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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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EC 555H interface _register

~ T —

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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32Fy HEAOBEEN —R OVEER ( Linear intensity steps) B IN 9 L 2b Y,
Fig. 9b) 1%, 38 BovIERAEEO1Z Z 4 L2 U 3FBER ( Linear density steps)
D722 H3 Lol SmSEHRETNT. ARla log AEFITIC S
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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
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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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LAPLACIAN
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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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Fig. 26 Transfer functions and PSFs Fig. 27 Same as Fig. 26, but the
of a Gaussian blur system (broken transfer function of the desirable
Tine ) and those for the systems system is Hanning window function
restored by the Linear combinations expressed by Eq. (38).

of 2nd, 4th, 6th and 8th derivatives
under the constraint of f, =1, in
which the transfer function of the
desirable system (dot 1ine) has unity
all over entire spatial frequency
region.
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Fig. 29 Transfer functions and PSFs Fig. 30 Same as Fig. 29, but used
of a Gaussian blur system (broken line) weighting series are for the
and those for the systems restored by differenciations of 6-th degree
the weighting series for differentia- polynomial curve fit to 9 points.

tions of 6-th degree polynomial curve
fit to 7 points.
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Fig. 31

0]

e &

Experimental results of interactive image restoration by

the technique of smoothing and differentiation of an image.

(a) Defocused image (128x128 pixels).

(b) Processed result and used weighting series for the
first trial.

(c) Intermediate processed result and used cross weighting
series.

(d) Final processed result and used cross weighting series.
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(a) (b)
Fig. 32 Experimental result of extraction of mammary cancer
from an x-ray photogragh.
(a) Original sampled image (128x128 pixels).
(b) 1st derivative image of (a)
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4.22 TEEXEIEoMieREmE AR

Fig 333, AMlo ERBEIX RSB0 @R o it 2RATERRMIZ S
30 129 x (2812 BAX T AR ( Fig. B@)oguaBs 2 &y,
THhotrh 8o Yodh | ME2H3, Fig. 33 b)) B % (1T, ¥ BFIL

(c) (d)

Fig. 33 Experimental results of feature extraction in an x-ray photogragh

of a terminal phalanx.
(a) Original image (128x128 pixels).
1st derivative of (a) convolved with the weighting series shown in
Fig. 18(a).
(c) Same as (b), but with the weighting series shown in Fig. 18(b).
(d) 2nd derivative of (a) by the technique of smoothing and differentiation.
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(a) (b)

Fig. 34 Experimental result of contrast enhancement in a microscopic

image of cells of the head of a mouse.

(a) Original image (128x128 pixels).

(b) Processed image by the technique of smoothing and
differentiation.

424 BFREIREAR
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BRATENDEE-5) O FE (2 h T, BRTEY (local average™ Lok3)
vo 2 TR INELTT- T2,
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oy = g s e e B e e e ol e e e N

fx

AERERREERERE 0 Vaax
(c) (d)

Fig. 35 Experimental result of local average subtrantion

of an x-ray photogragh.

(a) Original image (128x128 pixels).

(b) Result of local average subtraction from (a).

(c) Weighting series (7x7 pixels) for local average
subtraction.

(d) Transfer function of the weighting series of (c).

€213 BARRHBBR Fg.35WIIRdss . GRAKNSOHEE
Bra3. BREE 74 v 9%t e -2 03,



4 3. | 71
4.3 FERMUEETRAFCLIZIICLS2L0iE

B TEE T (intensity mapping) L ¥, ROBMENRAEE. &3 4%
LA -RT—=imb, fta2L g - 27— L1z BB 3IE6ZWIERIE (non-
linear memoryless® )T MHWE2- &3, ZdF. I >¥a -9z k5 2T,
SOVI-{HETFITH. 2L NHWE. log / exp TBRE —B
PMEOEFAHINIRIPF0 2. BERTHOANMS 2830 40 7m0
HNBEF, H<aBAFTEHREIE 23, Andrews [F. U1 < 25\ 00 JERAI3E R
BB ZRBAo BREER 20307 oMBx  point-to- point
NB2EB3F8., BEOANEBCEEI 2552 covdlii2admy. 3+
154 - 90 BBt ¥E2B3 0. RFIESZ2T0LMU2. (315 265
M2 EG2F 3, MEMALS. 220 AR5 212 fBeo Tl -
2z b 2MWEERINGERE. PRI HRE-IBATISLr2F
%,

