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DIGITAL IMAGE FUNDAMENTALS
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(a) An example
showing that
perceived
brightness is not a
simple function of
intensity. The
relative vertical
positions between
the two profiles in
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significance: they

= were chosen for

! clarity.

&)|Jéra)t545u@wujch_.qsﬂfda)\jér.a)lﬁ):.cﬂAaMé)&L\dzx(\JSﬁyﬁdzwtg‘,k}&uj)

Che) o b e asle 4B CbLSJJaAaJ;;ﬁJpJJMMQ&Jtp&EM:;

))&&))M))‘j)ﬁ‘.kﬁUUJL#.}G.SN)|)‘5JASJLAJLA|J)‘)))}juéﬁjd)k.]ﬁbj))‘.’d))}j&&&ﬁjw)b4.:§_!

S 83358 2 Gl 4 ) ol a g Olimans S 3 gt T a3 g g (SC S UL (6 S gl S 535

3l L;)bﬁdu'ju'JQ.A‘;);"\J)-)\SHJ.;J;)\}UL)\JHw_,»J,S_,mﬂlSJJQ\‘,quJJ.C,m.gigf.lle-slijﬁ(s)bsﬁj@jj}

Ly

A Y "
5 ael C. Gonzales
mﬂ E. Woods \—4'//

@Digital_Image_Processing
a3 gsh JUS
ol rgnea en o gl 23y
aandign pe g (Biling 80l 35 2a
C b ofaals

AL e Sy 53 sy IS

llumination (energy)

N

/

7 Output (digitized) image
Imaging system’
(Internal) image plane

Scene element

;cde

FIGURE 2.15 An example of the digital image acquisition process. (a) Energy (“illumination”) source. (b) Anel-
ement of a scene. (¢) Imaging system. (d) Projection of the scene onto the image plane. (¢) Digitized image.

A



ﬁd‘j‘@&:‘x‘)ﬁJLtLAw&L:‘JJ.J?‘J)QLALJ)..L&(L?Q‘ CCDL;))auﬁmjja@jﬂjldjzﬁdﬁdﬁﬁ)@):
Oy 5311 5 o 5310 o)l o 53 Jaib dls dal s s 2 S ol (53505 0 Gl S 50 s S 3505

g dal s e 5100 sl s s S e sl

05 G55 o 5l adls slians bl oo LSS5 w0 by e S0 i Cn g ol 5 Jltms g (6513 46505 0l b
05 o sllie Culgms g dalg s 02 171 )bt ) Jb o ooSn BT 0T 17 St 3o G 5 0 1Ko 5 55 5 St
8L, opl byl & oS LIS sl 1 (g3 domn 0392 3 o OS Jlizs . il a2ls jow o5 Olizees 45 3 S A 5
0 6ol K Mie Ky Kowsde o poleast | L dl= 5 S 0,03 0l e 55508256 O 53 55558 e eals 0l s
Jos nlare oS oo e sty (S Sl e a1 0T (5 i 1 3503 355255 B0 5lsae e a5 i 5,205

Ao S (6415 4 4o L QUANTIZATION

S g S o Ol 3o S L S5, 0T by St Oljee S 0 oo s 3de SO L LG 2 68 Sl i
b S 6o Pl 3 el oaliied o 8 4 3168 e i) 5 S sts bl 530 01 o 5 Sy iy 2l
sl 84S 24 545 o 13l oa LS 53 S8 1l 5163 SIVL- 5L o (5 2S1e L GRAY SCALE o s o s
by L8 S 5o 3 5 il sla il 51255 B0 5laie S s oS e ol OF Sl 50 3 K55 058 paside sl
Coth (S5 s 8815 53 23 oo olast| TS, il leib w ) oLl w8 5 5 S il s ik w1

5d oo s RGB Wlul a8

e 31018 a ks SaSG w b BB T ples oSt s CMYK S sl ol ROBLs ) oo 5 ot s
LY L YCRCB):WAOAQ.:ﬁjwﬁﬂﬁgu&:\:w\a\.M:&G%w\ﬁj&gu

