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A b s t r a c t : In t h i s paper we are s imul taneously concerned with methods f o r decompos -
i n g grey s c a l e microscope images and w i t h methods f o r v e r i f y i n g the c o r r e c t n e s s
o f these decomposi t ions. One such m e t h o d i s r e s y n t h e s i s . Resyn thes i s j s
v i ewed as a procedure whereby an analyzed scene can be r e c o n s t i t u t e d and sub-
j e r t e d t o an ana lys is by human ( i n f o r m a l ) methods t o de te rm ine t h e in fo rmat ion
p r e s e r v a t i o n o f the process. Severa l a l g o r i t h m s are p resen ted f o r d i f f e r e n t
ways o f r e s y n t h e s i z i n g a decomposed image f r o m i t s m o r p h o l o g i c a l decompos i t i on
ana lys is .

I.INTRODUCTION

In a t t e m p t i n g t o do p a t t e r n r e c o g n i t i o n wi th computers on continuous tone image
sources o f complex s t ruc tu re , one encoun te rs the p r o b l e m o f decomposing the images
fo r scene analysis. When one‘s g o a l i n such p a t t e r n r e c o g n i t i o n i s more than t o
assign the image t o one o f a number (usual ly s m a l l ) o f d i s t i n c t c l asses , it be-
comes necessary t o decompose the source image i n t o subparts. These subparts
usual ly r e f l e c t the s t r u c t u r a l o r g a n i z a t i o n o f the under ly ing o b j e c t wh ich ,
through some transducer , produces the i m a g e f o r computer p rocess ing Durposes.
T h i s s t r u c t u r a l o r g a n i z a t i o n can r e f l e c t n o t on ly t h e i n t r i n s i c p a r i s o f t h e i m a g g
but a l s o t h e r e l a t i o n s between the i m a g e and o t h e r s o f some c l a s s o f images
shar ing s i m i l a r s t r u c t u r e s . In t h i s sense, t h e s i r u c t u r a l decomposi t ion o f an
image r e f l e c t s the way i n wh ich some subcu l tu re that v iews such images o r g a n i z e s
them, u s u a l l y f o r purposes n o t d i r e c t l y deducib le f r o m t h e images themselves.
I n t h i s paper we t r e a t one aspect o f the image decompos i t i on problem, namely
that o f a t tempt ing t o v e r i f y the co r rec tness o f a decomposi t ion o f a computer -
scanned image by r e s y n t h e s i s o f the n a t u r a l image o r by c r e a t i n g a su r roga te
o f the natura l image f r o m the decompos i t i on d a t a which c h a r a c t e r i z e s i t s s t ruc -
t u r a l o r g a n i z a i o n . The image decomposi t ion m e t h o d that we use i s desc r i bed by
K i r s c h (1971). It i s a connected r e i o n s type o f a n a l y s i s which i s thus r e l a t e d
t o those o f B r i c e and Fennema (1970),’ J a r v i s (1971),3 R o s e n f e l d and Thurston
(1971) ,4 and most c l o s e l y t o t h a t o f Krakauer ( 1 9 7 1 ) .5

€

I f we a r e t o study a decomposi t ion and v e r i f y i t s c o r r e c t n e s s , i t i s incumhent
upon us t o e l u c i d a t e the c r i t e r i a with r e s p e c t t o which we per fo rm such v e r i f i c a -
t i o n . Severa l c r i t e r i a which we wish t o consider be low have been i m p l i c i t l y sug-
ges ted i n the l i i e r a t u r e . N a t u r a l l y , d i f f e r e n t decompos i t i on p rocedu res w i l l
dppear t o be d i f f e r e n t i a l l y successfu l with respec t t o t h e d i s t i n c t e v a l u a t i o n
c r i t e r i a .