4.3 | Bits remeval 2832352 03EH

K17 40 BB ELTIBFHORBESHOLRBET. HVS Dk, 2 EE2
2135253 MSB ( Mest Significant Bits) removal2U#2” 7.
Fus PV, T B2 =912 217, A IEHRRAR2HBY. A2,
HVSICHL 2<EwiERL 523, ‘

—RRi-. WMESHRAR EEmIRERE I{YzAUTE
bIh., A& 2oy b, ueRE i(x9) 7. REX0 %253 Gh
30

Ty = Ifioumt (45)

222, MSB cemoval ¥FIES I{-Y 13 AWIBORKIBEIETVE TS
WIOWEE B ( vl 81F 20 /T E) L (2. REX2EB T h3,



72 %48

Ifi

Fig. 36 Characteristic curve for
3 most significant bits

s . removal.
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-RAY PHOTOGRAFH

Y ‘PHOTOCK

(a) (b)
Fig. 37 Experimental result of 3MSB removal of an x-ray photogragh.
(a) Original image (128x128).
(b) Processed image.

4.5.2 Histogram equalization (2 &3 s 15 76 66
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(a) Histogram of input image
Fig. 38 ITlustration of nonlinear intensity
mapping by histogram equalization.
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Fig. 39 Experimental result of histogram equalization of an electron
microgragh of parainfluenza virus type I taken at 75kV, 66,000X.

(a)

Fig. 40 Experimental result of histogram equalization of an electron
microgragh of erythrocyte.
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4.3.3 Bt histogram equalization 1253 & %L

Hisi‘ogram equalization 1. BELRIWWZHL 215, BT > Lpte-
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(d)
Fig. 41 Experimental results of local area histogram equalization
of an x-ray photogragh.
(a) Original image (128x128 pixels).
(b) Processed image by full frame histogram equalization.
(c) - (f) Processed images by local area histogram equalization
in the local area with; (c) 3x3 pixels, (d) 7x7 pixels,
(e) 17x17 pixels and (f) 31x31 pixels, respectively.

Tt EiER 53, RE:. Figald a2 7x 7&8F @29
7x17&8F %12 H2F. AxJABFOEFBEZIBLOE, 2hs(
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4.4  Edge- sharpening 2132
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3s

QRIGIMAL
(a) (b)

Fig. 42 Experimental result of edge sharpening and

histogram equalization of an x-ray photogragh.
(a) Original image (128x128 pixels).
(b)  Processed image.
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(a) (b) (c)

Fig. 43 Experimental results of contrast enhancement of an electron
microgragh of copper taken by the HVEM (High-voltage Electron
Microscope) at 2MV.

(a) Original image (128x128 pixels).
(b) Intermediate result processed by edge-sharpening operation.
(c) Final result obtained by histogram equalization.
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Blalg

Fig. 44 ITlustrating diagram of extrac-
tion of dislocation lines in a dislocation
©)) image under the variable background level.

{a) Cross section of the dislocation image

(solid 1ine) and the background image

White

-

{broken Tine).

4} by a linear filtering.

(b) Cross section of the result processed
(c) Cross section of the result processed

L/
= » X
J
~ NN
) ‘\ " ’\ ‘\ by the proposed nonlinear filtering.



84 b &

(b)
Fig. 45 Experimental result of contrast enhancement of a dislocation
image by the nonlinear filtering.

(a) Original electron microgragh of aluminum taken by the
HVEM at 2Mv.

(b) Dislocation image of the square area enclosed by the
solid Tine in (a) (128x192 pixels).
(c) Processed result.
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Fig. 46 1Z. N7RIWNo N2 1135 2RI =BER RUTE
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Fig. 46 Experimental results of image enhancement of an electron
microgragh blurred by the gas in a capsule.

