (example 1) is
mostly limited by the sample spacing.

Jns cpaBaenus, kpuasi PIIM(MTF) B (d) mokasbiBaeT, 4To 06a mpolecca OrpaHHIUBAIOT pas-
pemaronyo crmocoOHOCTh 3TOM cucTeMbl. BricokouacToTHbIl cran kpuoir GIIM(MTF) npen-
CTaBIISIET MOTEPIO UH(POPMAIIMHU, U3-32a 8bi00pouHol anepmypol. Tak kak kpusag PIIM(MTF) ne
OITyCTHJIACh 10 HyJIA mepen yactoToi 0.5, umeercs Takxke HHGoOpMalus, MOTEpsSHHAS B TEUCHUE
OCYILECTBIICHUS BEIOOPKHU, PE3YyJIbTAT KOHEUHOTO 86100p0UH020 npocmpancmea. UTo orpaHndu-
BaeT pa3pelIaollyo cocoOHOCTh Ooblie? TpyaIHO OTBETUTH Ha 3TOT BOMPOC C HOMEPOM, TaK
KaK OHM yXyJIIal0TCs U300paKeHHE Pa3InYHbIMH CrlocobaMu. Y OBIETBOPUTE 3TO, YTOOBI Io-
BOPHTH, YTO pa3peliaroinias CriocOOHOCTh B COBEPIICHHOM JaT4yuke (mpumep 1) rimaBHBIM o0pa-
30M OrpaHHYeHa BEIOOPOUYHBIM IPOCTPAHCTBOM.

While these concepts may seem difficult, they reduce to a very simple rule for practical usage.
Consider a system with some 10%-90% edge response distance, for example 1 mm. If the sample
spacing is greater than 1 mm (there is less than one sample along the edge), the system will be
limited by the sample spacing. If the sample spacing is less than 0.33 mm (there are more than 3
samples along the edge), the resolution will be limited by the sampling aperture. When a system
has 1-3 samples per edge, it will be limited by both factors.

B To Bpems kak 3TH KOHLENIMHM MOTYT Ka3aTbCsl TPYAHBIMH, OHU MPUBOIAT K OYEHb IIPOCTOMY
NpaBWIy Ui MPAKTHUECKOTO MCIOJIb30BaHMs. PaccMOTpUTe cHCTEMY € pacCTOSHUEM OTBETa
kpas npubnuzutensio 10% - 90 %, nanpumep 1 mm. Ecnu BeIOOpoUYHOE TMPOCTPAHCTBO OO0JIb-
miee yeM 1| mm (MMEIOTCS MEHbIIE YeM OJlHa BBIOOpKa MO Kparo), cucTema OyJeT orpaHuyeHa
8b100pouHbLIM npocmparcmeom. Ecim BBIOOpOYHOE MTPOCTPaHCTBO - MeHbIe 4yeM (.33 mm (ume-
10Tcs Oonbiie 4eM 3 BBIOOPKH MO Kparo), pas3pemiaromias CHOCOOHOCTh OyIeT orpaHHuYeHa
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gvibopounou anepmypoti. Korna cucrema umeer 1-3 BBIOOPKH B Kpai, 3T0 OyAeT OrpaHUYCHO
oboumu (pakTopamm

Signal-to-Noise Ratio
OTHOLIEHHE CUTHAJI-LIYM

An object is visible in an image because it has a different brightness than its surroundings. That
is, the contrast of the object (i.e., the signal) must overcome the image noise. This can be broken
into two classes: limitations of the eye, and limitations of the data.

OOBeKT BUANM B M300paKEHUU, TOTOMY YTO 3TO MMEET PA3IUYHYIO SIPKOCTh, YEM €€ OKPEecT-
HOCTh. TO €cTh KOHTpacT 00beKTa, (TO €CTh, CHTHAN) JOKEH MPEOJOJIETh IIIyM U300paKCHHUS.
DT0 MOXKET B IBYX KJlaccaxX: OTpaHUYEHUs TJ1a3a, U OTpaHUYCHHUE JaHHbBIX.

Figure 25-7 illustrates an experiment to measure the eye's ability to detect weak signals. Depend-
ing on the observation conditions, the human eye can detect a minimum contrast of 0.5% to 5%.
In other words, humans can distinguish about 20 to 200 shades of gray between the blackest
black and the whitest white. The exact number depends on a variety of factors, such as the
brightness of the ambient lightning, the distance between the two regions being compared, and
how the grayscale image is formed (video monitor, photograph, halftone, etc.).

Pucynok 25-7 wiumiocTpupyeT SKCIEpUMEHT, YTOOBI U3MEPUTH CITIOCOOHOCTH TJia3a OOHAPYKUTh
ciabble curHaiael. B 3aBucHMOCTH OT ycinoBHMH HaOMIOACHUS, YEIOBEYECKUN I71a3 MOKET OOHa-
py’kuBaTh MUHUMaJbHBIA KOHTpacT 0.5 % - 5 %. [Ipyrumu cioBamu, J0AM MOTYT pa3iudaTth
npubauzutensHo oT 20 10 200 OTTEHKOB MOJYTOHA MEXIY CaMbIM YEpHBIM-UEPHBIM U CaMbIM
OenpiM-0enbiM. TOYHBI HOMEp 3aBHCHT OT psiia (DaKTOpPOB, THUNA SIPKOCTH OKPYIKAIOIIEH MOJI-
HHUM, PAaCCTOSIHUE MEXIy 3THMH JABYMs CPaBHHBAEMbIMU O0JACTAMH, U KaK MOJyTOHOBOE H30-
OpaxeHnue chopmupoBaHO (BUACOMOHMUTOP, (hoTOrpadus, MosyTOH (MOITYTOHOBAs PENPOIYK-
Ust), ¥ T.11.). _
Contrast

50%  40%  30%  20%  10% 8%

(T rIriririnerr

FIGURE 25-7

Contrast detection. The human eye can detect a minimum contrast of about 0.5 to 5%, depending on the observation
conditions. 100% contrast is the difference between pure black and pure white.

PUCYHOK 25-7

OGHapyKeHHe KOHTpAcTa. UeoBeUEeCKHii I71a3 MOXKET OOHAPY)KUBATH MUHUMAIIBHBIH KOHTPACT NPHOIU3UTENBHO OT
0.5 o 5 %, B 3aBUcHMOcCTH OT ycnoBuii HaOmoxaeHus. Konrpact 100 % - pa3HOCTh MEXAy YUCTO YEPHBIM U YHUCTO
OeIBIM.

Lh
b=

3% 1%

The grayscale transform of Chapter 23 can be used to boost the contrast of a selected range of
pixel values, providing a valuable tool in overcoming the limitations of the human eye. The con-
trast at one brightness level is increased, at the cost of reducing the contrast at another brightness
level. However, this only works when the contrast of the object is not lost in random image
noise. This is a more serious situation; the signal does not contain enough information to reveal
the object, regardless of the performance of the eye.
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[TonmyToHoBas TpaHchopmaHTa IJIaBbl 23 MOXET HCIOIb30BaThCs, YTOOBI YBETUYNUTh KOHTPACT
0TOOpaHHOTO JTMara3oHa 3HAYCeHUH MHUKcesa, 00ecreunBasi IICHHbI HHCTPYMEHT B TIPEOI0JICHUN
OrpaHUYEHUI YyeroBedeckoro rinaza. KoHrpact Ha 0JHOM ypOBHE SIPKOCTH yBEJIMYEH, [IEHOH CO-
KpaleHusi KOHTPAcTa Ha JIPYroM ypoBHE sipkocTH. OHAKO, STH €JMHCTBEHHBIE paOOTHI, KOT/Ia
KOHTpacT 00bEeKTa He MOTEePSH B CIIy4alHOM LIyMe n300paskeHust. DTo - OoJiee cepbe3HOe MOJI0-
JKeHUe(CUTYyaIus ); cueHa1 He COJIEPXKHUT JTOCTaTOYHO WH(OpMaIuu, 4ToObI TOKa3aTh 0OBEKT, He-
3aBUCUMO OT 3((HEKTUBHOCTH IJ1a3a.

Figure 25-8 shows an image with three squares having contrasts of 5%, 10%, and 20%. The
background contains normally distributed random noise with a standard deviation of about 10%
contrast. The SNR is defined as the contrast divided by the standard deviation of the noise, re-
sulting in the three squares having SNRs of 0.5, 1.0 and 2.0. In general, trouble begins when the
SNR falls below about 1.0.

Pucynok 25-8 moxa3piBaeT nM300pakeHHE C TpeMs KBaJgpaTaMH, UMEIOIIMMHU KOHTpacThl 5%,
10%, u 20%. ®oH conepKUT, OOBIYHO pacHpeleNsil ClydalHbIM IIyM CO CPeIHEKBAAPATUYHBIM
OTKJIOHEHHeM npubim3utenbHo KoHTpacT 10%. SNR ompeneneHn kak KOHTPAcCT, pa3/ieleHHBINA
CPEIHEKBAIpaTUYHBIM OTKJIOHEHUEM IITyMa, MPUBOAS K TpeM KBajpaTtam, umeromuM SNRs 0.5,
1.0 u 2.0. BooOr1ie, HempusITHOCTh HaunHaeTcs, koraa SNR magaet amke npubmusurensHo 1.0.

Pixel value

Paxal value

Pixal value

Column number

FIGURE 25-8

Minimum detectable SNR. An object is visible in an image only if its contrast is large enough to overcome the ran-
dom image noise. In this example, the three squares have SNRs of 2.0, 1.0 and 0.5 (where the SNR is defined as the
contrast of the object divided by the standard deviation of the noise).

PUCYHOK 25-8

MunumasbHblli 00Hapy)uBaemblii SNR. OObeKT BUIUM B W300paKEHHH TOJIBKO, €CIHM €r0 KOHTPACT JOCTaTOYHO
601pII0H, YTOOBI PEOJOTIETh CIyYalHbIN MIyM n300paxenus. B atom mpumepe, Tpu kBaapaTta umeror SNRS 2.0,
1.0 m 0.5 (rme SNR omnpenenen kak KOHTPAcT 00BEKTa, pa3AeJICHHOTO CPETHEKBAIPATUIHBIM OTKIIOHEHHEM [IyMa).
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The exact value for the minimum detectable SNR depends on the size of the object; the larger the
object, the easier it is to detect. To understand this, imagine smoothing the image in Fig. 25-8
with a 3x3 square filter kernel. This leaves the contrast the same, but reduces the noise by a fac-
tor of three (i.e., the square root of the number of pixels in the kernel). Since the SNR is tripled,
lower contrast objects can be seen. To see fainter objects, the filter kernel can be made even lar-
ger. For example, a 5x5 kernel improves the SNR by a factor of . This strategy can be continued
until the filter kernel is equal to the ¥27 - 7 size of the object being detected. This means the abil-
ity to detect an object is proportional to the square-root of its area. If an object's diameter is dou-
bled, it can be detected in twice as much noise.

TouHoe 3HaueHHE AJIT MUHMMalbHOro oOHapykuBaemMoro SNR 3aBUCHT OT pa3mepa O0OBEKTa;
4yeM O0JbIINKA 00BEKT, TeM MPOIIE €ro JOMKHO ObITh 0OHAPYXUTh. UTOOBI MOHUMATH 3TO, BOOO-
pasuTe criakuBaTh M300pakeHue B puc. 25-8 ¢, kBaapaToM sapa ¢uibTpa 3x3. DT0 OCTaBIIsIeT
KOHTpAacT TE€M € CaMbIM, HO MPUBOJIUT IIYM KO3((UIMEHTOM TpH (TO €cTh, KBaJpaTHBIH KO-
peHb uncia nukcenoB B sape). Tak kak SNR yTpoeH, 3aTeM KOHTPAacTUPOBATh, OOBEKTHl MOTYT
ObITh 3aMeueHbl. UTOOBI BUIETH OoJiee ciadble 0OBEKTHI, AP0 (GUIbTPA MOXKET OBITH CIETAHO
naxe Gonbimm. Hampumep, sapo 5x5 ymyumaer SNR kosp¢uumentom ¥=° - 5. Dra crparerns
MOXET OBITh MTPOJIOJDKEHA, TIOKa /Ipo (UIBTPa HE paBHO pa3Mepy OOHApYKHUBAeMOTO OOBEKTA.
DTO 03HAYaeT, 4TO CIOCOOHOCTh OOHAPYKUBATh OOBEKT MPOIMOPIHOHAIBHA K KBAJPAaTHOMY
KOpHIO ero obnactu. Eciu nuamerp oObeKTa yIBOEH, OH MOXKET OBITh OOHApy’>KeH BO BJIIBOC
OoJbIIEM LIyME.

Visual processing in the brain behaves in much the same way, smoothing the viewed image with
various size filter kernels in an attempt to recognize low contrast objects. The three profiles in
Fig. 25-8 illustrate just how good humans are at detecting objects in noisy environments. Even
though the objects can hardly be identified in the profiles, they are obvious in the image. To
really appreciate the capabilities of the human visual system, try writing algorithms that operate
in this low SNR environment. You'll be humbled by what your brain can do, but your code can't!

Buszyanpnas 06paboTka B MO3ry BeAET ceOsl aHAJIOTHYHBIM CIIOCOOOM, CTIIaKHMBAaHUE MPOCMOT-
PEHHOE M300pakeHUE C Pa3IMYHBIMU pa3Mmepa spa (GuiabTpa B MONBITKE MPU3HATH HU3KO KOH-
TpacTHblE O0OBEKTHL. TpH KOHPUTYpaLMU B pUC. 25-8 WILTIOCTPUPYIOT TOJBKO, KaK XOPOLIHUE JII0-
I - TIpy 0OHApy>KeHUU 00BEKTOB B IIYMHBIX cpeax. Jlaxke mpu TOM, YTO OOBEKTHl MOTYT €/1Ba
OBITh MIEHTH()HUIMPOBAHBI B KOHOUTYpALIUAX, OHM OYEBHIHBI B M300pakeHHH. UTOOBI 1eiiCTBH-
TEJILHO OLIEHUBATh BO3MOYKHOCTH YeJIOBEUECKOW BU3YaJbHOM CHUCTEMBI, MPOOyiiTe mucaTh ajiro-
PUTMBI, KOTOpBIE ONEpHPYIOT B 3Toi HU3KOH SNR cpene. Brl Oynere yHIKEHBI TeM, YTO Balll
MO3T MOXET JeJIaTh, HO Balll KOJ HE MOXKeT!

Random image noise comes in two common forms. The first type, shown in Fig. 25-9a, has a
constant amplitude. In other words, dark and light regions in the image are equally noisy. In
comparison, (b) illustrates noise that increases with the signal level, resulting in the bright areas
being more noisy than the dark ones. Both sources of noise are present in most images, but one
or the other is usually dominant. For example, it is common for the noise to decrease as the sig-
nal level is decreased, until a plateau of constant amplitude noise is reached.

