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Abbreviations and
Significant Notation

Abbreviations

CPU Central Processing Unit

CRT Cathode Ray Tube

CVE Constant Variance Enhancement
DMA Direct Memory Access

FFT ~ Fast Fourier Transform

HVEM High Voltage Electron Microscope
HVS Human Visual System

1/0 Input / Output

LSI Linear Space(Shift) Invariant
LSV Linear Space(Shift) Variant

MSB Most Significant Bit

OTF Optical Transfer Function

Pixel Picture Element

PSF Point Spread Function

SNR  (SNiE) Signal to Noise Ratio (4E% ¥ 5&8it)
TV Television

BEREEE  BIRETIBHGE



Significant Notation

(z,4) coordinates of two-dimensiona] spatial plane
(&, £y) coordinates of two-dimensional spatial frequency plane
4%, 44 sampling intervals in spatial domain
0(%,4) original object intensity distribution

Omn sampled original object

0 sampled original object in vector form
O(fx, fy) Fourier transform of o(x,y)

1%, 4 observed image intensity distribution

Zmn sampled observed image

] sampled observed image in vector form
I(fx.fy) Fourier transform of i(z,y)

niex, 4) additive noise distribution

Rmn sampled noise

n sampled noise in vector form

N (b ty) Fourier transform of n(z,y)

0(x, 4) processed image or estimated object intensity distribution
5,,,,, sampled processed image

Pl

0. %) Fourier transform of &(ax,y)

5(k)(2, 4 estimate of original object in k iterations
5“”,”” sampled estimated object in % iterations
o vector estimate of object in % iterations

Ack)
0( (H.¥y) Fourier transform of &k (x,y)



A(x. 4:2 %)
A2, %)

/)-mn, m'n’
Amn
[H1]

H (f. £y)

g%, ¢)

G, fy)

Xiil

PSF of linear jmaging system

PSF of LSI imaging system

sampled PSF of linear imaging system
sampled PSF of LSI system

sampled PSF of linear system in matrix form
OTF of LSI imaging system

(Fourier transform of h(x,y))

processing PSF

weighting series or digital filter
(sampled processing PSF)
proéessing transfer function

(Fourier transform of g(x,y))

restored PSF

nonlinear memoryless operator of intensity mapping

convolution

cross correlation
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Fig. 2 Illustrations of conventional digital image processing systems
based on minicomputers.

(a) General-purpose small-size digital image processing system
using program controlled I/0 bus. ‘
(b) Digital image processing system equipped external buffer memories.
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Fig.r3 Developed digital image processing system for
man-machine interactive image processing.
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Fig. 7 Block diagram of the special purpose hardware
for a Fourier transform/convolution.
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(a) (b)
Fig. 8 Examples of images of the test-chart displayed on the CRT monitor,
which are obtained by the TV camera and sampled into 128x128 pixels.

(a) Linear intensity steps (b) Linear density steps

Fig. 9 Display of the gray scales generated by the computer.
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Fig. 9b) 1%, 38 BovIERAEEO1Z Z 4 L2 U 3FBER ( Linear density steps)
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Fig. 11 Image displayed on the CRT
monitor, which is detected by the 2-D
64x64 image sensor.

Fig. 10 Image displayed on the CRT
monitor, which is detected by the 1-D
image sensor in the course of focus
adjusting.

Fig. 12 . Display of the image in Fig. 13 Chromaticity triangle
the course of processing by means generated by the developed color
of contrast improvement. display system. (Original is colored!)
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(a) (b)
Fig. 14  (a) Monochromatic image of an x-ray photograph of a terminal phalanx
displayed on the CRT monitor.
(b) Pseudo-color image of the same photograph displayed on the color
monitor. (Original is colored!)
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(c)
Fig. 15 Two test patterns and their Fig. 16  Two test patterns, (a) and
Fourier transform images calculated by (b), and their cross correlation,
the developed special purpose hardware (c), calculated by the developed

for Fourier transform/convolution. hardware.
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Table I

Specifications of the developed

digital image processing system

Main memory
of 555H

Pixels number

200x200maxpixe1s for 20kW memory

Memory cycle time

| Tusec

Display system
(CRT monitor)

Pixels number

256x256maxp1xels

Gray levels

64 levels (6 bits)

Repetition rate

IZOHzmaX/frame (for 128x128 pixels)
50Hzmax/frame {for 128x128 pixels)

Display system
(Color monitor)

Pixels number

5]2x700maxp1xe1s

Color levels

4092 levels (12 bits)

Output time

2sec/frame (for 128x128 pixels)
3.3sec/frame (for 200x200 pixels)