11. EVALUATION CRITFRIA

The severa l e v a l u a t i o n c r i t e r i a which we l i s t be low a r e mos t l y i n f o r m a l because
they r e q u i r e more o r l e s s s u b j e c t i v e judgment. I f t hese c r i t e r i a appear appro -
p r i a t e , and ifthe decomposi t ion - resynthes is e x p e r i m e n t s we r e p o r t appear i o be
reasonably eva lua ted with them, then a prob lem wor th f u t u r e s tudy i s the f o r m a l -
i z a t i o n o f t hese c r i t e r i a . We do n o t a t t emp t such a f o r m a l i z a t i o n here.
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1. C r i t e r i o n of Pragmat ic Usefu lness i n Eigher - Level Recogn i t i on

Th is c r i t e r i o n measures the success o f an image decompos i t i on , e s p e c i a l l y i n
such a p p l i c a t i o n s as scene ana lys is f o r complex o b j e c t s (Guzman (19711 6) by de te r -
mining the ex ten t t o which higher - ].eve1 image processing r o u t i n e s (some of w h i c h
a re based on ext ra - image p r o p e r t i e s ) can f ind l o w - l e v e l p r i m i t i v e s needed f o r
h igher - leve l p rocess ing as outputs f r o m the decomposi t ion procedure. F o r example,
i n a h e u r i s t i c p a t t e r n manipulation system such as Winograd (1971) 7 a measure of
t h e success o f a scene a n a l y s i s decomposi t ion f o r images con ta in ing polyhedra
would be the ex ten t t o wh ich edges and reg ions , which natura l language process ing
rou t ines ta lk about, can be made a v a i l a b l e f r o m the scene a n a l y s i s programs.

2. C r i t e r i o n o f Succ inctness f o r C h a r a c t e r i z i n g Image Decomposi t ion

Ifone ' s purpose i n decomposing an image i s encoding f o r such purposes as
s to rage o r image transmiss ion, then a valuable decomposi t ion procedure i s one
t h a t reduces t h e in fo rmat ion content o f the image by redundancy e l i m i n a t i o n f r o m
t h a t necessary t o c h a r a c t e r i z e the r a w scan t o a more compact one. In image
a n a l y s l s such a c r l t e r i o n f i n d s p a r t i c u l a r u t i l i t y f o r such a p p l i c a t l o n s as long -
d i s t a n c e facsimile t ransmlss ion , and f o r image s to rage i n l a r g e d a t a banks.

3. C r i t e r i o n o f I n f o r m a t i o n T h e o r e t i c I n v e r t i b i l i t y

Th is c r l t e r i o n measures the success o f a decomposi t ion procedure by whether
the o r i g i n a l i n f o r m a L i o n cdn be complete ly r e s u r r e c t e d f r o m the decomposi t ion
data. The med ia l a x i s t r a n s f o r m o f B lum ( f o r wh ich see g e n e r a l i z a t i o n s i n Lev i
and M o n t a n a r i (1970) 8) has t h i s p roper ty . I n a sense, t h e r e f o r e , n o in fo rmat ion
i s l o s t dur ing the decompos i t i on and hence n o p a t t e r n r e c o g n l t i o n 1s at tempted,
although t rans fo rms o f the decomposl t ion d a t a may be s i m p l e r than transforms o f
the r a w data i n subsequent p a t t e r n r e c o g n i t i o n processes. T h i s c r i t e r i o n i s a
somewhat more s t r i n g e n t vers ion o f t h e second c r i t e r i o n s i n c e the emphasis i s on
image s to rage and it f o r c e s a postponement o f r e c o g n i t i o n t o l a t e r phases o f
image process ing .

4. A Converse o f the T h i r d C r i t e r i on

A converse o f the t h i r d c r i t e r i o n measures the degree o f i n f o r m a t i o n r e d u c t i o n
i n a decomposi t ion procedure. The highest f o r m of such decompos i t i on i s the one
wh ich r e s u l t s i n assigning a unique l a b e l t o t h e pattern, as f o r example i n
charac te r r e c o g n i t i o n . T h i s may thus be viewed as an i n f o r m a t i o n r e d u c t i o n f r o m
n2 b i t s i n t o log 2k b i t s where an n by n b i n a r y image i s ass igned t o one o f k
c lasses.