{a) Original electron microgragh of 18-8 stainless steel
in vacuum taken at 2MV.

(b) Same as (b}, but in the capsule with 90% Ar and 10%
Hogas.

(c) Input image of the square enclosed with a solid line
in (b) (128x128 pixels).

(d) - (f) Three intermediate processed results by image
enhancement and the used processing weighting series.

(g) Final processed result and the used weighting series.

(h) Smoothing and first derivative of (c) and the used
weighting series.
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Fig. 47 Experimental results of deblurring of a defocused electron

microgragh of latex taken at 100kV.

(a) Image of the defocused electron microgragh photograghed at the
position 8um under the visual best focal plane (128x192 pixels).

(b) Final processed result, which is obtained by subtraction of
two third of Laplacian of the input image of (a) from (a).

(c) - (e) Mapped patterns of (a), (b) and the image in the visual
best focus, which are mapped by the intensity mapping curve
shown in Fig. 48.
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Fig. 48 Characteristic curve for MSB
i ) and 3LSB removal.
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blurred image.

Processed result in 50 iterations
by Jacobi's method.

Processed result in 40 iterations
by Gauss-Seidel's method.
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(30 iterations)
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T S S I S S
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(70 iterations)

Blurred
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s

i -Fig. 54 Simulation results by the
iterative image restoration method
(Gauss-Seidel's method) in the
presence of noise.

Restored L. i .
10} Constraint: d:2.0 (a) Original image and Gaussian
(10 iterations Blurred noisy image (SNR = 50).
Blurred (SNR=50)
(b) Processed result under no
5} constraint in 30 iterations.
{(c) Same as (b), but in 70 iterations.
f (d) Processed result in 10 iterations
O I SN S O A B A Y] i S A W Y DU W A S O |

\4 ‘ under the constraint of Eq. (87),
(d) where 4 = 2.0 and a = 1.0.
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(a) Degraded image _ (b) One iteration (c) 6 iterations

Fig. 55 Experimental results by the iterative image restoration
method for the image blurred by the PSF of Gaussian.
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(a) Blurred image (e) 3 iterations

(b) Reblurred image (f) 10 iterations

(c) One iteration

Fig. 56  Experimental results by
the iterative image

restoration method for
the image blurred by a
linear motion.

(d) 2 iterations
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Table I  Largest eigenvalues fo iterative matrices [¥]
in magnitude for the rectangularly blurred
PSFs expressed by Eq.(89) (where a = 7Ax)
and the reblurred PSFs.

Point simultaneous {(Jacobi's) method

Elements number | Largest eigenvalues Largest eigenvalues
of [H] for the blurred PSFs j for the reblurred PSFs
20 x 20 1.365 0.979
30 x 30 1.419 0.993
40 x 40 1.437 0.995
50 x 50 1.445 0.997
Point successive (Gauss-Seidel's) method
20 x 20 3.781 0.843
30 x 30 4.440 0.995
40 x 40 4.672 0.972

50 x 50 4.766 0.986
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(a) OTFs of the infocus and the
defocused imaging systems, and
(b) OTF of the infocus system

minus that of the defocused one.
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Intensity

Fig. 58
ITlustrations for subtraction

of the defocused image (local
(b) average) from the infocus one.
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(a) (b) (c)
Fig. 59  Experimental results of high-pass filtering by using the
hybrid processing system.
(a) Infocus image (192x128 pixels).
(b) Defocused image or the local average of (a).
(c) Processed result bo subtraction of (b) from (a).
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(a) (b)

(c)

Fig. 60 Experimental results of extraction of dislocation 1ines from an

electron microgragh of an aluminum by using the hybrid system.
(a) Original image (128x192 pixels).
(b) Defocused version of (a) or the background image of (a).
(c) Processed image, which is obtained by division of (a) by (b).
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(c) (d) (e)

Fig. 61 Experimental results of adaptive binarization by hybrid processing.
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