CrnyualiHplii 1IyM M300pa’ke€HUs CIIyTHUK B JIBYX OObIYHBIX ¢opMmax. [lepBblii THIl, mOKa3aHHBIN
B puc. 25-9a, uMeeT MOCTOSIHHYI0 aMILTUTYAy. J{pyruMu ciioBaMu, TEMHBIE U CBETJIbIe 00J1acTH B
M300pakeHNH OJIMHAKOBO IIyMHBIE. [t cpaBHeHUs, (b) HIUTIOCTPUPYET LIYyM, KOMOpbIll Yyeeu-
uueaemcs ¢ ypoeHem CucHaa, IPUBOJS K IPKUM 00JIacTsIM, SABJISIOIIMMCS OoJiee IyMHBIMH, YeEM
temHble. O0a MCTOYHHMKA IIyMa MPUCYTCTBYIOT B OOJBIIMHCTBE M300paKCHHUU, HO JTHMOO OJMH
aubo Apyroi - 0ObIYHO JOMUHHMPYT. Hampumep, 3T0 0OBIYHO IS LIIyMa, YTOObI YMEHBIIUTHCS,
(c) ABTOKC, Cankr-IletepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru
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IMMOCKOJIBKY YPOBCHbL CHUIHalla YMCHBIICH, IMOKa IUIATO MOCTOSHHOI'O aMINIMTYJHOI'O HIyMa HC
JAOCTUTHYTO.

a. Constant amplitude noise
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FIGURE 25-9

Image noise. Random noise in images takes two general forms. In (a), the amplitude of the noise remains constant as
the signal level changes. This is typical of electronic noise. In (b), the amplitude of the noise increases as the square-
root of the signal level. This type of noise originates from the detection of a small number of particles, such as light
photons, electrons, or x-rays.

PUCYHOK 25-9

Iym m3o6paskenns. Ciy4aiiHbli IyM B n3o0paxkeHusx Oeper nBe oOmux ¢opmel. B (a), ammiuryna mryma ocraer-
Csl MOCTOSIHHOM NMPU U3MEHEHHH YPOBHS CHIHANIA. DTO THIIMYHO VIS BJIEKTPOHHOro myMa. B (b), amminTyna myma
yBEJIHMYCHA KAaK KBaJpaTHBIA KOPEHb YPOBHS CHIHANA. DTOT THII IIyMa MPOUCXOIUT U3 OOHAPYKEHUS MACHBKOTO
YHCIIa YaCTHIL, TUIIA CBETOBBIX (DOTOHOB, 3JIEKTPOHOB, WIIK PEHTICHOB.

A common source of constant amplitude noise is the video preamplifier. All analog electronic
circuits produce noise. However, it does the most harm where the signal being amplified is at its
smallest, right at the CCD or other imaging sensor. Preamplifier noise originates from the ran-
dom motion of electrons in the transistors. This makes the noise level depend on how the elec-
tronics are designed, but not on the level of the signal being amplified. For example, a typical
CCD camera will have an SNR of about 300 to 1000 (40 to 60 dB), defined as the full scale sig-
nal level divided by the standard deviation of the constant amplitude noise.

OOBIUHBIN UCTOYHHK MMOCTOSTHHOTO aMILTUTYIHOTO IIyMa - npedycuiumens BUneo. Bee ananoro-
BbIE€ DJIEKTPOHHBIE CXEMbI TPOU3BOIAT IIyM. OHAKO, 3TO JenaeT OOIBIIMHCTBO Bpeaa, TIe yCU-
JMBAaEMbIH CUTHAJI B €ro caMblii ManeHbkuid, B npsmom [I3C(CCD), unu apyrom naTdyuke OTO-
Opaxenus. Llym npenycunuTens IpOUCXOAUT U3 CIY4YailHOTO JBMKEHUS JICKTPOHOB B TPAH3U-
CTOpax. JTO 3aCTaBUT YPOBEHb IOMEX 3aBUCETh OT TOTO, KaK JIEKTPOHHKA pa3paboTaHa, HO HE
Ha ypoBHe ycuimBaemoro curnana. Hampumep, tunuunas kamepa [I3C(CCD) Oyner umers SNR
npubm3uTeibHo oT 300 1o 1000 (ot 40 mo 60 dB), onpeneneHHBIN Kak MOJHBIA YPOBEHb Mac-
mrraa(IIKanel) CUTHANA, pa3/IeJeHHbIN CPEIHEKBAAPATUYHBIM OTKJIOHEHHEM MOCTOSHHOTO aM-
IUIUTYAHOTO IIyMa.
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Noise that increases with the signal level results when the image has been represented by a small
number of individual particles. For example, this might be the x-rays passing through a patient,
the light photons entering a camera, or the electrons in the well of a CCD. The mathematics gov-
erning these variations are called counting statistics or Poisson statistics. Suppose that the face
of a CCD is uniformly illuminated such that an average of 10,000 electrons are generated in each
well. By sheer chance, some wells will have more electrons, while some will have less. To be
more exact, the number of electrons will be normally distributed with a mean of 10,000, with
some standard deviation that describes how much variation there is from well-to-well. A key fea-
ture of Poisson statistics is that the standard deviation is equal to the square-root of the number
of individual particles. That is, if there are particles in each pixel, the mean is equal to N and the
standard deviation is equal to ¥*. This makes the signal-to-noise ratio equal to * V% or simply,
V. In equation form:

[ym, KOTOpBIN yBEIMUMBAETCS C pe3yibTaTaMd YPOBHS CHTHala Korja M300pa)xxeHHe ObuIo
MPEJICTABICHO MAaJeHhKOM YHCIIOM MHIWBHUIYalbHBIX 4acTHil. Hampumep, 3T0 MOrio Obl OBITH
PEHTTEHBI, MPOXOJAIINE Yepe3 MalUeHTa, cgemosvie )omomnsl, BXOIAIINE KaMmepy, WU JJeK-
mponul B kKapMmane(noreHuuansHoil sime) [13C(CCD). MartemaTtuka, ynpasisionias 3TUMUA Ba-
pUanusiMM Ha3bIBaeTcs, craTucTUKOM cyera miau Cratucrukoii Ilyaccona. Ilpennonoxum,
gyto nuno [13C(CCD) paBHOMEpHO OCBEIICHO Tak, 4To cpeaHee unciao 10000 arekTpoHOB cre-
HEpPHUPOBAHO B KaXKJIOM KapMaHe. SIBHBIM IIaHCOM, HEKOTOpbIe KapMaHbl OyAyT UMETh OOJbIlee
KOJINYECTBO JIEKTPOHOB, B TO BPeMs KaK HEKOTOpble OyayT UMeTh MeHbIe. YToOb! ObITH O0ee
TOYHBIM, YUCJIO 3JIEKTPOHOB OyAeT 0ObIYHO pacmpenensitbes co cpeaaum 10000, ¢ HeKoTophIM
CpEIHEKBAIPATUYHBIM OTKIOHEHUEM, KOTOPOE OIUCHIBAET, CKOJIBKO BapUAITUH TaM - OT

CKOJIbKO Bapuaiuii Tam - "oT kapMaHa K kapmany'. [ maBHas ocobenHocts Ctatuctuku Ilyacco-
Ha - TO, YTO CPEHEKBAIPATUYHOE OTKJIOHEHHE SIBJISAETCS PABHBIM KBAJAPAaTHOMY KOPHIO YMCIIA
MHAVBUAYAIbHBIX YacTULl. TO €CTh €CIM UMEIOTCS YaCTHUIbl B Ka)KJIOM ITUKCEJIE, CPETHEE PABHO
N, ¥ cpelHEKBaPaTHYHOE OTKIOHEHHE PaBHO . DTO 3aCTABMT OTHOIIEHUE CUTHAJ-LIYM paB-
mstbest, VW wm mpocro, ¥ . B Gopme ypaBHeHus:

EQUATION 25-1

Poisson statistics. In a Poisson distributed signal, the mean, p, is the average number of individ- U = N
ual particles, N. The standard deviation, o, is equal to the square-root of the average number of

individual particles. The signal-to-noise ratio (SNR) is the mean divided by the standard devia- -
tion. ag = A
YPABHEHUE 25-1

Craructuka Ilyaccona. B pacnpenenenun curnana [lyaccona, cpensee, |, - CpeiHee YUCIIO UH-

JIMBHAYaNbHBIX YacTHlLl, o. CpefHEeKBaJpaTHIHOE OTKIOHEHHE, 0, ABISETCA PaBHBIM KBajgpaTtHo- SAR = ﬁ
MY KOPHIO CPEIHEro 4ucia WHIUBUAYyanbHbIX YacTul. OTHolueHue curHan-umym (SNR) - cpen-

Hee, pa3/IeJIeHHOE CPEIHEKBAIPATHYHBIM OTKJIOHEHHEM.
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In the CCD example, the standard deviation is ¥ - 100 T jkewise the signal-to-noise ratio is
also 1100 Tf the average number of electrons per well is increased to one million, both
the standard deviation and the SNR increase to 1,000. That is, the noise becomes larger as the
signal becomes larger, as shown in Fig. 25-9b. However, the signal is becoming larger faster
than the noise, resulting in an overall improvement in the SNR. Don't be confused into thinking
that a lower signal will provide less noise and therefore better information. Remember, your goal
is not to reduce the noise, but to extract a signal from the noise. This makes the SNR the key pa-
rameter.

B npumepe I13C(CCD), cpeanexBaapatuanoe oTkinonenue ¥ -~ 100 Agagornano oTHOMIE-
HHUE cUTHAJ-myM Taroke ¥ ' - 100 By cpeqnree 4mceio ameKTpoHOB B KapMaHe YBEIHUYEHO K
OIHOMY MWIIMOHY, U cpenHekBaapaTuuHoe oTkioHeHue nu SNR ysennuarcsa x 1000. To ects
IIyM CTAaHOBUTCS OOJIBIIE, TIOCKOJIbKY CUTHAJ CTAHOBUTCS OOJIbIIE, KaK TIOKa3aHo B puc. 25-9b.
OpHako, CUTHaJI CTaHOBUTCS OoJibllie ObICTpEe, YeM IIyM, MPUBOJA K MOJHOMY YTOUHEHHIO B
SNR. He OyapTe nepenyTanbl B pa3MbIIUICHUE, YTO 00Jiee HU3KHUM CUTHAI 00€CTIEUUT MEHBIIIEE
KOJIMYECTBO IIyMa M Mo3TOoMY Iyuiieil napopmanueid. [lomHuTe, Bamia 1enb He COCTOUT B TOM,
4yTOOBI MPUBECTH IIIYM, a U3BJIEKATh CUTHAI U3 mymMa. J1o aenaeT SNR kiIroueBbIM mapamMeTpoM.

Many imaging systems operate by converting one particle type to another. For example, consider
what happens in a medical x-ray imaging system. Within an x-ray tube, electrons strike a metal
target, producing x-rays. After passing through the patient, the x-rays strike a vacuum tube detec-
tor known as an image intensifier. Here the x-rays are subsequently converted into /ight photons,
then electrons, and then back to light photons. These light photons enter the camera where they
are converted into electrons in the well of a CCD. In each of these intermediate forms, the image
is represented by a finite number of particles, resulting in added noise as dictated by Eq. 25-1.
The final SNR reflects the combined noise of all/ stages; however, one stage is usually dominant.
This is the stage with the worst SNR because it has the fewest particles. This limiting stage is
called the quantum sink.

MHoTr0 cucTeEM O0TOOpaKEHHUS ONEPHUPYIOT, MPEeoOpa30BbIBas OJWH THI YaCTUIBI B npyroi. Ha-
pUMep, PACCMOTPUTE TO, YTO CIY4YAETCS B METUIIMHCKOW CHCTeMe OTOOpa)KeHUs peHTreHa. B
npenenax peHTTeHOBCKOM TPyOKH, 27eKmpoHbl HAXKUMAIOT METAIIMYECKYIO IIeib, MPOU3BOJS
penumeenogckue nyyu. Tlocne MpoxoxaeHus yepe3 MalueHTa, PeHTTeHbl HAXKUMAIOT JTaTYuK Ba-
KyyMHOH TpYyOKH(JTaMITbl) M3BECTHOM KaK YCHJIUTEIh M300pakeHHs. 3/1eCh PEHTIeHbl Tpeodpa-
30BBIBAIOTCSL B C8emosble (homoHbl U 3aTeM Ha3ad B c8emosvle (homoHvl. 3aTeM 3TH (POTOHBI
BBOJIIT KaMepy, IJie OHU IpeoOpa3oBaHbl B 3eKTpoHbl B kKapmane [I3C(CCD). B kaxmoit u3
ATHUX MPOMEXYTOUHBIX (POPM, H300paskeHHE MPEICTaBICHO KOHEYHBIM YUCIIOM YaCTHULl, IPUBOJIS
K 100aBJIEHHOMY ITyMy Kak MmpoaukToBaHo 25-1 ypaBHeHueM. Koneunsrit SNR otpaxaeTr o0be-
I[PIHGHHI:IP'I ryMm ecex CTaI[I/II\/'I; OOHAaKO, OJHa CTaausd - OGLI‘IHO AOMUHHPYCT. 910 - craaus C ca-
MbIM naoxum SNR, IOTOMY 4TO 3TO UMEET HauMeHbuiee KOTUIECTBO YaCTUIl. JTa CTaausl Orpa-
HUYCHUS HA3BIBAETCS KBAHTOBBII CTOK.

In night vision systems, the quantum sink is the number of light photons that can be captured by
the camera. The darker the night, the noisier the final image. Medical x-ray imaging is a similar
example; the quantum sink is the number of x-rays striking the detector. Higher radiation levels
provide less noisy images at the expense of more radiation to the patient.

B cucremax HOYHOTO BHAEHUS, KBAHTOBBIA CTOK - YHCJIO CBETOBBIX ()OTOHOB, KOTOPHIE MOTYT
ObITH 3aUKCUpOBaHbI KaMepoil. Uem Oonee TeMHash HOYb, TeM OoJjiee IIYMHOE KOHEYHOE H30-

OpaxeHne. MeTUIIMHCKOE 0TOOpakKeHHE PEHTTEHA - TI0I00HBIA MPUMEP; KBAHTOBBIN CTOK - YHC-
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JIO PEHTTEHOB, HAKUMAIOIIUX JaT4MK. boiee BBICOKME JTyueBbIE YPOBHH OOECIIEUMBAIOT MEHEE
LTyMHbIE U300pakeHUs 3a CUET OOJIBIIEr0 KOJIMUECTBA PAIUAIH MTAlUEHTY.

When is the noise from Poisson statistics the primary noise in an image? It is dominant whenever
the noise resulting from the quantum sink is greater than the other sources of noise in the system,
such as from the electronics. For example, consider a typical CCD camera with an SNR of 300.
That is, the noise from the CCD preamplifier is 1/300th of the full scale signal. An equivalent
noise would be produced if the quantum sink of the system contains 90,000 particles per pixel. If
the quantum sink has a smaller number of particles, Poisson noise will dominate the system. If
the quantum sink has a larger number of particles, the preamplifier noise will be predominant.
Accordingly, most CCD's are designed with a full well capacity of 100,000 to 1,000,000 elec-
trons, minimizing the Poisson noise.