Input system
(image sensor)

Pixels number

512 pixels (1-D image sensor)

64x64 pixels (2-D image sensor)

Gray levels

64 levels (6 bits)

Repetition rate

2kHzmaX/1ine {1-D image sensor)
240Hzmax/frame (2-D image sensor)

Input system
(TV camera)

Pixels number

512x700maxp1xels

Gray levels

4096 levels (12 bits)

Input time

2sec/frame (for 128x128 pixels)
3.3sec/frame (for 200x200 pixels)

Fourier
transform/
convolution
hardware

1-D Fourier transform

92msec (for data with 64 pixels)

2-D Fourier transform

3sec (for data with 64x64 pixels)
24sec (for data with 128x128 pixels)

1-D convolution

2-D convolution

Smsec (for data with 128 pixels

4sec

by the kernel

(for data with
by the kernel

with 7 pixels)

128x128 pixels
with 7x7 pixels

11sec

(for data with
by the kernel

200x200 pixels
with 7x7 pixels




34 2%
25 % &

R TILSOMBARBNT, ¥ 2ILEENE 270 E HE EEL
=0 K22 T 0OFHEEVUTIZT T,

I, 3212Pa -9k l. —tralty 77 - LEYERBLETV
Tl 32743t B KR L =,

2. 22700 EE G TR2F- ZAVESR L2005, Bz,
Ad-. T LtRACEEBANR, CRTE=92n0 BBES
21T 120, -9 CPU. BE7-UzE®R/ 1= Fu,-3
2 BBz, Y4 XEVIZEH. Y= 2T h2FHY. BB
F -0 b Eokinmybhl, HBLCRTE=VE L4
AEDPMEE . ABlOBE LS 23T VI L w22 ERT 3.

3 JBY - POLAEVMSEIT 3Lz F Y. ANhBRONBLE-
PU2i. CRTEz9EIZ. 3 SABEY 7Ly 3> 2725
3,

4 J7-YTEBR/ 1A Va—-23 LEN-kbdTPiL. NBOK
g EEikE ERL =, '

227 oMt YRF (1975%) vIREZE. TL /L0
PAEBTOREL WEEILS). FUBZFZITLOFDZ72E3INNKICE
Y, WEZ I IEr - BB FanEzsohn 3. . <4720
20w ¥ (M2, Intersilitmnz 420 - 20y, TM6l00 77
IOR. FAH(TYZ1v -9 CECS5EEHY V2L 9T PICEH
ME2>2v3), ICAEY(ROM. RAM)., A/ pE#B@AIC (TR
W7t AD1007J 13, 30MHz 2 A/DER (8w D EEF2F3T=d. T
Vot 72TER £ 3&MH1- A/OEBR233). Boritbote7 . 2%p =
> PEUEREEZ (MOSAA-Y- €2, CCD. BBD) 5id. Stko
Fa 3 PILBARAR 2 700 BRF 2 RGHEEE 255, LHL =
hoDE30FNBIZEY. 3270 3ABEL<Bi- . 550, (B
BErow@oh2¢. 2. 28hzdnts. 10 BHMET HEHL IR E



2.5 35

HDerBhbhz, TL3. $HOI3ELLILDZ220%F4)25-2. 2.
| HrRL L= FHLOBRRER 253 "SEBEAR-EBLRENOKT
W, FFRAERNBr Tz’ v SVBELT 33,

Tt FE. J2P2 -2k B U Ty P9LBBEAET . Iy
FOZTPORIBIZ &> 2. 202332253 - v E LFHER L] 2 0
ot SHEIELEERE 7-nTER/ 1> Va -3 2B S3512. v
7O T PO B ST PILTh BT EREZY. U2 ke
PoBR3EF32H35, Y0842 EioLs. 22 -9,
FEIF. I1>P2-20CPUPRO AR 2T 2 16E<. HMIFLE 32
Fon &S, BMBEAEUNMBPC LY, CPUE 2 o258 8o
B AEVHNBLHRL L20RHNIBS 53233 LRbHAS,



36

Z23E  MAYEARRBIELT
7 DI ILIES K

3.1 &

ﬂu\l

T2 - RI>OHBELSIEBABIEMIIGESEHILE HE2EAT:
WL 270 (N=bkoTP) OMELE I, AEFFE (V7 FITPID
M#cE8283, AHY2E A8 BeiEhpuz HERASRA
BT oL ARBEE0REEEFYS, ZFB2w& €3, B4
BB B AICAVCR ZI B 2«9y 2% TN
OCTBASIBE L. MEYEBOFE - H I T-QRFZODL 725 3M5.
BuRBb W T o FIEIS ( <BEHtL. 2 oBEEE. EEEMAOERE
N3,

