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Image Formation & Display
®opmuposanue U3o0paxkenus u J{ucnien

CHAPTER

Images are a description of how a parameter varies over a surface. For exam-
ple, standard visual images result from light intensity variations across a two-dimensional plane.
However, light is not the only parameter used in scientific imaging. For example, an image can
be formed of the temperature of an integrated circuit, blood velocity in a patient's artery, x-ray
emission from a distant galaxy, ground motion during an earthquake, etc. These exotic images
are usually converted into conventional pictures (i.e., light images), so that they can be evaluated
by the human eye. This first chapter on image processing describes how digital images are
formed and presented to human observers.

N300pakeHus - onucaHue TOro, Kak mapameTp W3MEeHseTcs 1o moBepxHocTH. Hampuwmep, cran-
JapTHBIE BU3YyalbHbIe N300pa)KeHUsI CIEAYIOT U3 CBETOBBIX BapHallMii HHTEHCUBHOCTHU IOIEpPEK
JIBYMEpHOH miockocT. OTHAKO, CBET - HE €IMHCTBEHHBIN MTapaMeTp, UCIIOJIb3YEMBIH B HAYYHOM
oroOpaxkenuu. Hanpumep, nzobpaxeHne MoxeT ObITh CPOPMUPOBAHO U3 memnepamypbi UHTE-
IPalbHOM CXEMBI, CKOpOCMb KpOo6u B apTepUM NALUEHTA, PeHM2eHO8CKoe U3iydeHue OT OTha-
JICHHOM TaJIaKTUKU, O8UJICEHUe 3eMHOU KOpbl npu 3emiempscenuu, U T.J. IDTU IK30THYECKHE
n300pakeHHst OOBIYHO MTPEOOPa30BHIBAIOTCS B OOBIYHBIE N300pakeHUsl, (TO €CTh, CBETOBBIE M30-
OpakeHus1) Tak, 4TOObl OHU MOIJIM OBITh OLICHEHBI YEJIOBEYECKUM IJ1a30M. DJTa MepBas IiaBa 1o
00paboTke M300pakKeHUsI ONMHCHIBACT, Kak IH(pOBbIE M300pakeHHsT CPOPMHUPOBAHBI M TIPE-
CTaBJICHBI YEJI0BEYECKUM HaOII01aTENsAM.

Digital Image Structure
Hudposas Crpykrypa U3o00paxenus

Figure 23-1 illustrates the structure of a digital image. This example image is of the planet Ve-
nus, acquired by microwave radar from an orbiting space probe. Microwave imaging is neces-
sary because the dense atmosphere blocks visible light, making standard photography impossi-
ble. The image shown is represented by 40,000 samples arranged in a two-dimensional array of
200 columns by 200 rows. Just as with one-dimensional signals, these rows and columns can be
numbered 0 through 199, or 1 through 200. In imaging jargon, each sample is called a pixel, a
contraction of the phrase: picture element. Each pixel in this example is a single number between
0 and 255. When the image was acquired, this number related to the amount of microwave en-
ergy being reflected from the corresponding location on the planet's surface. To display this as a
visual image, the value of each pixel is converted into a grayscale, where 0 is black, 255 is
white, and the intermediate values are shades of gray.

Pucynok 23-1 wiirocTpupyeT CTpyKTypy HU(PPOBOro M300paxeHus. DT0 MpUMep U300pakeHHs
1aHeTsl Benepa, npuoOpeTeHHOe MUKPOBOJIHOBBIM PaJapoM OT OpOUTAIbHOTO KOCMHUYECKOTO
30H1a. MUKpoBOIHOBOE n300pakeHue(PagroBuaeHne) HeoOXOAMMO MOTOMY, YTO IUIOTHBIE aT-
Moc(hepHbIe MacChl He MPOMYCKAIOT CBET, Jieiast CTaHAapTHYIO ¢oTorpaduro HeBozMokHOU. [To-
KazaHHoe n3o0paxkeHue npeacrasieHo 40000 BeIOOpKamMu, pa3MelaeMbIMU B IByMEPHOM Mac-
cuse B 200 cronbuax u 200 crpokax. Tak ke, Kak ¢ OJJHOMEPHBIMU CUTHAJIAMU, 3TU CTPOKU U
CTONOLBI MOTYT ObITh TpoHyMepoBaHbl 0 10 199, unu 1 no 200. B xkaprone oroOpakeHus, Kax-
nasi BEIOOpKa HasbiBaeTcs pixel (mukcesiom), cokpamienue (passl: picture element (KapTHHHBIA
aneMeHT). Kaxplif muKkcesn B 3TOM IpuMepe - oTAeabHbIN Homep Mexay 0 u 255. Koraa uso-
OpakeHue OBUIO TPHOOPETEHO, 3TOT HOMED, CBA3aH C CYMMOW MHUKPOBOJIHOBOW SHEPTHH, OTpa-
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KAeMOM OT COOTBETCTBYIOIIETO PACIIOJIOKEHHSI Ha MOBEPXHOCTHU IUIaHETHl. UTOOBI 0TOOpaxarhb
9TO KaK 6u3yanbHoe uzodpaddicenue, 3HaYeHUE KaXKIAOTro MUKCeNa Mpeodpa3oBaHO B MOJYTOHO-
Boe, rae 0 yepHsbIi, 255 Oenblil, 1 MPOMEXYTOUYHBIE 3HAUEHHS - OTTCHKH MOy TOHA.

Images have their information encoded in the spatial domain, the image equivalent of the time
domain. In other words, features in images are represented by edges, not sinusoids. This means
that the spacing and number of pixels are determined by how small of features need to be seen,
rather than by the formal constraints of the sampling theorem. Aliasing can occur in images, but
it is generally thought of as a nuisance rather than a major problem. For instance, pinstriped suits
look terrible on television because the repetitive pattern is greater than the Nyquist frequency.
The aliased frequencies appear as light and dark bands that move across the clothing as the per-
son changes position.

Nudopmanmro n3o00paxeHuss KOIUPYIOTCS B MPOCTPAHCTBEHHOM JIOMEHE, SKBHUBAJICHT M300pa-
KEHHSI TOMEHa BpeMeHH. J[pyrMMHU CIIOBaMHU, OCOOCHHOCTH B HM300PKEHUSX IPEICTABICHBI
2paHamu, He cunycouoamu. ITO 03HAYAET, YTO MHTEPBAJ M YUCJIO MUKCEJIOB OIMpE/IeIeHbl TEM,
Kakasi MaJIeHbKasi U3 0COOGHHOCTEH TOJKHA OBITh 3aMeueHa, CKopee YeM (GOopMaTbHON CBS3BIO C
BBIOOpOYHOU Teopemoil. HamojkeHre CIeKTpOB MOXKET MPOUCXOAUTH B M300paKeHHsIX, HO 00
3TOM BOOOIIE HE AyMAlOT O Kak O MoMexe, CKopee, 4eM O riiaBHou mpobieme. Hampumep, mpo-
CMOTpP KOCTIOMOB B TOHKYIO MOJIOCKY, Y>KaCHO MO TEJIEBUACHUIO, IOTOMY YTO MOBTOPHBINA 00pa-
3er1 Ooubiuii, ueM yactota HaiikBucra. [1ceBI0-4acTOTH KaKyTCsl CBETJIBIMU M TEMHBIMU TIOJIO-
caMH, KOTOpbIE IBUTAIOTCS TOMEPEK OJIEXK/IbI PY U3MEHEHUH MO3ULIUN YeTOBeKa.

A "typical" digital image is composed of about 500 rows by 500 columns. This is the image
quality encountered in television, personnel computer applications, and general scientific re-
search. Images with fewer pixels, say 250 by 250, are regarded as having unusually poor resolu-
tion. This is frequently the case with new imaging modalities; as the technology matures, more
pixels are added. These low resolution images look noticeably unnatural, and the individual pix-
els can often be seen. On the other end, images with more than 1000 by 1000 pixels are consid-
ered exceptionally good. This is the quality of the best computer graphics, high-definition televi-
sion, and 35 mm motion pictures. There are also applications needing even higher resolution,
requiring several thousand pixels per side: digitized x-ray images, space photographs, and glossy
advertisements in magazines.

"TunnyHoe" 1udpoBoe n3odpaxkeHue cocrarieHo npudnusutensHo U3 500 ctpok u 500 crond-
1OB. DTO - KayecTBO M300pa’ke€HMsI, C KOTOPbIM CTAJIKHBAIOTCA B TEJIEBUACHUU, IPUI0KEHUAX
MIEPCOHATILHOTO KOMITBIOTEPA, U OOIIMX HAayYHBIX HCCIENOBaHUAX. M300pakeHHs C MEHBIINM
KOJIMYECTBOM THKCENOB, ckaxeM 250 x 250, paciieHeHbl KaK HaJu4he HEOOBIYHO IUIOXOU pas-
pemaromniel cnocoOHOCTH. DTO YacTO UMEET MECTO C HOBBIMH METOAMKAMU OTOOpaskeHHsI; TO-
CKOJIbKY TEXHOJIOTHSI Ha3peBaeT, 0oJiblliee KOJIMYECTBO MUKCEIOB J00aBIEHO. DTOT MPOCMOTP
M300paXeHU HU3KOW pa3pemaronieil CnocoOHOCTH, 3aMETHO HEECTeCTBEHHBIM, W WHIWBUIY-
aJIbHBIE MTUKCEJIbI MOTYT OBITh 4acTo He 3ameueHbl. C Apyroi CTOpOHBI, N300paXkeHUs OOJbIle
gem 1000 x 1000 nukcenoB paccMaTpUBAaOTCS UCKIIIOUUTENIBHO XOPOIINE. DTO - KaYECTBO JIyd-
el rpaguKu KOMIIbIOTEpA, TEIEBUACHUSA C BBICOKHM ONpe/eieHneM, U 35 mm KUHO(UIbMBIL.
HmeroTcst Takke MPUIIOKEHUs, HyKIaroluecs 1axke B 0ojee BBICOKOM pazpemiaromeii crnocoo-
HOCTH, TpeOysl HECKOJIBKUX ThICAY MUKCEIOB B CTOPOHY: LIU(PPOBBIE PEHTTEHOBCKHUE U300paxe-
HUS, KOCMHUYecKue GoTtorpaduu, U IIsHIEBbIE peKIaMHbIe 00BSABICHHS B XKy pHAJIax.

The strongest motivation for using lower resolution images is that there are fewer pixels to han-
dle. This is not trivial; one of the most difficult problems in image processing is managing mas-
sive amounts of data. For example, one second of digital audio requires about eight kilobytes. In
comparison, one second of television requires about eight Megabytes. Transmitting a 500 by 500
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pixel image over a 33.6 kbps modem requires nearly a minute! Jumping to an image size of 1000
by 1000 quadruples these problems.

Camoe cuibHOE TIOOYXACHHUE ISl UCTIOIB30BaHMs 00Jiee HU3KOM pa3pelraromieii crnocoOHOCTH
U300paKCHHI — TO, YTO UMEETCS MeHblUlee KOIUYecmso TMKCEIOoB Uit 00paboTKu. DTO HE TpU-
BHAJIbHO; OJIHA W3 HamOoJiee TPYIHBIX MPoOIeM B 00pabOTKe M300paKeHUs yIpaBICHUE Mac-
CUBHBIMH KOJHMYECTBAMH JaHHBIX. Hampumep, omHa cexyHna mudpoBOoro 3Byka TpeOyeT mpu-
ONMU3UTENFHO BOCBMH Ku100auimog. JInsi CpaBHEHHS, OJTHA CEKYyH/a TEIEBUACHUS TpeOyeT MpH-
OonusutenbHO BoCchbMU Meeabatimos. Tlepenaua u3obpaxkenus 500 x 500 mukcenoB Mo MoaeMmy
33.6 kbps tpebyer moutn munHyThI! [lepexon(Ilperkok) k pazmepy uzoopaxkenus 1000 x 1000
mempad(y4eTBEepEHUIO IIIOTHOCTUA N300paXKESHHSI ) ITH MPOOIEMBI.

It is common for 256 gray levels (quantization levels) to be used in image processing, corre-
sponding to a single byte per pixel. There are several reasons for this. First, a single byte is con-
venient for data management, since this is how computers usually store data. Second, the large
number of pixels in an image compensate to a certain degree for a limited number of quantiza-
tion steps. For example, imagine a group of adjacent pixels alternating in value between digital
numbers (DN) 145 and 146. The human eye perceives the region as a brightness of 145.5. In
other words, images are very dithered. Third, and most important, a brightness step size of 1/256
(0.39%) is smaller than the eye can perceive. An image presented to a human observer will not
be improved by using more than 256 levels.

OT10 00BIYHO A7 256 YpOBHeii ceporo (ypoBHS KBaHTOBaHMS) YTOOBI UCIIOJIB30BAaThCS B 00pa-
00TKe M300paKeHHUs, Mepeaavyeii oTaeIpbHOro(eIMHCTBEHHOr0) Oaiita B mukcen. Mmerorcs He-
CKOJIKO TPUYMH Ui 3TOro. Bo mepBbIX, OTAEIbHBIN OalT ynoOeH A opraHu3aliy JaHHBIX,
TaK KakK 3TO - TO, KaK KOMITBIOTEPbI OOBIYHO COXPAHSIOT JaHHbIe. Bo BTOpHIX, O0OMIBIIOE KOTHYE-
CTBO IHKCEJIOB B M300paKEHUH MPETEHIyEeT Ha HEKOTOPYIO CTENEHb JUIsl OTPAHUYEHHOTO YHCIIa
1aroB KBaHToBaHWs. Hampumep, BooOpasuTe Ipymily CMEXHBIX NMUKCEIOB, YEPEIYIOIUXCS B
3HaYeHuu Mexay 1mdposbivu yncaamu(Homepamu) (DN) 145 u 146. YenoBedeckuii r1a3 uyB-
CTBYET 00acTh(pEruoH) Kak spkocTh 145.5. JIpyrumu cimoBaMu, W300paK€HUsI OUYEHb pa3Mbl-
mul(He peskue). Tpetbe, 1 Hamboee BakHoe, pazmep mmara sipkoctu 1/256 (0.39 %) mensie,
YeM TJ1a3, MOXKET 4yBCTBOBaTh. V300paskeHue, MpeICcTaBIeHHOE YelIOBEYECKOMY HalromaTe-
mro(o0o3peBarento) OyaeT He OyAeT yIydIlieHo, UCTOIb3ys Oobie yeM 256 ypoBHEH.

However, some images need to be stored with more than 8 bits per pixel. Remember, most of the
images encountered in DSP represent nonvisual parameters. The acquired image may be able to
take advantage of more quantization levels to properly capture the subtle details of the signal.
The point of this is, don't expect to human eye to see all the information contained in these finely
spaced levels. We will consider ways around this problem during a later discussion of brightness
and contrast.

OnHako, HEKOTOpbIE M300paKEHUS JOJKHBI OBITh COXPAaHEHBI OObIIIEe YeM 8 OMTOB HA THKCEIL.
[TomHHUTE, GOIBIIMHCTBO M300paXeHUH, ¢ KOTOpbIMH cTankuBaioTcs B LIOC, npencraBisior He
BU3yasbHbIE apaMmeTphl. [IproOpereHHoe n300pakeHne MOKeET ObITh TOAHBIM BOCIOJIB30BaTHCS
NPEUMYIIECTBOM OOJBIIET0 KOJIMYECTBA YPOBHEW KBAaHTOBAHUs, YTOOBI JOJDKHBIM 00pa3oM
(GUKCUpPOBAaTh TOHKHE MOAPOOHOCTH curHaia. [IyHKT(TOYKA) 3TOr0, HE OXKHUAANTE OT YeIOBEUe-
CKOT0 TJa3a BUJAETh BCIO HH(OPMAIIMIO, COACPIKAIILYIOCS B, 3THX TOYHO(TIPEKPACHO, MEJIKO) pac-
MOJIO’KEHHBIX (PACIIOIOKEHHBIX C MHTEpBaIaMH?) YPOBHIX. MBI pacCMOTPUM ITyTH BOKPYT ATOU
npo6eMsl pH 0oJiee Mo3AHEM 00CYKICHHH IPKOCTH U KOHTpAcTa.
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FIGURE 23-1

Digital image structure. This example image is the planet Venus, as viewed in reflected microwaves. Digital images
are represented by a two-dimensional array of numbers, each called a pixel. In this image, the array is 200 rows by
200 columns, with each pixel a number between 0 to 255. When this image was acquired, the value of each pixel
corresponded to the level of reflected microwave energy. A grayscale image is formed by assigning each of the 0 to
255 values to varying shades of gray.

PUCYHOK 23-1. Iludposas cTpyKTypa H300paKeHUsL.

310 puMep M300pakeHus IIaHeThl BeHepa, Kak MPOCMOTPEHO B OTPaKEHHBIX MUKpPOBOJHaX. Lndpossie m300pa-
xeHus(00pa3bl) MPEACTABICHBI TBYMEPHBIM MAacCCHBOM YHCEJl, KaXIbIil Ha3blBaeMblil MUKcel. B 3ToM u3o0paxe-
HuH, MaccuB - 200 cTpok x 200 cTomdmoB, ¢ HoMepoM Kaxkaoro nukcena ot 0 mo 255. Koraa 3To nzobpaxkeHue ObI-
JI0 IpHOOPETEHO, 3HAYCHHE KAXKAOr0 IHKCeNa epeJaHHOe YPOBHEM OTPaKEHHONH MHUKPOBOJIHOBOM sHepruu. [Toiry-
TOHOBOE N300pakeHne COPMHUPOBAHO, Ha3HAYAS KaXKIOMY 3HaueHHIO oT 0 10 255 n3MeHeHrne OTTEeHKOB IOy TOHA.
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The value of each pixel in the digital image represents a small region in the continuous image
being digitized. For example, imagine that the Venus probe takes samples every 10 meters along
the planet's surface as it orbits overhead. This defines a square sample spacing and sampling
grid, with each pixel representing a 10 meter by 10 meter area. Now, imagine what happens in a
single microwave reflection measurement. The space probe emits a highly focused burst of mi-
crowave energy, striking the surface in, for example, a circular area 15 meters in diameter. Each
pixel therefore contains information about this circular area, regardless of the size of the sam-
pling grid.

3HayeHHe KaxXJ0ro MuKcena B HU(POBOM H300paKEHUU MPEICTABISIET MAJICHBKYIO 001acmb B
HEIMPEPHIBHOM HM300pakeHuH, sBJsomeMcs 1udpossiM. Hanpumep, BooOpasute, uro 30H1 Be-
Hephl OepeT BbIOOpKH Kaxble 10 METpOB MO MOBEPXHOCTH IUIAHETHI KaK 3TO OPOUTHI HaBEPXY.
DTO omnpeenseT KBaApaTHOS BHIOOPOUYHOE MPOCTPAHCTBO U BHIOOPOUYHYIO CETKY(CTPYKTYpPY
OTCYETOB), C KaXJbIM MHUKCENIOM, npenacTasisitouM odnacts 10 x 10 merpos. Teneps, BooOpa-
3UTE TO, YTO CIIy4aeTcs B €IMHCTBEHHOM(OTAECIFHOM) MUKPOBOJIHOBOM H3MEPEHUU OTPAKEHUS.
IIpocTpaHCTBEHHBIN 30HA U3Iy4aeT BBICOKO COCPEIOTOUYEHHBI MUKPOBOIIHOBBIN UMITYJILC JHEP-
TUH, TaJacT Ha TTOBEPXHOCTh, HAIIPUMEP, KPYTOBYI0 00yacTh 15 MeTpoB B muamerpe. Kaxmprii
IHUKCEJT TIOATOMY COJCPKUT MH(OPMAITUIO0 OTHOCUTEIBHO 3TOW KPYroBOM 001acTH, HE3aBUCHMO
OT pa3Mepa BHIOOPOYHON CETKH.

This region of the continuous image that contributes to the pixel value is called the sampling
aperture. The size of the sampling aperture is often related to the inherent capabilities of the
particular imaging system being used. For example, microscopes are limited by the quality of the
optics and the wavelength of light, electronic cameras are limited by random electron diffusion
in the image sensor, and so on. In most cases, the sampling grid is made approximately the same
as the sampling aperture of the system. Resolution in the final digital image will be limited pri-
mary by the larger of the two, the sampling grid or the sampling aperture. We will return to this
topic in Chapter 25 when discussing the spatial resolution of digital images.