S 50l 6503 CCD (555 2 01316 551 e 5l 4y 5o S il OVI B oS (g 3o Ta0Ds

5 B Glnly 53 e ol b o ol ae Ny peas 0555 058 o (B5) 253 o s S B35 L sk
e S (S0la s 8 sad s e el (5 R 5 R ()1 wised Lo Bl 5o AEL i W e sl a8 2500 00 (53500
35 oS PIXEL b o ool 51 618 n ol kS 1330

:))..::k;dtl.?u.\Q)ﬁj)@d)\)ﬁ@ﬁ%db))

PIXEL Sl axeeS L& () 45 oS o fikS 428 gl 5 IS 1y gy o 5 JUS G pom 100055 S0

L] c.LiJag.:._v“

) e polantl g (6l S5 PIXEL i plid s ol Olee 5 K5 555 2



g oo Sz sdas 93 SR & SJUT SR b 4 ete o sgio g5 p g pormo

23U (5SS ol o 40 Y X glitly 53 PIXEL sltas 5 3 8 085 s JUSr G (53555 S JUT JUSms 5 ol o
CAs 0L gl e 8 51 A Sl auS s asiie [ PIXEL ja 53 sl Sdd Ol pslie ) L Cls ooal
A S 03Il sl b35S Sl 205 60 (o) sl b 5L e GRAYSCALE Olas s s oS eslinl Lty
S35 2 w2 S 315 PIXEL 58 oS (5 alie ) aslizal L. oils ol gt COLOR g G oS oo o3Lizsl PIXEL
3043l o L G gl ) 55 el OLES oy SO SG L RBPIXEL oo jliie & Jlo) i3 8 oo (g5le o3ly slas
5 i PIXEL OF jlade iUl 31 5ol 02U 0 Sl g dal gt w5 ol goad S cpl 53 S 1Ll 0L OF i

"

FIGURE 2.18
Coordinate
convention used
in this book to
represent digital
images.

sled o= 3

One pixel _ Fix v

el 3148 Ols 3 s s Aol CUPIXEL 4 sy okl 5 K55 ¢ 58 Ol oo e dilis oS ol (5l kie (1,13 PIXEL

.>ﬁ&a>m|uﬁ)ﬂ|fﬁ)>uwu

ab

FIGURE 2.17 (a) Continuos image projected onte a sensor array. (b) Result of image
sampling and quantization.



PIXEL ,laie Y X joslie X (glealy 53 S 3)ls 555 rs 2 ol S350 G sl 551 5y s S S
sl e 3,15 35 5 PIXEL 53 s S (sl abols (gl e G el i [STo550s lde oG PIXEL OF 48 55 o o30S

e ol L G oL a0 sl el Ll

b ol UL 5 5 0l ool )50 o oS (gl bl y oty dal i U500 e 0dl b 40 &S (65580 JS b= s

Gl gy 355 oo 45 S L5 3 ahas G gl &S (655 o L e PIXEL Sluamsios Y X1 skt s LS 5 J g 2

b S1 s s el UL st 5 il S5 L Wl i e8Iy 5L S0 sl e s oS
Sy dal g5 (5 28 DL 5 dr 6 i L8 AL W S 8

ILLUMINATION: I1(X,Y)

REFLECTANCE: R(X,Y)

F(X,Y) =1(X,Y) - R(X,Y)

0<1(XY) <o

AND 0<R(XY)<1

(SAMPLING & QUANTIZATION) PIXEL 18 & & 305 jarassl 5 (S5 5 & sad 0 g5 =

o S SAMPLING )Sw|g:ﬁwdi@d%;@3)ﬂj‘_;ﬂraju;;u":_,.idadjbﬁd_,m'CCDL;j)ﬁASuJuj
L sl g el 5 e o s JiK S o B L L alihsy S Sl oS s Ll sy

354 e 45 QUANTIZATION

e

5
AP Ll sl

”.\
B A 3
oy [y — o oo oooo
"MMI - : . ] -
g, - ] iy s =
I'Jb% B = s
VN VS W OV Y O T P A TG W YT OO (O P Y T 1 WS ) - 1 LY S TN [N RS Y TN WO Y Y NN (A A A 0 WA AR Y O T | -
Sampling
a b
o d
FIGURE 2.16 Generaling @ l l}ll“lg& (a) Continuous i hi_ . (b )A\k Il ne from A 1o B in the continuous imag
irseid o TTiustrate the Chanepts Of Satipiit & and Cuantizgation, (€) 54 and quantization. (d) Digital scan linc.