Korga - mrym ot Cratuctuku IlyaccoHa mepBUYHBINA IIyM B M300pakKeHUU? DTO JTOMUHUPYET
BCSAKUU pa3, KOTJa IIyM, CIEIYIOIUI U3 KBAHTOBOTO CTOKA OOJBIINM, YeM APYTHe MCTOYHHUKH
oymMa B CHCTEMe, THMa OT J3JIeKTPOHUKH. Hampumep, paccMOTpUTE TUMUYHYIO KaMmepy
IM3C(CCD) ¢ SNR 300. To ectp mym ot npexycunutens [13C(CCD) 1/300-as u3 macmtaba
MOJIHOTO CUTHaa. DKBUBAJICHTHBIN 1IyM OBl Obl MPOU3BEICH, €CIM KBAaHTOBBII CTOK CHUCTEMBI
coaepxan 90000 yactuil Ha nukces. Eciiv KBaHTOBBIM CTOK UMEET MEHBIIEE YUCIIO YaCTHI, IIyM
[Iyaccona moMuHUpyeT HaJ HIyMOM cucTeMbl. Ecii KBaHTOBBI CTOK MMeeT OoJbliee YHUCio
YacTull, IIyM Mpexycuiutens oyaer npeodnaaatoumM. CoOTBETCTBEHHO, OOJIBIIMHCTBO NMPHOO-
poB ¢ 3apsinoBoit cBs3bio (I13C) pazpaborano ¢ moaHOM BMEeCTUMOCTHIO KapMaHoB oT 100000 mo
1000000 >nexTpoHoB, MUHMMM3HUPYS 1IyM Ilyaccona.

Morphological Image Processing
Mopdoaoruueckass Oopadorka U300pakenus

The identification of objects within an image can be a very difficult task. One way to simplify
the problem is to change the grayscale image into a binary image, in which each pixel is re-
stricted to a value of either 0 or 1. The techniques used on these binary images go by such names
as: blob analysis, connectivity analysis, and morphological image processing (from the Greek
word morphe, meaning shape or form). The foundation of morphological processing is in the
mathematically rigorous field of set theory; however, this level of sophistication is seldom
needed. Most morphological algorithms are simple logic operations and very ad hoc. In other
words, each application requires a custom solution developed by trial-and-error. This is usually
more of an art than a science. A bag of tricks is used rather than standard algorithms and formal
mathematical properties. Here are some examples.

WNnentudukanyss oObeKTOB B MpeaesiaXx H300pakeHUs] MOXKET OBbITh OYeHb TPYIHOH 3amayei.
OnuH coco0 ynmpocTUTh MPOOJIEMY COCTOWT B TOM, YTOOBI M3MEHUTH MOJIyTOHOBOE M300pake-
HUE B JBYXypOBHEBOE M300pakeHHE, B KOTOPOM Ka)/Iblii MUKCENT OrpaHWYeH 3HadyeHuto uiu 0
w 1. MeTobl, HCITONTb3yeMbIe Ha 3THUX JIBYXYPOBHEBBIX M300pXCHHUAX UAYT C TAKUMH Ha3Ba-
HUSMU KaK: aHAJIM3 KaIlJIM, AaHAJIN3 CBSA3HOCTH, U Mop(doJiorudyeckas 00padoTka nzodpake-
HHs (OT TPEYECKOTO CII0Ba morphe, B 3HaUeHUU odepTanue wim Gopma). OcHoBa MOpdoIoTHye-
CKOM 00pabOTKH HAXOJIUTCS CTPOTO B MATEMATUYECKOM II0JIE Meopull MHONMCECms; OTHAKO, 3TOT
YPOBEHb CIIOKHOCTH peako Heobxoamm. Hambonee mopdomornyeckue aaropuTMbl - MPOCTHIC
JIOTHYECKHE OTepaIii U OYeHb CIeIUaNIbHbIC. J[pyruMu clioBamMu, KaXa0e MPUIOKEHHE TPeOy-
€T 3aKa3HOTO PEIICHUs, Pa3pad0TaHHOTO AMITUPUICCKUM ITyTEM. ITO - OOBIYHO OOJIBIIIEE KOJIH-
YeCTBO HMCKYCCTBa, YeM Hayka. MyJbTHMMHOXXECTBO YJIOBOK HCIOJB3YETCSl CKOpee, YeM CTaH-
JapTHBIE aJTOPUTMBI B (hOpMabHBIE MaTeMaTHUECKUE CBOMCTBA. MIMEIOTCS HEKOTOpBIC TIpUMe-

pBL.
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Figure 25-10a shows an example binary image. This might represent an enemy tank in an infra-
red image, an asteroid in a space photograph, or a suspected tumor in a medical x-ray. Each pixel
in the background is displayed as white, while each pixel in the object is displayed as black. Fre-
quently, binary images are formed by thresholding a grayscale image; pixels with a value greater
than a threshold are set to 1, while pixels with a value below the threshold are set to 0. It is
common for the grayscale image to be processed with linear techniques before the thresholding.
For instance, illumination flattening (described in Chapter 24) can often improve the quality of
the initial binary image.

Ha pucynke 25-10a noka3an npumep JBYXYpPOBHEBOTO M300paKeHHUA. DTO MOTJIO OBl MPE/ICTaB-
JISITh BPAXXECKUM TaHK B MH(PpaKpacHOM H300pakeHUH, acTepou Ha GoTorpaguu KOCMUYECKOTO
NPOCTPAHCTBA, WM MOJ03PEBACMON OIMYXOJH B MEIUIMHCKOM peHTreHe. Kaxknplidi mukcen Ha
3aJIHEM TUTaHE OTOOpa)Ke€H Kak Oesblid, B TO BpEeMs KaK KaXK[blil IMTUKCEN B 00BEKTE OTOOpaKeH
Kak 4yepHbIi. YacTo, IBYXypOBHEBbIE N300paKeHHsI C(HOPMUPOBAHBI TTOPOTOBBIM MOJIYTOHOBBIM
M300paXeHUM; MHUKCEJIbl CO 3HaYeHHEM OOJIbIlle YeM MOpOr, YCTAHOBJIEHBI B 1, B TO BpeMs Kak
IUKCEIbl CO 3HAYEHUEM HHU)KE MOpora, yCTaHOBJIEHHI B 0. DTO OOBIYHO IS MOJTYTOHOBOTO M30-
OpaxeHust, KOTopoe OyeT 00paboTaHO C JIMHEMHBIMA METOJIaMHU Tepe]l oporoBsiM. Hanmpumep,
BbIPaBHUBAHUE OCBEILEHUS (OMMCAaHHOE B IJIaBe 24) MOXKET 4acTO YJIyyllaTh KaueCTBO Hadallb-
HOTO JIByXYPOBHEBOI'O U300paKeHHUS.

a. Original b. Erosion c. Dilation

d. Opening ¢. Closing
FIGURE 25-10
Morphological operations. Four basic
morphological operations are used in the
processing of binary images: erosion,

difarion, opening, and closing, Figure (a)
shows an example binary image. Figures
(b} to () show the result of applying
these operations to the image in {a).

FIGURE 25-10

Morphological operations. Four basic morphological operations are used in the processing of binary images: ero-
sion, dilation, opening, and closing. Figure (a) shows an example binary image. Figures (b) to (e) show the result of
applying these operations to the image in (a).

PUCYHOK 25-10. Mopdomoruaeckue oneparum.

YeThIpe OCHOBHBIX MOP(OJIOTHYECKHX OIEpaliy HCHOJIB3YIOTCA B 00paboTKe IBYXYpPOBHEBBIX H300paXKeHHI: 3po-
3us, pacwupenue, omxkpvimue, U 3akpuimue. Ha pucyHke (a) mokasaH nmpumep IBYXypOBHEBOro n3oOpaxenus. Ha
pucynkax ot (b) 110 (e) mokaszaH pe3yJbTaT NPUMEHEHHUS STHX ONepalHii K ©300paXKeHuIo B (a).
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Figures (b) and (c) show how the image is changed by the two most common morphological op-
erations, erosion and dilation. In erosion, every object pixel that is touching a background pixel
is changed into a background pixel. In dilation, every background pixel that is touching an object
pixel is changed into an object pixel. Erosion makes the objects smaller, and can break a single
object into multiple objects. Dilation makes the objects larger, and can merge multiple objects
into one.

Pucynku (b) u (c) mokaspIBarOT, Kak W300paKeHUE U3MEHEHO IBYMs Hanbojee OOBIYHBIMH MOP-
(ONOTMUECKUMH OTIEpaLUsIMH, dpO3UeH U pacHIdpeHrueM. B 3po3un, Kaxaplii 0ObEKTHBINA MUK-
cel, KOTOPBIH 3aTparuBaeT, (HOHOBBIM MHUKCENT WU3MEHEH B ()OHOBBIM MUKCEN. B pacmmpenun,
KaX/1blii (POHOBBIN MUKCEN, KOTOPBIN 3aTparuBaeT, OOBEKTHBIN MHUKCET U3MEHEH B OOBEKTHBIN
MUKcen. Dpo3us AenaeT oO0beKThl MEHBIIMMH, U MOXET pa30uBaTh €IWHCTBEHHBIH OOBEKT B
MHOKECTBEHHBbIE 00BEKTHI. Pacimpenue nemaer oOBEKTHI OONBIIMMH, ¥ MOXET OOBEIUHATH
MHO>KE€CTBEHHBIE OOBEKTHI B OJMH.

As shown in (d), opening is defined as an erosion followed by a dilation. Figure (e) shows the
opposite operation of closing, defined as a dilation followed by an erosion. As illustrated by
these examples, opening removes small islands and thin filaments of object pixels. Likewise,
closing removes islands and thin filaments of background pixels. These techniques are useful for
handling noisy images where some pixels have the wrong binary value. For instance, it might be
known that an object cannot contain a "hole", or that the object's border must be smooth.

Kak mokazano B (d), OTKpBITHE OIpEEIEHO KaK 3pO3Hsl, COMPOBOXKIaeMast paciiupenuem. Pucy-
HOK (€) TOKa3bIBaeT OIEpPaInio, POTUBOTIONIOKHYIO 3aKPBITHIO, ONPEICIICHHYI0 KaK pacIlIupe-
HHUE, CONPOBOXKAaeMoe 3po3ueil. Kak HuocTpupoBaHO 3TUMH IIPUMEPAMHU, OMKpblmue yAaseT
MaJICHPKHE OCTPOBA M TOHKHE HUTH OOBEKMHbIX NUKCeN06. AHAIOTHYHO, 3aKpbimue yaajser
OCTPOBA U TOHKHE HUTH (POHOBbIX NUKCEN08. DTU METOMbI MOJE3HBI 11 00pabOTKM IIyMHBIX
n300pakeHUH, TJIe HEKOTOPhIe TUKCENbl UMEIOT HETPAaBHIIbHOE OMHAPHOES(ABOMYHOE) 3HAUCHHE.
Hanpumep, Moriio Obl OBITH U3BECTHO, YTO OOBEKT HE MOXKET coaepxarth "orBepctue" (" apipky"),
WJTU 9TO TpaHUIla 0ObEKTa JOHKHA OBITh TJIaIKa.

Figure 25-11 shows an example of morphological processing. Figure (a) is the binary image of a
fingerprint. Algorithms have been developed to analyze these patterns, allowing individual fin-
gerprints to be matched with those in a database. A common step in these algorithms is shown in
(b), an operation called skeletonization. This simplifies the image by removing redundant pix-
els; that is, changing appropriate pixels from black to white. This results in each ridge being
turned into a line only a single pixel wide.

Pucynok 25-11 nokasbiBaet nmpumep Mopdonorundeckoir 00padotku. Pucynok (a) - AByXypoBHe-
BO€ M300pakeHHe OTIeYaTKa Mayibla. AJITOPUTMBI OBLIM pa3paboTaHbl, YTOOBI aHAJTU3UPOBATH
9TH 00pa3Ilbl, TO3BOJISAS MHIUBUIYaTbHBIM OTIIEUYaTKaM IMajbla ObITh COTJIACOBAHHBIMU C TEMU B
0a3e maHHBIX. OOBIYHBIN IIar B ATH aJIrOpUTMBI TOKas3biBaeTcs B (b), omepanus, Ha3biBacMmast
cKeJleTH3alMsA(CKEeJIeTHOE MpeACTaBICHUEe N300paXKeHHs). DTO yNpolaeT u3o0paxxeHue, ymaa-
J1s151 N30BITOYHBIE MTUKCEINBI; TO €CTh H3MEHSISI COOTBETCTBYIOIIME MUKCEIBI OT YEPHOTO 10 Oelo-
ro. OTO MPUBOJIUT K KAXKIOMY pedpy, B KOTOpPOE MPEBPAIIAIOT B CTPOKY TOJBKO €TUHCTBEHHOTO
IIMPOKOTO TTHKCEIA.

Tables 25-1 and 25-2 show the skeletonization program. Even though the fingerprint image is
binary, it is held in an array where each pixel can run from 0 to 255. A black pixel is denoted by
0, while a white pixel is denoted by 255. As shown in Table 25-1, the algorithm is composed of
6 iterations that gradually erode the ridges into a thin line. The number of iterations is chosen by
trial and error. An alternative would be to stop when an iteration makes no changes.
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a. Original fingerprint b. Skeletonized fingerprint

.

FIGURE 25-11

Binary skeletonization. The binary image of a fingerprint, (a), contains ridges that are many pixels wide. The skele-
tonized version, (b), contains ridges only a single pixel wide.

PUCYHOK 25-11

JByXypOBHEBOE CKEJIETHOE NpEACTaBICHHEe H300pakeHus. [IByXypoBHEBOe M300paKeHHE OTIedaTKa Maibla, (a),
COZIEP)KUT pebpa, KOTOpBIC SBIAIOTCS MHOTHMMH IIMPOKMMH NHKcenamu. Bepcus, (b) ckeleTHOro mpencTaBieHUs
U300paKeHHUs, TOJIBKO COIEPKHUT pedpa MNPHUHONH OXUHOYHOTO MUKCENa.

|

Tabmunpl, 25-1 u 25-2 noka3pIBalOT NporpamMMmy ckeneTusauuu. Jlaxe npu Tom, 4To U300paxe-
HHE OTIeyaTka najiblia JBOUYHOE, 3TO MPOBEAECHO(IIOIEP>KaHO) B MACCHUBE, /1€ KAXK/IbIH MUKCE
MoskeT padotath oT 0 10 255. UepHblil nukcen o6o3HayeH 0, B TO BpeMs Kak Oemblii mukcea 000-
3HaueH 255. Kak nmoka3ano B tabnuie 25-1, anroputM coctaBiieH u3 6 uTepaiuii, KOTopble Mo-
CTETIEHHO pa3pywaloT pedpa B TOHKYIO CTpPOKy. Umcino urepauuii BHIOpAHO HCIBITAHUEM U
omMOKoH. AsbTepHaTHBa ObUIA OBl 0JIXKHA OCTAHOBUTHCS, KOT/Ia UTE€PALUs HE JIeaeT HUKAKue
U3MCHEHUM.

During an iteration, each pixel in the image is evaluated for being removable; the pixel meets a
set of criteria for being changed from black to white. Lines 200-240 loop through each pixel in
the image, while the subroutine in Table 25-2 makes the evaluation. If the pixel under considera-
tion is not removable, the subroutine does nothing. If the pixel is removable, the subroutine
changes its value from 0 to 1. This indicates that the pixel is still black, but will be changed to
white at the end of the iteration. After all the pixels have been evaluated, lines 260-300 change
the value of the marked pixels from 1 to 255. This two-stage process results in the thick ridges
being eroded equally from all directions, rather than a pattern based on how the rows and col-
umns are scanned.