Ota 0051acTh HENPEPHIBHOTO U300paKEHHS, KOTOPOE CIIOCOOCTBYET 3HAUEHHUIO MHUKCENa, Ha3bl-
BacTCs BbIOOPOUYHOIi anmepTypoii. Pasmep BBIOOpPOUHOI anepTypbl YaCTO MMEET COOTHOIIECHUE
CO CBOHCTBEHHBIMH BO3MOXXKHOCTSMHU HCIIOJIB3yeMOH CHUCTEMbI OTOOpakeHHs dacTHOCTH. Ha-
IIPUMEP, MAKPOCKOIIBI OTPAaHNYECHBI KAYECTBOM OINTHUKH, M JUIMHON BOJHBI CBETOBBIX, JJIEKTPOH-
HbIE KaMepbl OTPaHUYEHBI CIy4aifHOH 31eKTpoHHOH auddy3ueil B narurke n300pakeHus, U TakK
nanee. B OonbIIMHCTBE ciydaeB, BBIOOpOUHAs CETKA ClIeNaHa MPUOIU3UTENBHO TEM K€ CAMbIM
Kak BBIOOpOYHAs amepTypa cucTeMbl. Pa3permaronias ciocOOHOCTh B KOHEYHOM LU(PPOBOM H30-
OpakxeHHH OyJIeT OrpaHUYCHA MEPBUYHON OOJIBIIUM U3 ATHX ABYX, BEBIOOPOYHOM CETKH WJIU BBI-
00pouHOI amepTypbl. MBI BO3BpaTUMCS 3TOI TeMme B TiaBe 25 mpu 0OCYKICHHUU MPOCTPAHCT-
BEHHOM pa3periaroiieii CnocoOHOCTH MU(PPOBBIX N300paKEHUH.

Color is added to digital images by using three numbers for each pixel, representing the intensity
of the three primary colors: red, green and blue. Mixing these three colors generates all possible
colors that the human eye can perceive. A single byte is frequently used to store each of the color
intensities, allowing the image to capture a total of 256x256x256 = 16.8 million different colors.

I[BeT mobGaBneH K UPPOBBIM HU300paKEHHUSIM, HCHOJIB3YsS TPH uucCIa(HOMEpa) A KaXKI0ro
nuKcesa, MPeJCTaBIsds UHTEHCUBHOCTh U3 ATHX TPEX OCHOBHBIX LIBETOB: KPACHBIM, 3€JE€HBIN U
cunuil. CMemMBaHKue 3TUX TPEX L[BETOB T€HEPUPYET BCE BO3MOXKHBIE 1[BETA, KOTOPHIE YEIOBEYE-
CKHH TJIa3 MOYKET YyBCTBOBaTh. EJMHCTBEHHBIN(OTIEIBHBIN) OAWT YaCTO MCIOIB3YETCS, YTOOBI
COXPAaHMUTh KaXKIBIA W3 I[BETAa MHTEHCHUBHOCTH, MO3BOJISIS M300pakeHHI0 (PUKCHPOBATH 0OI1IIee
KOJIMYECTBO OT 256x256x256 = 16.8 MIIITMOHOB pa3/InYHbIX 1IBETOB.
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Color is very important when the goal is to present the viewer with a true picture of the world,
such as in television and still photography. However, this is usually not how images are used in
science and engineering. The purpose here is to analyze a two-dimensional signal by using the
human visual system as a fool. Black and white images are sufficient for this.

L[BeT oueHb BaXKeH, KOTJa IEJIb COCTOUT B TOM, YTOOBI MIPEJCTaBUTH CPEICTBO MPOCMOTpPA C UC-
THHHBIM M300pa’KeHHEM MUpa, THIA B TEJIEBUICHUH U Bce enie ¢ortorpadus. OqHako, 3To - HE
00BIYHO, KaK M300pa’KeHHs UCIIONB3YIOTCA B HayKe M pa3paborke. Llenps 31ech COCTOUT B TOM,
4TOOBI aHANM3UPOBATH JBYMEPHBI CHTHAJ, WCIIOJB3Ys YEIOBEUECKYI0 BH3YAIBHYIO CHCTEMY
KaK HHCTpYMEHT. UepHo-0enble n300pakeHus 10CTaTOYHBI TS 3TOTO.

Cameras and Eyes
Kameps! u I'i1aza

The structure and operation of the eye is very similar to an electronic camera, and it is natural to
discuss them together. Both are based on two major components: a lens assembly, and an imag-
ing sensor. The lens assembly captures a portion of the light emanating from an object, and focus
it onto the imaging sensor. The imaging sensor then transforms the pattern of light into a video
signal, either electronic or neural.

Crpykrypa u paboTa ria3a O4eHb MOXO0XH Ha JIEKTPOHHYIO KaMepy, U €CTECTBEHHO OOCYAUTh
ux BMecte. O6a OCHOBaHbI Ha JIByX I'JIaBHBIX KOMIIOHEHTaX: cOOpKa JINH3, U IaTYUK OTOOpae-
Hus. COopka TUH3 (PUKCUPYET YacTh CBETA, HCXOJIIEro OT 00beKTa, U (POKyCHpYeT 3TO Ha J1aT-
YUK 0TOOpakeHus(BU3yanu3aiun). JlaTauk oToOpaskeHus Torjaa mpeoOpa3oBhIBaeT 00pasell cBe-
Ta B YJICKTPOHHBIN U HEPBHBIM BUACOCUTHAI.

Figure 23-2 shows the operation of the lens. In this example, the image of an ice skater is fo-
cused onto a screen. The term focus means there is a one-to- one match of every point on the ice
skater with a corresponding point on the screen. For example, consider a 1 mm x 1 mm region on
the tip of the toe. In bright light, there are roughly 100 trillion photons of light striking this one
square millimeter area each second. Depending on the characteristics of the surface, between 1
and 99 percent of these incident light photons will be reflected in random directions. Only a
small portion of these reflected photons will pass through the lens. For example, only about one-
millionth of the reflected light will pass through a one centimeter diameter lens located 3 meters
from the object.

Ha pucynke 23-2 nokaszana paborta JquH3b. B 3TOM mpumepe, nzo0paxkeHne KOHbKOOEXKIa co-
cpenoToueHo(choKyCcHpoBaHO) Ha dKpaHe. TepMuH ¢ghokycupyrowee CpencTBo TaMm - " OuH K "
OJTHOMY COOTBETCTBHE Ka)KJJOW TOYKHM HAa KOHHKOOEXKIIE COOTBETCTBYIOIIEH TOUYKOW Ha SKpaHe.
Hamnpumep, paccmotpute obaacts 1 MM X 1 MM Ha KOHYMKE Tajblia HOTH. B spkoM cBete, nume-
etcs rpy6o 100 TpumnoHoB (OTOHOB CBETa, MAAIOIIET0 HA 3Ty MHJUIMMETPOBYIO KBAIPaTHYIO
00J1aCTh KaXIyH CEKyHAYy. B 3aBHCHMOCTH OT XapaKTEpHUCTHK IMOBEPXHOCTH, MEXIy 1 u 99
MIPOIIEHTAMH OT 3THX WHIMIEHTHBIX CBETOBBIX (JOTOHOB OYAET OTPAXKEHO B CIIy4YalHBIX HAIlpaB-
neHusx. TOMbKO MaJieHbKasi 4acTh 3TUX OTPaXCHHBIX ()OTOHOB IMpOMAET dyepe3 nuH3y. Hampu-
Mep, TOJIBKO OKOJIO OJTHOTO MUJUIMOHA M3 OTPa)KEHHOTO CBETAa MPOMIET uepe3 OJHY JIMH3Y AHa-
METpOM B | caHTUMETp, PACIIOIOKEHHYIO B 3 METpax OT 0OBEKTa.
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projected
image

FIGURE 23-2

Focusing by a lens. A lens gathers light expanding from a point source, and force it to return to a point at another
location. This allows a lens to project an image onto a surface.

PUCYHOK 23-2

dokycupoBKa JrH30i1. JIMH3a cOOMpaeT CBET, PaCpOCTPAHSIOUIMICS U3 UCTOYHUKA TOYKH, M CHJIONW BO3BPAILAET K
TOYKE B JIPYTOM PaCHOJIOKEHHU. DTO MO3BOJIACT JINH3E MIPOCKTUPOBATh H300paXKEHHE HA MOBEPXHOCTb.

Refraction in the lens changes the direction of the individual photons, depending on the location
and angle they strike the glass/air interface. These direction changes cause light expanding from
a single point to return to a single point on the projection screen. All of the photons that reflect
from the toe and pass through the lens are brought back together at the "toe" in the projected im-
age. In a similar way, a portion of the light coming from any point on the object will pass
through the lens, and be focused to a corresponding point in the projected image.

[IpenomieHnue B IMH3E U3MEHSET HANpPaBICHUE MHIMBUAYAIBHBIX ()OTOHOB, B 3aBUCUMOCTU OT
PAaCIOJIOKEHUS U YTJIa, BCTPEUYH I'PaHUIbl CTEKIO0/BO3AyX. DTO HANpaBICHUE U3MEHSET CBET HC-
TOYHHKA, PACHPOCTPAHSIONIINICS €INHCTBEHHOM(OTACIBHOW) TOYKOM, YTOOBI BO3BPATHTHCS OT-
JIeTFHOM TOYKOW Ha MPOEKIIMOHHBIN dKpaH. Bee (hOTOHBI, KOTOPBIE OTPAKAIOTCS OT TMajbIla HOTH
U TMPOXOJAT Yepe3 JHMH3Y, BO3BpAIlEHbl BMECTE B "Majer HOru" B MPOEKTUPYEMOM H300paxe-
Huu. [lomoOHBIM crIOCOOOM, YacTh CBETA, HCXOMASAIIETO M3 JIIOOOH TOYKM HAa OOBEKTE MPOUIET
yepes3 JUH3Y, U OyJeT COCpeA0TOYCHA B COOTBETCTBYIOLICH TOUKE B MPOEKTUPYEMOM H300paxe-
HUU.

Figures 23-3 and 23-4 illustrate the major structures in an electronic camera and the human eye,
respectively. Both are light tight enclosures with a lens mounted at one end and an image sensor
at the other. The camera is filled with air, while the eye is filled with a transparent liquid. Each
lens system has two adjustable parameters: focus and iris diameter.

Pucynku 23-3 u 23-4 wuntocTpupyroT I1aBHbIE CTPYKTYPBI B 3JIEKTPOHHOM KaMepe U YesloBede-
CKOM TJ1a3e, COOTBETCTBEHHO. O0a BIOXKEHbBI B CBETOHENPOHUIIAEMbIE TUIOTHBIE KOPITyca C JIMH-
300, YCTaHOBJICHHOW B OJIHOM KOHIIE U JaTYMK M300paxeHus B apyrom. Kamepa 3amnonnena Bos-
IyXOM, B TO BpeMs Kak IJIa3 3aIll0JIHEH ITPO3pavyHOr KUAKOCTBIO. Kaxknas cucrema JMH3BI HMEET
JIBa KOPPEKTUPYEMBIX NTapaMeTpa: OKyC ¥ HPHCOBBIH TuaMeTp(upucoBas quagparma).

If the lens is not properly focused, each point on the object will project to a circular region on the
imaging sensor, causing the image to be blurry. In the camera, focusing is achieved by physically
moving the lens toward or away from the imaging sensor. In comparison, the eye contains two
lenses, a bulge on the front of the eyeball called the cornea, and an adjustable lens inside the eye.
The cornea does most of the light refraction, but is fixed in shape and location. Adjustment to the
focusing is accomplished by the inner lens, a flexible structure that can be deformed by the ac-
tion of the ciliary muscles. As these muscles contract, the lens flattens to bring the object into a
sharp focus.
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Ecnu nuH3a nomkHeIM 00pa3oM coKycMpoBaHa, Kakaash TOYKa Ha OOBEKTE MPOEKTHPYET K
KpyroBoi 00JIaCTH Ha JaT4YMKE OTOOpaKE€HUs, MOPOKIasi pacIuibiBYaTOEC N300pakeHune. B kame-
pe, GOKyCHpOBKa JOCTUTHYTa, (PU3MUYECKH MepeMelnast JUH3Y OKe K JaTYUKY WM YIauss OT
natynka otoOpaxeHus. [l cpaBHEHHMs, Ta3 COAEPKHUT JBE JIMH3BI, BHIMYKIYIO, Ha TEpeaHen
CTOpPOHE TJIa3HOrOo sI0J0Ka, HA3bIBAEMYIO POTOBOM OO0OJOYKOW, W KOPPEKTHPYIOIIYIO JHH3Y
BHYTpH Tia3a. PoroBas o0osouka genaer OOJIBIIMHCTBO CBETOBOTO MPEIOMIICHHS, HO yCTAaHOB-
neHa B gopme u pacronoxxeHnH. KoppekTrpoBka (OKYCHPOBKHM BBINOJIHEHA BHYTPEHHEH JIMH-
30i, THOKast CTPyKTypa KOTOPOH, MOXKET OBITh 1e(hOpMHPOBAHA JEHCTBHEM PEeCHUUHBIX MYCKY-
7106. Kak 3TH MyCKyJIbl C)KUMAIOTCA(HAMNPATAIOTCs ), IMH3A CIIIaKUBACTCSI, YTOOBI MPUHECTH 00b-
€KT B KpyTO# (OKyC.

iris  focus
o~

PUCYHOK 23-3

Juarpamma 31€KTpOHHOM kamepsl. DOKycHpOBKa
JOCTUTHYTa, IIepeMelnas XpyCTaJuK K IaT4uKy
WK OT JaTdnka oroOpaxenus. KoiandecTBo cBera,
JNOCTHUTAIOMIETO JaTyhKa YIIPaBISETCS HPHCOM,
MEXaHHYEeCKAM YCTPOMCTBOM, KOTOpOE H3MEHSET
s dekTuBHbI auamerp Xpycranuka. HaubGonee
OOBIYHBIN AATYUK OTOOPAKEHHS B CYIECTBYIOIINX
kamepax nHs — [I3C(mpubop ¢ 3apsa0BO CBA3BIO),
JBYMEPHOTO MacCHBa CBETOBBIX 30H/IOB.

serial output
PUCYHOK 23-4
Huarpamma denoBedeckoro riaza. ['ma3 — cdepa ] e f
3aIl0JHEHHAs KHUIKOCTHIO MPHOIU3UTENEHO 3 CM B Lo TOEAR

JMaMeTpe, BKIIOYEHHAs B BS3KYI0 BHELIHIOK 000- ‘:“im'i}"
JIOUKY Ha3bIBacMylo ckiepoil. @oKycHupoBKa rias- e
HBIM 00pa3oM o0ecrednBaeTcs POTOBHLEH, ycTa-
HOBJICHHOM Ha XpYCTalUK C IEpPEeIHEHd CTOPOHbI
rnasa. DoKyc KOpPpEeKTHpYeTCs, COKpallleHHEM
MBIIIIBI, TPUJIOKEHHBIM K THOKOMY XPYCTaJIMKy B
npenenax riaza. KommuecTBo cBeTa, BXOAALIETO B
rjla3, YIpaBiIseTcs HPHUCOM, C(HOPMUPOBAHHOTO
MBIIILEH U3 HEMPO3payHON TKaHM, 3aKpbIBAIOLIEH
YacTh XpyCTaJlMKa. TBUIOBOE IONyHIapHe IJa3a
COZEPKUT CETYATKY, YPOBEHb CBETOUYBCTBHUTEIb- cornea
HBIX HEPBHBIX KJIETOK, KOTOPBIN MPeoOpa3oBbIBAET

M300paXKEHNE B HEBPAIbHBI CHTHAT B 3PHTEIb- N o
HOM HEPBE. [0 NOSE

(top view)

retina

N\

optic
nerve

In both systems, the iris is used to control how much of the lens is exposed to light, and therefore
the brightness of the image projected onto the imaging sensor. The iris of the eye is formed from
opaque muscle tissue that can be contracted to make the pupil (the light opening) larger. The iris
in a camera is a mechanical assembly that performs the same function.

B olenx cucremax, upuc UCHONb3yeTCs, YTOOBI YNPaBIATh, KaKasg 4acTh JIMH3BI MOABEPTHYTA
CBETY, M TIO3TOMY SIPKOCTH M300pakKeHUs1, MPOSKTUPYEMOTO Ha JaTYMK O0TOOpaxkeHus. Mpwuc ria-
3a chopMupoOBaH U3 HENMPO3PAYHON TKAHM MYCKYJa, KOTOpas MOXKXET ObITh HampspKeHa, 4TOOBI
nenath spayvox (OTKpBITHE cBeTa) Oosbiie. puc B kamepe - MEXaHHYECKOE YCTPOMCTBO, KOTOPOE
UCTIOJHSET TY )K€ caMylo (YHKIIHIO.
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The parameters in optical systems interact in many unexpected ways. For example, consider how
the amount of available light and the sensitivity of the light sensor affects the sharpness of the
acquired image. This is because the iris diameter and the exposure time are adjusted to transfer
the proper amount of light from the scene being viewed to the image sensor. If more than enough
light is available, the diameter of the iris can be reduced, resulting in a greater depth-of-field (the
range of distance from the camera where an object remains in focus). A greater depth-of-field
provides a sharper image when objects are at various distances. In addition, an abundance of
light allows the exposure time to be reduced, resulting in less blur from camera shaking and ob-
ject motion. Optical systems are full of these kinds of trade-offs.

[TapameTpsl B ONTUYECKUX CUCTEMAX B3aMMOACHCTBYIOT MHOTUMHU HEOXXHJIAHHBIMH CIIOCOOAMH.
Hampumep, paccMoTpuTte, Kak KOJIMYECTBO JAOCTYITHOTO CBETAa W YYBCTBUTEILHOCTH CBETOBOTO
JaTYMKa BO3JCHCTBYET Ha pe3kocmsb MPUOOPETEeHHOr0 n300paskeHust. DTO - TO, TOTOMY YTO UpU-
Co8blll Quamemp M 8pemMsi IKCRO3uyuu OTKOPPEKTUPOBAHBI, YTOOBI TIepeIaTh HaJIeKaIlee KoJu-
YeCTBO CBETa OT CLIEHBI, MPOCMATPUBAEMON Ha JaTYuK n3o0pakeHus. Ecnu Gomnbie yem nocra-
TOYHO CBETa JIOCTYITHO, JUAMETP UpPUCAa MOXET OBITh COKpAIICH, MPUBOIs Oojbiueii " enybune
pe3Ko uzobpaxcaemozo npocmparncmea " (IMana3oH pacCcTOSHUS OT KaMepbl, TJie 00BEKT OCTa-
ercs B pokyce — enyouna pesxocmu). bonpmas " riyouHa pe3ko n300paskaeMoro mpoCcTpaHCTBA
" obecmeunBaer Oojee ocTpoe M300pa’keHHe, KOTrJa OOBEKThl - Ha Pa3IMYHBIX PACCTOSHHAX.
Kpome Toro, pacrpocTpaHEHHOCTh MHIMKATOpPA MO3BOJISIET BPEMEHH 3KCIIO3UINH OBITH COKpa-
[ICHHBIM, MPUBOJIS K MEHBIIEMY KOJHYECTBY ISITEH OT KoJeOaHus KaMephl U OOBEKTHOTO JIBU-
xeHus. ONTHYeCKre CUCTEMBI TIOJTHBI 3TUMH BHIAMH OOMEHOB.

An adjustable iris is necessary in both the camera and eye because the range of light intensities in
the environment is much larger than can be directly handled by the light sensors. For example,
the difference in light intensities between sunlight and moonlight is about one-million. Adding to
this that reflectance can vary between 1% and 99%, results in a light intensity range of almost
one-hundred million.

KoppekTtupyemsbiii ©puc HEOOXOAUM, B B KaMepe H TJia3e, MOTOMY YTO JHMAaIa30H CBETOBBIX HH-
TEHCUBHOCTEH B Cpejie HAMHOTO OOJBIINI YeM, MOXKET OBITh HEITOCPEACTBEHHO 00paboTaH CBe-
TOBBIMH JaT4rKamu. Hampumep, pa3HOCTh B CBETOBBIX WHTCHCHBHOCTSX MEXIY COJIHEYHBIM
CBETOM U JIyHHBIM CBETOM - OKOJIO OJHOTO MWJIIHOHA. B1o6aBok k 3ToMy, kKoadduuumeHt orpa-
JKEHUS MOXKET U3MeHAThCA Mexay | % u 99 %, npuBOIUT K CBETOBOMY JIMANa30HY HHTEHCUBHO-
CTH MIOYTH CHO MUNTUOHOS.

The dynamic range of an electronic camera is typically 300 to 1000, defined as the largest sig-
nal that can be measured, divided by the inherent noise of the device. Put another way, the
maximum signal produced is 1 volt, and the rms noise in the dark is about 1 millivolt. Typical
camera lenses have an iris that change the area of the light opening by a factor of about 300. This
results in a typical electronic camera having a dynamic range of a few hundred thousand.
Clearly, the same camera and lens assembly used in bright sunlight will be useless on a dark
night.