AR



g o3l QLIS o gad js 1) aai Olea

u.aa:\:om)\:ﬁjadﬁil{olﬂl{ﬁ;&aﬁ)@44.33)})'\‘_},_3\58\3):)@|Qﬁi))d))33)\:;ﬁjh:m):ASL;))_?
JQLMOJNLAZJJQMJ{JLE.&U:A[SJUJA{‘}‘.L})Wﬁﬂ&jﬂ&i)lﬂ)#&u}) QM)\.L&AQ):::;JQ}LA

aMmMjJaJQJAL;|ﬁ).r.:;Sda‘_;J;{mmEJ\)c,Sjp-‘_;Lz.,:bumwfﬁzlia«fmﬁﬁzm))\:}@;ﬁ\&gd\ﬂdb
ASV.:.S&U.SJ”c)l_q):chﬁLq_qQT)\JiAjﬁJ;&jlm):cJﬁLwQ‘).&Mb &»}Mmﬁéwﬁjéadﬁb&q&i
QUANTIZATION G ol (g5, b sls oelatl o gl pla Oy oo &S (6 polie .ol ol ols QLG 6 pls L 1 seal (59
A s 5255 190 Wi oas o ol O w sl G s S et S (SO, ik leslinal b aoas e plo)
SAMPLING & 3l eslazal L Le W g Gol3 g Culg > VTS P J;J.il;- g 3l Ol b= w1y polde

3yh e wS s sad 4 s QUANTIZATION

S s prent S S psad 4 Bon psal 5l ols o bl Sl o b s 8 PIXEL sl o3 55 [l
kf)\jéuP'XELwL;J.&a&ng): LSL’*;':‘{))QH%J{[% ﬁ)‘&ﬁdﬁlﬁﬂ&b\@)ﬂ&:l{j 3gdoes dlad ) B

'V-:AJ

abc

le f 1024

FIGURE 2.20 (1) 1024 % 1024.8-bit image. (b) 512 % 512 image resampled into 1024 X 1024 pisels by row and S.bit imare subsampled dow size 32 % 32 pixels. The seof allowable
column duplication. (c) through (T) 256 X 256, 128 X 128, 64 X 64, and 32 X 32 images resampled into FIGURE 2.19 A 1024 x 1024.5-hit image subsampled down o size 32 X 32 pixcls. The number of allowable
1024 X 1024 pixels, gray levels was kepl al 256,

uﬂmﬁjﬁ;);ﬁ,@“g:,?éﬁsydjii;,ubgol);;44_;,:d‘aji,mﬁdubguolﬂ@ﬁ«sdu%)\m
%3)\6@uj@ibﬁﬁ|fv.<jjcbﬂ4u.ﬁﬁzwouﬁdtﬁij)QMQ\ﬂQJ\LmL;\ﬁ\)QﬁZLAASOJLAJ'.J)..L

.J)..idawﬁjbj):m{@b;s&ygvﬁ)cjkﬂﬁbé\C‘j\h.ab:.zj..i&cAM|$)cE,~85\Jﬁ&cAM|

'Y



ﬁ(.;j@a,gxb'w/jzjﬁj@“ﬁ;ﬁfwuﬂQmﬁﬂf}ﬁj@“ﬁ;ﬁf‘ﬂuﬂQ.L.é‘ﬁj:..:fwu)bl/)

sl 3 b (6 ey ot S sl Jlat 4 ASL i Cadlt ] ) e

Kl sy o sl il JuSy N o gae slinly 5o 5 S M 381 Glialy 5 b par O 81 IS I s
6MJ|J}.‘M*N 398 o a8 B 53 geal o3 3L 3 S e olie b Ol sl el Sl ad