B Teuenune urepanuu, Kaxablii MHUKCeN B U300paKEHHM OLEHEH, IS YCmpaHeHus; THKCEN
BCTpeYaeT(BBIMOIHACT) HAOOP KPUTEPHUEB AJIT U3MEHEHHUs OT yepHoro a0 6enoro. Ctpoku 200-
240 uuk yepe3 Kbl MUKCENl B N300pakeHUH, B TO BpEeMs Kak MOANporpamma B tabuure 25-
2 nenaet oueHKy. Eciu mukcen nmpu pacCMOTpPEHUH HE YCTpaHUM, MOANpOrpaMMa He JIeJaeT HU-
yero. Eciin nukcen ycTpanum, moanporpaMMa u3sMeHseT ero 3HadeHnue ot 0 no 1. Oto yka3piBa-
€T, UTO MUKCEJ BCe €lle YepHBIH, HO OyneT U3MeHEeH B Oelblil B KOHIIE UTepalui. B KoHIle KOH-
I[OB MUKCEIbI ObUTH OIIEHEHBI, CTPOoKU 260-300, U3MEHSIOT 3HAYEHUE OTMEUCHHBIX MHKCEIIOB OT
1 1o 255. DTOT ABYXCTYINEHUYATHIN MPOIIECC MPUBOAUT K TOJCTHIM pedpaM, pa3pylIaeMbIM OJIU-
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HAaKOBO BO BCEX HAIIPABJICHUSAX, CKOpee YeM 00pa3el], OCHOBAHHBIN Ha TOM, KaK CTPOKHU U CTOJO-
(bl IPOCMOTPEHBI.

100 'SKELETONIZATION PROGRAM

110 'Object pixels have a value of 0 (displayed as black)

120 'Background pixels have a value of 255 (displayed as white)
130"

140 DIM X%[149,149] X%l , ] holds the image being processed
150"

160 GOSUB XXXX "Mythical subroutine to load X% , ]

170"

180 FOR ITER% = 0 TO 5 'Run through six iteration loops

190"

200 FOR R% =1 TO 148 'Loop through each pixel in the image.
210 FOR C% =1 TO 148 'Subroutine 5000 (Table 25-2) indicates which
220 GOSUB 5000 'pixels can be changed from black to white,
230 NEXT C% by marking the pixels with a value of 1.

240 NEXT R%

250"

260 FOR R% = 0 TO 149 'Loop through each pixel in the image changing
270 FOR C% = 0 TO 149 'the marked pixels from black to white.
280 IF X%(R%,C%) =1 THEN X%(R%,C%) =255

290 NEXT C%

300 NEXT R%

310"

320 NEXT ITER%

330"

340 END

TABLE 25-1

The decision to remove a pixel is based on four rules, as contained in the subroutine shown in
Table 25-2. All of these rules must be satisfied for a pixel to be changed from black to white. The
first three rules are rather simple, while the fourth is quite complicated. As shown in Fig. 25-12a,
a pixel at location [R,C] has eight neighbors. The four neighbors in the horizontal and vertical
directions (labeled 2,4,6,8) are frequently called the close neighbors. The diagonal pixels (la-
beled 1,3,5,7) are correspondingly called the distant neighbors. The four rules are as follows:

Pemenne ynansaTh MUKCeN OCHOBAHO Ha YETHIPEX MpaBUiIaX, KaK COJAEPKUTCS B MOANPOTpPaMMe,
MOKa3aHHOU B Tabmuie 25-2. Bce 3TH npaBuiia OJDKHBI OBITH YIOBJICTBOPEHBI IS TTUKCEIA, KO-
TOpBI OyJeT U3MeHeH OT 4epHoro 1o Oemoro. IlepBbie Tpu mpaBuia JOBOJIBHO MPOCTHI, B TO
BpeMs KaKk YeTBEpTOe BechbMa ycioxHeHo. Kak mokazaHo B puc. 25-12a, nukcen B pacroyoxe-
Huu [R, C] umeer Bocemb coceneii. UeTpipe cocela B TOPU3OHTANBHBIX W BEPTUKAIBHBIX Ha-
npaBieHusAX (MapkupoBaHsbl 2,4,6,8) 4acTo Ha3bIBAIOTCS OJM3KUMH cocedsiMu. J(naroHaJbHbBIC
nuKcensl (MapkupoBaHbl 1,3,5,7) COOTBETCTBEHHO HA3bIBAIOTCS OTAAJE€HHbIMHU coceasiMu. Ye-
ThIpE MPaBUJIa CIEAYIOIIHUE:

Rule one: The pixel under consideration must presently be black. If the pixel is already white, no
action needs to be taken.

IIpaBuso oAMH: MUKCEN HAa PACCMOTPEHUH JOJDKEH Ternepb ObITh YepHbli. Eciau nukcen yxe Ge-
TN, HUKAKOTO JIEUCTBUS HE J0JKHO OBITh MPEANPUHSTO.

Rule two: At least one of the pixel's close neighbors must be white. This insures that the erosion
of the thick ridges takes place from the outside. In other words, if a pixel is black, and it is com-
(c) ABTOKC, Cankr-IletepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru
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pletely surrounded by black pixels, it is to be left alone on this iteration. Why use only the close
neighbors, rather than all of the neighbors? The answer is simple: running the algorithm both
ways shows that it works better. Remember, this is very common in morphological image proc-
essing; trial and error is used to find if one technique performs better than another.

[TpaBuno nBa: [1o kpaitHe#l Mepe OJIMH U3 MUKCEIOB OJM3KO TPaHUYMINAIINX, TOJDKEH OBITh Oe-
JbIi. OT0 obecrieyuBaeT, 4ToOBl PO3Ms TOJCTHIX pedep MMeaa MECTO OT BHEIIHEH CTOPOHBI.
Jpyrumu cioBamu, €clid MUKCEN YePHBIM, U 3TO MOJHOCTBIO OKPYKEHO YEPHBIMHU MUKCEIaMH,
9TO JOJKHO OBITH OCTABIIEHO OJUH Ha 3TOH uTeparuu. [louyemMy UCIob30BaHNue TOIBKO OJIM3KHE
cocenu, ckopee ueM Bce cocen? OTBET MPOCT: BBHIMOJIHEHUE aIropuT™Ma, 00a MmyTH MOKa3bIBalOT
4TO0 3T0 pabortaer myurie. [loMHUTE, 3TO OYeHH OOBIYHO B MOpPQOIOTrHIECcKOr 00paboTKe U30-
Opa)keHUsl; UCTIBITAHUE U OMIMOKA MCIOJB3YIOTCS, YTOObI HalWTH, UCIIOJIHAET JIM OJJHA METOAMKA
Jydlle 4eM JpYyrou.

Rule three: The pixel must have more than one black neighbor. If it has only one, it must be the
end of a line, and therefore shouldn't be removed.

[IpaBuio Tpu: mukcena JOKEH MMETh OOJblle YeM OJHOro 4epHoro cocena. Ecnm oH mmeer
TOJILKO OJIHOTO, 3TO JIOJKHO OBITh KOHEIl CTPOKH(JIMHUM), U TIOATOMY HE JIOJKEH OBITh y/IaJeH.

Rule four: A pixel cannot be removed if it results in its neighbors being disconnected. This is so
each ridge is changed into a continuous line, not a group of interrupted segments. As shown by
the examples in Fig. 25-12, connected means that all of the black neighbors touch each other.
Likewise, unconnected means that the black neighbors form two or more groups.

[IpaBuiio yeTkipe: MUKCET HE MOXET ObITh YJaJIeH, €CJIM 3TO MPUBOAUT K €r0 pa3beAUHIEMbIM
cocelsiM. DTO - TaK Kaxaoe pedpo, M3MEHEH B HEMPEPHIBHYIO CTPOKY, HE TPYIIY MPEePBAHHBIX
cerMeHTOB. Kak mokazaHo mpumepaMu B puc. 25-12, cBsI3aHHBIE CPEJICTBA, UTO BCE YEPHBIE CO-
Celu KacaloTcs APYT JApyra. AHaJOTHYHO, HECBSA3aHHBIN, O3HAYAET, YTO YepHBIE cocean POPMHU-
PYIOT J1B€ WM OOJIbLIE TPYIIIIHI.

a. Fixel mumbering
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PUCYHOK 25-12. Ilukcensl coceam.

IMukcen B crpoke u cronodue [R, C] uMeeT BoceMb cocezied, ymOMsIHYThIX HOMepamu B (a). Pucynku (b) u (¢) moka-
3BIBAIOT MIPUMEPHI, TJIC COCEHUE MUKCENBI CBSI3aHbI U HECBSI3aHbl, COOTBETCTBEHHO. DTO OMPEICICHUE UCIIONIb3YEeT
MIPABHJIO YETHIPE U3 AITOPUTMA CKEIICTH3AIINH.

The algorithm for determining if the neighbors are connected or unconnected is based on count-
ing the black-to-white transitions between adjacent neighboring pixels, in a clockwise direction.
For example, if pixel 1 is black and pixel 2 is white, it is considered a black-to-white transition.
Likewise, if pixel 2 is black and both pixel 3 and 4 are white, this is also a black-to-white transi-
tion. In total, there are eight locations where a black-to-white transition may occur. To illustrate
this definition further, the examples in (b) and (c) have an asterisk placed by each black-to-white
transition. The key to this algorithm is that there will be exactly one black-to-white transition if
the neighbors are connected. More than one such transition indicates that the neighbors are un-
connected.

ANTOpUTM IUIs1 OPEJEIICHNUS, CBSI3aHbl MJIM HE CBSI3aHBI COCEM, OCHOBAH Ha MOJCUYETE NepeMe-
LICHHS] YEPHOTO Ha OeJble MEXy CMEXHBIM KaHAJIOM, IPaHUYalllUM C TUKCEJIaMH, B HalpaBJe-
HUM 10 yacoBoi cTpenke. Hanpumep, eciu nukcen 1 yepHbIi, U mukcen 2 6emnblif, 3TO paccMat-
pHUBaeTCs MepeMelIeHne YepHbIM Ha Oenoe. AHAIOTUYHO, €CITM TTHKCEI 2 YePHBINH U U TUKCeN 3,
u 4 Genblif, 3TO TakXkKe NepeMelleHne YepHoe Ha 6eoe. Beero, nMeroTcst BOCeMb pacroyioKeHHH,
IJIe MOXKET MPOUCXOUTH MEePEMEIICHNE YepHBIA Ha Oemblil. YTOOB! MILTFOCTPHPOBATEH 3TO OTIpe-
nieneHue nanee, npumepsl B (b) u (¢) moMeIaroT 3Be3/104Ky B KaKI0€ NepeMellieHIe YePHbIi Ha
6enoe. Kirrou k 3TOMy anroputMy - TOT OyAeT UMEThCS TOYHO OJHO TEepeMEeNIeHHe YePHBIH Ha
6eroe, eciau coceu cesA3aHbl. bonble YeM OHO TaKkoe MEepeMeIIeHUe YKa3bIBaloT, YTO COCEIU
HeC6sA3aHbl.

As additional examples of binary image processing, consider the types of algorithms that might
be useful after the fingerprint is skeletonized. A disadvantage of this particular skeletonization
algorithm is that it leaves a considerable amount of fuzz, short offshoots that stick out from the
sides of longer segments. There are several different approaches for eliminating these artifacts.
For example, a program might loop through the image removing the pixel at the end of every
line. These pixels are identified by having only one black neighbor. Do this several times and
the fuzz is removed at the expense of making each of the correct lines shorter. A better method
would loop through the image identifying branch pixels (pixels that have more than two
neighbors). Starting with each branch pixel, count the number of pixels in each offshoot. If the
number of pixels in an offshoot is less than some value (say, 5), declare it to be fuzz, and change
the pixels in the branch from black to white.

Kak gomonHuTeNnbHbIE IPUMEPBI 00pa0OTKH IBYXYPOBHEBOTO H300paKEHUS, PACCMOTPUTE THIIBI
QITOPUTMOB, KOTOPBIE MOTJIM OBbI OBITH TTOJIE3HBI MOCJIE TOTO, KAK OTIIEYATOK MAJbIA - CKEJICTH-
3upoBaH. HemocTtaTok 3TOro crenuuieckoro anropurMa CKeJIeTH3aIuH - TO, YTO 3TO OCTABIISET
3HAYUTEIBHOE KOJIUYECTBO 71yXd, KOPOTKHX OTBETBJICHUH, KOTOPHIC MEPETEPIICBAIOT OT CTOPOH
0oJiee IMHHBIX CETMEHTOB. VIMEIOTCS HECKOIBKO Pa3UYHBIX MOAXOAOB IS YCTPAHEHUS ITHX
9KCNOHATOB. Hampumep, mporpamma Moryia ObITh IIMKJIOM 4epe3 M300pakeHHe, yIalsiomiee
MUKCETT B KOHIIE KKJIOW CTPOKH. DTU MUKCEIbl WACHTU(DUIIUPOBAHBI TIPU HATUYUU TOJIHKO OJ-
HOTO YEPHOTO cocela. DTH HECKOJIbKO Pa3 M IyX YAAJCHBI 33 CUET CO3JaHUs KaXKIOW W3 Ipa-
BUJILHBIX CTPOK Kopoue. Jlydmmii MeTo ObuT OBl UK Yepe3 u300pakeHne, UACHTU(OUIUPYIO-
iee nuxcenvl nepexooa (MMUKCENbI, KOTOPBbIE UMEIOT O0JbIlIe YeM aBa cocena). [1pu crapre ¢ ka-
KJIOTO MTUKCeTa epexo/ia, CUUTANTE YUCIIO MUKCEIOB B KAXKIOM OTBETBIICHUHU. ECIu 4nco muk-
CEJIOB B OTBETBJICHUH - MEHBIIIE YeM HEKOTOPOE 3HAUYCHHE (CKakeM, 5), OOBSBHUTE, YTO 3TO OyIET
MTyXOM, U U3MEHSIET MTUKCEJBI B IEPEX0JIE OT YEPHOTO 110 OEeNoro.
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5000 ' Subroutine to determine if the pixel at X%[R%,C%] can be removed.

5010 ' If all four of the rules are satisfied, then X%(R%,C%], is set to a value of 1,

5020 ' indicating it should be removed at the end of the iteration.

5030

5040 'RULE #1: Do nothing if the pixel already white

5050 IF X%(R%,C%) = 255 THEN RETURN

5060

5070

5080 'RULE #2: Do nothing if all of the close neighbors are black

5090 IF X%[R% -1,C% ] <> 255 AND X%[R% ,C%+1] <> 255 AND

X%[R%+1,C% ] <> 255 AND X%[R% ,C% -1] <> 255 THEN RETURN

5100

5110

5120 'RULE #3: Do nothing if only a single neighbor pixel is black

5130 COUNT% =0

5140 IF X%[R% -1,C% -1]=0 THEN COUNT% = COUNT% + 1

5150 IF X%[R% -1,C% ] =0 THEN COUNT% = COUNT% + 1

5160 IF X%[R% -1,C%+1] =0 THEN COUNT% = COUNT% + 1

5170 IF X%[R% ,C%+1] = 0 THEN COUNT% = COUNT% + 1

5180 IF X%[R%+1,C%+1] =0 THEN COUNT% = COUNT% + 1

5190 IF X%[R%+1,C% ] =0 THEN COUNT% = COUNT% + 1

5200 IF X%[R%+1,C% -1]=0 THEN COUNT% = COUNT% + 1

5210 IF X%[R% ,C% -1] = 0 THEN COUNT% = COUNT% + 1

5220 IF COUNT% = 1 THEN RETURN

5230

5240

5250 'RULE 4: Do nothing if the neighbors are unconnected.