JuHaMu4ecKui 1Mana3oH NIeKTpoHHON kamepsl TuH4YHO oT 300 no 1000, onpeneneH kak ca-
MBI OOJIBIION CUTHAJ, KOTOPBIM MOYKET OBITh M3MEPEH, Pa3/CiecH CBOMCTBEHHBIM IIIyMOM YCT-
poticTBa. M3naras nipyruM o0pa3oM, MaKCUMAJIbHBIA MPOU3BEICHHBII CUTHAI - | BOJBT, U cpell-
HEKBAJ[PATUYHBIA IIYM B TEMHOTE MPUONMU3UTENHHO 1 MUITMBONGT. THUNHYHBIE JIMH3BI KaMephbl
UMEIOT UPUC, KOTOPBI WU3MEHSeT OO0JIaCTh OTKPBIBAIOIIETOCS CBETa, OTKPBIBAIOIIETOCS
koadpurmenTom(pakropom) mpudbauzuTenbHO 300. DTO MPUBOAUT K THIHYHOW AIICKTPOHHON
KaMepe, UMEIOIIe AMHAMUYECKUH Muana3oH HECKOJIBKHX COTEH Thicad. SICHO, Ta e camas
Kamepa u cOopka JUH3(00bEKTUB), UCIIOJIb3yeMas B IPKOM COJTHEYHOM CBETE OyIyT O€CTOe3HbI
(c) ABTOKC, Canxr-IlerepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru
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cOopka TMH3(00BEKTHB), HCIIONIb3yeMast B IPKOM COJTHEYHOM CBeTe OyAyT Oecrosie3Hbl TeMHOU
HOYBIO.

In comparison, the eye operates over a dynamic range that nearly covers the large environmental
variations. Surprisingly, the iris is not the main way that this tremendous dynamic range is
achieved. From dark to light, the area of the pupil only changes by a factor of about 20. The light
detecting nerve cells gradually adjust their sensitivity to handle the remaining dynamic range.
For instance, it takes several minutes for your eyes to adjust to the low light after walking into a
dark movie theater.

Jns cpaBHeHus, Iya3 paboTaeT B JMHAMUYECKOM JHara3oHe, KOTOPBIA IOYTH 3aKpbIBa-
eT(0XBaThIBAaET) OOJBINME BapUAIlMH OKPYKAIOMIEH cpenbl. Y AUBUTEIBHO, UPHUC - HE OCHOBHOU
MyTh, KOTOPBIM ATOT OTPOMHBIM AMHAMUYECKUN AMANa3oH JOCTUTHYT. OT TEMHOIO OCBEIIATh,
00J1acTh 3payvka TOJIbKO m3MeHeHus kodddurmentom(pakropom) npudauszurensao 20. Muauka-
TOp, 0OHAPYKUBAIOLINH SYCHKH HEPBA MOCTENICHHO KOPPEKTUPYET UX YyBCTBUTEIBHOCTD, YTOOBI
00paboTaTh OCTAIOMIMKCA TUHAMUYECKHM nuara3oH. Hampumep, TpeOyeTcsi HECKOJIBKO MHHYT
JUISL BalllMX TJ1a3, YTOOBI KOPPEKTUPOBATh HA HU3KUI MHIUKATOP MOCIE XO60bI B TEMHBIH TeaTp
KHHOTEATP.

One way that DSP can improve images is by reducing the dynamic range an observer is required
to view. That is, we do not want very light and very dark areas in the same image. A reflection
image is formed from two image signals: the two-dimensional pattern of how the scene is illumi-
nated, multiplied by the two-dimensional pattern of reflectance in the scene. The pattern of re-
flectance has a dynamic range of less than 100, because all ordinary materials reflect between
1% and 99% of the incident light. This is where most of the image information is contained, such
as where objects are located in the scene and what their surface characteristics are. In compari-
son, the illumination signal depends on the light sources around the objects, but not on the ob-
jects themselves. The illumination signal can have a dynamic range of millions, although 10 to
100 is more typical within a single image. The illumination signal carries little interesting infor-
mation, but can degrade the final image by increasing its dynamic range. DSP can improve this
situation by suppressing the illumination signal, allowing the reflectance signal to dominate the
image. The next chapter presents an approach for implementing this algorithm. The light sensi-
tive surface that covers the rear of the eye is called the retina.

Opun myTh, KoTOpEIM [1IOC MOXeT yiydmaTh H300pakeHus - IPUBOS JUHAMUYCCKUHN JHara-
30H, HaOmomaTento TpedyeTcs, YTOOBl pacCMOTPETh. TO €CTh MBI HE XOTHM OYCHb CBETJIBIC U
OUYeHb TEMHBIC O0JIACTH B TOM e caMoM Hu300pakeHuu. OTpakarenbHOe H300paxkeHue chop-
MHPOBAHO M3 08YX CHUTHAJIOB M300pa)keHUs: ABYMEpHBIH 0Opasel] TOro, Kak ClIeHa oceeujend,
MYJIBTHILTUIMPOBaH(YMHOXEH) IBYMEPHBIM 00pa3iioM Ko3ddunuenta orpaxxenus B cuene. O0-
pasern; ko3duimeHTa oTpakeHUs UMeeT AMHAMUYECKUN auamna3oH MeHbine dem 100, moromy
YTO BCE OOBIYHBIE MaTEepHaJIbl OTpakaloT Mexy 1 % u 99 % WMHIMIESHTHOTO MHIUKATOpa. DTO -
TO, TJIe OOJIBIIUHCTBO UHGOpMayuu u300padcerusi COACPKUTCS, TUTIA TOTO, T/Ie OOBEKTHI PacIo-
JIOKEHBI B CIICHE U, KAKOBBI UX TMOBEPXHOCTHBIE XapAaKTEPUCTUKH. (151 cCpaBHEHHUs, CUTHAN OC-
BEIICHUS 3aBUCUT OT UCTOYHUKOB OCBELICHHUS BOKPYT OOBEKTOB, HO HE Ha 00BEKTaX HErmocpea-
cTBeHHO. CHTHAI OCBEHICHHSI MOXKET UMETh NUHAMUYECKUI JMarna3oH MUJUIMOHOB, XOTa OT 10
no 100 Gomee TumuYeH B TMpejaesiax OTACIBHOrO M300pakeHus. CUTHA OCBEIICHUS HECeT He-
MHOTO WHTEPECHOW MH(POpPMAINHN, HO MOXKET YXYIIIaTh KOHEYHOE M300paKeHUE, YBEIMYUBAs
ero nuHamudeckuil nuamnaszoH. [{OC moxeTr ymaydmaTh 9TO MOJIOKEHUES(CUTYAINI0), TOAaBIIss
CUTHAJI OCBEILEHHsI, MO3BOJIssE CUTHAT Ko3(uimeHTa oTpakeHus JOMUHHPOBATh HaJ M300pa-
xeHueM. Crenyromias rjiaBa MpeAcTaBiIseT MOAXO0/ IS OCYLIECTBIEHHUS 3TOro anroputma. Ce-
TOBasi YyBCTBUTENbHAsI TIOBEPXHOCTh, KOTOpAsi 3aKPhIBACT(OXBATHIBACT) ThJI IJ1a3a, HA3bIBACTCS
CEeTYATKOM.
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As shown in Fig. 23-5, the retina can be divided into three main layers of specialized nerve cells:
one for converting light into neural signals, one for image processing, and one for transferring
information to the optic nerve leading to the brain. In nearly all animals, these layers are seem-
ingly backward. That is, the light sensitive cells are in last layer, requiring light to pass through
the other layers before being detected.

Kak mokazano B puc. 23-5, ceTuaTtka MOXKET OBITh pa3/ielieHa Ha TP OCHOBHBIX YPOBHS CIICIIHA-
JIM3UPOBAHHBIX AYCCK HCPBA: OAWH IJId HpCOGpaSOBaHI/IH HHAWKATOpa B HCPBHLIC CUTHAJIbI, OAUH
JU1si 00pabOTKM M300paKEeHMsI, M OJIMH IS TIepeaadyd MHPOPMaIUA K ONTHYECKOMY HEPBY, Be-
nymiemy K Mo3ry. [TouTu y BceX >KMBOTHBIX, 3TH YPOBHH - MO-BUAUMOMY Hazad. To ecTb CBETO-
BbI€ YyBCTBUTEJIbHBIC SUEHKU HAXOATCS B MOCJIEIHEM YpOBHE, TpeOys MHIUKATOpP MPOUTH ue-
pe3 Apyrue ypoBHU Mepe 0OHAPYKEHUEM.

There are two types of cells that detect light: rods and cones, named for their physical appear-
ance under the microscope. The rods are specialized in operating with very little light, such as
under the nighttime sky. Vision appears very noisy in near darkness, that is, the image appears to
be filled with a continually changing grainy pattern. This results from the image signal being
very weak, and is not a limitation of the eye. There is so little light entering the eye, the random
detection of individual photons can be seen. This is called statistical noise, and is encountered in
all low-light imaging, such as military night vision systems. Chapter 25 will revisit this topic.
Since rods cannot detect color, low-light vision is in black and white.

HmeroTcs ABa THMa sYeek, KOTOpble OOHAPYKUBAIOT MHIUKATOP: CTEP:KHU U KOHYChI, HA3BaH-
HBIC TI0 UMEHU UX (PU3UYECKOro BUA MOJ MUKPOCKONOM. CTepKHH CHEIUATU3UPOBAHBI B JICH-
CTBUHU C OYEHb HEOOJIBIIUM HHIUKATOPOM, THIA MOJ HOYHBIM HeboM. CHucTeMa TeXHHYECKOIro
3peHUsl KQXKETCs OYCHb UYMHOU B OKOJIO TEMHOTBI, TO €CTh U300paKeHHE, KAKETCs, 3aMOIHEHO
HENPEPHIBHO M3MEHSIONIMMCS 3€pPHUCTBIM 00pa3loM. DTO CleyeT U3 CUTHaja M300pakeHus,
SIBJISTFOIIIETOCS OYEHb CIaObIM, a - HE OrpaHWYeHHe Iia3a. MIMeoTcs Tak HEMHOTO CBETOBOTO
BBOJIa I'Jla3a, ciiyyaifHoe oOHapyXeHHe UHAUBUIYAIbHBIX (POTOHOB MOKET OBITh 3aMEUYEeHO. DTO
Ha3bIBACTCSI CIMAMUCMUYECKUM WYMOM, U CTAJIKHUBACTCS BO BCEM HU3KO - CBETOBOM OTOOpaxe-
HUU, TANIAa BOCHHBIX HOYHBIX CHCTEM CHUCTEMBI TEXHUYECKOTO 3peHus. [ 1aBa 25 moBTOpHO moce-
TUT ATy TeMy. Tak Kak CTEep)KHU HE MOTYT OOHAPYKUBATh [[BETHYIO, HU3KO - CBETOBYIO CUCTEMY
TEXHUYECKOTO 3PEHMSI, HAXOJUTCS B UEPHO-OEIIOM.

The cone receptors are specialized in distinguishing color, but can only operate when a reason-
able amount of light is present. There are three types of cones in the eye: red sensitive, green
sensitive, and blue sensitive. This results from their containing different photopigments, chemi-
cals that absorbs different wavelengths (colors) of light. Figure 23-6 shows the wavelengths of
light that trigger each of these three receptors. This is called RGB encoding, and is how color
information leaves the eye through the optic nerve. The human perception of color is made more
complicated by neural processing in the lower levels of the brain. The RGB encoding is con-
verted into another encoding scheme, where colors are classified as: red or green, blue or yellow,
and light or dark.

KoHnueckne penentopsl CeualIn3upoBaHbl B pa3IMUeHUH I[BETA, HO MOTYT paboTaTh, TOJIBKO
KOI'/Ia pa3yMHOE KOJIMYECTBO MHAMKATOPA MPUCYTCTBYET. IMEIOTCS TpH TUIIa KOHYCOB B Ija3y:
KpPACHBIN YyBCTBUTEJbHBIHN, 3€JICHBII YyBCTBUTEIbHBINA, U CHHUN YyBCTBUTEJIbHBIN. DTO CIEAYyET
U3 UX COJEPKAIINX PA3THYHBIX (omo nuemenmos, XUMUKAINHA, KOTOPhIC MOTJIOMAI0T pa3ind-
HBIC JUTMHBI BOJIHBI (I[B€TA) MHAWKATOpa. PUcyHOK 23-6 mOKa3bIBaeT AJMHBI BOJTHBI HHAMKATOPA,
KOTOPBIE BBI3bIBAIOT KAXK/IbIM M3 3THX TPEX PELenTopoB. DTO Ha3biBaeTcs koaupoBanuem RGB,
U - KaKk “H(pOpMaIus IBETa OCTABJISAET TJ1a3 Yepe3 ONTHUYECKUi HepB. YemoBeueckoe BOCIIPUSTHE
(c) ABTOKC, Canxr-IlerepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru
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1BeTa caenaHo 0oJyiee CI0KHBIM HEPBHOM 00pabOTKOM B OoJiee HU3KKUX ypOBHSAX Mo3ra. Koaupo-
Barre RGB nmpeoOpazoBaHo B IpyTyI0 CXeMy KOJIHWPOBAHUS, T/I€ IIBETA KJIACCU(PHUITUIPOBAHBI KaK:
KPAaCHBIN u1u 3€JE€HBbIN, CHHAN Uiy YKENTHIA, U CBETIIbIN 11U TEMHBIM.

RGB encoding is an important limitation of human vision; the wavelengths that exist in the envi-
ronment are lumped into only three broad categories. In comparison, specialized cameras can
separate the optical spectrum into hundreds or thousands of individual colors. For example, these
might be used to classify cells as cancerous or healthy, understand the physics of a distant star, or
see camouflaged soldiers hiding in a forest. Why is the eye so limited in detecting color? Appar-
ently, all humans need for survival is to find a red apple, among the green leaves, silhouetted
against the blue sky.

RGB koaupoBanue - Ba)KHOE OrpaHUYEHUE YEIIOBEYECKON CUCTEMBI TEXHUUECKOIO 3pEHNUS; IIH-
HBI BOJIHBI, KOTOPBIE CYIIECTBYIOT B CPENE, COCPENOTOYEHBI B TOJIBKO TPU HIMPOKUX KaTErOPHH.
Jlnst cpaBHEHHs], CIIEUAIM3UPOBAHHBIE KaMEPBI MOT'YT OTACIUTH ONTHUYECKUHN CIIEKTP B COTHH
WIA THICSYM WHIMBUAYAIbHBIX LBeTOB. Hampumep, oHM MoOriau Obl MCIOJIB30BaThCs, YTOOBI
KJIacCU(UIUPOBATh SYEHKH KaK 3JI0KQUeCTBEHHbIE WJIM 3/I0POBBIC, MOHUMATh (PU3HUKY OTJalICH-
HOM 3B€3/Ibl, WM CM. KaMy(JIsDK cojzaT, CKpbiBaroLuxcs B jecy. [louemy ria3 Tak orpaHuyeH
oOHapy>xeHue npera? O4eBUIHO, BCS OTPEOHOCTD JIIOJCH B BEBDKUBAHUU COCTOUT B TOM, YTOOBI
HalTU kpacHnoe A0J10K0, CPEU 3e1eHbIX TUCThEB, BBIPUCOBBIBAIOLINXCS Ha (OHE cuHe2o Heda.

Rods and cones are roughly 3 pm wide, and are closely packed over the entire 3 cm by 3 cm sur-
face of the retina. This results in the retina being composed of an array of roughly 10,000 U
10,000 = 100 million receptors. In comparison, the optic nerve only has about one-million nerve
fibers that connect to these cells. On the average, each optic nerve fiber is connected to roughly
100 light receptors through the connecting layer. In addition to consolidating information, the
connecting layer enhances the image by sharpening edges and suppressing the illumination com-
ponent of the scene. This biological image processing will be discussed in the next chapter.

CrtepHU U KOHYCHI Tpy0O 3 Wm MIUPUHOM, U OJIM3KO yIaKOBaHbI MO TOJHOH (3 X 3 cM) moBepX-
HOCTh CETYATKHU. DTO MPHUBOJIUT K CETUATKE, COCTaBlsieMoil u3 MaccuBa rpyoo ot 10000 x 10000
= 100 MuIMOHOB penenTopoB. [ cpaBHEHUS, ONTUYECKUNA HEPB UMEET TOJIBKO OKOJIO OJHOTO
MUJUIMOHA CTEKJIOBOJIOKOH HEpPBA, KOTOPHIE COENMHAIOTCS C 3TUMU AuelikaMu. B cpennem, kax-
JI0€ ONTUYECKOE CTEKJIIOBOJIOKHO HEpBa CBsi3aHO rpy0o co 100 cBeTOBBIMU peIENnTOpaMH depes
COCAMHAIONINICA ypoBeHb. B nomosiHeHHe K OOBEIMHEHUIO0 WH(POPMALUHU, COSAWHSIONIMNACS
YPOBEHb paciiupsieT U300pa’keHue, 3a0CTPsisi IPaHU U MOJIABJIsAs KOMIOHEHT OCBEIIEHHUS CLIEHBI.
Ota Ouonoruueckas oopaboTka n300paxkeHus OyaeT oOCykIeHa B CIEAYIOLIeH TaBe.

Directly in the center of the retina is a small region called the fovea (Latin for pit), which is used
for high resolution vision (see Fig. 23-4). The fovea is different from the remainder of the retina
in several respects. First, the optic nerve and interconnecting layers are pushed to the side of the
fovea, allowing the receptors to be more directly exposed to the incoming light. This results in
the fovea appearing as a small depression in the retina. Second, only cones are located in the fo-
vea, and they are more tightly packed that in the remainder of the retina. This absence of rods in
the fovea explains why night vision is often better when looking to the side of an object, rather
than directly at it. Third, each optic nerve fiber is influenced by only a few cones, proving good
localization ability. The fovea is surprisingly small. At normal reading distance, the fovea only
sees about a 1 mm diameter area, less than the size of a single letter! The resolution is equivalent
to about a 20420 grid of pixels within this region.

HenocpeacTBeHHO B LIEHTpE CETUaTKH - MaJieHbKas 00jacTh HaszbiBaeMas fovea (1o JIaTUHCKH
AMa), KOTOpasi UCIOB3YETCSI ISl CUCTEMbI TEXHUYECKOTO 3PEHUSI C BBICOKHUM Pa3pelIeHHEM (CM.
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puc. 23-4). Fovea oTtnu4aeTcsi OT OCTaBIIMXCsA(HEPACIPEACICHHbBIX) YJIEHOB OT CETYaTKU B He-
CKOJIbKMX OTHOILIEHUSX. BO MepBbIX, 3pUTENbHBI HEPB M YPOBHHU COEAMHEHHUS TOMEIICHHI B
ctopony fovea, mo3BoJsisi perenTtopaM OBITh 0oJiee HEMOCPEICTBEHHO BBICTABICHHBIMHU-
ro(IoIBEprHyTHIMU) BXOJAIIEMY HHAMKATOPY. DTO MpHUBOAUT K fovea, mosBIsIOUIeMycs Kak
MaJICHbKOE MOHIDKEHUE B ceTyaTke. Bo BTOPBIX, TOJBKO KOHYCHI PacIloIOKeHbI B fovea, U oHU
0oJjiee CUIBLHO yMaKOBaHbI YTO B OCTATOYHOM YJIEHE OT CETYATKH. DTO OTCYTCTBHE CTEp>KHEH B
fovea oOBsicHAET, MOUEMy HOYHAs CHCTEMa TEXHUYECKOTO 3pEHHs 4acTo Jydlle Koraa oOpa-
HIAIOIIUKCSA K CTOPOHE 00BEKTa, CKOpee YeM HEMOCPECTBEHHO B 3TOM. TpeThe, Kaxka0e CTEKII0-
BOJIOKHO 3PUTEIHHOTO HEPBA - TOJBKO HECKOJIBKO KOHYCOB, IOKA3bIBAsi XOPOIIYI0 CIIOCOOHOCTh
nokanu3anuu. Fovea ynmuButensHO MalieHbkuii. B HOpManu, uynTas paccrosinue, fovea 3annmaet
TOJIKO 001acTh | MM auaMeTpoM, MEHbIIEe YeM pa3Mmep oaHOH OykBbl! Paspemraromas croco6-
HOCTh 9KBUBAJICHTHA OTHOCUTENIBHO ceTKH 20X20 MUKCeIoB B IIpeaeiax 3Toi 00J1acTy.

light

aptic
nerve

connecting

layer v w
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optic nerve sclera
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FIGURE 23-5

The human retina. The retina contains three principle layers: (1) the rod and cone light receptors, (2) an intermediate
layer for data reduction and image processing, and (3) the optic nerve fibers that lead to the brain. The structure of
these layers is seemingly backward, requiring light to pass through the other layers before reaching the light recep-
tors.