5 . C r i t e r i o n o f Completeness

The c r i t e r i o n o f completeness i s something o f an e l a b o r a t i o n o n t h e t h i r d
c r i t e r i o n . F r o m the standpoint o f t h i s c r i t e r i o n an image decomposi t ion i s
success fu l ifit can r e s u l t i n t h e r e p r o d u c t i o n o f t h e o r i g i n a l image t o within
some (usual ly i n f o r m a l ) f i d e l i t y c r i t e r i o n , and i f i n a d d i t i o n it can assign t o
the o r i g i n a l image a s t r u c t u r a l d e s c r i p t i o n o f the component p a r t s . The decompo -
s i t i o n must a t t e m p t t o expl icate. how the components a r e represented as members
o f some la rge r c l a s s beyond the ind iv id l ta l image be ing analyzed. The re i s a
d i r e c t analogy between t h i s c r i t e r i o n o f completeness and the type o f c r i t e r i o n
used in natural language processing. There one wishes t o do syntac t ic ana lys is
o f s t r i ngs o f symbols i n such a way that t h e resu l t i ng ana lys is n o t only ass igns
t o the o r i g i n a l input s t r i n g a unique code, but does t h i s i n a way t h a t s t r u c t u r a l
d e s c r i p t i o n s a r e assigned t o r e l a t e d d i f f e r e n t s t r i n g s which m i r r o r t h e
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re la tedness o f t h e symbol s t r i ngs themselves. I n o r d e r t o do t h i s it i s , o f
course, necessary t o ease up on b o t h t h e r e s t r i c t i o n o f i n f o r m a t i o n t h e o r e t i c
i n v e r t i b i l i t y and that o f i n f o r m a t i o n reduc t ion because a s t r u c t u r a l d e s c r i p t i o n
will n e c e s s a r i l y be m o r e e l a b o r a t e than the m i n i m a l code f o r rep resen t ing the
i n f o r m a t i o n source.

6 . M e t h o d o l o g i c a l N i c e t i e s

Methodologica l n i c e t i e s p r o v i d e a f i na l c r i t e r i o n w i t h which one can eva lua te
an image decomposi t ion a lgo r i thm. Some o f these n i c e t i e s may appear ext reme
vers ions o f the s i n e qua non c r i t e r i o n #l,b u t they a r e addressed t o ques t ions o f
how one a L t e m p t s t o g e n e r a l i z e f rom par t i cu la r s o l u t i o n s t o t h e image decomposi -
t i o n p r o b l e m t o g e n e r a l s o l u t i o n s over l a r g e r image c l a s s e s . One such n i c e t y has
t o do w i t h t h e c l e a r separa t i on o f the morpho log i ca l and s y n t a c t i c a l aspec t s
o f image decompos i t i on . I n m o r p h o l o g i c a l decompos i t i on one a t temp ts t o e x p l i c a t e
the s t r u c t u r e o f the image based on p r o p e r t i e s which a r e measurable and i n t r i n s i c
t o the image, whereas in s y n t a c t i c ana lys is one r e l a t e s the image t o o t h e r s f r o m
the same c l a s s and thus e x p l i c a t e s p r o p e r t i e s w h i c h a r e c l a s s p r o p e r t i e s r a t h e r
than i n d i v i d u a l ones.

Another methodo log ica l n i c e t y has t o do with the g e n e r a l i t y o f the decomposi -
t i o n over d i f f e r e n t c lasses o f images. Need less t o say, it i s h o p e l e s s t o a t t e m p t
s y n t a c t i c a n a l y s i s ove r e s s e n t i a l l y d i s t i n c t c lasses , but f o r the morpho log i ca l
aspec t o f decompos i t i on it appears reasonable t o a t t emp t t o use decompos i t i on
procedures which are n e u t r a l with r e s p e c t t o the in tended i n t e r p r e t a t i o n o f the
images.