5260 "Determine this by counting the black-to-white transitions

5270 'while moving clockwise through the 8 neighboring pixels.

5280 COUNT% =0

5290 IF X%[R% -1,C% -1] = 0 AND X%[R% -1,C% ] > 0 THEN COUNT% = COUNT% + 1
5300 IF X%[R% -1,C% ] =0 AND X%[R% -1,C%+1] >0 AND X%[R% ,C%+1]>0
THEN COUNT% = COUNT% + 1

5310 IF X%[R% -1,C%+1] =0 AND X%[R% ,C%+1] >0 THEN COUNT% = COUNT% + 1
5320 IF X%[R% ,C%+1] = 0 AND X%[R%+1,C%+1] > 0 AND X%[R%+1,C% ] >0
THEN COUNT% = COUNT% + 1

5330 IF X%[R%+1,C%+1] =0 AND X%[R%+1,C% ] >0 THEN COUNT% = COUNT% + 1
5340 IF X%[R%+1,C% ] =0 AND X%[R%+1,C% -1]> 0 AND X%[R% ,C%-1]>0
THEN COUNT% = COUNT% + 1

5350 IF X%[R%+1,C% -1]=0 AND X%[R% ,C% -1]> 0 THEN COUNT% = COUNT% + 1
5360 IF X%[R% ,C% -1] =0 AND X%[R% -1,C% -1] > 0 AND X%[R%-1,C% ] >0
THEN COUNT% = COUNT% + 1

5370 IF COUNT% > 1 THEN RETURN

5380

5390

5400 'If all rules are satisfied, mark the pixel to be set to white at the end of the iteration
5410 X%(R%,C%) = 1

5420

5430 RETURN

TABLE 25-2

Another algorithm might change the data from a bitmap to a vector-mapped format. This in-
volves creating a list of the ridges contained in the image and the pixels contained in each ridge.
In the vector mapped form, each ridge in the fingerprint has an individual identity, as opposed to
an image composed of many unrelated pixels. This can be accomplished by looping through the
image looking for the endpoints of each line, the pixels that have only one black neighbor. Start-
ing from the endpoint, each line is traced from pixel to connecting pixel. After the opposite end
of the line is reached, all the traced pixels are declared to be a single object, and treated accord-

ingly in future algorithms.
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Jpyroit anroput™ MOT OBl H3MEHSTH JaHHBIC MOYEYHO20(PACpPOB8020) PUCYHKA B (hOpMAT GeK-
MOpHO20 0mobpadcenus. ITO BKIIOYAET B ceOs(ToIpa3zyMeBaeT) co3aaHue CIMcKa pedep, co-
JIep KaLIUXCsl B N300pakeHUH U TMHKCEJIOB, COAEPIKALINXCS B KaxaoM pedpe. B ¢opma otobpa-
KCHHUSI BEKTOpa, Ka10e pedpo B OTIEUATKE Malblla IMEET WHANBUAYAIBHOE TOXIECTBO, B TIPO-
THUBOTIOJIOKHOCTh M300pa)KEHUIO, COCTABJICHHOMY M3 MHOTHX HECBS3aHHBIX IMUKCEIOB. ITO MO-
KeT OBITh BBIITOJHEHO BBIMOJIHEHHEM IUKJIA Yepe3 M300pakeHUe, UIIYIIeT0 OKOHEYHBIC TOYKH
KQKJOW CTPOKH, MUKCEJBI, KOTOPhIE UMEIOT TOJIBKO OJHOTO YEepHOTro cocena. Hauwmnast ¢ oxo-
HEYHOW TOYKH, KaXKJasi CTPOKA MPOCIIeKEHA OT MUKCENa 0 COeAMHSIomerocs nukcena. [locie
TOT0, KaK MPOTHUBOIOJIOKHBIN KOHEI] CTPOKH JOCTUTHYT, BCE MPOCIIECKEHHBIE THUKCEINbI, KaK 00b-
SBIISIIOT, SIBJISIIOTCS €AMHCTBEHHBIM 00bekmoM, U 00pabOTaHHbIE COOTBETCTBEHHO B OyAyIIHX
aIropuUTMaXx.

Computed Tomography
Komunbrorepuas Tomorpadgus

A basic problem in imaging with x-rays (or other penetrating radiation) is that a two-dimensional
image is obtained of a three-dimensional object. This means that structures can overlap in the
final image, even though they are completely separate in the object. This is particularly trouble-
some in medical diagnosis where there are many anatomic structures that can interfere with what
the physician is trying to see. During the 1930's, this problem was attacked by moving the x-ray
source and detector in a coordinated motion during image formation. From the geometry of this
motion, a single plane within the patient remains in focus, while structures outside this plane be-
come blurred. This is analogous to a camera being focused on an object at 5 feet, while objects at
a distance of 1 and 50 feet are blurry. These related techniques based on motion blurring are now
collectively called classical tomography. The word fomography means "a picture of a plane.”

OcHoBHas nipo0sieMa B 0OTOOpaKEHUH C peHTreHaMH (WM JPYTroi MPOHUKAIOUIEH pajualiiu) co-
CTOUT B TOM, UTO 08YMepHOe U300padiceHue TIOIYyUeHO OT mpexmepHo2o 00bekma. ITO 03HAYAET,
YTO CTPYKTYPBl MOTYT HAKJIQIBIBATHCSI B KOHEUHOM M300pakKeHUH, JaXKe TP TOM, YTO OHHU TIOJI-
HOCTBIO OT/I€JIbHBIE B 00BEKTE. DTO OCOOEHHO HEMPHUSATHO B MEAUIIMHCKOW AMArHOCTHKE, TJie
MMEIOTCS. MHOTO @aHATOMHUYECKUX CTPYKTYP, KOTOPhIE MOTYT CTAJIKHBATHCS TEM, YTO Bpad mpoody-
et BuaeTh. B Teyenue 1930-pIx, 3Ta mpobiiema OblIa aTakoBaHa, IEepeMelIas PEHTIT€HOBCKUN
WCTOYHUK U JATYUK B CKOOPJUHUPOBAHHOM JIBUKCHHUH B TeUeHHE POPMHUPOBAHUS N300paKCHHUS.
OT reoMeTpuM 3TOro ABM)KEHUS, €IMHCTBEHHAS! MIOCKOCHMb B TpefeNiax MalueHTa OCTaeTcs B
(doxyce, B TO BpeMsi KaK CTPYKTYPhI BHE 3TOW TUIOCKOCTH CTaHYT Pa3MBITBIMU. DTO aHAJIOTUYHO
Kamepe, CocpeoTaunBacMoi Ha 00beKTe B 5 pyTax, B TO BpeMsi Kak 0ObEKThI Ha pacCTOSHUH |
u 50 ¢yToB pacmibiBUaThie. DT CBSI3aHHBIC METOJbI, OCHOBAaHHBIC HA Pa3MbIBAaHUH JIBYKECHUS
TENeph BCE BMECTE HA3BIBAIOTCS KJaccuyeckoil Tomorpadueii. CioBo momoepagus o3HadaeT
"uzobpasicenue niockocmu."

In spite of being well developed for more than 50 years, classical tomography is rarely used.
This is because it has a significant limitation: the interfering objects are not removed from the
image, only blurred. The resulting image quality is usually too poor to be of practical use. The
long sought solution was a system that could create an image representing a 2D slice through a
3D object with no interference from other structures in the 3D object.

HecMmotpst Ha To, 4TO KapMaH pa3BUBaIM B TeueHue Oombiie yeM 50 jer, Kiaccudeckas TOMO-
rpadus UCHOJB3YEeTCS PEAKO. ITO - TO, MOTOMY YTO 3TO MMEET CYIIECTBEHHOE OTpaHUYCHUE:
BMEIITUBAIOIIUECST O0BEKTHI He YOaleHbl N3 U300PaXKEHUS, TOIBKO pasmbimsl. 3aKaHUUBAKOIIIEECS
Ka4eCTBO M300pakKeHHsSI OOBIYHO CIIMIIKOM IUIOXOE, YTOOBI OBITH MPAKTHYECKOTO HMCIIOJIh30Ba-
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Hus. J[MTUHHOE pa3bICKMBaeMoOe pelieHre ObUIO CUCTeMa, KOTOopas MOTJia Co3AaBaTh HM300paxe-
HUE, TIPEJICTABIIAIONICe 2-MEPHBIM CEKTOp Yepe3 TPEXMEPHBIM OOBEKT Oe3 MHTEPPEPECHIIMH OT
JIPYTUX CTPYKTYP B TPEXMEPHOM OOBEKTE.

This problem was solved in the early 1970s with the introduction of a technique called com-
puted tomography (CT). CT revolutionized the medical x-ray field with its unprecedented abil-
ity to visualize the anatomic structure of the body. Figure 25-13 shows a typical medical CT im-
age. Computed tomography was originally introduced to the marketplace under the names Com-
puted Axial Tomography and CAT scanner. These terms are now frowned upon in the medical
field, although you hear them used frequently by the general public.

Ota npobsema Obuta pemieHa B Hadase 1970-bIX cO BBEJCHUEM METOAMKU HA3b18AEMOU KOMNb-
tomepnot momocpagueti (CT - KT). KT pekoHcTpynupoBana MEAUIIMHCKOE PEHTTEHOBCKOE TOJIe
c ero OecnpeneIeHTHON CIOCOOHOCTBIO BU3YaIN3UPOBAaTh aHATOMUUYECKYIO CTPYKTYpy Tena. Pu-
CYHOK 25-13 moka3bIBaeT TUIMYHOE MenuiHcKkoe n3odpaxenue KT. KomnbroTepHast Tomorpa-
¢us ObLTa IEPBOHAYAIILHO MPEACTAaBICHA PHIHKY Mo HazBaHusMu Computed Axial Tomography
(Komnviomepnasa Ocesas Tomozpaghusa) n CAT scanner. ITH TEPMUHBI TeNEph HE OJJOOPSIOTCS B
MEIUIIMHCKONU 00J1acTH, XOTs BBI CIBIIINTE WX UCTIOJIb3YEMBIA YaCTO IIUPOKOU 1Ty OIMKOA.

1EFT R
FIGURE 25-13
Computed tomography image. This CT slice is of a human ab-
domen, at the level of the navel. Many organs are visible, such
as the (L) Liver, (K) Kidney, (A) Aorta, (S) Spine, and (C) Cyst
covering the right kidney. CT can visualize internal anatomy far
better than conventional medical x-rays.
PUCYHOK 25-13
MN3o0paxkenne KommbioTepHOH Tomorpaduu. IDtoT cpe3 KT
YeJIOBeUeCKOW OPIOIIHOW MOJOCTH, Ha ypoBHE Iyma. MHOTO
opranoB BuauMebl, Tuma (L) Ieuenn, (K) [Touka, (A) AopTa, (S)
[To3Bonounsiii ctond, u (C) Kucra, 3akpbiBaroiias MpaByro
nouky. KT Moxer Bu3yaau3upoBaTh BHYTPEHHIOIO aHATOMHIO
ropaso Jydille YeM OOBIUYHBIA METUITMHCKUNA PEHTTEH.

Figure 25-14 illustrates a simple geometry for acquiring a CT slice through the center of the
head. A narrow pencil beam of x-rays is passed from the x-ray source to the x-ray detector. This
means that the measured value at the detector is related to the total amount of material placed
anywhere along the beam's path. Materials such as bone and teeth block more of the x-rays, re-
sulting in a lower signal compared to soft tissue and fat. As shown in the illustration, the source
and detector assemblies are translated to acquire a view (CT jargon) at this particular angle.
While this figure shows only a single view being acquired, a complete CT scan requires 300 to
1000 views taken at rotational increments of about 0.3° to 1.0°. This is accomplished by mount-
ing the x-ray source and detector on a rotating gantry that surrounds the patient. A key feature of
CT data acquisition is that x-rays pass only through the slice of the body being examined. This is
unlike classical tomography where x-rays are passing through structures that you try to suppress
in the final image. Computed tomography doesn't allow information from irrelevant locations to
even enter the acquired data.

Pucynok 25-14 wumrocTpupyeT MpOCTy0 TeoMeTpuro it npuodpererus (pas)cpe3a KT uepes
LIEHTP TOJIOBBl. Y3KHH MyYOK PEHTI€HOBCKHX Jy4el MpOIyCKalT OT PEHTT€HOBCKOI'O HCTOYHU-
Ka Ha PEHTTEHOBCKHUU JAaTYMK. DTO O3HAYAET, YTO M3MEPEHHOE 3HAUCHHE B JATUYMKE CBS3aHO C
o01eit cymMMoil MaTepuana, TOMEUIEHHOTO 2de-HuOyOb Ha MyTH Iy4ka. Marepuasl Tna KOCTH
U 3yOOB 3aJepXKHBAIOT OOJIbIIIEe KOJMUYECTBO PEHTI'CHOB, NPUBOJAS K 0Ojiee HU3KOMY CHTHAIYy,
CPaBHEHHOMY C MATKOW TKaHbBIO M KUpoM. Kak 1moka3aHo B WIITIOCTPAIINH, HCTOYHUK PaJHALIUH
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U y3ed JAaTYUKOB OTTPAHCIMPOBAHBI(YCTAaHOBJIEHBI), YTOOBI MPUOOPECTH mMpeacTaBJe-
Hue(npoexuuio?) (kapron KT) mox stum cneruduyueckum yriioM. B To BpeMsi Kak 3TOT pUCY-
HOK NOKa3bIBAaET TOJBKO €IMHCTBEHHOE NMPHUOOPETEHHOE NPEACTaBICHNE, TOJHOE CKAaHUPOBaHHE
KT tpebyer ot 300 no 1000 mpeacTtaBieHui, MOJYYSHHBIX BO BpAIIATEIBHBIX MPUPAIICHHUIX
npubmusutensHo 0.3° - 1.0°. DTo BBHINOIHEHO, YCTaHABIMBAs PEHTIC€HOBCKUI MCTOYHMK U J1aT-
YUK Ha BpaIlaloIIeics pame(CTaHWHE), KOTOpas OKpyKaeT MamnueHTta. ['J1aBHass 0COOCHHOCTH
coopa nanubix KT - TO, 4TO peHTTreHbl MPOXOAAT TOJIBKO Yepe3 CEKTOP HCCIIeyeMOoro Teua. ITo
- B OTJIMYHME OT KJIACCHUECKON ToMorpaduu, rjie peHTI€Hbl IPOXOAAT Yepe3 CTPYKTYPbl, KOTOPbIE
Bb1 npoOyeTte mogaBuTh B KOHEYHOM H300pakeHun. KommpiorepHas Tomorpadust He O3BOJISIET
nH(pOpMallMd OT HECOOTBETCTBYIOIIMX PACIIOJIOKEHUNH Jake BXOAWUTH B MPHOOpETEHHbIEC JaH-
HBIE.

FIGURE 25-14 . s

CT data acquisition. A simple CT system passes a narrow beam Tl"l_”"" |=
FLECIT

of x-rays through the body from source to detector. The source

and detector are then translated to obtain a complete view. The

remaining views are obtained by rotating the source and detec-

tor in about 1E increments, and repeating the translation proc-

ess.