PUCYHOK 23-5

UYenoeueckas ceryarka. CeTdaTka COAEPIKUT TPHU NMPUHIWIHAIBHBIX YPOBHSA: (1) CTEpKHH M KOHYCBHI OCBEIAIOT
perenTopsl, (2) IPOMEKYTOYHBINA YPOBEHb IS YIUIOTHEHHS JaHHBIX M 00paboTKu n300pakeHus, U (3) CTEKIOBO-
JIOKHA 3PHUTENILHOTO HEPBa, KOTOPbIE MPUBOAAT K M03ry. CTpYKTypa 3TUX YPOBHEH — HO-BHIUMOMY Ha3a0, Tpedys
UHIMKATOP IPONTH Yepe3 APYrue ypOBHHU IEPE]] JOCTHKEHUEM CBETOBBIX PELENITOPOB.

Human vision overcomes the small size of the fovea by jerky eye movements called saccades.
These abrupt motions allow the high resolution fovea to rapidly scan the field of vision for perti-
nent information. In addition, saccades present the rods and cones with a continually changing
pattern of light. This is important because of the natural ability of the retina to adapt to changing
levels of light intensity. In fact, if the eye is forced to remain fixed on the same scene, detail and
color begin to fade in a few seconds.

YenoBeueckas cucTeMa TEXHHYECKOTO 3peHHs MpeojosieBaeT HebousblIoi pa3mep fovea cyno-
POKHBIMM TJIa3HBIMH JIBUJKEHUSIMU, Ha3bIBaeMbIMU saccades. DTU pe3Kue IBUKEHUS MTO3BOJIIOT
BBICOKOE pa3perieHue fovea ObIcTpo MpocMaTpuBaTh MOJIE€ 3peHUs I NOAXosIed HHpopma-
nuu. Kpome Toro, saccades npeacTaBisieT CTEP)KHU U KOHYChl C HEMPEPBHIBHO M3MEHSIOLIUMCS
00pa31oM UHIUKAaTOpa. DTO BaXKHO M3-3a €CTECTBEHHOM CIIOCOOHOCTH CETYATKU, YTOObI alanTH-
pOBaThCSl K U3SMEHEHHIO OCBEUICHHOCTH. PAaKTUYECKH, €CIU I71a3 BBIHYKJIEH OCTaThCSl YCTAaHOB-
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JICHHBIM Ha TOM K€ camoi CIICHC, HOILp06HOCTb 1 IBCT HAYMHACT ITOCTCIICHHO ITOABJIATBHCS HC-
CKOJIBKO CECKYHI.

The most common image sensor used in electronic cameras is the charge coupled device
(CCD). The CCD is an integrated circuit that replaced most vacuum tube cameras in the 1980s,
just as transistors replaced vacuum tube amplifiers twenty years before. The heart of the CCD is
a thin wafer of silicon, typically about 1 cm square. As shown by the cross-sectional view in Fig.
23-7, the backside is coated with a thin layer of metal connected to ground potential. The topside
is covered with a thin electrical insulator, and a repetitive pattern of electrodes. The most com-
mon type of CCD is the three phase readout, where every third electrode is connected together.
The silicon used is called p-fype, meaning it has an excess of positive charge carriers called
holes. For this discussion, a hole can be thought of as a positively charged particle that is free to
move around in the silicon. Holes are represented in this figure by the "+" symbol.

Haunbonee oObIuHBINA 1aTYNK U300paKEHUS, UCIIONB3yEMbIi B 3JIEKTPOHHBIX Kamepax — Npudop
¢ 3apsiaoBoii cBsi3bio (II3C). [13C - unTerpanpHas cxema, KOTopas 3aMeHWIa OOJIBIIMHCTBO
BaKyyMHBIX JaMIl B 1980-bIX, Tak k€, KaK TPaH3UCTOPBI 3aMEHUJIM BaKyyMHBIE JIAMIIOBBIE yCH-
JUTENU ABaJauaThio rogamu pasbiine. OcHoBa [13C - ToHKas momyioxkKa KPEMHHUSI, TUITUYHO TIPHU-
GmsurensHo | om?. Kak mokasaHo cedcHuem, MPEICTABICHHBIM Ha PUCYHKE 23-7, 3a/iHss CTO-
POHA MOKpBITa TOHKUM CJIOEM METallla, CBSI3aHHBIM C MOTEHLMAIoOM 3eMid. BepxHss cropoHa
MOKPBHITA TOHKUM 3JIEKTPUUYECKUM H3OJISTOPOM(JIUIIECKTPUKOM), U PETYJSIPHOU CTPYKTYpoOi
anexTpoioB. Hanbomnee oOprunbiii Tin [13C — TpexdazoBoe cunThIBAHME, TIE KAXKIBIA TPETUH
ANEKTPOJ CBsi3aH BMecTe. Mcronb3yeMblil KpeMHUI Ha3bIBAETCS p-munom, 03Hadasi 4To OH UMe-
€T M3JUIICK MOJIOKUTEIbHBIX HECYIUX 3apsiIoB HA3bIBAEMBIX Ovlpxkamu. Jljig 3Toro obcyxie-
HHUS, O JIBIPKE MOKHO JyMaTh KakK O IMOJIOKUTEIBHO 3apsKEHHOW YacTHIE, KOTOpasi sIBIsETCA
CBOOOJHOM NIBUTaThCsl BOKPYT B KpeMHHH. JBIPKHM IMpeAcTaBiIeHbl B 3TOM PUCYHKE CHMBOJIOM
||+H.

In (a), +10 volts is applied to one of the three phases, while the other two are held at 0 volts. This
causes the holes to move away from every third electrode, since positive charges are repelled by
a positive voltage. This forms a region under these electrodes called a well, a shortened version
of the physics term: potential well.

B (a), +10 BoJabT MPpUMEHSIOTCSI K OJTHOW M3 ATUX TpeX (a3, B TO BpeMs Kak JIpyrue JBe MOIep-
*aHbl B 0 BOJIBT. DTO 3aCTaBISET ABIPKH JIBUTATHCS IAJIEKO OT KaXJJI0r0 TPETHEro JIEKTPOIa, TaK
KaK TIOJIO)KUTEJBHBIC 3apsbl OTPAKEHBI MOJIOKUTEIBHBIM HampshKeHueM. J1o GopMupyer 00-
JacTh MO STHUMHU JIEKTPOJaMH, HAa3bIBAEMbIMH KapMaH, COKPAIeHHAsl BEPCUSl TEPMUHA (PHU3H-
KH: NOMEHYUATbHAS AMA.

FIGURE 23-6 o - o
Spectral response of the eye. The three types 1‘3_';’:’_!?]1’:'1"":;_" 3 '_5 : | = of
cones in the human eye respond to different | — U - - sections
of the optical spectrum, roughly corresponding I to red,
green, and blue. Combinations of these three el Zreen cones form all
colors that humans can perceive. The cones do . ~ not
have enough sensitivity to be used in low-light 2 [blue cones | g m
environments, where the rods are used to 'E J 3 ["E"ﬂ cones |-- detect
the image. This is why colors are difficult to i d Y \
perceive at night. , % _,i' ‘-1 \
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CIIEKTpa, IPy0O COOTBETCTBYS KPAaCHOMY, 3€JCHOMY, U cuHeMy. KomOuHanuu u3 3tux Tpex (opm Bce 1BeTa, KOTO-
pBIC JIFOIM MOTYT 4yBCTBOBaTh. KOHYCHI HE HMEIOT JOCTATOYHO YYBCTBUTEIHHOCTH, KOTOPYIO HYXKHO HCIIOIB30BaTh
B HHM3KO - CBETOBBIX CpEIax, TI¢ CTCPXKHHU HCIOIB3YIOTCS, YTOObI OOHAPYXKHUTh M300pakeHHe. ITO - TO, MOUYEMY
[[BETa TPYAHO YYBCTBOBATH HOYBIO.

Each well in the CCD is a very efficient light sensor. As shown in (b), a single photon of light
striking the silicon converts its energy into the formation of two charged particles, one electron,
and one hole. The hole moves away, leaving the electron stuck in the well, held by the positive
voltage on the electrode. Electrons in this illustration are represented by the "-" symbol. During
the integration period, the pattern of light striking the CCD is transferred into a pattern of
charge within the CCD wells. Dimmer light sources require longer integration periods. For ex-
ample, the integration period for standard television is 1/60th of a second, while astrophotogra-
phy can accumulate light for many hours.

Kaxxnapiit kapman B [13C - ouens addexTuBHbIN cBeToBOM aatunk. Kak mokaszano B (b), equHCT-
BEHHBIH(OTETBHBIN) (DOTOH CBETa, HAKUMAIOIIUA KPEMHHUM MPeoOpa30BHIBAET €r0 HEPTHUIO B
dbopMupoBaHrEe NBYX 3apsKEHHBIX YACTHIL, OJJHOTO DJIEKTPOHA, U OAHOW IbIpKU. [[pIpka mepe-
MENIAeTCs JAJIEKO, OCTABIISIS SJICKTPOH, VB3NN B KapMaHe, MOIICPKAaHHBIM MOJIOKHUTEITHHBIM
HaANpPsOKEHUEM Ha IIEKTPoJIe. DJIEKTPOHBI B 3TOM MILTIOCTPALlMU MpeICcTaBIeHb cuMBosioM "-". B
TCUCHHC TMepHoAa HHTerpUpoOBaHusi, oOpaszern] uWHAUKaTtopa, HaxkuMmaromero I[13C mepe-
naH(mepemerieH) B oOpazer] 3apsana B kapmanbl [13C. [Ing Gonee ATUHHOTO WHTETPUPOBAHUS
TpedyeTcss peocTaT(perysaTop) JUisi peryJMpoOBaHUs OCBEUICHHOCTH(CHIIBI UCTOYHUKA CBETA).
Jlns mpumepa, mepuol MHTETPUPOBAHUS 7Sl CTaHAApTHOTO TeneBuaeHus 1/60-as ceKyHIbI, B TO
BpeMs Kak actpodoTorpadust MOKET HAKaILIMBATh HHIUKATOP B TEYCHUE MHOTHX YaCOB.

Readout of the electronic image is quite clever; the accumulated electrons in each well are
pushed to the output amplifier. As shown in (c), a positive voltage is placed on two of the phase
lines. This results in each well expanding to the right. As shown in (d), the next step is to remove
the voltage from the first phase, causing the original wells to collapse. This leaves the accumu-
lated electrons in one well to the right of where they started. By repeating this pulsing sequence
among the three phase lines, the accumulated electrons are pushed to the right until they reach a
charge sensitive amplifier. This is a fancy name for a capacitor followed by a unity gain buffer.
As the electrons are pushed from the last well, they flow onto the capacitor where they produce a
voltage. To achieve high sensitivity, the capacitors are made extremely small, usually less than 1
pF. This capacitor and amplifier are an integral part of the CCD, and are made on the same piece
of silicon. The signal leaving the CCD is a sequence of voltage levels proportional to the amount
of light that has fallen on sequential wells.

CuuThiBaHNE DJIEKTPOHHOTO H300pa)KEHUSI BECbMa YMHO; HAKOIUIEHHBIE 3JIEKTPOHBI B Ka)JI0M
KapMaHe(IMOTEHIIUATIbHOU sIME) nomeujenvl B yCUIUTENb Bbixoga. Kak mokasaHo B (), MOJOXH-
TeJIbHOE HAIPSHKEHHE NMTOMEIICHO B 06e U3 (a30BBIX JUHHUM. DTO MPUBOJIUT K KaXAOMYy KapMaHy
pacumupenue HanpaBo. Kak nokaszano B (d), ciemyronuii mar JOKeH YAAIUTh HalpsHKeHUE U3
nepBoi (a3bl, BbI3bIBasi OPUTHHATY KAPMaHbl CBEPHYTh. DTO OCTABIISIET HAKOIJIEHHBIE 3JIEKTPO-
Hbl B OJIHOM KapMaHE HalpaBO OT TOro, e OHM Hauyanu. [IoBTOpsAs 3Ty mocCieqoBaTEIbHOCTh
MyJIbCAIIUU CPeIu TpeX (ha30BbIX JIMHUM, HAKOIIEHHBIE 3JEKTPOHBI MOMEUIEHbl HAIMPaBo, MOKa
OHM He jocturatroT charge sensitive amplifier (3apsi104yBCTBUTEJBHOIO0 yCHINUTENSA). DTO -
NpUYYIJIUBOE Ha3BaHHWE ISl KOHJEHCATOpa, CONMpPOBOXIaeMoro OydepoM eAMHUYHOTO YCHUIIe-
Hus. I1ocKOIbKYy RIIEKTPOHBI OMELIEHBI OT MOCIEAHEr0 KapMaHa, OHM TEKYT Ha KOHAEHCATOp,
I/Ie OHU IPOU3BOIAT HampshkeHue. YToObl ToCTUraTh BHICOKON 4yBCTBUTEIHLHOCTH, KOHAEHCATO-
PBI CIIeNIaHbl Ype3BBIYAHO MaJICHBKUMH, OOBIYHO MeHbIe yeM 1 pF. DToT KoHzmeHcaTop u ycu-
auTenb - Heorbemsiemas yacth [13C, u cnenanbl Ha TOM ke caMOM Kycke kpeMHusi. CurHai, oc-
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taBiss [13C — nocnenoBaTenbHOCTh YPOBHEW HAIPSDKEHUN MTPONOPLUOHAIBHO KOJIUYECTBY OC-
BELICHUs, KOTOPOE YNajo Ha Mocie10BaTeIbHbIe(CEKBEHIIUAIbHBIE) KApMaHBbI.

Figure 23-8 shows how the two-dimensional image is read from the CCD. After the integration
period, the charge accumulated in each well is moved up the column, one row at a time. For ex-
ample, all the wells in row 15 are first moved into row 14, then row 13, then row 12, etc. Each
time the rows are moved up, all the wells in row number 1 are transferred into the horizontal
register. This is a group of specialized CCD wells that rapidly move the charge in a horizontal
direction to the charge sensitive amplifier.

Pucynox 23-8 mokasbiBaeT, Kak aAByMepHoe u3oOpaxkenue uutaercs ot [I3C. Ilocne mepuona
WHTETPUPOBAHUS, 3apsijl, HAKOIUICHHBIN B KQ)KJIOM KapMaHe MepeMelleH BBEpX M0 CToOIy, OHA
CTpOKa OAHOBpeMEHHO. /[t npuMepa, Bce KapMaHbl B CTpOKe 15 cHavasia nepemelleHsl B CTpo-
Ky 14, Torna crpoka 13, Torna crpoka 12, u T.4. Kaxaplii pa3 cTpoku NpoJBUHYThI, BCE KapMaHbI
B cTpoke Homep | nepenanbi(niepementieHsl) B horizontal register (ropM3oHTAJBLHBIH perucTp).
DTO0 - Tpymma crenuaan3upoBaHHbX kapMaHoB [13C, 4To OBICTPO MEpEMEIaroT 3apsi] B TOPH-
30HTQJILHOM HalpaBJIEHHUE K 3apsl04yBCTBUTEIIBHOMY YCHUIIUTENIO.
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FIGURE 23-7

Operation of the charge coupled device (CCD). As shown in this cross-sectional view, a thin sheet of p-type silicon
is covered with an insulating layer and an array of electrodes. The electrodes are connected in groups of three, al-
lowing three separate voltages to be applied: ¢1, ¢2, and ¢3. When a positive voltage is applied to an electrode, the
holes (i.e., the positive charge carriers indicated by the "+") are pushed away. This results in an area depleted of
holes, called a well. Incoming light generates holes and electrons, resulting in an accumulation of electrons confined
to each well (indicated by the "-"). By manipulating the three electrode voltages, the electrons in each well can be
moved to the edge of the silicon where a charge sensitive amplifier converts the charge into a voltage.

PUCYHOK 23-7

Omnepanusi(padora) ycrpoiicrBa(tipudopa) ¢ 3apsaoBoii cBa3pio) (I13C). Kak nmokazano B 3TOM BHIE CEUEHH, TOH-
Kas TIaCTUHa KPpEMHUS P-TUIIA ITOKPBITA CJIOEM HU30JIATOpa U MaCCUBOM JJICKTPOAOB. BHCKTpOﬂbI CBA3aHbI B I'PYIIIIbI
1O TpPH, TO3BOJIsIsI(pa3periasl) TpeM OTIEIbHBIM HalpsDKeHUsIM puMeHsTees: G1, ¢2, u ¢3. Korna nmonoxurensHoe
HalpsDKeHUE MPUMEHSIETCS Ha 3JIEKTPOJ, ABIPKU (TO €CThb, MOJIOKHUTENbHbIE HECYIIne 3apsibl, 0003HaueHHbIe "+"
BBITOJIKHYTBI. DTO MPUBOJUT K OOJNACTH, MCUEPIIAHHBIX JBIPOK, Ha3bIBAEMBIX KapMaHOM (IIOTEHIMAILHOW SMON)).

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




HAYYHO-TEXHUYECKOE PYKOBOJICTBO 110 IM®POBOW OBPABOTKE CUTHAJIOB

Bxonsmuit ”HAMKATOpP TeHEPUPYET ABIPKU U NEKTPOHBI, MPUBOASL K HAKOIUICHUIO AJIEKTPOHOB, OTPAHUYEHHBIX Ka-
JKABIM KapMaHOM (0003HaueHHBIH "-"). YHpaBisas 3TUMHU TpeMsl HaPSHKEHUAMH 3JIEKTPOJia, 3JIEKTPOHBI B KaXI0M
KapMaHe MOTYT OBbITh IepeMEelIeHbl B Kpall KpeMHUs, TJe 3apsJ04yBCTBUTENbHBIN yCHINTENb NPeoOpa3oBhIBAET
3apsj B HaNpsDKEHUE.

horizontal
| - Teglsler
serial H I ] = H o |
video B CEHHERHE :‘*_H“mwj
output - HHEH HHHE
H CEEC H|E|E|E
H CEEC u|H|EE
H CEEC H|E|E|E
H CEEC H|E|EE
H CEEC H|E|EE
H CEEC H|E|EE
H CEEC H|E|EE
H CEEC H|E|EE
H CEEC H|E|EE
H CEEC H|E|EE
H HHHHA H(m|m|m
H CE I E H|E|E|E
H|E|E|E
L] || CEE D
H CEEC H|E|EE
H HHHHA H(m|m|m
H SEHHEEHEHE last row
= mjnju]m HHH | =—"
ttHMmmZ }
column | last column
FIGURE 23-8

Architecture of the CCD. The imaging wells of the CCD are arranged in columns. During readout, the charge from
each well is moved up the column into a horizontal register. The horizontal register is then readout into the charge
sensitive preamplifier.

PUCYHOK 23-8

Apxutektypa II3C. Kapmansr otobpakenus [13C pasmemiarorcs B cronbrax. B TedeHme cunmThIBaHUS, 3apsi OT
Ka)XI0r0 KapMaHa MepeMelieH BBepX 10 CTOJOIy B FOPU3OHTANBHBIA perucTp. ['OpU30HTAIBHBIA pEerucTp - Torua
CUHMTBIBACT 3apsiJ B llyBCTBI/ITC.]'I]:-H])II‘/II MMpeayCUINTEb.

Notice that this architecture converts a two-dimensional array into a serial data stream in a par-
ticular sequence. The first pixel to be read is at the top-left corner of the image. The readout then
proceeds from left-to-right on the first line, and then continues from left-to-right on subsequent
lines. This is called row major order, and is almost always followed when a two-dimensional
array (image) is converted to sequential data.

OOparuTe BHUMaHUE, YTO 3T APXUTEKTypa MPeoOpa30BhIBACT JBYMEPHbII MacCUB B MIOCIIEI0BA-
TEJIbHBIM TOTOK JAHHBIX B CHECIU(PUYECKON IMOCIeI0BATEILHOCTH. [IepBbIil TTHKCEN, KOTOPHIH
HY>XHO YUTaTb - B BBICHICM -JICBOM YTJIC 1/1306pa>1<eH1/1;1. CunTbIBaHue TOrga MmpoaoJIKacTCs OT
CJIeBa HaIpaBO HA MEPBOM CTPOKE, U 3aTeM MPOJOHKAETCS OT ClieBa HAMPaBO Ha MOCIETYIOMINX
CTpOKax. JTO Ha3bIBaeTCsA row major order (IOPsiAOK IJIABHOM CTPOKHU?), U IMOYTH BCETJa CO-
MIPOBOK/IAETCS, KOT/Ia IBYMEPHBIN MacCUB (M300pakeHHsI) MpeoOpa3oBaH B MOCIEI0BATEIbHBIC
JaHHBIC.

Television Video Signals
Tenesusnonnbie Buaeocuruajbl

Although over 50 years old, the standard television signal is still one of the most common way to
transmit an image. Figure 23-9 shows how the television signal appears on an oscilloscope. This
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is called composite video, meaning that there are vertical and horizontal synchronization (sync)
pulses mixed with the actual picture information. These pulses are used in the television receiver
to synchronize the vertical and horizontal deflection circuits to match the video being displayed.
Each second of standard video contains 30 complete images, commonly called frames. A video
engineer would say that each frame contains 525 lines, the television jargon for what program-
mers call rows. This number is a little deceptive because only 480 to 486 of these lines contain
video information; the remaining 39 to 45 lines are reserved for sync pulses to keep the televi-
sion's circuits synchronized with the video signal.