A t h i r d very impor tan t m e t h o d o l o g i c a l c r i t e r i o n has t o do wi th t h e ease o f
expansion of t h e decomposi t ion a l g o r i t h m t o l a r g e r c lasses o f images. I f one
v iews the p r o b l e m o f image a n a l y s i s as e s s e n t i a l l y an open-ended one i n which
the c l a s s o f images must n e c e s s a r i l y increase i n s i z e with t ime , then a p r o v i s i o n
m u s t be made whereby new in fo rmat ion about image s t r u c t u r e can be f e d t o a s y s t e m
w i t h o u t e s s e n t i a l l y d i s r u p t i n g the behav io r o f t h e a n a l y s i s phase. Many complex
in fo rmat ion sources seem t o r e q u i r e e s s e n t i a l l y open-ended d e s c r i p t i o n s because
o f the d i f f i c u l t y o f an t i c i pa t i ng a c o m p l e t e l y c l o s e d d e s c r i p t i o n o f t h e in forma -
t i o n sources a t any one p a r t i c u l a r t i m e . Except i n the most s t y l i z e d p rob lems ,
m o s t natural image d e s c r i p t i o n has t h i s p r o p e r t y and thus has the need f o r
a l l o w i n g un l im i ted expansion of t h e i n f o r m a t i o n SOU KC^ d e s c r i p t i o n i n d e a l i n g
wi th open-ended c l a s s e s o f images.

In t h i s paper we desc r ibe some experiments w i t h an image decomposi t ion procedure
whlch seems t o s c o r e h ighes t i n t e r m s o f t h e s i x t h o f t h e above c r i t e r i a ( the
methodo log i ca l n i c e t i e s ) , a l though i f i t should f a i l in t e r m s o f the f i r s t c r i -
t e r i o n (pragmat ic ) it would be o f l i t t le value.

111. THE SYNTHESIS TEST

By a syn thes is t es t f o r an image decomposi t ion p r o c e d u r e we mean a t e s t whereby
an image i s resur rec ted OK resyn thes i zed f r o m decompos i t i on i n f o r m a t i o n and then
t e s t e d aga ins t the o r i g i n a l image i n t e r m s o f any one o f a s e t of f i d e l i t y
c r i t e r i a . To understand how a s y n t h e s i s t e s t may be used we might compare t h e
use of t h i s t e s t w i t h the use o f t h e th i rd c r i t e r i o n ment ioned above ( i n f o r m a t i o n
t h e o r e t i c i n v e r t i b i l i t y ) . F o r decompos i t i on procedures w h i c h h a v e t h e i n v e r t i -
b i l i t y p r o p e r t y the syn thes is t e s t 1s p a r t i c u l a r l y s i m p l e t o apply . One
recomputes t h e o r i g i n a l image and then i d e n t i f i e s i t o r measures t h e degree o f
d i s p a r i t y between t h e resyn thes ized image and the o r i g i n a l i n t e r m s oE some common
measure ( c r o s s - c o r r e l a t i o n , Hamming d i s t a n c e o r o t h e r s ) . I n the case o f i n v e r t i -
b l e procedures the match between t h e r e s v n t h e s i z e d and o r i p i n a l images i s usua l l v

p e r f e c t . However, i f t h e r e has been a l o s s of i n f o r m a t i o n dur ing the
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decomposit ion procedure t h e inverse o p e r a t i o n i s n o t unique and the resu l t s of
the matching opera t ion do n o t y i e l d p e r f e c t agreement between the o r i g i n a l image
and the resynthesized one. T h i s i s where the n o t i o n o f a human f i d e l i t y
c r i t e r i o n i s use fu l . By using a human judge t o determine the degree o f d ispar i ty
between an o r i g i n a l image and the one resynthesized f r o m decomposi t ion data, one
may measure whether a decomposlt ion procedure which demonstrably loses informat ion
never theless might preserve the i n f o r m a t i o n which i s e s s e n t i a l about some image.
I n general it i s n o t p o s s i b l e t o determine 5 p r i o r 1 whether a resynthesized image
preserves t h e i n f o r m a t i o n that m a t t e r s t o some human observer, tha t p roper ty
bemg very sens i t i ve l y r e l a t e d both t o the i n f o r m a t i o n source and t o t h e degree o f
knowledge that the subjecc has about t h e Informat ion source.