MR BB Y PF- TS50 . 4aFRLl 20D
Fog FP2UMEEEC, MWFO 2o nBBENMBEE Tk 3,

I AR aRpf o T HE PR B2 T
2. ARes54 - 74" 2¥3RVEBE 2B Y,

L oMiEE. HRENS: P T3LEIE BIVITENFEIEA B &y BB
G 2R3, 2. IF FRERQFEZ . FBRE, IS -9
Brh%2o0@sBB L TNEREFL2. NBI° 5/ - 90 MEELT
TRV s Y8Ry 8 Th 233 B iE253,

% BREEQWEREBMORMBIITL 2 Rt H<CRASHT
FrFkiT. FRIRAPEEX CF I B4 0w 2y 22283, —hid
IE-L o RE RIS 2T CnoBHE R 3PN Tog 2 1L2URIC
PO ECFRISAZEY. $7o 74 wIHENRES A BT



3.1 | 37

8% ez LT3 ERIASEBEA TR 7, vy )
%15, PR 2EL T h 3,

0. f) = T(h. &) G(h ) an

212 T h)Bw 0k ). BRGS0 RuMBEEN R 6y
n7-vITERZB 3, GHh.HIF. BEAE. BT FEEZRIRTH
h7, w9 BB &3,

ERRER 7, Lo 2T S5 T, U XotEo
7. 200 2w 7-viRovwB233, Lol. £é&&Hoz-9
RT3 287 7-VvzhBodEs FFTPLI 26280 Z2E. 0
FvoBEmMMtBL. LRofit . FTHcArHRLITO, 3T o
~YTEREARNS . TR ZEME 2R 3G L. CRAGSIER 21T
BERI L3-8, 2EnLEVEEEIEL. o512, 29K T
NABVIWELTINOR. F-9BHoTLHn TV ERSEIZ3 L
TY. RIFLEFSTE 1o -7 - R-203227a24F. AEY
BENFR2H3, - . NEFRL Y EY BF o 82 EPARIESE
Bz H3ER 7, w9y > 20 g MEYARIH| 21F. AEAK2H
3v&EzB5n3B,

—% . BAEE0c 2 30IEF RAURS SR o3 MRy
W12, 2B 28 7-VIERFR25Y. A PSF plhnevoy
+45 W TrdE, AEUARB-SRZF3TEIENEL, 2RISR 7>
TP WIS R2F. UDROBZES RS hE TV TR 2. A
HDI1>AV2 —>3 ‘/ﬁfim%'&"éﬁjm—}a

gr

(8
Y

6(x, ) = A XP) * gz Yy) (12

Iz g F. 2w BlEehf) oG-z EBZEY. A
B PSF (processing PSEILORENZ, EFFCTF. 3> ¢ - 297
(1) A& BB (EEBlcmle. F¢ » HIVEBB2GHhHhR3, (2
A EHHET TNIT. |



38 3%

amn = 'imn ¥ Wmn ( 13 )

T2 1 Gmd B [ im )& By R i) AIRENEZ LB D,
§ Wmo JI. g(r,j)T:»T;%T«HK LT-MBRoEL ZEN2HY . BE. T > 21v
24 v 9 L ORIFRTD,

Y2, ONR0HE2 1% BFEBENER-ELZHTI ALY
2-2332T3>kizd> 2. EF AREMBESHh. 2RFD-VIER
FE2H3. LD . BAZTEH{ wmd 0B ETE+5 ST, 0D
A0E BRI s AER C B téd. Y- 233V AN BR2EBRS
M3 BAREHETZZ L2 TR, YT, YA TsEm2
FIv Ezom3, BrAZRAEIIRorc k. 7 22 UBRER
PV Z. BEREBEHRC e FLY, Lo L. & BEBSE.
H 3017 BEEEFs 75w yRE 6 (F.H)EE 7 - 1 THR L 2GS
ZAEPS T, B30T %0 BER ZEI fwmaiaThpr 1F. (b TV LiF RS
e %22 FuxIWNBBEEEORIBRCHEL 2. kitZoPSE
B2 33 Lo SRREOTIC. BREH MR I BT EREXR ZH | Wmn § O
WEANMVCH D FEETN 203,