XoTst Bo3pacT TeneBuAcHus 0osee yem S50 JieT, CTaHIapTHBIA TEICBU3MOHHBIN CUTHAN - BCE €IIIe
OJIMH U3 Hanbosee 0ObIYHBIX CIIOCOO0B Nepeaaun n3o0paxenus. PucyHok 23-9 noka3ssiBaer, Kak
TEJICBU3MOHHBI CHTHAJ TOSBIISCTCS Ha ociuiorpade. ITo Ha3bIBaeTCs MOJHbIA BUAE0 CHUT-
HAJI, O3HaYasi, YTO UMEETCS BEPTUKAJIbHASA U FTOPU3OHTAIIbHAS CUHXPOHU3AIUS UMITYJIbCOB, CME-
maHHas ¢ (pakTHIeCKO nHpopManuei KapTUHbI. DTH UMITYJIbChI UCTIOJB3YIOTCSI B T€JIEBU3HOH-
HOM TIPUEMHUKE, YTOOBI CHHXPOHU3UPOBATH IETH BEPTUKATHLHOTO ¥ TOPH3OHTAIHLHOTO OTKIIOHE-
HUsI, 9YTOOBI COOTBETCTBOBATh OTOOpakaeMOMY BHEO CUTHAITY. Kaxkmyro cekyHy cTaHIapTHBIN
BUJICO CUTHAJ cOAepKUT 30 MOJHBIX W300paxKeHui, 0OBIYHO Ha3bIBaEMBIX Kajgpamu. MHxeHep
BHJICO TOBOPHIT OBI, UTO KaXKIBIA KaJp COACPKUT 525 JIMHUM, TeIEBU3MOHHBIN KapTroOH ISl TOTO,
YTO MPOTPAMMHUCTHI HA3BIBAIOT CMPOKU. DTO YHCIO, HEMHOTO BBOAWT B 3a0ITyKIIEHUE, TIOTOMY
9TO TOJBKO OT 480 10 486 M3 ATUX CTPOK COJAEpIKAT BHICO MHPOPMAIIUIO; OCTaBIIuEeCs OT 39 10
45 cTpoKU 3ape3epBUPOBAHBI ISl CHHXPOHU3UPYIOIINX UMITYJIHCOB, YTOOBI XpaHUTH LIEMH TeJe-
BUJICHUS, CHHXPOHHU3UPOBAHHBIC C BUICOCUTHAIIOM.

Standard television uses an interlaced format to reduce flicker in the displayed image. This
means that all the odd lines of each frame are transmitted first, followed by the even lines. The
group of odd lines is called the odd field, and the group of even lines is called the even field.
Since each frame consists of two fields, the video signal transmits 60 fields per second. Each
field starts with a complex series of vertical sync pulses lasting 1.3 milliseconds. This is fol-
lowed by either the even or odd lines of video. Each line lasts for 63.5 microseconds, including a
10.2 microsecond horizontal sync pulse, separating one line from the next. Within each line, the
analog voltage corresponds to the grayscale of the image, with brighter values being in the direc-
tion away from the sync pulses. This places the sync pulses beyond the black range. In video jar-
gon, the sync pulses are said to be blacker than black.

CrannapTHoe TeneBUIeHHE UcTonb3yeT interlaced (yepexyemslii) ¢opmaT, 4TOOBI MpPHBECTH
HE)KeNaTeJIbHOE Mepyanue B OTOOpaKEHHOM H300pakeHUH. DTO O3Ha4YaeT, YTO CHayaJla rnepejaa-
HbI BCE HEUETHBIE CTPOKHM KaXKJ0T0 KaJipa, COMPOBOXKIASICH YETHBIMU CTpoKamu. ['pyrmma Hedet-
HBIX CTPOK HA3bIBACTCS, HEYETHOE I0JIe, M IPyINIa YETHBIX CTPOK HA3bIBAECTCS YETHBIM I10JIEM.
Tak Kak KaXIbIi KaJp COCTOMT W3 JBYX IOJIeH, BUAeOoCUTHAN nepenaeT 60 moyeil B CEKyHAY.
Kaxxnoe mosne HauMHaeTcsi KOMIUIEKCHBIM psiioM(cepreii) BEpTHUKAIbHBIX CHHXPOHU3UPYIOIINX
HMITYJIbCOB, MPOAODKAtOIMXCS 1.3 MHIITUCEKYHbI. DTO COMPOBOXKAACTCS WM YETHBIMH WIIU
HEUYETHBIMH CTpOKamu Buaeo. Kaxkaas ctpoka npogoipkaercs 63.5 MUKpOCEKyH/I, BKitovas 10.2
MHUKPOCEKYH/Ibl TOPU30HTAIIBHOIO CUHXPOHU3UPYIOIIEr0 UMITYJIbCA, OTACISAIOIETO OAHY CTPOKY
OT clenyronieil. B mpeaenax kaxaoil CTpOKH, aHAJOTOBOE HAMPSHKEHUE COOTBETCTBYET MOJIYTO-
HOBOMY U300paXeHHIO, ¢ 00Jiee IPKUM HaXOXJICHUEM 3HAUCHUN B HANIPABIICHUHU JAJIEKO OT CHH-
XPOHU3UPYIOIIHUX HMMIIYJbCOB. JTO pa3MeIlaeT CUHXPOHU3UPYIOUIUE HWMITYJIbChl BHE YEPHOIO
nuarnaszoHa. Ha xaprose Buieo, CHHXpOHU3UPYIOIINE UMITYJIbCHI, KaK CUMTAIOT, Oojee uepHule,
yem YepHbli.
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FIGURE 23-9

Composite video. The NTSC video signal consists of 30 complete frames (images) per second, with each frame con-
taining 480 to 486 lines of video. Each frame is broken into two fields, one containing the odd lines and the other
containing the even lines. Each field starts with a group of vertical sync pulses, followed by successive lines of
video information separated by horizontal sync pulses. (The horizontal axis of this figure is not drawn to scale).
PUCYHOK 23-9

Homusiit Bugeo curaan. NTSC Buneocursan coctouT u3 30 MOMHBIX KaApoB (M300pakeHNs) B CEKYHIY, C KaXIbIM
Kampom, comepkammMm oT 480 mo 486 ctpok Bumeo. Kaxaprii kagp pa3OuUT Ha [1Ba OIS, OTHO COAEPIKUT HEUETHHIE
CTPOKHU M JIPYTrO€ COJAEPXKHUT YeTHbIC CTPOKU. Kaxaoe moje HauMHAETCs TPYIIIOil BEPTHKAIBHBIX CHHXPOHU3UPYIO-
LIMX HMITYJIBCOB, COMPOBOXKIAAEMbIX MOCIENIOBATEIbHBIMU CTPOKAMU MH(pOPMAIMK BHIEO, OTACICHHON TOpHU30H-
TaJIbHBIMA CUHXPOHU3UPYIOMIUME uMIysibcamu. (I'opu3oHTaNIbHAS OCh ATOTO PHUCYHKA HE BbIBE/IeHA, YTOOBI Mac-
1ITabupOBaTH).

The hardware used for analog-to-digital conversion of video signals is called a frame grabber.
This is usually in the form of an electronics card that plugs into a computer, and connects to a
camera through a coaxial cable. Upon command from software, the frame grabber waits for the
beginning of the next frame, as indicated by the vertical sync pulses. During the following two
fields, each line of video is sampled many times, typically 512, 640 or 720 samples per line, at 8
bits per sample. These samples are stored in memory as one row of the digital image.

AnmnapaTHble CpeACTBa, UCIOIb3yEMBbIE Ul aHAIOro-u(ppPOBOro nMpeodpazoBaHusl BUICOCUTHA-
JIOB, Ha3bIBaIOTCS ycTpolicTBoM frame grabber (3axBaTa m300paseHHs; BBOJa U PETUCTPaLIUU
KaJIpOB M300pakeHus1). ITO - 0OBIYHO B (JOpME JICKTPOHHOMH, IJIAThI, KOTOpas MOJKIIFOYAEeTCs K
KOMIIBIOTEPY, U COCTUHSETCS ¢ KaMepoil uepe3 KoakcHabHbIN kKabemnb. [locie komaHabl OT Tpo-
rPaMMHOTO OOecreueHus, YCTPOUCTBO 3aXBaTa U300paKeHUs KJIeT B TEUCHHE Haydaja Cleqylo-
IIeTo Kajapa, Kak 0003HAUEHO BEPTUKAIBHBIMUA CHHXPOHM3HPYIOIIUMH UMITyJIbcaMu. B TeueHue
CIICYIONINX JIBYX TOJICH, Ka)Kaasi CTPOKAa BHUJIEO BBIOMPAETCS MHOTO pa3, TUIW4YHO 512, 640 unun
720 BBIOOPOK Ha CTPOKY, IpU 8 OuTax Ha BBIOOPKY. DTHU BHIOOPKM COXpAHEHBI B MMaMATH KaK OJ1-
Ha CTpoKa IU(GPOBOTO H300paKEHUSI.

This way of acquiring a digital image results in an important difference between the vertical and
horizontal directions. Each row in the digital image corresponds to one line in the video signal,
and therefore to one row of wells in the CCD. Unfortunately, the columns are not so straight-
forward. In the CCD, each row contains between about 400 and 800 wells (columns), depending
on the particular device used. When a row of wells is read from the CCD, the resulting line of
video is filtered into a smooth analog signal, such as in Fig. 23-9. In other words, the video sig-
nal does not depend on how many columns are present in the CCD. The resolution in the hori-
zontal direction is limited by how rapidly the analog signal is allowed to change. This is usually
set at 3.2 MHz for color television, resulting in a rise-time of about 100 nanoseconds, i.e., about
1/500th of the 53.2 microsecond video line.

OTOT My Th NpUOOpeTeHNs HU(POBOTro N300pAKEHNS MPUBOJUT K BaXKHON Pa3HOCTH MEXIy Bep-
TUKAJIBHBIMUA W TOPU30HTAIBHBIMU HampaBieHusIMA. Kaxxast ctpoka B udpoBoM n300paskeHIH
COOTBETCTBYET OJIHOM CTPOKE B BUACOCUTHAJIE, M IOATOMY OJHOU cTpoke n3 kapmanoB B 1311, K
COXaJICHHIO, CTOJIONBI - He cToJb psiMonuHelHbl. B [13C, kakaast cTpoka COIep HUT MPHOIHA3H-
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tenbHO OT 400 1o 800 kapmMaHOB (CTONOIBI), B 3aBUCHMOCTH OT CIIEU(PUUECKOTO UCTIONB3YEMO-
ro ycrpoiictBa. Korga crpoka kapmana uumtaerca ot I[13C, 3akaHuMBaromascs CTpOKa BHIEO
bunbTpOBaHA B TNIAJKUN aHAJOTOBBIN CUTHAJ, TUNA B puC. 23-9. [lpyrumu cioBamMu, CUTHAJ BU-
JIEOCUTHAJIBI HE 3aBUCAT OT TOTO, CKOJIbKO CTONOIOB MpUCcyTCcTBYIOT B [13C. Pazpemaromast cro-
COOHOCTh B TOPU30HTAIHFHOM HAIPABIICHUU OTPAaHUYEHA TEM, KaK OBICTPO aHAJIOTOBOMY CHTHATY
MO3BOJISIIOT U3MEHUTHCSA. ITO 0OBIYHO ycTaHaBIuBaeTcs B 3.2 MI 1 11 IBETHOTO TEJIEBUICHUS,
NPUBOJISA K BPEMEHH HapacTaHUA(JUTUTENbHOCTH (PpOHTA MUMITyJIbca) npubansuTenasHo 100 HaHo-
CEKYH/I, TO €CThb, 0K0JIO 1/500-0¥ U3 CTPOKU BHIEO CTPOKH 53.2 MUKPOCEKYH/IBI.

When the video signal is digitized in the frame grabber, it is converted back into columns. How-
ever, these columns in the digitized image have no relation to the columns in the CCD. The
number of columns in the digital image depends solely on how many times the frame grabber
samples each line of video. For example, a CCD might have 800 wells per row, while the digi-
tized image might only have 512 pixels (i.e., columns) per row.

Korna Buneocurnan onudpoBaH B yCTpOCTBE 3aXBaTa H300paKeHus, 3TO MpeoOpa3oBaHO Ha3al
B cTONOIBI. OJTHAKO, ATH CTOJOIBI B IIU(PPOBOM U300paKECHUH He UMerom HUKAKOTO OTHOIICHUS
k cronbmam B [13C. Ywucio cTonbiioB B muppoBoM H300paKEHUU 3aBUCUT UCKIIOUUTEIHHO OT,
CKOJIBKO pa3 yCTPOMCTBO 3aXxBaTa M300pa)KEHUSI MPOU3BOJIUT BBHIOOPKY KaXKIOW CTPOKH BHUJIEO.
Hampumep, I13C mor 651 nmeTh 800 kKapMaHOB Ha CTPOKY, B TO BpeMs Kak u(ppoBoe n3odpaxe-
HUE MOTJIO OBbI TOJIBKO UMETh 512 MuKcenoB (TO €cTh, CTOJIOIOB) HAa CTPOKY.

The number of columns in the digitized image is also important for another reason. The standard
television image has an aspect ratio of 4 to 3, i.e., it is slightly wider than it is high. Motion pic-
tures have the wider aspect ratio of 25 to 9. CCDs used for scientific applications often have an
aspect ratio of 1 to 1, i.e., a perfect square. In any event, the aspect ratio of a CCD is fixed by the
placement of the electrodes, and cannot be altered. However, the aspect ratio of the digitized im-
age depends on the number of samples per line. This becomes a problem when the image is dis-
played, either on a video monitor or in a hardcopy. If the aspect ratio isn't properly reproduced,
the image looks squashed horizontally or vertically.

Yucno cTosdo1ioB B UGPOBOM H300pKEHUH BAXKHO TaKXkKe MO Apyrod npudyuHe. CTaHmapTHOE
TEJIEBU3MOHHOE M300paKeHHe uMmeeT KoI(pPUuuMeHT cxaTus ot 4 10 3, TO ecTh, IUPHUHA He-
MHOTO IIMPE BBICOTHI. JBMKyIHecs 300pakeHHsT UMEIOT OoJiee MHMPOKUA KOd(DPHUITUEHT Cka-
TUs 0T 25 10 9. [Ipubopsl ¢ 3apsa0BOil CB3BIO, UCTIOIb3YEMbIE Il HAYYHBIX MPHIIOKEHHUH yac-
TO UMEIOT Kod(purmeHT cxxatus ot 1 g0 1, TOo ecTh, MONHBIN KBagpaT. B mobom ciyuae, kod¢-
¢urment cxatus [13C ycTaHoBIEeH pa3MenieHHeM 3JeKTPOJIOB, U HE MOXKET ObITh M3MeHeH. O-
HaKo, KO3 UIMEHT cxaTusl MUGPOBOTr0 M300paKEHUST 3aBHCUT OT 4YHCJa BBIOOPOK B CTPOKY.
DTO CTaHOBUTCS MPOOJIEMO, KOT/1a H300pakeHne 0TOOpakeHO, MM Ha BUJIEO0 MOHHTOPE WUJIH B
TBepAol konuu. Eciau kodQpuieHT cxxaTust He JOJDKHBIM 00pa3oM BOCIPOM3BENEH, BUI U30-
OpakeHusl, CIUTIONIEH TOPU30HTAIBHO WM BEPTUKAIIBHO.

The 525 line video signal described here is called NTSC (National Television Systems Commit-
tee), a standard defined way back in 1954. This is the system used in the United States and Ja-
pan. In Europe there are two similar standards called PAL (Phase Alternation by Line) and
SECAM (Sequential Chrominance And Memory). The basic concepts are the same, just the
numbers are different. Both PAL and SECAM operate with 25 interlaced frames per second,
with 625 lines per frame. Just as with NTSC, some of these lines occur during the vertical sync,
resulting in about 576 lines that carry picture information. Other more subtle differences relate to
how color and sound are added to the signal.
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Onucannblie 371ech 525 cTpok BuAeOocUTHANA, Ha3biBatoTCs ctangaproM NTSC (HanuonanbHbii
Tenesusznonnsiii Komurer Cucrem), onpeaesieHHpIM myTeM Hazan B 1954. Oto - cucrema, mc-
nonb3yeMasi B Coenunennbix lltatax u SAnonnu. B EBpone umeroTcst 1Ba Mogo00HBIX CTaHIapTa
o umenu PAL (PazoBoe Uepenoanue Ctpokoii?) 1 SECAM. OcHOBHBIE KOHIIEMIIUU - T€ XK€
camble, TosbKO uncna pasnuydsl. PAL u SECAM onepupyror ¢ 25 yepeayeMbIMU KaapamMH B
CeKkyHay, ¢ 625 ctpokamu Ha kaap. Tak ke, kak ¢ NTSC, HEeKOTOpbI€ U3 3THUX CTPOK MIPOUCXOIAT
B TE€UYEHUE BEPTHKAIBHOW CHHXPOHHU3AIMH, PUBOAS MPUOIU3UTENBHO 576 CTPOK, TOT MEPEHOC
n3o0paxkaer nHpopmaruto. J[pyrue Oojiee TOHKHE pa3iudMs KacarOTCs TOro, KaK IBET U 3BYK
n00aBIIeHBI K CUTHAITY.

The most straightforward way of transmitting color television would be to have three separate
analog signals, one for each of the three colors the human eye can detect: red, green and blue.
Unfortunately, the historical development of television did not allow such a simple scheme. The
color television signal was developed to allow existing black and white television sets to remain
in use without modification. This was done by retaining the same signal for brightness informa-
tion, but adding a separate signal for color information. In video jargon, the brightness is called
the luminance signal, while the color is the chrominance signal. The chrominance signal is con-
tained on a 3.58 MHz carrier wave added to the black and white video signal. Sound is added in
this same way, on a 4.5 MHz carrier wave. The television receiver separates these three signals,
processes them individually, and recombines them in the final display.

Haubonee npsmoii myTh nepegadn LBETHOTO TEJIEBUIEHUS COCTOSIT ObI B TOM, UTOOBI UMETh TPU
OTJIETIbHBIX aHAJIOTOBBIX CHUTHANA, OJMH IS KaXJAO0T0 U3 TPEX LIBETOB, YEJIOBEUECKHH Ii1a3 Mo-
JKET 0OHApPYKUBATh: KPACHBIH, 3€JIEHbIN U cuHUHA. K cOXaneHUIo, HICTOPUIECKOE Pa3BUTHE TeJle-
BUJICHUS HE TIO3BOJISIIO TAKyl0 MPOCTYIO cXxeMy. L[BeTHO# TeneBU3MOHHBINA CUTHAMI OBLT pazpado-
TaH, C Y4ETOM TOT0, YTOOBI MO3BOJIUTH CYIIECTBOBATh YEPHO-OEIBIM TelIeBU30paM, 0e3 Moaudu-
Kamud. JTO OBUIO CHENaHO, COXpPaHss TOT K€ CaMblil CUTHAN A WHPOpPMAIMH SPKOCTH, HO
npuOaBisis OTENbHBIA CUTHAN A7 IBeTHOU mH(popmauuu. Ha jxaprone Buaeo, sipkoCTh Ha3bl-
BAETCS CUCHANOM SPKOCMU, B TO BPEMs KakK LIBET - CUTHAJ LBETHOCTH. CUTHal IIBETHOCTH CO-
JepKUTCS HA Hecyiei BoHe 3.58 mI1, mobasisiack kK 4epHO-0e10oMy BHICOCHTHATY. 3BYK J0-
0aBIICH B 3TO TEM K€ CaMbIM criocobom, Ha Hecymielt BoiHe 4.5 MI 1. TeneBU3HOHHBIN MpUEM-
HUK OTJIEJSET 3TU TPU CUTHaJIa, 00pabaThiBaeT UX UHIUBUAYAIbHO, U PEKOMOMHHUPYET UX B KO-
HEYHOM JMCILIEE.

Other Image Acquisition and Display
JApyroe Ioay4yenue nzodopaxenunid u Aucniiei

Not all images are acquired an entire frame at a time. Another very common way is by line
scanning. This involves using a detector containing a one-dimensional array of pixels, say, 2048
pixels long by 1 pixel wide. As an object is moved past the detector, the image is acquired line-
by-line. Line scanning is used by fax machines and airport x-ray baggage scanners. As a varia-
tion, the object can be kept stationary while the detector is moved. This is very convenient when
the detector is already mounted on a moving object, such as an aircraft taking images of the
ground beneath it. The advantage of line scanning is that speed is traded for detector simplicity.
For example, a fax machine may take several seconds to scan an entire page of text, but the re-
sulting image contains thousands of rows and columns.