A synthesis tes t f o r a decomposi t ion procedure i s p a r t i c u l a r l y s t r i n g e n t i n
another way. The a b i l i t y t o synthesize members o f what purpor ts t o be an o r i g i n a l
c lass o f images can make very e x p l i c i t the extent t o which the resynthesized
class e i t he r f a l l s s h o r t o f o r exceeds the intended class o f images t o be in te r -
pre ted . In natural language process ing the synthesis tes t i s a powerfu l one f o r
demonstrat ing the ex ten t t o which a grammar exceeds o r f a l l s short o f cap tu r ing
an intended c l a s s o f sentences. A s i m i l a r b e n e f i t may be obta ined by using
synthesis methods f o r studying image decomposit ion procedures.

IV . RESYNTHESIS EXPERIMENTS

We wish now t o consider some exper iments i n applying the n o t i o n o f resynthesis
t o b io log iLa1 images which have been scanned with a scanning microscope and then
decomposed by a p a r t i c u l a r decomposit ion a lgo r i thm. The images t o be analyzed
are two scans obtained w i t h a scanning microscope (described by Stein, L ipkm
and Shapiro (1969) 9) o f a human leukemic marrow b l a s t c e l l i n an autoradiograph
preparation showing bo th the image s t r u c t u r e and t h e s t r uc tu re o f s i l v e r grains
i n a photographic emulsion over ly ing the image. The c e l l was f i r s t scanned w i t h
w h i t e l igh t i l luminat ion and then with monochromatic b l u e l ight a t a wavelength
where the c e l l nucleus i s subs tan t i a l l y c l e a r i n the p- eparat ion used. For both
the w h i t e and blue scans the blood c e l l image i s represented as an array o f 256
by 256 o p t i c a l br ightness values, each value having elght bSts o f in fo rmat ion .

Figure 1 i s a represen ta t ion o f the c e l l scanned i n w h i t e l ight . Sixteen
d i s t i n c t p r in t i ng characters are used t o suggest the 256 o p t i c a l brightness
values discr iminated by the scanner. Figure 2 i s a corresponding s c a n o f the
same c e l l with the b l u e i l luminat ion.

The decomposition a lgor i thm used i s described by K i r s c h (1971).' We g ive here
a b r i e f descr ip t ion o f t h i s algorithm. For the o r i g i n a l image we f i r s t compute
some brightness cont ras t function which i s a l o c a l l y computable po in t function re -
l a t i n g to the gradient o f the image brightness func t ion . L a r g e r values f o r t h i s
con t ras t funct ion correspond t o higher values o f the brightness gradlent . Next,
connected regions are i d e n t i f l e d which have a con t ras t value equa l t o o r below
some l o w threshold. These are thus reglons o f maximum homogeneity of brightness.
In an i t e r a t i v e procedure the c o n t r a s t threshold i s ra i sed , a l l o w i n g the i d e n t i f i -
c a t i o n o f connected regions o f successively l e s s and l e s s homogeneity. Each o f
the connected reg ions previously i d e n t i f i e d i s p r o p e r l y o r improperly inc luded
i n t h e regions corresponding t o higher threshold. When t w o d i s j o i n t reg ions
coalesce these two regions and thqir coalesence a r e noted i n a t r e e s t ruc ture
wh ich i s preserved dur ing the success ive i t e r a t i o n s o f the algorithm. The
process t e r m i n a t e s when a l l reg ions have coalesced i n t o one maximal s i z e reg ion
o f m i n i m a l homogeneity, usua l l y the whole image. The essent ia l p r o p e r t i e s o f
t h i s a lgor i thm are, f i r s t o f all, that i t i d e p t i f i e s reg ions by th resho ld ing i n
the cont ras t t rans fo rmat ion , and secondly, that the threshold used t o i d e n t i t y
reg ions i s based ne i ther on a s i n g l e un l fo rm thresho ld c r i t e r i o n n o r a l o c a l
one, but r a t h e r one which r e l a t e s t o the connectedness o f reg ions under vary ing
thresholds.
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T h i s (morphological) decomposi t ion algor i thm was a p p l i e d t o the image shown
in Figure 1. In t h i s experiment the c o n t r a s t func t ion was p a r t i t i o n e d i n t o equal
i n t e r v a l s by choosing E ive equally spaced th resho lds . I n addition, because con -
t r a s t func t ions are p a r t i c u l a r l y s e n s i t i v e t o no ise and l o c a l v a r l a t i o n s i n an
image s t r u c t u r e , a l l regions having an area o f l e s s than 16 p i c t u r e e lements were
r e j e c t e d during t h e analysis phase. The consequent decomposi t ion produced a
s i n g l e t r e e s t r u c t u r e having 260 nodes, the top node represen t ing the s i n g l e
rcg lon w i t h 256 x 256 = 65536 p o i n t s i n it,and w i t h the number o f d i s t i n c t
reg ions a t each t h r e s h o l d l e v e l and t h e t o t a l area subtended by them summarized
i n Tab le 1.