. Af‘guelloss 513. Hanning 004 PSS ETsIRT S Wt

$> 2. WEERF 21V, 009 & FOPI-ER ANV 2ITE WS

VEREL 2V 3. FTr. TFrieden 3. FETHEPST 0BREK}OR

Te-7Et®mN=TILOSFBEENT 2. 2332 0 ERRND O

TUTFee D 2L 2 w9 RITHTIZ L TIRELEY  Riemer v McGillem
F AZEI T PSFoEEEGE BB VER I T3 L 05 bR

o T2, Tk Y20 24 L 9EERIBREIREL. Saleh® McDomel®
E. Sk, SV BEEEBILE, thsinshld FEITAEPSFE.
sz 0 BERER LMY E T

y = SS@ (z’+ j‘).s‘z(x,y alxaly . 4)

-00

=8> 285 L. hEBALT3Fs 2oL - 7, w P kBEHT. =
hiF. Backusy Gilbert AEEES Y AE 253, Swindell® Hondas &



3.2 39

. B TRMOmLMYIVRTODRIII2L - V4 WIDREHEBERE L 2
L3,

Lo l. FIERBEAR-HV21F. Bx %80 B RtoeAR(E
2F3WE)S. S TRERIT PO kv B3R 3, Mz Hapmis)z §
ML S B F I I EES . BEER T -2 T 12213530, BRIC
Fo2i. Rt »o»EHOTFEIHI, ZosET. BFaml
LGABasy, BRERIE. 2 L3@2zH3I. Loats o FiEQ
EEZIVTEREI-ET2F. 8. Yo 654 - 9 LB 24253
Sk EY., AR RS EO WL 2B I k123,

2Zr. o ME5BEoBIE RIS - 90 BIBTI S
BL., 2hE MEERMIECATI-LIBELE. B2 Tofts
BEIZx 28 BNRE( BRGE. HERR. ﬁﬁnﬁ)zﬁ(<ﬁ%L
YL ITEREGNBABRTIRBo E@FHTIRLLNS ~o 3%
- &3%<o EBRERIT. $48. BuES RI- T 7.

3.2 &Bos

9 B FP L Z21F. BohdARobrnr S, YoHHEI TN B E
HMETIBRNHY, EiFodlz. V<HDORBGIC) ST N2
Vit o B 9 olREBERE LY. KIVEREWK B3 L. ?
P22Fx ODELE >SS EWMII- X . I>La - 212531992

BB AR BEBRIEHRTIB -t EERcmT- 203 22-&30
“honBFE D Ba -2t ABlaBETEF02E. AR
RIS Ta-kl= 85> 2885 h3, ABaTBEZ (E5. 98-
57, ~B-REE2FH30) LTI HNERGE $<. 1865F 2.

Mach 13- 2F8. BETh2v3Mach B1- $>2, BACH-PEER 23



40 , 38

Yhid. 1950% Hartline (25 3iPBA BT WOTERIZSVEAIRZ v
385 o ISBMELTEYHRECTE Sy, BhoHELB Y 20T
3 2b-2¢ MOt BITLEz T W F YompmBEE<, =
Oy BEARLvwSEBELT- L. IS FRESELTT> 203
YIZJHYE T 3.

BRI IINEEEETI ZHEREY, 2228, 37HRE
. | ARAEBCHTIMS5EEZS. | RootdRNERES T
IM5 . T<IVBEEMBEMIZ. RC 74 L 9IT&> 2ZRBIZAAYD
213, Lol I>¢a - 92RIBS BBIFERS. BUNTETTH
253, MEBFR EEOOESRRNIRIZR, £45 2353, -hi
BRIT 3y, 122560 {9:) 0 £45EER f) . BAMMBE 4 L |2,

£ o= Low-yia) (I5)
2EbING, ()X . I >
AYa—-Za It EFEHILW2T
4 3,
R S
Vo ,
4 fo = 2 w58, (16)
7
(a) wem
o G(fx) "’I=“ﬁ'
=90 L«{;-'—‘ O J"-\‘O,/
— £ e fx ~ -2 WMeEE F I7TQURFET
ia Y44 $31. 252 BEm i3 ExFHO
2K Va~-23 2LHD, Fg. [7()
(b] 2T TERTMLE LD,
Fig. 17 F;g 170 1I2TTh3 FSII

(a) Weighting series, and
(b) its transfer function of
differential operation.