He Bce u3o0paxkeHus mproOpeTeHbl MOTHBIM KaJIpoM OAHOBPEMEHHO. J[pyroil oueHb OOBIYHBIN
MyTh — MPOCMOTPOM(CKAHUPOBAHNEM) CTPOKH. DTO BKJIIOYAET B cebsi(Moapa3ymMeBaeT) HC-
I10JIb30BAHNE JATUMKA, COAEPIKAILErO0 OJHOMEPHBIM MacCUB IIMKCENOB, cKaxeM, 2048 nukcenos
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JUIMHBL Ha | mukcen mupuHbl. [T0CKOIBKY OOBEKT MEPEeMENICH MUMO JaT4MKa, W300paKeHHE
nprobpereHo mocTpouHo. CKaHUPOBAHUE CTPOKH MCIONB3yeTCs (PaKCHMUIBHBIME MAITHHAMA U
PEHTTCHOBCKMMU CKaHepaMH aBua-Oaraxa. Kak Bapuarus, 00beKT MOKET OCTaBaThCs Ha MECTe,
B TO BpeMs KakK JaT4MK MepeMeniaeTcsa. ITO OYeHb yaI00HO, KOTJAa JaT4HK Y)KE YCTaHOBIICH Ha
HepEMEIAIONIeMCsl 00BEKTE, THIIA CAMOJIETa, JCIAINIEr0 300pakeHus 3eMid. [IpernMyiiecTBo
CKaHUPOBAaHUSA(IIPOCMOTPa) CTPOKH - TO OBICTPOACHCTBUE, KOMIIPOMHUCC JJISI BPOCMONbL TaTUH-
ka. Hanpumep, pakcuMuiIbHas MallMHA MOXET 3aHMMAaTh HECKOJBKO CEKYHJI, YTOObI OTCKaHH-
pOBaTh MOJHYIO CTPAHHITY TEKCTa, HO 3aKaHYHMBAIOIICECS N300pakEHUE COMEPIKUT THICSUU CTPOK
1 CTOJIOLIOB.

An even more simplified approach is to acquire the image point-by-point. For example, the mi-
crowave image of Venus was acquired one pixel at a time. Another example is the scanning
probe microscope, capable of imaging individual atoms. A small probe, often consisting of only
a single atom at its tip, is brought exceedingly close to the sample being imaged. Quantum me-
chanical effects can be detected between the probe and the sample, allowing the probe to be
stopped an exact distance from the sample's surface. The probe is then moved over the surface of
the sample, keeping a constant distance, tracing out the peaks and valleys. In the final image,
each pixel's value represents the elevation of the corresponding location on the sample's surface.

YerHblid, O0siee yIPOIICHHBIA TOIX0/I, COCTOUT B TOM, YTOOBI IPHOOPECTH N300pakeHHe " TOY-
KH Toukoii". HarmpumMep, MUKpoBoIHOBOE n300pakeHre Beneps! Ob110 MPHOOPETEHO OUH MHK-
ceJ OTHOBPEMEHHO. [[pyroit mpumep — 30H0 cKanupyoue2o(pacmposoco) MUKpockona, crocoo-
HBI K OTOOpa)KEHHIO MHAWBUAYAIbHBIX aTOMOB. MalleHbKHI 30H], YaCTO COCTOSIIMNA TOJIBKO
€IMHCTBEHHOT'O0 aToOMa €ro TOJIOBKa(HAKOHEYHUK), MOAHECEH YpPEe3BbIYAHO OJHM3KO K OTOOpa-
xaemoil Beioopke. KBanToBbIe MexaHndeckre 3(PPEeKThl MOTYT ObITh OOHAPY)KEHBI MEXY 30H-
JIOM U BBIOOPKOM, MO3BOJISISI 30HAY OBITh YCTAHOBJICHHBIM Ha TOUHOE PACCTOSHUE OT MOBEPXHO-
CTH BBIOOPKH. 30H]I TOT/1a TIEpEMEIIAeTCsl TOBEPX MOBEPXHOCTH BBIOOPKH, COXPAHssl IOCTOSIHHOE
paccTosiHUe, IPOCIIEKUBask TOUKH MMUKOB M TOYKHU BMaAuH. B koHeUHOM H300pakeHnH, 3HaUeHHE
KaXJIOT0 THKCeNa MPECTaBIIsSET MOBBIIIEHHE COOTBETCTBYIONIETO PACIIONOKEHHS HA TTIOBEPXHO-
CTH BBIOOPKH.

Printed images are divided into two categories: grayscale and halftone. Each pixel in a gray-
scale image is a shade of gray between black and white, such as in a photograph. In comparison,
each pixel in a halftone image is formed from many individual dots, with each dot being com-
pletely black or completely white. Shades of gray are produced by alternating various numbers
of these black and white dots. For example, imagine a laser printer with a resolution of 600 dots-
per-inch. To reproduce 256 levels of brightness between black and white, each pixel would cor-
respond to an array of 16 by 16 printable dots. Black pixels are formed by making all of these
256 dots black.

HaneuaTannele n300paxxeHus: pa3feieHbl Ha JIBE KaTETOPUH: cepblil 1 MOJYTOHOBBIN. KaxpIii
MUKCE B MOJYyTOHOBOM M300Pa)KEHUU - OTTEHOK MOJYTOHA MEXIY YepHO-OebIM, TUIa Ha ¢o-
torpaduu. [y cpaBHEHHs, KXl MHKCEN B MOJYyTOHOBOM H300pakeHUH C(HOPMHUPOBAH U3
MHOTHX UHOUBUOYAIbHBIX TOUYEK, C KAKIONW TOYKOH, SIBJISIOMIEHCS TMOJHOCTHIO YEPHOU WIIH TOJI-
HOCTBIO Oenoil. OTTEHKH MOJIyTOHA MPOM3BEAEHBI, 4Yepeays pa3IMyHble YMClIa 3THX YEepHO-
OenpIx Touek. Hampumep, BooOpasuTe jJa3epHbIN MPUHTEP C pa3pelariiei crmocooHocteo 600 "
TOYeK Ha JroiM ". UToOBl BOCTIPOU3BOIUTD 256 yPOBHEW APKOCTU MEXY YEPHBIM M O€NbIM, Ka-
JKIIBIA TIMKCET COOTBETCTBOBAN ObI(TIepeaat Obl,iepenuchiBasics Ob1) MaccuBy 16 X 16 meyaTHbIX
ToueK. UepHble MUKCebl CPOPMHUPOBAHBI, Jieast BCe 3TH 256 TOUEK YepHBIMHU.

Likewise, white pixels are formed making all of these 256 dots white. Mid-gray has one-half of
the dots white and one-half black. Since the individual dots are too small to be seen when viewed
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at a normal distance, the eye is fooled into thinking a grayscale has been formed. Halftone im-
ages are easier for printers to handle, including photocopy machines. The disadvantage is that the
image quality is often worse than grayscale pictures.

Amnanoru4no, 6enble MUKcenbl cHhopMUpoBaHbl, Jenas Bce 3TH 256 Touek Oenbimu. CepenuHa
MOJTyTOHA MMEET ITOJIOBUHY TOUYEK, OCNBIX M MOJOBHHY YepHBIX. Tak Kak MHAWBUAYaJIbHbBIC TOU-
KU CITUIIKOM MaJIeHbKHE, YTOObI OBITh 3aMEUEHHBIMU KOT'/Ia IPOCMOTPEHO Ha HOPMAJILHOM pac-
CTOSIHWH, TJIa3 BBEJICH B 3a0JIy’KAC€HHE B pa3sMbIIUICHHE, KaK MOIyToH Obu1 chopmuposan. Ilo-
JTYyTOHOBBIE N300paKEHUS MPOIIIE I IPUHTEPOB, YTOOBI 00pabOTaTh, BKJIIOYAsT MALTMHBI KCEPO-
kormu. Hemoctatok - To, 9TO KauecTBO M300PaKEHUSI ABIISAETCS YaCTO XYXKE YEM IOy TOHOBBIX
N300payKeHHIA.

Brightness and Contrast Adjustments
Koppektuposka Spkoctu u Konrpacra

An image must have the proper brightness and contrast for easy viewing. Brightness refers to
the overall lightness or darkness of the image. Contrast is the difference in brightness between
objects or regions. For example, a white rabbit running across a snowy field has poor contrast,
while a black dog against the same white background has good contrast. Figure 23-10 shows
four possible ways that brightness and contrast can be misadjusted. When the brightness is too
high, as in (a), the whitest pixels are saturated, destroying the detail in these areas. The reverse is
shown in (b), where the brightness is set too low, saturating the blackest pixels. Figure (c) shows
the contrast set to high, resulting in the blacks being too black, and the whites being too white.
Lastly, (d) has the contrast set too low; all of the pixels are a mid-shade of gray making the ob-
jects fade into each other.

N300paxkenne AOKHO MMETh HAUIEKAIIYI0 SIPKOCTh U KOHTPACT Il 00JeryeHus: mpocMoT-
pa(BocipusiTHs). SIpKOCTb OTHOCUTCSI K TOJHON OCBEIIEHHOCTH HJIM TEMHOTE H300pa’keHUs.
KouTtpacrt - pasnocme B sipkoctu Mexay oObekTaMu wiu obnactsimu. Hampumep, 6emnblii KpoJvK,
Ha CHEXHOM II0JIE UMEET A10X0l KOHTPACT, B TO BpeMsl Kak uepHasl co0aka Ha TOM ke Oenom
(dhone numeet xopowuti KOHTpacT. PucyHok 23-10 moka3pIBaeT 4eThIpe BO3MOXHBIX ITyTH, KOTO-
PBIMHU SIPKOCTh M KOHTPACT MOTYT OBbITh yCcTaHOBJIEHbI. Korja sipkocTh CIMIIKOM BBICOKA, KakK B
(a), camble Oelble TUKCEIbl HACBIIIAIOTCSI, YHUUTOXKAsI IIOJAPOOHOCTH B ATHX o0sacTsax. O6paTHoe
nokassiBaeTcs B (b), rie spKOCTh YCTaHOBJIEHA CIIMIIKOM HU3KOM, HACHIIIAs CaMble YEPHBIC TTHK-
cenbl. PucyHok (c) mokaspiBaeT KOHTPACTHBINH HA0Op K BHICOKOMY, IIPUBOJIS K YEPHOKOKHM, SIB-
JSIOMIMMCSI CITHIIIKOM YEPHBIMU, U ONBIM, SBISIOMUMCS cauiikoM OensiMu. Hakower, (d) ume-
€T KOHTPACTHBIM HAOOp CIMIIKOM HU3KHI{; BCE MUKCEIbI - CEpelMHA OTTEHKA MOJyTOHA, JAealo-
IETO U3MEHEHNE OOBEKTOB B IPYT APYyTa MOCTETIEHHBIM.
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4. Brighiness too high b. Brightness oo low

¢, Contrast too high d, Contrast oo low
FIGURE 23-10
Brightness and contrast adjustments. Increasing the brightness makes every pixel in the image becomes lighter. In
comparison, increasing the contrast makes the light areas become lighter, and the dark areas become darker. These
images show the effect of misadjusting the brightness and contrast.
PUCYHOK 23-10
KoppeKTHpOBKH SPKOCTH M KOHTPACTHOCTH. YBEIHYEHUE APKOCHU NETaeT KaXKABblH MUKCeNl B U300paKEHUH CBET-
nee. J{ns cpaBHeHHs, yBeJIMUEHHE KOHTPACTA JeIaeT CBETOBBIE O0JACTH CBETIee, U TEMHBIE 00JIaCTH TeMHee. DTH
M300pakeHH s IToKa3bIBatOT AP QeKT HenpaBUIBHON YCTaHOBKH(PacCOTIIOCOBAHUE) SIPKOCTH U KOHTPACTA.

Figures 23-11 and 23-12 illustrate brightness and contrast in more detail. A test image is dis-
played in Fig. 23-12, using six different brightness and contrast levels. Figure 23-11 shows the
construction of the test image, an array of 80x32 pixels, with each pixel having a value between
0 and 255. The background of the test image is filled with random noise, uniformly distributed
between 0 and 255. The three square boxes have pixel values of 75, 150 and 225, from left-to-
right. Each square contains two triangles with pixel values only slightly different from their sur-
roundings. In other words, there is a dark region in the image with faint detail, this is a medium
region in the image with faint detail, and there is a bright region in the image with faint detail.

Pucynku 23-11 u 23-12 ummrocTpupyroT spkocms U koumpacm 06onee noapooHo. VcnbiTaTensb-
HOE M300pakeHne oToOpakeHo B puc. 23-12, UCMONB3ys MIECTh Pa3INYHbIX YPOBHEU SIPKOCTH U
KOHTpacTHOCTH. PucyHok 23-11 moka3piBaeT KOHCTPYKIIUSI HCIBITATEIHHOTO H300pa’KeHUS,
MaccuBa 80x32 mukcena, ¢ KaxAbIM MMUKCEJIOM, UMEIOIUM 3HaueHue mexay 0 u 255. @on uc-
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MBITATEIFHOTO HM300paKeHUs 3aMONHEH CIy4YailHBIM I[IyMOM, PaBHOMEPHO pacIpeleICHHBIM
Mexay 0 u 255. Tpu kBagpaTHBIX MMOJIA UMEIOT 3HaUYeHUs1 ukcena 75, 150 u 225, cnea Hampa-
Bo. Kaxxplit kBaipaT COEPKUT JBA TPEYTOJbHUKA CO 3HAYCHHE TMHKCENIA TOJIBKO CIIErKa OTINY-
HOE OT UX OKpYXeHus. J[pyrumMu cjoBamMu, UMeeTCs TeEMHas 00J1acTh B M300payKEHNUHU CO CIIa0bI-
MU JETANSIMU, CPEIHSS 00JIaCTh B M300paKEHUH CO CIaObIMU JETaIsIMU, U sipKas 001acTh B U30-
OpaKeHUHU CO CJIA0BIMU JICTATISIMH.

FIGURE 23-11

Brightness and contrast test image. This is the i =
structure of the digital image used in Fig. 23- T e

12. The three squares form dark, medium, and

bright objects, each containing two low con- Z

trast triangles. This figure indicates the digital &
numbers (DN) of the pixels in each region. =

PUCYHOK 23-11 l

7 | 50 225

| (@ | &

LA
LA

IIpoBepka SIPKOCTH M KOHTPACTHOCTH H300pa-
KEHHS. JTO - CTPYKTypa ImdpoBoro m3oodpa-
JKEHUs, Hcrosb3yemMoro B puc. 23-12. Tpu Lr.-{ 80 pixels :.-..I-l
(hopMBI KBaZIpaTOB TEMHBIC, CPEIHHE, U SPKHE

00BEKTHI, K&YKABIA COEPIKAIUI TBA HU3KO KOHTPACTHBIX TPEYTOJIFHUKA. DTO PUCYHOK yKa3bIBaeT MU(POBEIEC YHCIa
(DN) nmukcesnoB B KaX10i 00J1acTH.

Figure 23-12 shows how adjustment of the contrast and brightness allows different features in
the image to be visualized. In (a), the brightness and contrast are set at the normal level, as indi-
cated by the B and C slide bars at the left side of the image. Now turn your attention to the
graph shown with each image, called an output transform, an output look-up table, or a
gamma curve. This controls the hardware that displays the image. The value of each pixel in the
stored image, a number between 0 and 255, is passed through this look-up table to produces an-
other number between 0 and 255. This new digital number drives the video intensity circuit, with
0 through 255 being transformed into black through white, respectively. That is, the look-up ta-
ble maps the stored numbers into the displayed brightness.

Pucynok 23-12 nokassiBaeT, Kak KOPPEKTUPOBKA KOHTPACTa U SAPKOCTH MO3BOJSAET Pa3INnIHbIM
0COOEHHOCTSIM B U300paXeHUH BU3YaJIU3UpoBaThes. B (a), ApKOCTh U KOHTPACT yCTaHOBJIEHBI HA
HOPMaJbHOM YpPOBHE, 00/1aCTAMM CKOJbXeHus1 B m C pacrosio)KeHHBIMH C JIEBOM CTOPOHBI
n3o0pakenus. Tereppb MoBepHUTE Ballleé BHUMAaHWE Ha TrpaduKy, MOKa3aHHOW C KaXIbIM H30-
OpaxeHHeM, Ha3bIBaEMbIM TPaHC(OPMAHTOI BbIX0Aa, Tabauueil moucka(npeodpazoBaHusi)
BBIX0Ja, WM gamma curve (raMMa-KpHMBO#). DTO yNpaBiseT annapaTHbIMU CPEJICTBAMH, KO-
TOpBIE O0TOOpaXxaroT U300pakeHHe. 3HaUeHUe KaKI0ro MUKcejaa B COXPAaHEHHOM H300pakeHuH,
HoMep Mexay 0 u 255, mporryckaioT yepe3 3Ty TaOJiHIly OMCKa IJIsi TPOU3BOJICTBA APYTOTO HO-
Mepa Mexy 0 u 255. OToT HOBBIN IUPPOBON HOMEpP YIPABISET CXeMOH MHTEHCUBHOCTH BHJIEO,
¢ 0 mo 255 nmpeoOpa3oBhIBaEMBIi B UepHBIN Yepe3 Oeiblil, COOTBETCTBEHHO. To ecTh TabiuIa mo-
ncka(mpeoOpa3oBaHus) 0TOOpakaeT COXpaHEHHbIE YnciIa(HOMepa) B OTOOPaKEHHOH SIPKOCTH.

Figure (a) shows how the image appears when the output transform is set to do nothing, i.e., the
digital output is identical to the digital input. Each pixel in the noisy background is a random
shade of gray, equally distributed between black and white. The three boxes are displayed as
dark, medium and light, clearly distinct from each other. The problem is, the triangles inside
each square cannot be easily seen; the contrast is too low for the eye to distinguished these re-
gions from their surroundings.

PucyHok (a) mokassiBaeT, Kak M300pa)KeHUE TOSBIIAETCS, KOT/a TpaHCc(hopMaHTa BbIXOJa ycTa-
HOBJICHA, YTOOBI HE NIeJaTh HUYMO, TO €CTh, IIU(PPOBOI BBIBOJ UACHTHYEH HU(POBOMY BXOIY.
Kaxxnpiii mukcen B IyMHOM ()OHE - CIIy4aiHbIN OTTEHOK MOJYTOHA, OJJUHAKOBO Paclpe/IesIeHHO-
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IO MEXJy YepHBIM U OeNbIM. DTU TPH MOJIS OTOOPaXKEHBI KaK TEMHOE, CPEeIHEEe U CBETIIOE, SICHO
OTIIMYHBIE ApyT OT Jpyra. [Ipobiema, TpeyroabHUKH BHYTPU KaXKIOTO KBajapaTa HE MOTYT OBITh
JIETKO 3aMEUEeHbI; KOHTPACT CIUIIKOM HHU30K JJIS TJ1a3a, YTOOBl OTIUYUTh 3TH 00JIACTH OT UX OK-
PECTHOCTH.
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Figures (b) & (c) shows the effect of changing the brightness. Increasing the brightness shifts the
output transform to the left, while decreasing the brightness shifts it to the right. Increasing the
brightness makes every pixel in the image appear lighter. Conversely, decreasing the brightness
makes every pixel in the image appear darker. These changes can improve the view ability of
excessively dark or light areas in the image, but will saturate the image if taken too far. For ex-
ample, all of the pixels in the far right square in (b) are displayed with full intensity, i.e., 255.
The opposite effect is shown in (c), where all of the pixels in the far left square are displayed as
blackest black, or digital number 0. Since all the pixels in these regions have the same value, the
triangles are completely wiped out. Also notice that none of the triangles in (b) and (c) are easier
to see than in (a). Changing the brightness provides little (if any) help in distinguishing low con-
trast objects from their surroundings.