ﬁ_’aﬁjﬁbB:NxMxK:w:))|JJ'L::!&:¢ﬁKVAMJA‘)ﬁ)@‘JS
(IF M=N, THEN B=N’K)
b Ol gies Mlgba\ﬂ;ﬁuile-faljébﬁ. Solsssms g, odd Cab 5 WSy slie AL gl el S

.>|>u:€|}3||)u&~_<ﬁﬁsmjv§;,

TABLE 2.1
Number of storage bits for various values of N and k.
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APPLICATION (LABELING CONNECTED COMPONENT IN BINARY IMAGE)

(WE CONSIDER 4-CONNECTIVITY)

SCAN THE IMAGE FROM LEFT TO RIGHT AND TOP TO BOTTOM

E1 T (0|1 X0 ]|]
1|1 |6 |1 |0G[1]0/(]
GO I O O SR I A O
Q1O |0 |00 (0] 6])
P (2 (1 |1 |0 Lo
6|0 |01 |0(XL0 0]
1 |1 (1|1 0 K000 1
I | ] | | S [ | |1

FOR EVERY PIXEL (X,Y) IN THE IMAGE CONSIDER P=F(X,Y) R=F(X-1,Y) Q=F(X,Y-1)
IFP==0, GO TO NEXT PIXEL
ELSE IFP==1,

IF BOTH NEIGHBORS ARE ZERO, ASSIGN NEW LABEL TO P AND GO TO NEXT PIXEL
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IMG=IMREAD( "CASTLE.PNG") ;

% CONVERT IT TO GRAYSCALE

IMG=RGB2GRAY (IMG) ;



IMG=IMRES1ZE(IMG, 0.5, "BICUBIC™);
[x,Y]=s1ze(1mG) ;

BITPLANES=ZEROS(X,Y,8);
FOR 1=1:x
FOR J=1:Y
BINARY=DE2BI (1MG(1,J),8, "LEFT-MSB") ;
FOR K=1.8

BITPLANES(1,J3,K)=BINARY(K) ;
END
END
END

IMWRITE(IMG, "ORIGINAL.PNG"); % ORIGINAL GRAYSCALE IMAGE

IMVRITE(BITPLANES(Z,Z,1), "BITL.PNG"); % MSB

IMVRITE(BITPLANES(Z,Z,2), "BIT2.PNG") ;

IMVRITE(BITPLANES(Z,Z,3), "BIT3.PNG");

IMVRITE(BITPLANES(Z, - ,4), "BITA.PNG™) ;

IMVRITE(BITPLANES(Z, - ,5), "BITS.PNG™) ;

IMVRITE(BITPLANES(Z,Z,6), "BIT6.PNG™) ;

IMVRITE(BITPLANES(Z,:,7), "BIT7T.PNG");

IMWRITE(BITPLANES(Z, - ,8), "BIT8.PNG"); % LSB

)
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FIGURE 3.20 (a) Image of the Mars moon Photos taken by NASA's Mars Global
Surveyor. (b) Histogram. (Original image courtesy of NASAL)
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FIGURE 3.29
Enhancement by
image subtraction.
(a) Mask image.
(b) An image
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injection of a
contrast medium
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bloodstream) with
mask subtracted
out.
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FIGURE 3.33
Another
representation of
a general 3 X 3
spatial filter mask.
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FIGURE 3.35 (a) Original image, of size 500 > 500 pixels. {b)—(f) Results of smoothing
with square averaging filter masks of sizes n = 3,5,9,15, and 35, respectively. The black
squares at the top are of sizes 3, 5,9, 15,25, 35,45, and 55 pixels, respectively: their bor-
ders are 25 pixels apart. The letters at the bottom range in size from 10 to 24 points. in
increments of 2 points; the large letter at the top is 60 points. The vertical bars are 5 pix-
els wide and 100 pixels high; their separation is 20 pixels. The diameter of the circles is
25 pixels, and their borders are 15 pixels apart; their gray levels range from 0% to 100%
black in increments of 20%. The background of the image is 10% black. The noisy rec-
tangles are of size 50 % 120 pixels.
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FIGURE 3.36 (a) Image from the Hubble Space Telescope. (b) Image processed by a 15 X 15 averaging mask.
() Result of thresholding (b). (Original image courtesy of NASA.)
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FIGURE 3.37 (a) X-ray image of cireuit board corrupted by salt-and-pepper noisc. (b) Noise reduction with a
3 X 3averaging mask. (¢) Noise reduction with a 3 % 3 median filter. (Original image courtesy of Mr. Joseph
E. Pascente, Lixi, Inc.)
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FIGURE 3.38
(a) A simple
image. (b) 1-D
horizontal gray-
level profile along
the center of the
image and
including the
isolated noise
point.
(c) Simplified
profile {the points
are joined by
dashed lines to
simplify
interpretation).
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FIGURE 3.39