TABLE 1.
Summary o f r e g i o n decomposi t ion f o r t h e c e l l shown in Figure 1. Only reg ions o f
a rea -> 16 were accepted. The c o n t r a s t funct ion range was d iv ided by f i v e e q u a l l y

spaced thresholds denoted l e v e l 0, ..., l e v e l 4 .

Contrast Thresho I d

0

Number o f Regions

1
16
40
7 6

1 2 7

T o t a l Area

65536
37922
28888
17286

4732

S i n c e i t i s n o t p C i c a l t o exh ib i t t h e t r e e s r u c t u r e with a l l 260 nodes we
w i l l a t t e m p t t o c h a r a c t e r i z e some o f t h e p r o p e r t i e s o f the morpho log ica l decompo -
s i t i o n t r e e of the image o f F i g u r e 1. Suppose that we take the decomposi t ion t r e e
and e x t r a c t j u s t those nodes corresponding t o the f i r s t l e v e l be low the r o o t o f
the t r e e . As we see in Tab le 1 t h e r e a r e 1 6 d i f f e r e n t d i s j o i n t r e g i o n s a t t h a t
l e v e l i n the t r e e subtending a t o t a l a r e a of 37922 p i c t u r e e lements . In Table 2
we present a summary o f t h e ana lys is o f each o f the i n d i v i d u a l reg lons i n c o n t r a s t
th resho ld l e v e l 1 of the morpho log ica l decomposi t ion t r e e .

A rb i t r a r y
Sequence
Numb er

1
2
3
4
5
6
7
8
9

10
11
12
1 3
14
15
16

TABLE 2 .
Summary o f P r o p e r t i e s o f the 16 C o n t r a s t Th resho ld 1 Regions

Area

6 1
1647

442
79

202
1369
1667

254
36

31695
16

346
2 4
2 1
2 6
3 7

Upper L e f t
Corner:

Row C o l

88 139
1 1 6 7
1 215

12 1 1 7
1 6 1 251
223 178

1 1
9 1 2 7
9 1 4 1

16 71
17 178
86 246

1 8 4 2 4 7
225 216
2 3 1 225
245 245

Br igh tness
(A rb i t r a r y U n i t s )
Whi te B lue
Scan Scan

83 92
198 145

75 11 7
109 121

92 110
95 108

216 152
130 1 3 4
156 14 3
154 125
175 158
207 145
100 1 1 7
128 115
1 2 6 108
186 119

cu t
Members h i p

S B

x x
. .
x .
x x

* .
. .
. .
x x
. .
x x
x .
x x
x x
x x
x x
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I n the r i r s t column o f Tab le 2 i s an a r b i t r a r y sequence number assigned t o each
o f the 16 regions. The second co lumn gives the area o f t h a t region. We n o t i c e
t h a t tho reg ions a r e w i d e l y d i s t r i bu ted in s i z e , ranging f r o m a s m a l l e s t one hav-
i n g area 16 t o a l a r g e s t one having area 31695. 'The next two columns in Table 2
g i v e f o r re fe rence purposes t h e coord ina tes o f t h e upper l e f t h a n d corne r o f each
reg ion . The r o w numbers range f r o m 0 t o 255 f r o m top t o bo t tom and the co lumn
numbers are s i m i l a r l y ranged f r o m l e f t t o r i g h t . I n t h e f i f t h column o f Table 2
we show the b r i g h t n e s s o f the p i c t u r e e l e m e n t s c o n s t i t u t i n g t h e r e g i o n averaged
ove r the whole region. N o t i c e that i n s o t a r as t h i s s i n g l e number rep resen ts the
mean br igh tness over the whole reg ion , a l l i n t e r n a l s t r u c t u r a l i n f o r m a t i o n i s
l o s t . The s c a l e o f va lues f o r the f i f t h co lumn ranges f r o m t h a t o f a darkes t
e l e m e n t w i t h va lue 0 t o a b r i gh ies t one wi th value 255 . The next column gives t h e
mean br igh tness o f the corresponding r e g i o n f r o m t h e b l u e scan o f F i g u r e 2. As
we would expect the d i f f e r e n t r e l a t i v e br ightness among d i s t i n c t reg ions i n t h e
wh i te and b l u e scans r e l a t e s t o t h e d i f f e r e n t s t a i n i ng p r o p e r t i e s o f the p a r t s o f
the u n d e r l y i n g c e l l f r o m wh ich the image der i ves . The l a s t column o f Tab le 2
designates membership i n t w o subsets o r " cu ts " (d i scussed below) f o r each o f the
reg ions given i n the tab le .