Pucynku (b) u (c) mokaspiBaroT 3QPEeKT W3MEHEHHs SPKOCTH. YBEIUYEHHUE SPKOCTH CABHIacT
TpaHC(HOPMAHTY BBIXO/A 671€60, 3 YMEHBIIIEHUE SIPKOCTU CABUTACT €€ 6npaso. Y BEINUEHUE SPKO-
CTH JIeJIaeT Kaxcoblll TIUKCEN B M300paxkeHnu cetiee. M1 Hao00poT, yMEHbIICHHE SIPKOCTH JIeia-
€T KaXKAbIi MuKceNn B U300pakeHUH Oosiee TEMHBIM. DTH M3MEHEHMsI MOTYT YJIydIlaTh CIOCO0-
HOCTB TPEJICTABICHHUS YpPEe3MEPHO TEMHBIM WM OCBEIaTh 00JAaCTH B M300pakeHUH, HO OyIeT
(mepe)HachIIATh N300pake€HHUE, €CIIM B3STO CIMUIKOM Janeko. s npumepa, Bce MUKCENbI B
KpaifHeM mpaBoM kBajpare B (b) oToOpaskeHbI C MMOJHOW MHTEHCHUBHOCTBIO, TO €CTh, 255. Ilpo-
THUBOTIOJIOXKHBIN 3 (PeKT moka3piBaeTcs B (C), T/I€ BCE MUKCENBI B TaJbHEM JICBOM KBaJIpaTe OTO-
Opa’keHbI KaK CaMblif UepHbIe Ha YepHOM, WiH IdpoBoit HoMep 0. Tak Kak BCe MUKCENbI B 3THUX
00JIaCTsAX UMEIOT TO ’K€ CaMO€ 3HA4YeHUe, TPEYrOJIbHUKU MOJHOCTBIO CTepThl. Takxke oOpaTute
BHHUMaHUE, YTO HH OJIMH U3 TPeyroibHUKOB B (b) U (C) BUAETHh He mpolie 4eM B (a). Fi3meHeHue
SAPKOCTH TaeT HemHo2o (€ciu J1000H) MOMOIIH B Pa3IMUCHUH HU3KO KOHTPACTHBIX OOBEKTOB OT
UX OKPECTHOCTH.

Figure (d) shows the display optimized to view pixel values around digital number 75. This is
done by turning up the contrast, resulting in the output transform increasing in slope. For exam-
ple, the stored pixel values of 71 and 75 become 100 and 116 in the display, making the contrast
a factor of four greater. Pixel values between 46 and 109 are displayed as the blackest black, to
the whitest white. The price for this increased contrast is that pixel values 0 to 45 are saturated at
black, and pixel values 110 to 255 are saturated at white. As shown in (d), the increased contrast
allows the triangles in the left square to be seen, at the cost of saturating the middle and right
squares.

PucyHnok (d) moka3bIBaeT AUCIUICH, ONTUMU3UPOBAHHBIN, YTOOBI PACCMOTPETHh 3HAYEHUS MTUKCENTa
BOKpYT 1M(ppoBoro Homepa 75. DT0 caenaHo, MOJHUMAs KOHmMpacm, IPUBOAS K TpaHCchHOopMaH-
T€ BBIXOJIa, YBEJIIMUMBAIOIIICICS B HAaKJIOHE. J[J14 mpumepa, coXpaHeHHbIE 3HaYeHus nukcena 71 u
75 cranyt 100 u 116 B nucruiee, nenas kod3(pGUIMEHT KOHTpAcTa B YEThIpe pa3a OOoNbIINM. 3Ha-
yenus [lukcema mexay 46 u 109 oToOpaxkeHbl Kak caMblii YEPHBIN IO YepHOMY, K caMoMy Oe-
aomy 1o Oenomy. LleHa 3a 3TOT yBeNIWYEHHBIH KOHTpACT - TOT MUKCEN, oueHuBaeT ot 0 1o 45,
HACBIIIAIOTCS B YEPHOM, U NUKcen onieHnBaeT ot 110 mo 255, nHaceimatorces B 6enom. Kak moka-
3aHO0 B (d), YBETMYEHHBI KOHTPACT TO3BOJSET TPEYTOJLHUKUA B JIEBOM KBaApaTe(TUTOIIAIIH)
OBbITh 3aMEUYEHHBIM, 1ICHOM HACBHIIIEHUS CPEITHUX U MPaBBIX KBAJPATOB.

Figure (e) shows the effect of increasing the contrast even further, resulting in only 16 of the
possible 256 stored levels being displayed as nonsaturated. The brightness has also been de-
creased so that the 16 usable levels are centered on digital number 175. The details in the center
square are now very visible; however, almost everything else in the image is saturated. For ex-
ample, look at the noise around the border of the image. There are very few pixels with an inter-
(c) ABTOKC, Cankr-IletepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru
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mediate gray shade; almost every pixel is either pure black or pure white. This technique of us-
ing high contrast to view only a few levels is sometimes called a grayscale stretch.

Pucynox (e) mokasbiBaeT 3deKT yBeIMYECHHs] KOHTpaAcTa Jaxe Jajee, MPUBOAsS TOJBKO 16 u3
BO3MOXHBIX 256 COXpaHEHHBIX YPOBHEH, OTOOpakaeMbIX KaK HEHACHIIAeTCs. SIPKOCTh TaKxke
ObUIa YMEHBIIIEHA TaK, YTOObI 16 MPUrOJHBIX Ul UCTIOIb30BaHUS YPOBHEH ObUIN LIEHTPUPOBAHBI
Ha 1udpoBoM Homepe 175. [TogpoOGHOCTH B cpelHEM KBaJpaTe Ternepb OUYeHb BUAMMBI, OJTHAKO,
IIOYTH BCE OCTAJIbHOE B M300pa)K€HWU Hachlaercs. i mpumepa, CMOTPUTE Ha IIyM BOKpPYT
rpaHuIbl n300paskeHus. IMeroTcs o4eHb HEMHOTO MTUKCENIOB € MPOMEKYTOYHBIM CEPbIM OTTEH-
KOM; TMOYTH KaXJbli MUKCEJ ABISAETCA UM YUCTO YEPHBIM MJIM YUCTO O€IbIM. DTa METOJMKA HC-
NIOJIb30BAHUSI BBICOKOTO KOHTpAcTa, 4YTOObI pacCMOTPETh TOJBKO HECKOJIBKO YPOBHEW, WHOT/A
Ha3bIBACTCs BLITATHBAHUEM ITOJIYTOHOB.

The contrast adjustment is a way of zooming in on a smaller range of pixel values. The bright-
ness control centers the zoomed section on the pixel values of interest. Most digital imaging sys-
tems allow the brightness and contrast to be adjusted in just this manner, and often provide a
graphical display of the output transform (as in Fig. 23-12). In comparison, the brightness and
contrast controls on television and video monitors are analog circuits, and may operate differ-
ently. For example, the contrast control of a monitor may adjust the gain of the analog signal,
while the brightness might add or subtract a DC offset. The moral is, don't be surprised if these
analog controls don't respond in the way you think they should.

KonTtpacTHasi KOppeKTHPOBKA - nymb pAcKpbimus U3 MEHbLIEM JUarna30He 3HAYEeHUI MHUKcena.
PerynupoBka sipkoctu yenmpupyemcs, W3MEHEHHbIH MacmTad U300pakeHus pas3zienser o 3Ha-
YeHHEe MUKCENbl IpejcTaBistomue natepec. Hanbomnee mudpoBbie cucTeMbl 0TOOpaXeHHUs I10-
3BOJIAIOT SIPKOCTh M KOHTPACT ObITh OTKOPPEKTHMPOBAHHBIMU TOJIBKO 3THM CIOCOOOM, M HacTO
oOecrieunBaroT rpaduyeckuil AUCIUIeld TpaHCPOPMaHThI BbIxoaa (Kak B puc. 23-12). [lnsa cpas-
HEHMH, SIPKOCTh M KOHTPACTHOE CPEICTBO YNPABJICHUS MO TEIEBUACHUIO U BUACOMOHUTOPAM -
aHaJIOTOBBIE LI, U MOXeET padoTaTh no-apyromy. Hanpumep, ynpasieHne KOHTPaCTHOCTBIO Ha
MOHUTOPE MOXKET KOPPEKTHPOBATh YBEIMUYEHHUE AHAJIOIOBOI0 CUTHAJNIA, B TO BpPeMs Kak SpKOCTb
Moryiia Obl mpuOaBIATP WJIM  BBIUMTATh MOCTOSHHYIO —cocraBigomylo (YPOBEHb
HABOJIKU(®OH)). Mopanb, He yIUBISHTECH, €CJIM 3TO aHAJIOTOBOE CPEJICTBO YNPABICHUS HE
OTBEYAET B MMyTH, KOTOPBIM BBl 1ymaere, 4TO OHU JTOJKHBI.

Grayscale Transforms

IHoayronosbie TpanchopmanTsi(IIpeodpa3oBanust ceporo)

The last image, Fig. 23-12f, is different from the rest. Rather than having a slope in the curve
over one range of input values, it has a slope in the curve over two ranges. This allows the dis-
play to simultaneously show the triangles in both the left and the right squares. Of course, this
results in saturation of the pixel values that are not near these digital numbers. Notice that the
slide bars for contrast and brightness are not shown in (f); this display is beyond what brightness
and contrast adjustments can provide.

[Mocnennee nzobpaxenue, puc. 23-12 (f), ornmugaercs ot octanbHbX. CKOpee YeM Haaudue Ha-
KJIOHA B KPUBOM IO OJTHOMY JHAra3oOHy BXOIHBIX 3HAYCHHUI, 7TO UMEET HAKJIOH B KPHBOI Ooiee
YeM JIBa JMamna3oHa. JTO MO3BOJSET JAUCIUICI0 OJHOBPEMEHHO MOKAa3bIBaTh TPEYTOJHHUKH U B
JI€BOM M IIpaBOM KBajparax. KoHeYHO, 3TO NPUBOJMT K HACHINICHNIO 3HAYCHUI MUKCENa, KOTO-
pble HEe OKOJIO 3TUX HU(POBBIX yHcen(HoMepoB). OOpaTuTe BHUMAaHUE, YTO OOJIACTH CKOJIbKE-
HUS JUI1 KOHTPAcTa M APKOCTH HE TOKa3bIBatoTcs B (f); 3TOT aucmiieii - BHE TOro, 4YTO KOPPEKTHU-
POBKH SPKOCTH M KOHTPACTa MOTYT OOECIICYHTb.

(c) ABTOKC, Canxr-IlerepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru
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Taking this approach further results in a powerful technique for improving the appearance of im-
ages: the grayscale transform. The idea is to increase the contrast at pixel values of interest, at
the expense of the pixel values we don't care about. This is done by defining the relative impor-
tance of each of the 0 to 255 possible pixel values. The more important the value, the greater its
contrast is made in the displayed image. An example will show a systematic way of implement-
ing this procedure.

B3situe sToro moaxosa ganee IPUBOIUT K MOIHOW METOIUKE /ISl YIYUIICHUs BUAA U300paxe-
HU: MOJyTOHOBasi TpaHcpopmaHTa. Ves cOCTOMT B TOM, YTOOBI yBEIHMYHTh, KOHTPACT B
3HAYEHUW TUKCEIOB IMPEICTABISAIOIIMX MHTEPEC, 32 CUET 3HAYCHUM MHUKCEIOB, OTHOCUTEIBHO
KOTOPBIX MBI HE 3a00THMCS. DTO CIACIAHO, OMPENEsis OTHOCHUTEIBHYIO BaXHOCTh Ka)XIOTO U3
oT 0 1o 255 BO3MOXKHBIX 3HAYCHMH MuKcena. Yem Oosiee BaKHO 3HAUCHUE, TEM OOJBIIHH €ro
KOHTpACT CJelaH B OTOOpaXeHHOM H300pakeHHnH. [IpuMep MOKakeT CHUCTEMaTHYECKUU IyTh
OCYILIECTBJIEHHUSI 3TOU MPOLETYPBI.

a, Original TR image b, With grayscale transform

FIGURE 23-13

Grayscale processing. Image (a) was acquired with an infrared camera in total darkness. Brightness in the image is
related to the temperature, accounting for the appearance of the warm human body and the hot truck grill. Image (b)
was processed with the manual grayscale transform shown in Fig. 23-14c.

PUCYHOK 23-13

[MomyToHoBast o6padoTka. Vzo0pakeHue (a) ObII0 TPHOOPETEHO ¢ MHPPaAKPACHOH KaMepol B IIOJIHOK TeMHOTe. Sp-
KOCTb B H300pa)KEHHUH CBS3aHA C TEMIEPATYPOH, COCTABIISS BUA TEIUIOIO YEIOBEYECKOTO TeJIa M TOPSYero paxuaTo-
pa rpy3oBuka. M3o0paxenne (b) 0pu10 06padoTaHO ¢ PU3MUECKON MOTYTOHOBOH TpaHC(HOPMAHTOH, TIOKa3aHHOW B
puc. 23-14c.

The image in Fig. 23-13a was acquired in total darkness by using a CCD camera that is sensitive
in the far infrared. The parameter being imaged is temperature: the hotter the object, the more
infrared energy it emits and the brighter it appears in the image. This accounts for the back-
ground being very black (cold), the body being gray (warm), and the truck grill being white
(hot). These systems are great for the military and police; you can see the other guy when he
can't even see himself! The image in (a) is difficult to view because of the uneven distribution of
pixel values. Most of the image is so dark that details cannot be seen in the scene. On the other
end, the grill is near white saturation.

(c) ABTOKC, Cankr-IletepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru
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N3obpakenue Ha puc. 23-13a 6pu10 TPUOOPETEHO B MOJIHOW TEMHOTE, Hcmob3ys kamepy [13C,
KOTOpasi SIBJSIETCS YYBCTBUTEIBHOM B JanexkoM uHPpakpacHoM. OToOpa)kaeMblii mapameTp
memnepamypa: 4eM 0oJiee TOpAYNil 00bEKT, TeM 00JIblle HHPPAKPACHOH YHEPTUU OH H3IIydaeT,
u Oosiee IPKHUM TOSBIISACTCS B U300pKEHUH. DTO O0BSACHAET (HOH, SBISIIOUTUNACS OUYEHb YEPHBIM
(XOJIOTHBIM), TEJIO, SBJISIOIIEECS MOIYTOHOM (TEIJIBIM), U PaIHaTOPOM I'Py30BHKa, SBIISIOIINMCS
0esbIM (TOpSYMM). ITH CUCTEMBI OOJIBIIIE JIJI1 BOSHHBIX U MOJHIMHN; BB MOXKeTe BUACTH IPYTOTO
napHs, KOrja OH HEe MOXET Jaxe BUAETh ceds! M3o0paxkeHue B (a) TPyJAHO pacCMOTPETh H3-3a
HEUETHOTO paclpe/ieieHUs] 3HAUCHHI TIHKCeNa. bOIbIIMHCTBO M300paKeHUH HACTOIBKO TEMHBI,
YTO MOAPOOHOCTH HE MOTYT OBITh 3aMEUeHHI B clieHe. Ha kpato paauatopa - okoyio 6enoro Ha-
CBIIIICHUSI.

The histogram of this image is displayed in Fig. 23-14a, showing that the background, human,
and grill have reasonably separate values. In this example, we will increase the contrast in the
background and the grill, at the expense of everything else, including the human body. Figure (b)
represents this strategy. We declare that the lowest pixel values, the background, will have a
relative contrast of twelve. Likewise, the highest pixel values, the grill, will have a relative con-
trast of six. The body will have a relative contrast of one, with a staircase transition between the
regions. All these values are determined by trial and error.

['ucrorpamma sToro n3obOpaxkeHus: oroopaxeHa B puc. 23-14a, mokaseiBasi, uTo (OH, YEIOBEK, U
paauaTtop UMeeT pa3yMHO OTACNbHbIC 3Ha4YeHHUs. B 3TOM mpumepe, Mbl yBEIMYUM KOHTPACT HA
3aJJHEM TUIaHE W PaJMaToOpe, 3a CUET BCETO OCTAJIBHOTO, BKIIOYAs YeJIoBeYecKoe Teo. PucyHok
(b) mpencraBnsieT 3Ty cTpaTeruto. Mbl 0OBSIBIsIEM, UTO CaMble HU3KUE 3HAUEHUS MUKcena, (oH,
OyAyT UMETh OTHOCHUTEILHBIH KOHTPACT ABCHAIATh. AHAIOTUYHO, CAMbIe BBICOKHE 3HAYCHUS
nuKcena, paauarop, OyayT UMETh OTHOCUTENBHBIN KOHTPACT miecTh. Teno Oyaer uMeTh OTHOCH-
TEJIHBIA KOHTPACT EAMHUIIA, C TIepEeMEIleHIEeM JICCTHUIICH MeXTy oOnactsmu. Bee st 3Have-
HUSI ONpeIeTICHbI METOJIOM P00 U OIIMOOK.

(c) ABTOKC, Canxr-IlerepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru
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FIGURE 23-14

Developing a grayscale transform. Figure (a) is the histogram of the raw image in Fig. 23-13a. In (b), a curve is
manually generated indicating the desired contrast at each pixel value. The LUT for the output transform is then
found by integration and normalization of (b), resulting in the curve labeled manual in (c). In histogram equaliza-

tion, the histogram of the raw image, shown in (a), is integrated and normalized to find the LUT, shown in (c).
PUCYHOK 23-14

PazpaboTka noiyToHoBO#H TpaHcdopmaHThl. PUcyHOK (a) - rucrorpaMma HeoOpabOTaHHOTO N300paXKeHHUs B pHC. 23-
13a. B (b), kxpuBast Bpy4HyIO CTEHEPHPOBaHA, YKa3bIBasl JKEIAaTeIbHBIN KOHTPACT B KAXKIOM 3HaueHnH mukcena. LUT
Jutst TpaHCc(OPMaHThI BBIXO/Ia TOTIA Hal/IeH MHTerpUpOBaHieM U HopManm3aiuei (b), NpuBOst K KPUBOH MEYEHBIM
CIpaBOYHUKOM B (c). B GanmaHcupoBKe rucTorpaMMsbl, THCTOIpaMMa He0OpabOTaHHOTO M300paKEHUsI, TOKa3aHHOTO
B (a), UHTErpUpOBaHa U HOpMalIM30BaHa, uToOb! Haiith LUT, nmokasaHHsli B (c).

The grayscale transform resulting from this strategy is shown in (c), labeled manual. 1t is found
by taking the running sum (i.e., the discrete integral) of the curve in (b), and then normalizing so
that it has a value of 255 at the right side. Why take the integral to find the required curve?
Think of it this way: The contrast at a particular pixel value is equal to the slope of the output
transform. That is, we want (b) to be the derivative (slope) of (c¢). This means that (c) must be the
integral of (b).

[TonmyToHoBas TpanchopmaHTa, CleAyIouast U3 TOH CTpAaTeTuH MOKa3bIBaeTCs B (C), HOMEUYEHOM
manual (pyunoe ynpasnenue, pyKogoocmeo). ITO HalJIEHO, Oeps BBITIOJIHSIONIYIOCS CYMMY (TO
€CTh, TUCKPETHBIN HHTETpaT) KpuBOii B (b), 1 3aTeM HOpManu3anuel Tak, 9TO0bI ATO UMENO 3Ha-
yeHue 255 B mpaBoii ctopone. [louemy OepyT unmeepan, 4roObl HalTH TpeOyeMyrO KpPHUBYIO?
JlymaiiTe 0 3TOM 3TOT MyTh: KOHTPACT B CIEHU(UYECKOM 3HAUCHUU MHKCENIa PABEH HAKIOHY

(c) ABTOKC, Cankr-IletepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru
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TpaHchopMaHThI BbIXos1a. To ecTh Mbl XOTHM, 4TOOBI (b) ObUT MPOU3BOIHOM (HAKIOHOM) (C). DTO
03HaYaeT, 4To (C) MoJDKeH ObITh nHTEerpasioM (b).

Passing the image in Fig. 23-13a through this manually determined grayscale transform produces
the image in (b). The background has been made /ighter, the grill has been made darker, and
both have better contrast. These improvements are at the expense of the body's contrast, produc-
ing a less detailed image of the intruder (although it can't get much worse than in the

original image).

[Tpoxoxxnenne n3o0pakeHust B puc. 23-13a yepe3 3TO BpYYHYIO PEIIWIO, YTO IOJTYTOHOBAs
TpaHchopMaHTa MPOU3BOUT M300paxenue B (b). @oH ObLT caenaH cBeTiee, paguaTop ObLI cle-
JaH OoJjiee TEMHBIM, U 00a UMEIOT Jy4llle KOHTPAcT. DTH yTOYHEHHS - 332 CUET KOHTpAcTa Tela,
MPOU3BOJISI MEHEEe NeTaTbHOE M300paKEHUE 3JI0YMBIIUICHHUKA (BTOPTIIETOCS YelloBeKa) (XOTs
3TO HE MOKET CTAHOBUTHLCS HAMHOI'O XYK€ YeM B IIEPBOHAYAIILHOM U300paKEHUH.

Grayscale transforms can significantly improve the viewability of an image. The problem is, they
can require a great deal of trial and error. Histogram equalization is a way to automate the pro-
cedure. Notice that the histogram in (a) and the contrast weighting curve in (b) have the same
general shape. Histogram equalization blindly uses the histogram as the contrast weighing curve,
eliminating the need for human judgement. That is, the output transform is found by integration
and normalization of the histogram, rather than a manually generated curve. This results in the
greatest contrast being given to those values that have the greatest number of pixels.