(a) Filter mask
used to

1 g 1 1 -8 1 implement the

digital Laplacian,

as defined in

0 1 0 1 1 1 Eq. (3.7-4).

(b) Mask used to
implement an
extension of this
0 -1 0 -1 -1 -1 equation that
includes the
diagonal
neighbors. (¢) and

-1 4 -1 -1 8 -1 (d) Two other
implementations
of the Laplacian.
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FIGURE 3.40

(a) Image of the
North Pole of the
moon.

(b) Laplacian-
liltered image.
{¢) Lapla
image scaled for
display purposes.
(d) Image
enhanced by
using Eq. (3.7-3).
(Original image
courtesy of

NASA.)
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FIGURE 3.41 (1) Composite Laplacian mask. (b) A second composite mask. (¢) Scanning
electron microscope image. (d) and (e) Results of filtering with the masks in (a) and (b).
respectively. Note how much sharper () is than (d). (Original image courtesy of Mr. Michael
Shaffer. Department of Geological Sciences. University of Oregon. Eugene.)
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FIGURE 3.43

(&) Same as

Fig. 3.41(c). but
darker.

(a) Laplacian of
(a) computed with
the mask in

Fig. 3.42(b) using
A=0.

(c) Laplacian
enhanced image
using the mask in
Fig. 3.42(b) with
A = 1.(d) Same
as (¢}, but using
A= 17
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animage (the z's
are gray-level
values) and masks
used lo compute i Ig Iy
the gradient at
point labeled zs.
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FIGURE 3.45
Optical image of
contact lens (nole
defects on the
boundary at 4 and
So'clock).

() Sobel
gradient.
(Original image
courtesy of

Mr. Pete Sites,
Perceptics

; d Corporation.)
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FIGURE 3.46
(Continued)

(e) Sobel image
smoothed with a
5 X 5 averaging
filter. () Mask
image formed by
the product of (c)
and (e).

(g) Sharpened
image obtained
by the sum of (a)

ab i
¢ d and (f). (h) Final
FIGURE 3.46 result obtained by

applying a
power-law
transformation to
d (). Compare (g)
and (h) with (a).
(Original image
courtesy of G.E.
Medical Systems.)

(a) Image of
whole body bone
scan.

(b) Laplacian of
(). {r) Sharpened
image obtained
by adding (a) and
(b). (d) Sabel of
(a).
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FIGURE 4.4

(a) SEM image of

spectrum of (a).

(Original image

courtesy of Dr. J.
M. Hudak.

Brockhouse

ersity,
Hamilton,
Ontario, Canada.)
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FIGURE 4.6
Result of filtering
the image in

Fig. 4.4(a) with a
noteh filter that
sel to 0 the
F(0,0) term in
the Fourier
transform.
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FIGURE 4.9
(a) Gaussian
frequency domain
lowpass filter.
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(c) Correspanding
lowpass spatial
filter.

