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Abstract

Coherent optical feedback systems always use a pair of t i l ted rnirrors that physical ly separate the
forward path and the feedback path, one of which is at an off-axis posit ion. This paper introduces an
on-axis configuration with two para11el mirrors. The application of the systen to contrast enhancement
and inage restoration is presented.

Introduction

Both dc ampli f iers and carneras process electromagnetic waves. The thro systens have a connon objective:
to reproduce the input with l inearity or with the desired nonlinearity. The dif ference between the two
is that one has a feedback loop but the other does not. The feedback concept is indispensable fot design-
ing electr ical analog systens, although i t  has not been used in inaging systens unti l  recently. The
reason is not because inaging systens have a special character that prevents use of the feedback concept
but sinply because the rat io of the wavelength to the size of the circuit  dif fers substantial ly fron that
of the anpli f ier. For example, i f  a s-kHz (À = 60 kn) voice is processed in a dc anpl i f ier that has a
l -m- long feedback  loop,  then the  ra t io  i s  60 ,000:1 .  0n  the  o ther  hand i f  we use an  op t ica l  wave (À  =
0.5  pm)  in  an  op t ica l  feedback  sys tem o f  thè  same s ize ,  the  ra t io  i s  0 .0000005:1 .  Thus  i t  i s  un l i ke ly
that there wil l  be any appreciable cross correlat ion when the output is fed back to the input. Hence,
adding the two does not provide a meaningful result.  This fact, however, does not suggest that v/e abandon
the feedback concept, but tather that we use a l ight source with long tenporal coherency and a micro-
adjustable mechanisn.

One way to create a feedback loop is to use a pair of t i l ted rnirrors and lenses as shown in Fig. I .(1)
The origins of the Fourier plane are physical ly separated. We can place an appropriate f i l ter G in
the forward path and a f i l ter H in the feedback path to_inprove the output. Some applications of this
off-axis systen to image processing have been reported. t lJ In this paper we discuss the specif ic case
when the t i l t  of the mirror is zero.

H

F i g . 1 . 0ff-axis feedback syste¡n.

On-Axis Feedback S sren

When the t i l t  of the ninor is zero, the nirrors are paral lel to each other, the forward path and the
feedback path are identical,  and the two Fourier planes are not physical ly separable. The forward path
f i l ter also autonatical ly acts as the feedback path f i l ter, Thus we lose some degrees of freedom. How-
ever, this on-axis systen has sorne essential merits such as easy al ignnent, snal ler aberrat ion, an
unobstructed wide space in which to place the f i l ter, and the capabil i ty for image processing. In some
aspects I^/e can expect superior performance frorn the on-axis system than frorn the off-axis one in spite
of i ts smaller degrees of freedom.

Contrast Enhancement

An on-axis optical feedback systen and i ts block diagrarn are shown in Fig. 2. A pair of lenses image
one rnirror onto the other. A transparency with anpl i tude transnittance distr ibution fg (æ,y) ís placed
in a l iquid gate, which is placed irunediately before the second nirror. We introduce a unit ampli tude
plane wave to obtain the output arnpl i tude distr ibution ft(æ,A)
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(a) Physical configuration (b) Block diagram

Fig. 2. On-axis feedback systen for contrast enhancernent'

second nirïor, 1"1 and T2 ar.ê the anpli tude ref lectance of the f irst and the second mirror, and 4 is the

phase introduced into the feedback signal.
I f  the two nirrors have the same optical characterist ics, we can sinpl i fy Eq. (1) to

tçîf  s(æ,1J) (2 )
f  t @  ' a )

t  -  toø 
" i  

Q 
¡s '  l * ,g)

where,TandØare the intensity t lansmittance and the intensity ref lectance of the nirror, respectively'

¡¡e can change the phase Q by noving one of the nirrors with the aid of a piezoelectr ic transducer. The

extreme cases can be observed when we set 0 = 0 or n

ts2g2¡s2 (æ,a)
,  negative when S = 0, posit ive when Ö = r.

l r  !  tozau iþ fo r@,a)12

The relat ion between the transnittance of the transparency f92 and the output fr2 i t  nonl inear'-  An

experimental result using a step wedge is shown in Fig-. 3 and plotted ag_ainst a theoretical curve by

eq. qs; in Fig. 4. Notiðe that the phase variat ion cñanges thè slope of the curve. Consequently, the

"otrt ir i t  
of tñe picture is higher or lower than the original '

( a ) o r i g i n a l  ( b ) O = 0  ( c ) 0 = r

Fig. 3. Increase and decrease of contrast '

The contrast enhancernent effect due to the off-axis feedback systen(l),  is also plotted for cornparison'

It shows that the on-axis nethod has a wider range of contr-ast. l¡,e can choose the contrast between the

two extrenes by introducing the phase g between õ and n. This operation is done in real t ime since we

can change the contlast as we observe'
The drawback of the feedback systen is that i t  is dif f icult  to process a.transp-arency.larger than 2 cn

x 2 crì because of the aberration of the lenses, and it is hard to i<eep a uniform phase distribution-

across the f ield. Also, a l iquid gate is necessary to cut the scattei ing on the surface of the enulsion

and to reduce thé optical path variation through the enulsion'

58 / SPIE/OSA Vol' 74 (1976) lmage Processing

M1

(3)

f +f-----á-f - f -'

f i ( æ , u )



1  . 0 0

0 .  8 0

0 . 6 0

0 . 4 0

o

(Ú
p

. a  v .  ¿ u
o
CÚ
fr
{J

. d

Ë  0 . 0 8
o
+J
. Í  o .  06
P
I

3  o . 0 4

0 . 0 2

- ' " ' o . l
0 .  3  0 . 5  0 .  7  0 . 9

Input intensity transnittance

F i g .  4 .  C o n t r a s t  c h a n g e  b y  f e e d b a c k .  ( t o z  =  0 . 8 4 ,  û =  0 . 9 ) .