PUCYHOK 25-14

C6op nannbix KT. IIpocras cuctema KT nepenaet y3kuii mydok
PEHTIE€HOB 4Yepe3 TeNO ¢ MCTOYHMKA Ha JaT4uK. VICTOYHUK U
JaT4MK TOT/Ia OTTPAHCIMPOBAHBL, YTOOBI MOJYYUTH IOJHOE
npencraBieHre. Ocraromuecss MNPeACTaBICHHUs IOJy4YEeHBI,
Bpalasi UICTOYHUK M JaTYUK C MpHUpaIleHueM okoio 1°, u mo-

BTOPSISI IPOLIECC TPAHCIIALIUH. radiation
SOMITCE

Several preprocessing steps are usually needed before the image reconstruction can take place.
For instance, the logarithm must be taken of each x-ray measurement. This is because x-rays de-
crease in intensity exponentially as they pass through material. Taking the logarithm provides a
signal that is linearly related to the characteristics of the material being measured. Other preproc-
essing steps are used to compensate for the use of polychromatic (more than one energy) x-rays,
and multielement detectors (as opposed to the single element shown in Fig. 25-14). While these
are a key step in the overall technique, they are not related to the reconstruction algorithms and
we won't discuss them further.

Heckonbko maroB mpenBaputeabHON 00paOOTKH OOBIYHO HEOOXOIUMBI MPEXKIE, YeM BOCCTa-
HOBJICHHE U300paKeHHsI MOKET UMEeTh MecTo. Hanpumep, norapudm g0KkeH ObITh MPUHAT Ka-
KJIOTO PEHTTCHOBCKOTO M3MEPEHUs. DTO - TO, MOTOMY YTO PEHTI'€Hbl YMEHBIIAIOT B MHTCHCHB-
HOCTH T10 SKCIIOHEHTE, IIOCKOJIbKY OHH MPOXOIST uepe3 Marepuain. Basrue norapudma obecme-
YHBAET CUTHAJ, KOTOPBINA JIMHEHHO CBSI3aH C XapaKTEPUCTHKAMH M3MepsieMoro Marepuana. [py-
THe IIard MpeIBapUTEIbHON 00pabOTKH HMCIIOIB3YIOTCS, YTOOBI KOMIIEHCHPOBATH HCIIOJb30Ba-
HUE HEMOHOXPOMAaTHYECKUX (OOJIbIlIe YeM O/IHA SHEPTHs) PEHTICHBI, U JATYHKH MYJIbTHIICMEH-
Ta (B MPOTUBOIOJIOKHOCTh €ITUHCTBEHHOMY(OTICIBHOMY) AJIEMEHTY, MOKa3aHHOMY B pHC. 25-
14). B To Bpemst Kak OHM - KJIFOUEBOM IIar B MOJHYIO METOJIUKY, OHH HE CBSI3aHBI C aJITOPUTMAMU
PEKOHCTPYKITUH, U MBI He OyZieM 00CY»K/IaTh MX Jajee.

Figure 25-15 illustrates the relationship between the measured views and the corresponding im-
age. Each sample acquired in a CT system is equal to the sum of the image values along a ray
pointing to that sample. For example, view 1 is found by adding all the pixels in each row. Like-
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wise, view 3 is found by adding all the pixels in each column. The other views, such as view 2,
sum the pixels along rays that are at an angle.

Pucynok 25-15 wimocTpupyeT OTHOLICHHUS MEKTy U3MEPEHHBIMU MTPEACTABICHUSIMHA U COOTBET-
CTByIOLIMM H300paxenuem. Kaxxmas Beioopka, mpuodperennas B cucreme KT paBHa cymme 3Ha-
YeHUW n300pakeHUs 110 JIy4y, YKa3bIBaloleMy Ha Ty BeIOOpKy. Hampumep, Bun 1 HalineH, npwu-
0aBIIsisl BCE IMKCEIBl B KAXKJOU CTpOKE. AHAJIOIMYHO, BUJ 3 Hai/ieH, npuOaBisis BCe MUKCETBI B

KaxaoM ctosibue. [Ipyrue Buapl, TUa BuAa 2, CYMMUPYIOT ITUKCENbI 10 JIydaM, KOTOpPbIE SBIIS-
IOTCSI TIOJ] YTJIOM.

view |

{1
|1

view 2

&

&

view 3

A

FIGURE 25-15

CT views. Computed tomography acquires a set of views and then reconstructs the corresponding image. Each
sample in a view is equal to the sum of the image values along the ray that points to that sample. In this example, the
image is a small pillbox surrounded by zeros. While only three views are shown here, a typical CT scan uses hun-
dreds of views at slightly different angles.

PUCYHOK 25-15

[pencrasnennss KT. KommbrorepHast Tomorpadust npuodperaer HaOOp NMpeACTaBICHUH W 3aTEM BOCCTAHABIUBAET
COOTBETCTBYyIOIIEe n3o0paxenune. Kaxnas BbIOOpKa B MpENCTABICHUM paBHA CyMME 3HAYCHUH W300pakeHHs 10
Jy4y, KOTOPBIA yKa3bIBaeT Ha Ty BEIOOPKY. B aTOM mpumepe, n3o0paxenue - MmaneHpkuii pillbox, okpykeHHBII Hy-
JsMu. B To BpeMsi Kak TOJIBKO TpU MNPEICTABIECHUS MOKa3bIBAIOTCS 3/1€Ch, TUIMYHBIA npocMoTp KT wucnonb3yer
COTHH MPEJICTABICHHUH IO/ CIIETKA Pa3INYHBIMU YTIIIAMH.
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There are four main approaches to calculating the slice image given the set of its views. These
are called CT reconstruction algorithms. The first method is totally impractical, but provides a
better understanding of the problem. It is based on solving many simultaneous linear equa-
tions. One equation can be written for each measurement. That is, a particular sample in a par-
ticular profile is the sum of a particular group of pixels in the image. To calculate N* unknown
variables (i.c., the image pixel values), there must be N* independent equations, and therefore N
measurements. Most CT scanners acquire about 50% more samples than rigidly required by this
analysis. For example, to reconstruct a 512x512 image, a system might take 700 views with 600
samples in each view. By making the problem overdetermined in this manner, the final image
has reduced noise and artifacts. The problem with this first method of CT reconstruction is com-
putation time. Solving several hundred thousand simultaneous linear equations is an daunting
task.

Nmeetcs yeTbIpe OCHOBHBIX MOJIX0/a K BBIYUCICHUIO CEKTOPAa N300paKeHUsI, YUUThIBAsK TaHHBIN
Habop ero mpencrasiaeHuid. OHM Ha3bIBalOTCS ajdropuTMamMu pekoHcTpykuum KT. Ilepssrii
METO/]1 MTOJIHOCTHIO HETIPAKTUYEH, HO 00ECIeunBaeT JIydllee MOHUMaHue MpoodeMbl. DTO OCHO-
BAHO Ha PEHICHMHM MHOTHX OJHOBPEMEHHBIX(COBMECTHBIX) JIMHEHHBbIX ypaBHeHMil. OaHO
ypaBHEHHE MOKET OBITh HAaIMCAHO B KaKIOM HM3MepeHuu. To ecTh cnenuduueckas BHIOOpPKa B
cneun(puieckoil KOHPUrypauu - cymMmMa creru(uyeckoi rpynmsl MUKCEIOB B U300paKeHHH.
Boruncnsate N° Hen3BecTHbIE IepeMeHHbIE (TO €CTh, 3HaUeHHsI TUKCeNa U300pakeHUs ), TOJIKHBI
uMeTbcsi N° HEe3aBHCHMBIE YPABHEHHS, U T09TOMy N° pasmepbi(i3Mepenns). BoIbIIHCTBO cKa-
HepoB KT(CT) mpuobperaet npuban3uTenbHo Oonbiiee konuuecTBO 50% BBIOOPOK ueM TBEPIO
Tpebyemoe 3TuM aHanu3oM. Hampumep, 4ToObI BOCCTaHOBUTH H300pakeHue 512x512, cucrema
Mora 6s1 6pate 700 npeactaieHuit ¢ 600 BRIOOpKaMU B Ka)JAOM TpeacTaBieHud. Jlemas mpo-
onemy overdetermined(yeneycmpemnennoti?) 3TUM cocoO0OM, KOHEUHOE H300pakeHHEe WMeEeT
MpUBECHHbIE IIyM U apTedakTsl. [Ipobiema ¢ 3TuM nepBbIM MeToAoM pekoHcTpykuuu KT -
BpeMsi BhIUUCIICHHS. PelieHne HeCKOMbKUX COTEH THICSY OJJTHOBPEMEHHBIX JIMHEWHBIX ypaBHEHUN
- YKpOILIEHHUE 33/1a4H.

artifacts - apredaxt (1. UCKycCTBEHHBIH O0BEKT; HCKYCCTBEHHOE CPEJICTBO MJEHTUUKAIUU 2.
3. TNB mapa3uTHBIC Y30pPbl; HCKaKEHHS 4. OTX CBOWCTBO, MPUBHECEHHOE MPOLEAYPOIl Hcciaeno-
BaHU)

The second method of CT reconstruction uses iterative techniques to calculate the final image in
small steps. There are several variations of this method: the Algebraic Reconstruction Technique
(ART), Simultaneous Iterative Reconstruction Technique (SIRT), and Iterative Least Squares
Technique (ILST). The difference between these methods is how the successive corrections are
made: ray-by-ray, pixel-by-pixel, or simultaneously correcting the entire data set, respectively.
As an example of these techniques, we will look at ART.

Bropoii meton pekoncTpykuuu KT(CT) ucnonb3yer urepanioHHbIE METO/IbI, YTOObI BBIYMCIUTD
KOHCYHOC I/I306pa)KCHI/I€ B MajJeHbKHX marax. MIMeroTcsa HECKOJILKO BapI/IaHI/Iﬁ 3TOro Meroaa.
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Algebraic Reconstruction Technique — ART (Meroauka Anrebpanueckoid PexoHCTpykium -
MAP), Simultaneous Iterative Reconstruction Technique — SIRT (Meroanka OmxHOBpeMEeHHON
Ureparnmonnoit Pekoncrpykuun — MOUWP), u Iterative Least Squares Technique - ILST (Mero-
nuka repatuBabix Hammenbmux Keaaparos - MUHK). PazHocTs MeXIy 3TUMHU METOJAMHU -
TO, KaK IOCJIEI0BATENbHbIE UCIIPABICHUS CAENAHBbL: "Iyd Jy4yoM", MOAJIEMEHTHO, WIH OJHOBpE-
MEHHOE HCIIpaBJIEHUE TOJHOr0 Habopa JaHHBIX, COOTBETCTBEHHO. Kak mpumep 3THX METOJOB,
Mbl Oyaem cmotpets ART(MALIIL).

To start the ART algorithm, all the pixels in the image array are set to some arbitrary value. An
iterative procedure is then used to gradually change the image array to correspond to the profiles.
An iteration cycle consists of looping through each of the measured data points. For each meas-
ured value, the following question is asked: how can the pixel values in the array be changed to
make them consistent with this particular measurement? In other words, the measured sample is
compared with the sum of the image pixels along the ray pointing to the sample. If the ray sum is
lower than the measured sample, all the pixels along the ray are increased in value. Likewise, if
the ray sum is higher than the measured sample, all of the pixel values along the ray are de-
creased. After the first complete iteration cycle, there will still be an error between the ray sums
and the measured values. This is because the changes made for any one measurement disrupts all
the previous corrections made. The idea is that the errors become smaller with repeated iterations
until the image converges to the proper solution.

UroO6wr 3amyckath anroputM ART(MALII), Bce nmukcensl B MacCuBe M300paKeHUH YCTaHOBJICHBI
B HEKOTOpOE TMPOU3BOJIBHOE 3HAadYeHHWE. VITepalMoHHAs Mmpoleaypa TOrAa HCIOJIb3Y-
eT(oOpabaThIBaeT) MOCTEIICHHOS N3MEHEHUE MacCHUBa M300paXEHUsI B COOTBETCTBUHU C KOH(UTY-
pauneﬁ. I/ITCpaTI/IBHBII\/'I IMUKJI COCTOUT U3 BBIIMOJIHCHUSA UKJIA YCPE3 KAXKIAYIO U3 U3BMCPCHHBIX TO-
YeK JaHHBIX. JJI KaKIOro M3MEPEHHOTO 3HAYEHUS, CICAYIONIMHA BOIMPOC CHPAIIMBAIOT: KAK
MOdHCem 3HAYeHUsl NUKCela 8 Maccuge Oblmb USMEHEHHbIM, YmMoObl 0enams Ux COBMeCmMUMbIM C
amum cneyuguyeckum usmeperuem? JIpyrauMu cioBaMu, H3MEpEHHAsE BBIOOPKA - 110 CPAaBHEHHIO
C CyMMOI MHUKCEJIOB M300pa’keHUs 10 JIydy, yKa3blBarouleMy Ha BbIOOpKY. Eciu cymma syuda
Oosiee HHM3Kasl, YeM M3MEpEHHAs BBIOOPKA, BCE MUKCEINBI 1O JIy4y YBEIWYCHBI B 3HAUCHUH. AHa-
JIOTUYHO, €CJIM CyMMa Jiyda BbIIIC, YCM HU3MCPCHHAA BBI60pKa, BCC 3HAUCHU NMHUKCCIIA IO Y4y
yMeHbIIeHbI. [lociie IepBOro MOJHOTO MTEPATUBHOTO MUKJA, OyJIET BCE €lIe MMEThCS OIHOKa
MCXKAY CYMMaMH Jiyda U U3MCPCHHBIMU 3HAYCHUSMMU. 910 - TO, IIOTOMY YTO HM3MCHCHHA, CIC-
JaHHBIC IS JTF000TO M3MEPEHUs pa3pylIaloT(IPEphIBAIOT) BCE MPEABLAYINNE CICTaHHBIC HC-
IMpaBJICHUA. I/I,[[eﬂ COCTOHUT B TOM, 4YTO OH_II/IGKI/I CTaHYT MCHbIIMMHU C TTOBTOPHLBIMU UTCPALUAMMU,
NIOKa N300paKeHNE HE CXOTUTCS K HA/IJIC)KAIIEMY PEIICHHIO.

Iterative techniques are generally slow, but they are useful when better algorithms are not avail-
able. In fact, ART was used in the first commercial medical CT scanner released in 1972, the
EMI Mark 1. We will revisit iterative techniques in the next chapter on neural networks. Devel-
opment of the third and forth methods have almost entirely replaced iterative techniques in
commercial CT products.

HtepaninoHHble METOBI - BOOOIIE MEJIEHHBI, HO OHU TOJIE3HBI, KOT/1a Jy4lllhe alrOpUTMbI HE
noctynubl. @aktuuecku, ART(MAII) ucnonbs3oBancs B IEPBOM KOMMEPUYECKOM METUIIMHCKOM
ckarepe KT(CT), semmymensom B 1972, EMI Mark I. Mbl mOBTOpHO TIOCETHM HTEpaIlMOHHBIC
METOJIbI B CIIEIYIOIICH TJIaBe MO0 HEBPAIBHBIM CETSM. Pa3BUTHE TPEThEro U YEeTBEPTOrO METOJA
MOYTH MOJHOCTHIO 3aMEHUJIO UTEPALIMOHHBIE METOIbI B KOMMepueckux uzaenusx KT.