“ ¥ (d) Carresponding

highpass
filter. The
h(x) hix) shown are used in
Chapter 3 for

lowpass and
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FIGURE 4.7 (a) A two-dimensional lowpass filter function. {b) Result of lowpass filtering the image in Fig. 4.4({a).
() A two-dimensional highpass filter function. {d) Result of highpass filtering the image in Fig. 4.4(a).
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FIGURE 4.11 (a) An image of size 500 X 500 pixels and (b) its Fourier spectrum. The
superimposed circles have radii values of 5. 15, 30, 80, and 230, which enclose 92.0.
94.6,96.4, 980, and 99.5% of the image power, respectively.
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FIGURE 4.14 (a) Perspective plot of a Butterworth lowpass filter transfer function. (b) Filter displaved as an
image. (c) Filter radial cross sections of orders 1 through 4.
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FIGURE 4.17 (a) Perspective plot of a GLPF transfer function. (b) Filter displayed as an image. (c¢) Filter
radial cross sections for various values of D,.
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FIGURE 4.19 Historically, certain computer Historically, certain computer
(a) Sample text of programs were written using programs were written using
F{?:;;rﬁ;‘f’{{:}l(li}[llon only two digits rather than only two digits rather than
characters in four ta define the applicable four to define the applicable
;‘g;ﬂ}g‘i;ﬂ ;ii?’“')' vear. Accordingly, the year. Accordingly, the

filtering with a company's software may company's software may
GLPF (broken recognize a date using "00" recognize a date using "00"
:S;;?:lf;wm as 1900 rather than the yvEar as 1900 rather than the ygEar
joined). 2000. fl 2000. fl
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FIGURE 4.22 Top row: Perspective plot, image representation. and cross section of a typical ideal highpass
filter. Middle and bottom rows: The same sequence for typical Butterworth and Gaussian highpass filters.
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FIGURE 4.23 Spatial representations of typical (a) ideal. (b) Butterworth, and {(¢) Gaussian frequency
domain highpass filters, and corresponding gray-level profiles.

IDEAL HIGH-PASS FILTERING
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FIGURE 4.24 Results of ideal highpass filtering the image in Fig. 4.11(a) with D, = 15, 30, and 80.
respectively. Problems with ringing are quite evidentin (a) and (b).
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BUTTERWORTH HIGH-PASS FILTERING
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FIGURE 4.25 Results of highpass filtering the image in Fig. 4.11(a) using a BHPF of order 2 with D, = 15,
30, and 80, respectively. These results are much smoother than those obtained with an [LPF.
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GAUSSIAN HIGH-PASS FILTERING
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FIGURE 4.26 Results ol highpass filtering the image of Fig. 4.11({a) using a GHPF of order 2 with D, = 15,
30, and 80, respectively. Compare with Figs. 4.24 and 4.25.
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FIGURE 4.27 (a) 3-D plot of Laplacian in the frequency domain. (b) Image representation of (a).
(c) Laplacian in the spatial domain obtained from the inverse DFT of (b}. (d) Zoomed section of the origin
of (c). (e) Gray-level profile through the center of (d).(f) Laplacian mask used in Section 3.7.
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FIGURE 4.28

(a) Image of the
North Pole of the
moon.

(b) Laplacian
filtered image.
(¢) Laplacian
image scaled.

(d) Image
enhanced by
using Eq. (44-12).
(Original image
courtesy of
NASA.)
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fuy) O In |j> DET |:'> H(ir.’t‘)|;'>(DF'[')'l|:'> exp |;'>g(x.y) Homomorphic

filtering approach
for image
enhancement.
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FIGURE 4.33

(&) Original
image. (b) Image
processed by
homomaorphic
filtering (note
details inside
shelter).
(Stockham.)
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FIGURE 4.34

(a) Fourier
spectrum showing
back-to-back

half periods in

the interval

[0, M — 1].

(b) Shifted
spectrum showing
a full period in the
same interval.

(¢) Fourier
spectrum of an
image. showing the
same back-to-back
propertics as (a).
butin two
dimensions.

(d) Centered
Fourier spectrum.
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FIGURE 4.35
Computation of
flx.v) F(x,v) Fuv) the 2-D Fourier

‘ ‘ transform as a

series of 1-D

1-D 1-D transforms.
row column
transforms transforms
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FIGURE 4.37
Result of
performing i H
convolution with i ; ”
extended 2 i a0

functions.
Compare

Figs. 4.37(e) and
4.36(c)
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FIGURE 4.41

() Tmage.

(b) Template.

(c) and

(d) Padded
images.

() Correlation
function displayed
a5 an image.

() Horizon Lal
profile line

through the
highest value in
(e).showing the
point at which the
best match ook
place.

Highest correlation

value

Gray-level
profile line
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