Inage Restoration

Here we exarnine an application of the systern to irnage restoration. The physical configuration and the
block diagra¡n are given in Fig. 5. We inage the input f t@,A) on the f irst nirror. The bean goes through
the same f i l ter G(€,n) in the forward path and the feedback path and we observe the leakage fz@,A)
through the second mirror on the screen. The transfer function of the feedback is given by

to f l ;G,n)

r  -  t044 . i  þ  G2 (E ,n)

Let 1((t ,n) be the coherent transfer function of a specif ic inaging systen, assurning K is real and
varies fro¡n -1 to 1. We obtain a blurred irnage of fo@,A) due to the anpli tude attenuation of some fre-
quency conponent. We input this blurred inage to the on-axis feedback systen and try to restoîe the
original inage by choosing an appropriate f i l ter G(t,n)

1 ( ( Ç , n ) Í ( t , n )  =  c

where c is a constant. Thus the f i l ter G(t,n) must satisfy

t o t f t  ( E , n ) K ( E , n )

r  -  t o2gpnJQGz(E ,n )

Se t  0  =  r .  I 1  t o4  =  1 ,  v /e

Off -ax is ,
0n-ax is ,
On-ax is ,

theoretical
theoretical
experimental

(4)

(s)

can simpli fy Eq. (5) to
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Transparency  fo@,U)
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Blur r ing  f i l te r  K(E,n) D e b l u r r i n g  f i l t e r  G ( E , n )
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(a) Physical configuration.

F o  ( q , n )

G ( E , n )

If  we choose

G  ( t ,  n )

0n the other

G  ( 8 ,  n )

Fron Eq. (8)

,4 (cosrp

Hence

Phase

x ( E , n )  G ( € , n )

(c) Blurr ing f i l ter and corresponding
deb lur r ing  f i l te r ,

systen for image iestorat ion.

(b )  B lock  d iagran .

F ig .  5 .  On-ax is  feedback

â l  ^  I

=  
ï  x g , n )  !  [ K z ( E , ù  -  ( z / e , ) z J '

c r  =  2 ,  t hen

=  1 ( ( E , n )  t  i [ 1  -  K 2 ( 8 , " ' ) ] " .

hand, we can express the conplex anplitude transnittance G(6,n) in the forn

=  .a (E ,n )  n iÚ (E 'n ) .

and Eq. (9) we have

+ j s i n ü )  =  K !  j ( L - K \ + .

(7 )

( 8 )

r o ì

( 1  0 )

. 4 ( E , n )  =  I

r ! ( E , n )  =  c o s - 1 [ 1 ( ( 6 , n ) ]
( 1 1 )

This indicates that the image restoration f i l ter for .K is a pure phase mask without absorption (FiC. 6).
This el iminates the restr ict ion due to the dynamic range of the f i l ter, which is unavoidable in conven-
t ional inverse f i l ter ing methods. The restr ict ions come instead frorn the absorption of the optics and
the nirrors.

An experinental transfer function and the corresponding phase mask are depicted in Fig. 5c. A three-
bar target fo@,A) is placed in the f irst object plane and the ímage f2(æ,y) is recorded under dif ferent
condit ions (Fig. 7): (a) Without any f i l ter and without the second mirror. (b) With f i l ter .K in place.
The inage is blurred in the æ direct ion. (c) With phase rnask G in place. The image is blurred to a
further extent. This is due to the overal l  forward transfer function KG. (d) The second mirror is placed
so that a féedback loop is created. Notice that the resolut ion is irnproved from the previous case but
fai ls to exceed (b), which is our goa1. This is due to the inperfect fabrication of the phase nask.
The scattering and the absorption in the plateau part of the nask affect the high frequency part in the
Fourier transform dornain where we must naintain the higher gain to restore the image.

f z @ , u )
G  ( t ,  n )

Anpl itude

K  ( E ,  n )
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Phase {

F i g .  6 . Phase to be advanced by
f i l te r  G.
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(a) Original (b) Blurred by 1( (c) Blurred by ,(G (d) Feedback applied

Fig. 7. Effect of the blurr ing f i l ter and feedback

Sr¡r¡mary

The transfer function of the on-axis feedback system has been derived. The capability of increasing
or decreasing the contrast of the input image is in agreenent with the experinental data. Theoretical
comparison indicates that higher and lower contrasts are attainable with the on-axis systen than with
the off-axis system,

Application of the sane syste¡n to the inage restoration hras attenpted. Analysis reveals that a pure
phase mask is needed to restore the irnage, which is blurred by a real coherent transfer function,
instead of an anplitude attenuator used in conventional inverse filtering. This elininates the dynanic
range problem of the filter usually encountered in irnage restoration techniques. Experinental Tesults
i l lustrate the abi l i ty of the systen to perforn inage restoration. However, an inproved phase nask rnust
be fabricated to obtai.n the ful1 potential of the systen.
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