The last two reconstruction algorithms are based on formal mathematical solutions to the prob-
lem. These are elegant examples of DSP. The third method is called filtered backprojection. It
is a modification of an older technique, called backprojection or simple backprojection. Figure
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HAYYHO-TEXHUYECKOE PYKOBOJICTBO 110 IM®POBOW OBPABOTKE CUTHAJIOB

25-16 shows that simple backprojection is a common sense approach, but very unsophisticated.
An individual sample is backprojected by setting all the image pixels along the ray pointing to
the sample to the same value. In less technical terms, a backprojection is formed by smearing
each view back through the image in the direction it was originally acquired. The final backpro-
jected image is then taken as the sum of all the backprojected views.

[locnennue 1Ba anropuT™Ma PeKOHCTPYKIIMH OCHOBAHBI HA ()OPMATIbHBIX MaTEMaTHYECKUX pelle-
HUsX npooseMbl. Ouu - masiHbie mpuMepsl L{IOC. Tpertuii MmeTon Ha3pBaeTCs GUIbTPOBAHHOM
o0paTHoOIi npoexkumeii. 1o - Moau(UKaLKs cTapiIeii METOANKH, Ha3bIBaeMOW 0OpaTHOM Mpo-
eKIueil Uiy mpocToii o0paTHO# mpoeknueii. Prucynok 25-16 mokaseiBaeT, 4To mpocTas oopat-
Hasi TPOEKIIHS - MOAXO/]T 3[PABOTO CMBICIIA, HO OYeHbh OECXUTPOCTHBIN. MIHIUBHUyallbHAST BEIOOD-
Ka — 00OpaTHOI MPOEKIUH, YCTaHABIUBAET BCE MUKCEIbI M300paXeHHs 10 JIydy, YKa3bIBaIOIIEMy
Ha BBIOOPKY K TOMY K€ CaMOMy 3HA4eHMIO. B MeHee TeXHHMUECKUX TepMHHAX, 0OpaTHas MPOeK-
us chopMHpPOBaHa, cMa3biBas(pa3MbIBasi) KaXI0€ MPEACTaBICHUE HA3al yepe3 n300paKeHue B
HaNpaBJICHUH, KOTOPOM 3TO ObUIO NepBOHAYaAIbHO MpHoOpeTeHo. KoneuHoe mzobpaskeHue o0-
paTHOM MPOEKLHUU TOTAa MPUHATO KaK CyMMa BCeX MPeICTaBICHUI 0OpaTHBIX MPOESKIUH.

Backprojecting - BoccTaHoBieHUE cIieHBI 110 npoekiusM (B CT3 — cuctembl ToMorpaduu 3ama-
3bIBaHHEM?)?

VI i

VW ¥

a. Lsing 3 views b Using mamy views

FIGURE 25-16

Backprojection. Backprojection reconstructs an image by taking each view and smearing it along the path it was
originally acquired. The resulting image is a blurry version of the correct image.

PUCYHOK 25-16

O6parHoe npoektupoBanue. OOpaTHOE MPOSKTHPOBAHNE BOCCTAHABIMBACT H300pakeHNe, Oeps KaxIoe IpeICTaB-
JICHHWE W 3aMa3bIBasi 3TO IO MYTH, 3TO OBLIO TIEPBOHAYATIBHO MPHOOpPETEeHO. 3aKaHUMBAIOIIeecs H300paXKeHne - pac-
IUTBIBYATAS BEPCHS IIPABHIIBHOIO H300payKSHHSI.

While backprojection is conceptually simple, it does not correctly solve the problem. As shown
in (b), a backprojected image is very blurry. A single point in the true image is reconstructed as a
circular region that decreases in intensity away from the center. In more formal terms, the point
spread function of backprojection is circularly symmetric, and decreases as the reciprocal of its
radius.

(c) ABTOKC, Cankr-IletepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru
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B To Bpems kak MeToa oOpaTHON MPOEKIIMU KOHIIETITyaJIbHO MPOCT, 3TO MPABUIHHO HE perraet
npobiemy. Kak mokasano B (b), nzo0paxenue oOpaTHON NMPOCKIIUU OYEHBb pacnivieuamo. Enun-
CTBEHHAas TOYKAa B UCMUHHOM W300pa)KEHUH BOCCTAHOBJEHAa KaK Kpyromas 00jacTh, KOTOpas
YMEHBIIAETCSl B MHTEHCUBHOCTH yIaJSisiCh OT IeHTpa. Beipaxasick O6osee GpopmanbHO, HyHKIHS
paccesiHusl TOYKHM OOpaTHOM MPOEKIMH IUPKYJspHAs CUMMETPUYHAs, U YMEHBIIAETCS Kak 00-
paTHas BEIMYHMHA €€ pajuyca.

Filtered back projection is a technique to correct the blurring encountered in simple backprojec-
tion. As illustrated in Fig. 25-17, each view is filtered before the backprojection to counteract the
blurring PSF. That is, each of the one-dimensional views is convolved with a one-dimensional
filter kernel to create a set of filtered views. These filtered views are then back projected to pro-
vide the reconstructed image, a close approximation to the "correct" image. In fact, the image
produced by filtered backprojection is identical to the "correct" image when there are an infinite
number of views and an infinite number of points per view.

dunbTpoBaHHAs 0OpaTHas MPOEKLUS - METOAMKA, YTOOBI MCIPABUTh PAa3MbIBAaHHE, C KOTOPHIM
CTAJIKUBAIOTCS B MPOCTON 0OpaTHO#M mpoekuuu. Kak uimmoctpupoBaHo B puc. 25-17, kaxmoe
NpeACTaBIeHNuEe Quabmposano Tepes o0paTHON MpoeKuuel, 4ToObl MPOTHUBOACHCTBOBATE pa3-
MbiBaHUIO DOPT. To ecTh Kaxkgoe U3 OAHOMEPHBIX MPEICTaBICHUN CBEPHYTa C OJHOMEPHBIM
snpoM (uibTpa, yToOBI CO31aTh HAOOP Purbmposannvix npedcmasienuil. It GUILTPOBAHHBIC
NpECTaBICHUS - TOTAa MPOCKTUPOBAHBI Ha3aJ], YTOOBI 00ECIEYUTh BOCCTAHOBICHHOE M300pa-
JKeHHe, ONM3KO anmpoKCUMHPOBAaHHOE K "MpaBuiibHOMY" m300paxenuto. daktudecku, n3odpa-
KEHHE, IPOU3BEACHHOE (PUIBTPOBAHHBIM OOpPATHBIM HPOECKTHUPOBAHUEM UOEHMUYHO "TIPABUIIb-
HOMY" N300paKEHMIO, KOTJJa UMEETCsl OecKoHeuHoe YUCII0 IPEACTAaBICHUN U 6ecKoHeuHoe YUCII0
TOYEK B MPE/ICTaBICHUE.

filiered view |

sliw 3

a, LUsing 3 views b Using namy views

FIGURE 25-17

Filtered backprojection. Filtered backprojection reconstructs an image by filtering each view before backprojection.
This removes the blurring seen in simple backprojection, and results in a mathematically exact reconstruction of the
image. Filtered backprojection is the most commonly used algorithm for computed tomography systems.
PUCYHOK 25-17

OubTpOBaHHOE 0OpPAaTHOE MPOEKTHPOBaHHE(MIPOSKTUPOBaHKe Ha3ad). PUIbTpOBaHHOE 0OpaTHOE MPOSKTUPOBAHUE
BOCCTaHABIIMBACT M300pakeHNe, QHIBTPYs KaXI0e MpecTaBiIeHHE MPExKae MPOSKTHPOBATh Ha3aa(00paTHO). DTo
yIoamsieT pa3MbIBaHHE, 3aMEUCHHOE B MPOCTOM MPOCKTHPOBAHMU Ha3aza(o0paTHO), U MPHUBOJUT K MATEMAaTHYCCKH
TOYHON PEKOHCTPYKIINK H300pakeHus. OUIbTPOBAaHHOE 0OPATHOE MPOEKTUPOBAHKE OOBIYHO HUCIOIBb3YEMBIH ajro-
PHTM IS BBIYMCIIEHHBIX CHCTEM TOMOTPA(HH.

(c) ABTOKC, Canxr-IlerepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru
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The filter kernel used in this technique will be discussed shortly. For now, notice how the pro-
files have been changed by the filter. The image in this example is a uniform white circle sur-
rounded by a black background (a pillbox). Each of the acquired views has a flat background
with a rounded region representing the white circle. Filtering changes the views in two signifi-
cant ways. First, the top of the pulse is made flat, resulting in the final backprojection creating a
uniform signal level within the circle. Second, negative spikes have been introduced at the sides
of the pulse. When backprojected, these negative regions counteract the blur.

SAnpo dbuneTpa, Ucnonb3dyemMoe B 3TOW MeTtoauke OyaeT oOcyxkaeHo Bckope. Iloka, oOparute
BHUMaHME, KaK KOH(Urypanuu ObUIM M3MEHEHBbl QuiabTpoM. M300paxeHne B 3TOM MpHUMEpPE -
OJTHOPOJTHBIN O€JIbIiA KPyT, OKpYKEeHHBIN uepHbIM (hoHOM (pillbox). Kaxnoe u3 mpruoOpeTeHHBIX
MIPEJCTABICHUN MMEeT eAMHO0Opa3HbIii (POH C OKPYIJICHHOHM 00JacThio, MpeAcTaBisomeil Oe-
Je1iA Kpyr. OuabTparusi U3MEHEHUN MPEJCTaBICHUS BYMS CYIIECTBEHHBIMU criocobamu. Bo
NIEPBbIX, BEPIINHA UMITYJIbCA CIeNIaHa TUIOCKOU, MPUBOAS K KOHEYHOM 0OpaTHON MPOEKLIUH CO3-
JaBasi 0OHOPOOHbILI YPOBEHb CUTHANA B Mpejenax Kpyra. Bo BTOphIX, OTpULIaTEIbHBIE BHIOPOCH
ObUIM MIPEICTABICHBI B CTOPOHAX MMIMyJbca. [Ipu mpoekTupoBaHuM Ha3aa(0OpaTHOM MPOEKTH-
POBaHMM), 3TU OTPULIATENIbHBIE 00JIACTH MPOTUBOJAEHCTBYIOT MATHY .

The fourth method is called Fourier reconstruction. In the spatial domain, CT reconstruction
involves the relationship between a two-dimensional image and its set of one-dimensional views.
By taking the two-dimensional Fourier transform of the image and the one-dimensional Fourier
transform of each of its views, the problem can be examined in the frequency domain. As it turns
out, the relationship between an image and its views is far simpler in the frequency domain than
in the spatial domain. The frequency domain analysis of this problem is a milestone in CT tech-
nology called the Fourier slice theorem.

UeTBepThlii METOJT HAa3bIBAETCS PEKOHCTPYKIMEH Dypbe. B mpoCcTpaHCTBEHHOM JHOMEHE, PEKOH-
crpykims KT Bkimtouaer B ce0s (1oapazymMeBaeT) OTHOLICHHUS MEXKAY JBYMEPHBIM U300paKeHH-
€M W ero HabopoM OJHOMEpHBIX TpeactaBieHuil. beps nBymepnoe IIpeoOpazoBanune dypne
n3zobpaxkeHust 1 ogHoMepHoro IIpeobpazoBanus Oypbe KaXaA0T0 U3 €ro MpeiCcTaBiIeHUN, Ipo-
65:eMa MOXKET OBITh HCCIIeI0BaHa B YACTOTHOM JoMeHe. [1ockoabKy 3TO moBopaynBaeTcs U3, OT-
HOIICHHUS MEX]y M300pakeHHUEM U €ro MPEeICTaBICHUSIMH ropas3fo 0oJjiee mpocTo B YaCTOTHOM
JIOMEHE, YeM B MIPOCTPAHCTBEHHOM JIOMEHE. AHAIN3 YaCTOTHOIO JIOMEHA 3TOM MpoOJieMbl - Bexa
(mpomexxyTounblii otueT) B TexHonoruu KT Ha3bsiBaemoil TeopeMoii cekTopa @ypbe.

Figure 25-18 shows how the problem looks in both the spatial and the frequency domains. In the
spatial domain, each view is found by integrating the image along rays at a particular angle. In
the frequency domain, the image spectrum is represented in this illustration by a two-
dimensional grid. The spectrum of each view (a one-dimensional signal) is represented by a dark
line superimposed on the grid. As shown by the positioning of the lines on the grid, the Fourier
slice theorem states that the spectrum of a view is identical to the values along a line (slice)
through the image spectrum. For instance, the spectrum of view 1 is the same as the center col-
umn of the image spectrum, and the spectrum of view 3 is the same as the center row of the im-
age spectrum. Notice that the spectrum of each view is positioned on the grid at the same angle
that the view was originally acquired. All these frequency spectra include the negative frequen-
cies and are displayed with zero frequency at the center.

Pucynok 25-18 mokasbiBaer, kak mpoOjeMa BBITJISAUT U B MPOCTPAHCTBEHHOM M B YaCTOTHOM
JOMEHax. B IpoCTpaHCTBEHHOM JOMEHE, KaK[0€ IPEICTaBICHUE HAWIEHO, HMHTErpupys H30-
OpakeHHUe I0 Jy4yaMm I0Jl crennu(puIecKuM yriioM. B yacToTHOM goMeHe, CeKTp M300pakeHus
MIPE/ICTaBIEH B ATOW WJUIIOCTPALMU JABYMEPHOM ceTkol. CHeKTp KakJIoro mpejcTaBieHus (oA-
(c) ABTOKC, Cankr-IletepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru
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HOMEPHBIM CUTHAJ) MPEJICTaBICH TEMHOW CTPOKOM, 100aBIeHHOM Ha ceTke. Kak moka3aHo mo3u-
LIMOHUPOBAHUEM CTPOK Ha CETKe, Teopema cekropa Dypre 3asBisSET, UTO CIEKTP NMPEACTaBICHUS
SBIISICTCS] MICHTUYHBIM 3HaYSHUSIM T10 CTPOKE (CEKTOp) uepe3 CHeKTp n3odpaxenus. Hanpumep,
CIIEKTp MpeACTaBICHUS | -, TOT e CaMblil, TOCKOJIbKY CPEIHUI CTOIOCI CTIEKTpa N300payKeHNUS,
U CIIEKTpa MPEACTaBJICHUS 3 - TOT e CaMblil KaK CpeHsIsI CTPOKa CrieKTpa n3odpaxenus. O0pa-
TUTE BHUMAHUE, YTO CHEKTP KaKJIO0T0 MPEACTABICHUS MO3UIMOHUPOBAH B CETKY MOJ TEM K€ ca-
MBIM YTJIOM, YTO MPEJCTaBICHUE OBUIO IEpBOHAYAILHO MTPHOOpEeTeH0. Bee 3T yacTOTHBIE CIiek-
TPBHI BKIIIOYAIOT OTPHUIATEIbHBIE YAaCTOTHI U OTOOPAKEHBI C HYJIEBOM 4acTOTOMN B IIEHTpE.

Fourier reconstruction of a CT image requires three steps. First, the one-dimensional FFT is
taken of each view. Second, these view spectra are used to calculate the two-dimensional fre-
quency spectrum of the image, as outlined by the Fourier slice theorem. Since the view spectra
are arranged radially, and the correct image spectrum is arranged rectangularly, an interpolation
routine is needed to make the conversion. Third, the inverse FFT is taken of the image spectrum
to obtain the reconstructed image.