WE BRI FRBKNS LB B
Astl-t 37 S<PMETILLS. &
724 L 915 &€> 203, L=



3.3 . 4|

M, 2. EEABRBREOCEBLEERLMNIZ oW sBEEaR Sy oRE
EE BB CH 2. MEXSGOELOWEBEANLECTNS, Y- 2
MEBE IRV, BIFIEL. M5S0 OF B ( smoothing) NJFsK)z &
22, BEEMEOMMLIMIT INRFANME TR 3,

3.3 4 EABRMBEIC I3 M BB

BEoM5RELEw V2. BERZHE 08Btz 3 HEO UL L L
2. hBREEFHB-E >0 BN RS (polynemial curve fitting)
mErGHIT  taFET. SREF-90ARELTF 02T, Bl Ah R
BYh2033FH28Y. (IOARAOMSBEXFR-AHITARTI-L 3
BT ISRV -2 >E2H3Y YOEXFIT. BRAEE R
HWIBDER L ORI EEEC LK, 2Xn 5h 20N, —0EAFZEIE, HAE
BBt d. IHHEL ZFEEL 2T EER0ERRZAIAI2/E-
FELBRUAIAZFIILUSPBEEEL 23, MFIZ. ZoEXF
nEREoIHI SBEIIEN,

SHIBUIBECITNTE(EB RN L5137 3E8n | . % 3
FRBUTITEHI., %okitho BT (2m+ /DB AEZIH 2. Nk
(n< 2m+1) o i (BH (2T 3 pEX

£ = é'.o bk ik . (17)
tH6T€3., 2. RATuaF ;=0 ~hu2 14 IRELE
UNADRBAAE, Ffo. BwYHo SKREGEB (d5F/di%)iz=0 2%
30 folk Yo 0 FBIE. 4. LEZSNZ, 2T (dFi/di)i=o
F. Yo OFREL sHRE 5B, (d°Y: /di%)iz0 LEZIZLMZAF3,



42 £23%

SholTUDEE Y.

Jo = fo = bpe
o S/ (18
(%)iw B (%)ko = 8/ bns

z2E35hm3, ZI2. 4 vwBEL vofo BRI, 9 0FAET3
W1k (2m+1) BEE . d=-m, - ,0, - moRB2. B 3R
bro, B3VIE bys BB EKIZS- 2EH3Z, THhL.

k=o,l, -~ 1.
(19X EERs | 2.
kg.; b,,k Srek = Fr
r=o0, 1, - n, (20)
ERL
Seer = g 3
': (20
o= 2037

SO BUAERERCL. [ba)IF. {5Y 0 FWESoOV2EX23, 7
HhE, BRE RuFBAMSELTEDT (R 13. {4 PEATIE
NFI2REY. L o5 8E. Bh 3.

ZoF3tl 2, BAFANS, BAEE LART<HET LS,
TR BHILEBABMMER L IV - 2o &L (BEER
BRALEBRINAEFIML2BOh3THE 53 OFERBULASEBLE - 045
21523, RBre ELpBRALAATI-LICFY. ZoEMTE
ZEVBBIZEHEZF30r, YN o023 BETBC ML TN 203
N2, >>215BRET3,



3.3 43

Fig. 1812, 3RXWEX(n=3NLE& (27+/=8) RWT&
(2m+ 7=7)BE L8800, M7 0 ERTFIHL Yo FRHKLBEET
To  Fig. 17 LIUEET . (EREELEEEL - F 0 2 1& Fig. 17 L o M5
HE L5ty 2. LAEEEI U2, HIREBITE E- 20 3 Ewv
Br3, 4ots. “hSodxgfltmuhd. BERBEOERMED
B LT 405 BRiFor 172 F 3.

8
58 67
1 22 ’
o . | . o
o | [ , 0 }
-1 -22
l -67 -58
-8
Gifx) G(fx)
\/\fx l/\ )
o} 0 \/
(a) (b)

Fig. 18 MWeighting series and transfer functions for first
derivative of cubic polynomial determined from least
square fit to (a) 5 points, and (b) 7 points.
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Fig. 200 2-D cross weighting series and transfer functions

for Laplacian.

(a) 5x5 points (quadratic/cubic curve fit).
(b) 7x7 points (quadratic/cubic curve fit).
{(c) 5x5 points (quartic/quintic curve fit).
(d) 7x7 points (quartic/quintic curve fit).
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Fig. 21  Experimental results of smoothing and Laplacian of an image
(128x128 pixels), in which the 2-D cross weighting series
shown in Fig. 20 were used.
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Fig. 22 Tables of 2-D weighting series for smoothing and Laplacian
of quadratic polynomial fit to square areas. (Relative values)
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Fig. 23 Tables of 2-D weighting series for smoothing and Lapiacian
of quadratic polynomial fit to round areas. (Relative values)
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Fig. 25 Experimental result of edge-sharpening by the combination
of an observed image and its Laplacian.
(a) Original image (128x128 pixels).
(b) Processed image.
(c) Cross weighting series used to obtain (b).
(d) Transfer function of (c).
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