Another way t o v i s u a l i z e t h i s f r agmen t o f t h e m o r p h o l o g i c a l decomposi t ion o f
t h e o r i g i n a l image i s t o do a resynthesis of t h e 16 r e g i o n s preserv ing shape in -
format ion but r e p l a c i n g a l l i n t e r n a l s t r u c t u r e by mean br igh tness values. F igure
3 e x h i b i t s such a resyn thes is . S e v e r a l p r o p e r t i e s o f the r e s y n t h e s i z e d image i n
F igure 3 are n o t e w o r t h y . F i r s t we noLe t h a t the ana lys is o f F i g u r e 3 g iven i n
Tab le 2 shows t h a t Lhere a r e o n l y 16 d i s j o i n t reg ions . These reg ions have d i f -
fe ren t mean br igh tness va lues , thus t h e r e g i o n i n the upper r ighthand corner
(sequence number 3, w i t h a rea 442 a t r o w 1, column 215) i s the darkest o f the
reg ions , whereas another r e g i o n (sequence number 7) i s the b r i g h t e s t region and
indeed corresponds t o a p a r t o f t h e image background as can be seen f r o m F igure 3.

S e l e c t i o n o f Decompos i i i ons

We have suggested i m p l i c i t l y that wi th in t h e comple te m o r p h o l o g i c a l decomposi -
t i o n t r e e f o r an image l i k e t h a t o f F i g u r e 1 there appears s u f f i c i e n t in fo rmat ion
L O c h a r a c t e r i z e the morpho logy o f the image i n s o f a r as t h a t morphology i s ev iden t
i n i n t r i n s i c d a t a , r a t h e r than e x t e r n a l s y n t a c t i c c l u e s . To e x p l o r e t h i s mat te r
m o r e s y s t e m a t i c a l l y we wish now t o i n v e s t i g a t e var ious syn thes is procedures.
A l l o f the procedures a r e based upon t h e morpho log ica l decomposi t ion t r e e . We
have a l ready seen i n F igu re 3 a resyn thes ized image con ta in ing 16 r e g i o n s chosen
f r o m the 260 r e g i o n s in t h e who le decompos i t i on t r e e . We a l s o n o t i c e that i n
F i g u r e 3 most of the gross morphology r e l a t i n g t o such things as figure - ground
separa t i on and i d e n t i f i c a t i o n o f l a r g e reg ions seems t o have been made e x p l i c i t .

In o r d e r f u r L h e r t o i n v e s t i g a t e r e s y n t h e s i s procedures we i n t r o d u c e t h e n o t i o n
o f a " cu t " f o r a t r e e . By a c u t we mean a subset o f nodes s a t i s f y i n g t h e f o l l u w -
ing r e c u r s i v e d e f i n i t i o n :

a. The s e t c o n s i s t i n g o f the r o o t o f a t r e e i s a c u t

b. L E A i s a c u t of a t r e e and i f B i s obta ined f r o m A by rep lac ing a member
o f A by a l l i t s immedia te descendants i n the t r e e , then B i s a c u t .

c . A l l and o n l y such s e t s of nodes a r e cuts.