[TosryTOHOBBIE TpaHC(HOPMAHTHI MOTYT 3HAUUTENBHO YJIy4IlaTh CHOCOOHOCTH MPEICTABIICHUS
u3zo0paxxenus. IIpoGnema, oHm Moryt TpeGoBarh MHOro mnpo0 u omubok. BajgaHcupos-
ka(BripaBHUBaHUE) THCTOrPaAaMMON - croco® aBTOMAaTU3UPOBATh Mporeaypy. ObpaTture BHH-
MaHHUE, YTO THUCTOrpaMMa B (a) U KOHTPACTHOW BeCcOBOU KpuBOH B (b) mMeeT Ty ke camyro 00-
nryto opmy. banancupoBka I'nctorpamMmsl, BCJIEMyO UCHOIb3YET TUCTOIPAaMMy KaK KOHTPACT,
B3BCLIMBAIOIINN KPUBYIO, YCTpaHss MOTPEOHOCTh B YEJIOBEUECKOM pemieHHH. To ecTh TpaHc-
¢dbopMaHTa BBIXOJA HaliJieHa MHTETPUPOBAHUEM U HOpPMAalIM3aLUEH eucmozpammsl, CKOpEe 4eM
BPYUHYIO CT€HEpHUPOBaHHAas KpHBast. DTO MPUBOAUT K CAMOMY OOJIBIIOMY KOHTPAcTy, JaBaeMo-
My T€M 3HaY€HHSIM, KOTOpbIE UMEIOT caMoe OO0JIBLIOE YHCIIO MMUKCEIIOB.

Histogram equalization is an interesting mathematical procedure because it maximizes the en-
tropy of the image, a measure of how much information is transmitted by a fixed number of bits.
The fault with histogram equalization is that it mistakes the shear number of pixels at a certain
value with the importance of the pixels at that value. For example, the truck grill and human in-
truder are the most prominent features in Fig. 23-13. In spite of this, histogram equalization
would almost completely ignore these objects because they contain relatively few pixels. Histo-
gram equalization is quick and easy. Just remember, if it doesn't work well, a manually generated
curve will probably do much better.

banancupoBka ['mcrorpammel - HHTEpECHas MaTeMaTHUYECKas IPOLEAypa, IOTOMY YTO 3TO Mak-
CUMU3UPYET IHmMponuio N300paxeHus, Mepa TOT0, CKOJbKO MH(OpPMAIMH MEepelaH0 yCTaHOB-
JICHHBIM 4ucIIoM 6uToB. Omnbka ¢ 0aIaHCUPOBKOM THCTOrPAaMMOH - TO, YTO ATO OIIMOKa HOMe-
pa caBura gpparMeHTa U300pa>keHus MUKCEJIOB B HEKOTOPOM 3HAUYECHUU C 8AXHCHOCHbIO TTUKCETIOB
B TOM 3HaueHuH. Hampumep, paauaTop rpy30BHKa U BTOPTIIMKCS YEIOBEK - Hauboyiee BUIHBIC
ocobeHHoCTH B puc. 23-13. HecMoTpst Ha 3T0, OalaHCHPOBKA THUCTOTPAMMBI MTOYTH TMOTHOCTHIO
UTHOpPUpPOBaJIa OBl 3TH OOBEKTHI, IOTOMY UTO OHHU COJIEPKAT OTHOCUTEILHO HEMHOTO ITHKCEIOB.
banancuposka ['uctorpammel 6picTpa U npocTa. TOJBKO MMOMHUTE, €CIIM 3TO HE paboTaeT Xopo-
110, BPYYHYIO CT€HEpUPOBaHHAsl KpUBas OyJeT BEpOSITHO AeNaTh HAMHOTO JIy4IlIe.

(c) ABTOKC, Canxr-IlerepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru
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Warping
N3menenune macmrada(ledpopmupoBanne)

One of the problems in photographing a planet's surface is the distortion from the curvature of
the spherical shape. For example, suppose you use a telescope to photograph a square region
near the center of a planet, as illustrated in Fig. 23-15a. After a few hours, the planet will have
rotated on its axis, appearing as in (b). The previously photographed region appears highly dis-
torted because it is curved near the horizon of the planet. Each of the two images contain com-
plete information about the region, just from a different perspective. It is quite common to ac-
quire a photograph such as (a), but really want the image to look like (b), or vice versa. For ex-
ample, a satellite mapping the surface of a planet may take thousands of images from straight
above, as in (a). To make a natural looking picture of the entire planet, such as the image of Ve-
nus in Fig. 23-1, each image must be distorted and placed in the proper position. On the other
hand, consider a weather satellite looking at a hurricane that is not directly below it. There is no
choice but to acquire the image obliquely, as in (b). The image is then converted into how it
would appear from above, as in (a).

Opnna u3 npobsem B (oTorpapupoBaHUN MOBEPXHOCTU IUIAHETHl - MCKaKEHUE OT KPUBHU3HBI
chepuueckoit popmel. Hanpumep, npeamnonoxute, uto Bel ncmonb3yeTe Teaeckon, 4To0sl ¢o-
TorpadupoBaTh KBaJpaTHYIO 00JIACTh OKOJIO LIEHTpA IUIAHETHI, KaK WLTIOCTPUPOBAHO B puUC. 23-
15a. Tlocne HECKOIBKHMX YacoB, IIaHETa OyJET BpamaThCs Ha €€ OCH, MOSBISACH Kak B (b).
[IpensaputensHo cdoTorpadupoBaHHas 00JACTh KaKETCsI BBICOKO HMCKaXEHHOH, MOTOMY YTO
3TO M30THYTO OKOJIO TOPHU30HTa IulaHeThl. Kaxmoe u3 1ByX M300paXKeHHUH COAEPKUT IMOJHYIO
MH(POPMALIMIO OTHOCHTEIBHO OOJIACTH, TOJBKO OT pa3iIMYHON NEepCHeKTHBHI. Becbma 0OBIUYHO
npuobpectu pororpaduro Trma (a), HO JSHCTBUTEIHLHO XOTETh, YTOOBI H300paKEHUsT HATIOMHH-
10 (b), wm Hao60poT. i mpumepa, CIyTHUK, OTOOPaXarOIUil MOBEPXHOCTh IIAHETHI MOXKET
OpaTh THICSYM M300paKEHUU OT MPSMO BHIIIE, Kak B (a). UToOBI Aenath HATypadbHO, CMOTPS-
nieecs M300paykeHHe MOJIHOM IJIaHeThI, THMA n300paxkeHus: Benepsl B puc. 23-1, kaxaoe u3o-
Opa’keHUe JOJKHO OBITh MCKAXKEHO U MOMEILIEHO B Hajanexamel no3uuuu. C 1pyroil CTOpOHHI,
PacCMOTPUTE MOTOJHBIN CIIyTHHUK, CMOTPSIIUI HA yparaH, KOTOPBIA - HEIIOCPEACTBEHHO HE HU-
e 3Toro. He mmeeTcst HUKaKkoro BeIOOpa, KpoMe Kak MpruoOpeTaTh n300pakeHNEe KOCBEHHO, KaK
B (b). M300pakenue Toraa npeoOpa3oBaHo B TO, KaK 3TO Ka3aloChk OBl CBEPXY, KaK B (a).

These spatial transformations are called warping. Space photography is the most common use
for warping, but there are others. For example, many vacuum tube imaging detectors have vari-
ous amounts of spatial distortion. This includes night vision cameras used by the military and x-
ray detectors used in the medical field. Digital warping (or dewarping if you prefer) can be used
to correct the inherent distortion in these devices. Special effects artists for motion pictures love
to warp images. For example, a technique called morphing gradually warps one object into an-
other over a series of frames. This can produces illusions such as a child turning into an adult, or
a man turning into a werewolf.

OTH  NPOCTPAaHCTBEHHbIE  TpeoOpa3oBaHUS  HA3BIBAIOTCS U3MeHeHHs MacuTa-
o0a(nedopmupoBanuem). [IpoctpancTBenHas ¢pororpadus - Haubonaee 0OBIYHOE UCTIOIB30BAHUE
JUTST M3MEHEHHsl MacimTada, HoO UMEIOTCs Jpyrue. Hampumep, MHOTO BaKyyMHBIX JIAMII, OTO-
Opaxaronue AAaTYUKA HMEET pa3N4yHble KOIUYECTBA MPOCTPAHCTBEHHOTO HCKAXKEHUS. IJTO
BKJIFOYAET HOYHBIC KAMEPBI CHCTEMBI TEXHHUECKOTO 3PEHUS, UCIIOJIb3YEeMbIC BOCHHBIMU, U PEHT-
TCHOBCKUE JIaTYMKH, HCIOJb3yeMble B MmemuiHe. LluppoBoe wu3MeHeHwe wmaciiraba (Wiu
dewarping(de-oepopmayus), ecnu Bbl npenrnoynTaeTe) MOXKET UCIOJIb30BATHCS, YTOOBI HCTIpa-
BUTH CBOWCTBEHHOE MCKa)KEHHE B ATHX ycTporcTBax. CrienuanbHble XyI0KHUKH 3((HEKTOB Amis
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KHHOUIBMOB JIOOAT negopmupoBaTh u30o0pakeHus. Hampumep, MmeToauka Ha3bIBaeMasd,
morphing(tpancgopmanun?) mocreneHHo neGopMupyeT oluH OOBEKT B IPYTOH MO ALY Kaj-
POB. DTO MOXKET MPOU3BOJUT WILUTIO3UH, THIIA, IPEBPAIICHUsI peOeHKa BO B3pPOCIOro, WIH YeJo-
BEKa, MPEBPAIIAIOIIErocs B 000POTHSI.

Warping takes the original image (a two-dimensional array) and generates a warped image (an-
other two-dimensional array). This is done by looping through each pixel in the warped image
and asking: What is the proper pixel value that should be placed here? Given the particular row
and column being calculated in the warped image, there is a corresponding row and column in
the original image. The pixel value from the original image is transferred to the warped image to
carry out the algorithm. In the jargon of image processing, the row and column that the pixel
comes from in the original image is called the comes-from address. Transferring each pixel
from the original to the warped image is the easy part. The hard part is calculating the comes-
from address associated with each pixel in the warped image. This is usually a pure math prob-
lem, and can become quite involved. Simply stretching the image in the horizontal or vertical
direction is easier, involving only a multiplication of the row and/or column number to find the
comes-from address.

N3menenne wmacmrada(aedopMupoBanue) Oeper opucunanvHoe uzobpaxcerue (ABYMEPHBIN
MacCHB) ¥ T€HEPHUPYET NCKOBEPKAaHHOE M300pakeHHe (Apyroi IByMEpHBI MacCHUB). DTO clena-
HO BBITIOJTHCHHEM ITMKJIa Yepe3 KaXIbli MUKCET B MICKOBEPKAHHOM H300PaKEHUU U BBISCHCHUU:
KakoBo Hajyiexamee 3Ha4eHHE MUKCENa, KOTOPOE JOHKHO OBITh MOMENIEHO Ciofa? YuuThIBas
CHEeNU(PUIECKYI0 CTPOKY U CTOJOCI, PACCUMUTHIBAEMBIN B MCKOBEPKAHHOM HM300paKEHUH, UME-
€TCsl COOTBETCTBYIOIIAsl CTPOKA U CTOJIOEI] B OPUTMHAIBLHOM HM300pa’KeHUH. 3HAUCHHE MHKCeNa
OT OPHUTMHATBHOTO H300paKEHUsS TMepenaHo(lepeMenIeH0) HCKOBEPKaHHOMY H300paKEHUIO,
9TOOBI BBIMOJHUTH alroputMm. Ha skaprore oOpaboTKu M300pakeHHs, CTPOKH M CTOJOIA, 4TO
NUKCeN npubvliéaem om B IEPBOHAYATLHOE N300pakKeHNE HAa3bIBaeTCs ajgpec "MpudbIBaeT oT "
[lepenaya ka)kaoro mMuKcenaa OT OPUTHHANA 10 HCKOBEPKAHHOTO M300pa)KeHUS - MPOCTas 4acThb.
XecTtkast 4acTh BBIUMCIAET, YTO ajpec "mpuOBIBaeT OT" CBA3aHHBIA C KAX/bIM ITMKCEJIOM B HC-
KOBEPKaHHOM HM300pa)K€HWH. DTO - OOBIYHO YUCTO MaTeMaTHdeckas mpoOjemMa, U MOXKET CTaTh
BeChbMa BOBIIEYCHHBIM. [IpOoCTO pacTspkeHrne M300pa)KeHUs] B TOPU30HTAIBHOM WIJIM BEPTHUKAIb-
HOM HampaBJIeHUH MPOIIE, BKIIOYAs TOJIbKO YMHOKEHHE CTPOKHU U-HIJIK HOMEpPA CTONONa, YTOObI
HaiiTu azpec "mpudbIBaeT ot".
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a. Normal View

FIGURE 23-15

Image warping. As shown in (a), a normal view of a small section of a planet appears relatively distortion free. In
comparison, an oblique view presents significant spatial distortion. Warping is the technique of changing one of
these images into the other.

PUCYHOK 23-15

Wzmenenne macmrada(nedopmupoBanme) u3odpakenus. Kak mokaszano B (a), HOpMaJbHOE IPEICTaBICHUE Ma-
JICHBKOTO pa3jieNa IUIAHETHI MOSBISETCS OTHOCHTEIBHO CBOOOJHOE OT MCKaxeHWi. [l cpaBHEHWS, HAKIOHHOE
npencTaBieHUe(BUI) MPEACTABIACT CYLHIECTBEHHOE MPOCTPAHCTBEHHOE HCKaXeHHE. [I3MeHeHHWe MaciuTa-
Oa(nedopMupoBaHme) - METOAMKA U3MEHEHHUS OJTHOTO M3 3TUX U300paXKCHUH B IPyTOE.

One of the techniques used in warping is subpixel interpolation. For example, suppose you
have developed a set of equations that turns a row and column address in the warped image into
the comes-from address in the original image. Consider what might happen when you try to find
the value of the pixel at row 10 and column 20 in the warped image. You pass the information:
row = 10, column = 20, into your equations, and out pops: comes-from row = 20.2, comes-from
column = 14.5. The point being, your calculations will likely use floating point, and therefore the
comes-from addresses will not be integers. The easiest method to use is the nearest neighbor
algorithm, that is, simply round the addresses to the nearest integer. This is simple, but can pro-
duce a very grainy appearance at the edges of objects where pixels may appear to be slightly
misplaced.
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OnuH U3 METOJOB, UCHOJIB3YEMbIX B M3MEHEHMH MacuITaba(aedopMUpPOBAHUH) - UHTEPHOJIs-
s noanmukcesa. Hampumep, npenmnonoxure, uto Bel pazpaboranu cucreMy ypaBHEHHH, KO-
TOpasi MOBOPAUYMBACT CTPOKY U aJpec CTOJOIA B MCKOBEPKAHHOM HM300pakeHUH ajapec "mpuoObI-
BaeT OT" B MEpPBOHAYAIBHOM H300pakeHnU. PaccMoTpuTe TO, 9TO MOTJIO OBl CITydaThCsi, KOTa
Br1 npoOyere HaiiTu 3HaueHne nukcena B ctpoke 10 u crosnbue 20 B MICKOBEpKaHHOM H300paxKe-
Huu. Bl nepenaere undopmanuio: cmporxa = 10, cmonbey = 20, B Ballll ypaBHEHUS, U U3 BbI-
TankuBaHuit: "npubvieaem om cmpoku" =, 20.2, "npudbvieaem om cmonobya " = 14.5. [losBnser-
Csl MyHKT, BAIllM BHIYMCIECHUS OyIyT BEPOATHO MCIOJIB30BATh IJIABAIOIIYIO 3aISTYIO, U TIOITOMY
azpeca "mpuObIBaOT OT" HE OyIyT HenbiMu yrciaamu. CaMblil TPOCTOM METOJA MCIOIb30BATh -
caMblii OJTM3KUHN COCETHUN alTrOPUTM, TO €CTh IMIPOCTO BOKPYT aIPECOB K caMOMy OJIM3KOMY Iie-
JIOMY YHCIy. DTO MPOCTO, HO MOKET MPOU3BOAUTH OUEHb 3€PHUCTHIN BHUJ B I'PaHIX OOBEKTOB,
/1€ TUKCETIbl, MOTYT Ka)KETCsl, CJerka HEyMECTHBI.

Bilinear interpolation requires a little more effort, but provides significantly better images. Fig-
ure 23-16 shows how it works. You know the value of the four pixels around the fractional ad-
dress, i.e., the value of the pixels at row 20 & 21, and column 14 and 15. In this example we will
assume the pixels values are 91, 210, 162 and 95. The problem is to interpolate between these
four values. This is done in two steps. First, interpolate in the horizontal direction between col-
umn 14 and 15. This produces two intermediate values, 150.5 on line 20, and 128.5 on line 21.
Second, interpolate between these intermediate values in the vertical direction. This produces the
bilinear interpolated pixel value of 139.5, which is then transferred to the warped image. Why
interpolate in the horizontal direction and then the vertical direction instead of the reverse? It
doesn't matter; the final answer is the same regardless of which order is used.

Bununelinast MHTepHoOAALUsA TpeOyeT HEMHOIO OOJIbILE YCUIIHSI, HO 00ECIIEYMBACT 3HAYUTEIb-
HO Jyuiue n3oopaxxenus. Ha pucynke 23-16 mokazaHo, kak 310 pabotaeT. Bbl 3HaeTe 3HaueHUs
B YETHIPEX MUKCEIaX BOKPYT APOOHOTO ajpeca, TO €CTh, 3HAUEHUE MUKCENIOB B cTpoke 20 u 21, u
croiiorie 14 u 15. B aToM nmpumepe MbI PEIOIONKNM, YTO 3HAYCHHS TUKcenoB - 91, 210, 162 u
95. IIpobnema COCTOUT B TOM, YTOOBI HHTEPIIOIUPOBATH MEXKIY dTUMH YETHIPHMS 3HAUCHUSMHU.
OT0 cnenaHo B JAByX Liarax. Bo mepBbIX, MHTEPHOJUPYHTE B TOPU3OHTAJIHLHOM HaIIpaBJICHUU
MexIy ctoiabuom 14 u 15. DTo mpou3BOIUT J1Ba MPOMEXKYTOUHBIX 3HadeHus, 150.5 Ha cTpoke
20, n 128.5 na ctpoke 21. Bo BTOPBIX, HHTEPIOIUPYUTE MEKAY STUMHU MPOMEKYTOUHBIMU 3HA-
YEHHUSIMU B BEPTUKAILHOM HaMpaBIeHUH. JTO MPOU3BOAUT OUITMHEHHOE HHTEPIIOIHPYEMOe 3Ha-
yeHue nukcena 139.5, koropelii Toraa nepenaH(mepeMenIeH) HCKOBEPKAHHOMY H300payKeHHUIO.
[Touemy MHTEPHOIUPYIOT B TOPU3OHTAIHLHOM HAIpaBICHUHU U 3aTEM B BEPTUKAIBHOM HalpaBiie-
HUW BMECTO MEPEMEHBI? ITO HE UMEET 3HAUCHUE; KOHCUHBIN(3aKTIOUYUTEIBHBIN) OTBET - TOT XK€
CaMblid, HE3aBUCUMO OT KOTOPBINA MOPSAIOK UCIIOJIb3YETCS.
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FIGURE 23-16

Subpixel interpolation. Subpixel interpolation for image warping is usually accomplished with bilinear interpolation.
As shown in (a), two intermediate values are calculated by linear interpolation in the horizontal direction. The final
value is then found by using linear interpolation in the vertical direction between the intermediate values. As shown
by the three-dimensional illustration in (b), this procedure uniquely defines all values between the four known pixels
at each of the corners.

PUCYHOK 23-16

Wurepnonsmus [Moanmukcena. Uatepmomsitmst [Toanukcena s uaMmeHneHus macmtaba(negopmupoBanus) n3odpa-
JKEHHS OOBIYHO BBIMIONHSETCS ¢ OMIMHEHHOM nHTeprnosmuei. Kak mokasaHo B (a), [Ba IPOMEKYTOYHBIX 3HAUCHUS
paccUMTaHbl JIMHEHHOW HMHTEPIOJSAIUENl B TOPU30OHTAILHOM HampaBieHnd. KoHedHoe 3HaueHue TOorAa HalJieHo,
HCIIOJIb3Y ﬂHHeﬁHy}O HUHTEPIIOJIALINIO B BEPTUKAJIBHOM HAIMPABJICHUN MEXKAY NPOMEKYTOUYHBIMH 3HAYCHUAMMU. Kax
NOKa3aHo TpexMepHoil wiumoctpauueid B (b), aTa nporeaypa yHUKaJIBHO ONPEEssieT BCe 3HAUCHHUS MEX/Y YeThIPb-
Ms1 I3BECTHBIMH ITUKCEJIAMHU B KaXKJIOM M3 yTJIOB.
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