Pexoncrpykuus @ypoe nzodpaxenus KT tpeOyer Tpex maros. Bo nepsbix, ogHomepHoe BITD
IPUHATO Ka)XJ0ro MpejacTaBieHus. Bo BTOPBIX, 3TH CHEKTPbl MPEICTABICHUS HCIOJIb3YIOTCS,
YTOOBI BBIYMCIIUT JIBYMEPHBII CHEKTP YaCTOT M300pakeHusl, KaK BBIJCIIEHO TEOPEMO CEKTOpa
@Oypre. Tak Kak CHEKTpPbI MPEICTaBICHHS Pa3MEIIAIOTCs paoduaibHo, W TIPABUIIbHBINA CIIEKTP
U300paKEHHST Pa3MEIIACTCS NPAMOY201bHO, TIOANIPOrpaMMa HHTEPIIONSAUN He00X01uMa, YTOObI
nenath nmpeodpaszoBanue. Tpetse, oopatHoe BII® npuHATO cieKkTpa N300pakeHwHs], YTOOBI TOJTY-
YUTHh BOCCTAHOBIIEHHOE M300paKEeHUE.

Spatial Domain Frequency Domain
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FIGURE 25-18

The Fourier Slice Theorem. The Fourier Slice Theorem describes the relationship between an image and its views in
the frequency domain. In the spatial domain, each view is found by integrating the image along rays at a particular
angle. In the frequency domain, the spectrum of each view is a one-dimensional "slice" of the two-dimensional im-
age spectrum.

PUCYHOK 25-18

Teopema Cekropa ®dypoe. Teopema Cextopa Pypbe ONMUCHIBAET OTHOILEHUS MEXAY M300paKEHHUEM M €ro Hpej-
CTaBJICHUAMHU B 4aCTOTHOM JJOMCHC. B MMPpOCTPaHCTBEHHOM JJOMCHEC, KAXKI0€ MPCACTABJICHUC Haﬁ[leHO, HUHTETPpUPYA
M300paKeHHe 1O JydaM I0J crenn(prIeckuM yriioM. B 4acTOTHOM IOMEHe, CIIEKTp KaXJI0r0 MPEeACTaBICHUS - O/1-
HOMEpPHBIH "ceKTOp" JBYMEPHOTO CHEKTPa H300paskKeHusl.

(c) ABTOKC, Canxr-IlerepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru
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FIGURE 25-19

Backprojection filter. The frequency response of the backprojection filter is shown in (a), and the corresponding
filter kernel is shown in (b). Equation 25-2 provides the values for the filter kernel.

PUCVYHOK 25-19

@OunbTp 00paTHOrO MpoeKkTUpoBaHus. YacToTHast XxapakTeprcTHKa QUIbTpa 00paTHOro MPOSKTUPOBAHMS MTOKa3bIBaeTCs B (), U
COOTBETCTBYIOIIEE AP0 (hribTpa nokaspiBaetcs B (b). YpaBuenue 25-2 obecniednBaet 3Ha4eHUS VIS sapa GUIbTpA.

This "radial to rectangular" conversion is also the key for understanding filtered backprojection.
The radial arrangement is the spectrum of the backprojected image, while the rectangular grid is
the spectrum of the correct image. If we compare one small region of the radial spectrum with
the corresponding region of the rectangular grid, we find that the sample values are identical.
However, they have a different sample density. The correct spectrum has uniformly spaced
points throughout, as shown by the even spacing of the rectangular grid. In comparison, the
backprojected spectrum has a higher sample density near the center because of its radial ar-
rangement. In other words, the spokes of a wheel are closer together near the hub. This issue
does not affect Fourier reconstruction because the interpolation is from the values of the nearest
neighbors, not their density.

210 " paduanvroe Kk npsamoyeonrvromy " IpeoOpa3OBaHUE - TAKXKE KIIFOY JJII TOHUMaHUS (PHITBT-
POBAHHOTO OOpPATHOTO MPOCKTHPOBaHUS. PaamanbHOE pacmoiiokeHue(IpoCTpaHCTBEHHAS KOH-
(durypanms) - ciexkTp n3o00paxeHuss 00paTHOTO MPOEKTUPOBAHUS, B TO BpeMsI KaK MPSMOYTOJIb-
Hasi CeTKa - CIEKTp MPaBUIBLHOTO M300paxeHws. Eciiu MBI cCpaBHHBaeM OJIHY MaJCHBKYIO 00-
JacTh paJualbHOTO CIEKTPa ¢ COOTBETCTBYIOIIEH 00JIaCThIO MPSMOYTOJIbHONW CETKH, MBI HaXo-
JTUM, 4TO BEIMYMHBI BEIOOPKH HIEHTUYHBI. OTHAKO, OHU UMEIOT PA3IUIHYIO 8b100POUHYIO NAOMI-
Hocmb. [IpaBUIIBHBIN CIIEKTP PaBHOMEPHO PACHOJIOKUI TOYKU MOBCIONY, KaK MMOKa3aHO YETHBIM
WHTEPBAJIOM TPSIMOYTOJbHON ceTKu. I cpaBHEHHS, CHEKTp OOpaTHOrO MPOEKTUPOBAHUS
nMeeT 0ojiee BBICOKYIO BBIOOPOYHYIO IUIOTHOCTH OKOJIO IIEHTpa H3-3a €ro paJuaibHOro pac-
moJiokeHus. JI[pyruMu ciioBaMu, TOBOPSIT OCH KOJIEC, 3aKPHIBAIOT BMECTE OKOJIO CTYIHIIBL. JTa
npoGyieMa He 3aTparuBaeT peKOHCTpyKUuio Dypbe, MOTOMY YTO MHTEPHOJALUS - OT 3HAUCHUHN
caMbIX OJIM3KUX cOocelei, He X NI0MHOCHb.

The filter in filtered backprojection cancels this unequal sample density. In particular, the fre-
quency response of the filter must be the inverse of the sample density. Since the backprojected
spectrum has a density of 1/f, the appropriate filter has a frequency response of H[f ] = f. This
frequency response is shown in Fig. 25-19a. The filter kernel is then found by taking the inverse
Fourier transform, as shown in (b). Mathematically, the filter kernel is given by:

(c) ABTOKC, Cankr-IletepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru
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OwibTp B (QUIBTPOBAHHOM OOPATHOM MPOEKTUPOBAHMHU OTMEHSET 3Ty HEPAaBHYIO THIIOBYIO
IUIOTHOCTh. B 4acTHOCTH 4acTOTHAsi XapaKTePUCTUKA QHIBTPa TOJKHA OBITh MHBEPCHEH BHIOO-
pOUYHOM TUIOTHOCTH. Tak Kak CIEeKTp OOpaTHOTO MPOEKTUPOBAHHUS MMEET IUIOTHOCTH 1/f, COOT-
BETCTBYIOIIMK (UIBTP MMEET YaCTOTHYIO XapakTepucTuky H[f | = f. DTOT 4acCTOTHBIH OT-
BeT(OTKIIMK) MOKa3bIBaeTcs B puc. 25-19a. SAnpo ¢unbrpa Torna HaiiieHo, Oepsi oOpaTHOE TIpe-
obpazoBanne dypre, kak mokazano B (b). MaTtematnuecku, sapo GpuibTpa gaetcs:

EQUATION 25-2 0] = 1

The filter kernel for filtered backprojection. Figure 25-19b shows a

%;;i%ﬁég;lggﬁlz h [-'rf ] =10 for even values of &

SAnpo ¢unbTpa At GUIBTPOBAHHOTO 00PAaTHOTO MPOEKTHPOBaHUS. Pu- -

CYHOK 25-19b nokasbIBaeT AuarpaMMy 9TOrO sApa. hik] = 4/ S .
- or odd values of

Before leaving the topic of computed tomography, it should be mentioned that there are several
similar imaging techniques in the medical field. All use extensive amounts of DSP. Positron
emission tomography (PET) involves injecting the patient with a mildly radioactive compound
that emits positrons. Immediately after emission, the positron annihilates with an electron, creat-
ing two gamma rays that exit the body in exactly opposite directions. Radiation detectors placed
around the patient look for these back-to-back gamma rays, identifying the location of the line
that the gamma rays traveled along. Since the point where the gamma rays were created must be
somewhere along this line, a reconstruction algorithm similar to computed tomography can be
used. This results in an image that looks similar to CT, except that brightness is related to the
amount of the radioactive material present at each location. A unique advantage of PET is that
the radioactive compounds can be attached to various substances used by the body in some man-
ner, such as glucose. The reconstructed image is then related to the concentration of this biologi-
cal substance. This allows the imaging of the body's physiology rather than simple anatomy. For
example, images can be produced showing which portions of the human brain are involved in
various mental tasks.

[lepen octaBneHHEM TeMBbl KOMIBIOTEPHOI TOMOrpaduu, TOHKHO OBITh YIOMSHYTO, YTO B Me-
JTUIIMHCKON cdepe MMeeTcss HECKOIBKO MOJOOHBIX METOJOB OTOOpakeHHs. Bce mcmoip3yror
obmupnoe konmdectBo LIOC. Ilo3utponnas smuccuonHas tomorpagus (PET) Bxmtouaer B
cebs1(rogpazymMeBaeT) BBeICHUE B MAIMEHTA MATKO PaIHOAaKTHBHOTO COCTaBa, KOTOPBIH HCITyC-
KaeT no3umpouvi. HeMeIIeHHO Iociie UCIyCKaHUs, MO3UTPOH AHHUTHUIUPYET C AJIEKTPOHOM,
co3/aBasi JBa raMMa-Iyda, KOTOPbIE BBIXOASAT U3 TeJla B TOYHO NMPOTHUBOIOJIOKHBIX HaIllpaBIECHU-
AX. JleTeKTopbl, MOMEIEHHbIE BOKPYT NAaIlMEHTa MILYT 3TH MPOTHBOBKIIOYEHHBIE TaMMa-Iyya,
WICHTUQHUINPYS PACIIONOKEHUE CMPOKU(IUHUY) TIO KOTOPOW TaMMa-Jiyda, TepeMeneHbl. Tak
KaK TOYKa, IJie raMMa-JIyda ObLJIM CO3/1aHbl, JOJDKHA OBITh Ie-HUOYAb MO 3TOW CTPOKE(JIMHUM),
QITOPUTM PEKOHCTPYKLHUHU, MOAOOHBIH KOMIBIOTEPHONM TOMOTpauu MOXKET HCIOJIb30BATHCA.
DTO MPUBOIUT K U300PAKEHHUIO, KOTOpOEe BHIMIAUT 1ogao0Ho KT, 3a MCKIIFOYeHHEM TOTO, YTO
ApKoOCcMb CBA3aHA C KOJMYECTBOM PaJUOAKTHUBHOIO MaTepuaia B KaXKIOM PacCIlOIOKEHUU. Y HU-
kanbHoe npeumyniectBo PET coctout B TOM, 4TO paMOaKTHUBHBIE COCTaBbl MOTYT OBITh NPHJIO-
KEHbI K Pa3IMYHBIM MaTEePHsIM, UCIOJIb3YyEMbIM TEJIOM HEKOTOPHIM CIIOCOOOM, THIIA TIIFOKO3BI.
BoccranoBnenHoe M300pakeHHE TOTJa CBSI3aHO C KOHIICHTPAIMEH ATOW OMOJOTHYECKON Mate-
puH. 3TO TO3BOJISIET OTOOpAaXEHUE pu3suosoeuu Tena cKopee, YeM MpocToi anamomuu. Hanpu-
Mep, N300pakeHHsI MOTYT OBITh IPOU3BEACHBI, IOKA3bIBasl, KOTOPBIE YACTU YEJIIOBEUECKOT0 MO3-
ra, BOBJICUYEHBI B PA3JIMYHbIE YMCTBEHHBIE 3a/1a4H.

A more direct competitor to computed tomography is magnetic resonance imaging (MRI),
which is now found in most major hospitals. This technique was originally developed under the
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name nuclear magnetic resonance (NMR). The name change was for public relations when
local governments protested the use of anything nuclear in their communities. It was often an
impossible task to educate the public that the term nuclear simply referred to the fact that all at-
oms contain a nucleus. An MRI scan is conducted by placing the patient in the center of a power-
ful magnet. Radio waves in conjunction with the magnetic field cause selected nuclei in the body
to resonate, resulting in the emission of secondary radio waves. These secondary radio waves are
digitized and form the data set used in the MRI reconstruction algorithms. The result is a set of
images that appear very similar to computed tomography. The advantages of MRI are numerous:
good soft tissue discrimination, flexible slice selection, and not using potentially dangerous x-ray
radiation. On the negative side, MRI is a more expensive technique than CT, and poor for imag-
ing bones and other hard tissues. CT and MRI will be the mainstays of medical imaging for
many years to come.

bonee mnpsMol KOHKYPEHT K KOMIIBIOTEpPHON ToMOrpaguu — oOTOoOpaskeHHe MATrHUTHBIM
pe3onancom (MRI), xoropeiii Temeph HaiiieH B OOJIBIIMHCTBE TJIaBHBIX OOJBHHUIL. JTa
MeTo/IMKa Oblila IepBOHAaYaIbHO pa3paboTaHa Mo/ Ha3BaHUEM fi/IePHbIii MATHUTHBIN pe30HaHC
(SAMP). M3meHeHne Ha3BaHUsS OBLIO Ul CBSI3€H C IIMPOKOH IMyOIMKOM, KOTIa MECTHbIE OpPTraHbl
BJIACTH BO3PA3WJIM WCIIOJIB30BAHUIO Yero — HU OyJb SIIEPHOTO B UX cooOmecTBax. ITo OBLIO
4acTO HEBO3MOXHas 3ajada OOy4HTh MyOJIMKY, YTO TEPMHUH, SIEPHBIA MPOCTO YHMOMSHYTBIN
(dakT, uTo Bce aTtombl comepxkar sapo. I[Ipocmorp MRI mpoBoawTcs, momernias manveHTa B
LIEHTPE MOIIHOIO Maruuta. PajinoBOIHBI BMECTE C MATHUTHBIM TIOJIEM 3aCTaBIISIOT OTOOpaHHBIE
A]lpa B Te€J€ PE30HUPOBATh, MPUBOJASA K MCIYCKAaHUIO BTOPUYHBIX PaJMOBOJH. DTH BTOPUYHBIE
paaroBONHEI 1UGpPOBEIE W (GOPMUPYIOT HA0Op MJAHHBIX, HWCIOJIB3YEMbI B aJIrOpUTMax
pexonctpykiuu MRI. PesynbTaT - Hab0p M300pa’keHUIA, KOTOPBIC KAXKYTCS OYEHb IMOXOKUMHU HA
KOMITbI0TepHYI0 ToMorpaduto. [IpeumymiectBa MRI mHOrouncnenusie: Xopolnee BBIICICHUE
MSATKOM TKaHU, THOKUI BBIOOP CEKTOpa, U HE UCIOJb30BaHUE MMOTEHIIUAIBLHO ONACHON pajgualuu
pentrena. Ha orpunarensnoit cropone, MRI - 6onee noporas meroauka ueM KT, u xyxe mis
oToOpakeHus: Kocterd u aApyrux skectkux TkaHed. KT m MRI OyayT omioTel MeAMITMHCKOTO
0TOOpa)KeHHS [T MHOTHX TOCJICAYIOUIHX JIET.
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