We see thus t h a t the s e t o f 1 6 nodes f r o m which Figure 3 was resyn thes i zed
r o n s t i t u t e s a c u t o f t h e t r e e . In a c e r t a i n sense a c u t c o n s t i t u t e s a maximal
s e t of nodes t o r d e s c r i b i n g an image s t r u c t u r e , the re being many such max imal
s e t s . To see how o t h e r c u t s might be generated, consider the d i s L r i b u t i o n o f the
t e r m i n a l dnd non - terminal nodes o f the decomposi t ion t r e e as shown i n F igure 4 .
We see the nodes o f t h e t r e e a t each l e v e l p a r t i t i o n e d i n t o those which d r e
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t e r m i n a l and have no c o n s t i t u e n t s t r u c t u r e o f the i r own, and those which a r e non-
t e r m i n a l and hence con ta in o t h e r subnodes corresponding t o subregions. Another
c u t o f the t r e e suggested by F i g u r e 4 cons is ts o f a l l the t e r m i n a l nodes (a t o t a l
o f 232) . F igu re 5 e x h i b i t s a resyn thes is o f the image c o n s i s t i n g on ly o f t h e s e
232 t e r m i n a l nodes, aga in with the mean br ightness f o r the nodes r e p l a c i n g the
i n t e r n a l image s t r u c t u r e i n the resyn thes i zed image. The resyn thes ized image o f
F igure 5 q u i t e e v i d e n t l y c o n s i s t s o f the f i n e s t r u c t u r e of the o r i g i na l image
j u s t as the l e v e l 1 cut i n F igu re 3 exh ib i t s the g ross s t r u c t u r e o f the image.
The area o f t h i s t e r m i n a l node c u t i s 10308 p i c t u r e e lements . Those members o f
t h i s c u t which appear among the 1 6 i n Tab le 2 a re i n d i c a t e d by a n "x" i n column
seven under "B".

As we v iew the m o r p h o l o g i c a l decompos i t i on p rocedu re i t serves t o p r o v i d e a
l a r g e s e t o f a l t e r n a t i v e s t o h i g h e r - l e v e l s y n t a c t i c a l ana lys is rou t ines , among
wh ich a l t e r n a t i v e s a c h o i c e may be made w i t h r e s p e c t t o w h i c h s e t (usual ly a cu t )
i s t o be used f o r h i g h e r - l e v e l p r o c e s s i n g purposes.

An i n t e r e s t i n g example o f how a h igher - leve l procedure wou ld invoke a mor -
p h o l o g i c a l a n a l y s i s procedure i s i l l u s t r a t e d by the next example. He re we make
use o f t h e a d d i t i o n a l i n f o r m a t i o n p resen t i n the scan o f F igu re 2 made i n blue
l i g h t . Because o f the h is tochemica l nature o f the b i o l o g i c a l p r e p a r a t i o n we know
that c e r t a i n reg ions i n t h e image should be dark i n b o t h the w h i t e l ight and i n
the b l u e l i gh t scan, whereas o t h e r r e g i o n s might be d i s t i n g u i s h e d by the t w o d i f -
f e r e n t sources o f i l luminat ion . I n order t o s e l e c t those nodes which a r e maxi -
m a l l y s i m i l a r i n the w h i t e and the b l u e l i g h t scan we can choose a cut f o r the
morpho log ica l t r e e i n the f o l l o w i n g way. We s t a r t w i t h the r o o t o f the t r e e and
then success ive l y invoke s t e p 2 i n t h e d e f i n i t i o n above o f a c u t , o r n o t invoke it
i n such a way as t o make the d i s p a r i t y b e t w e e n t h e average br igh tness o f r e g i o n s
i n the w h i t e and b l u e scan m i n i m a l . Thus t h e s e l e c t i o n o f subnodes in the t r e e ,
which i s an o p t i o n p rov ided by the d e f i n i t i o n o f a cu t , i s made acco rd ing t o w h a t
i s e f f e c t i v e l y an e x t e r n a l c r i t e r i o n , namely s i m i l a r b r igh tness i n t w o d i f f e r e n t
scans. By s t a r t i n g f r o m the r o o t o f the t r e e and s u c c e s s i v e l y r e p l a c i n g nodes
w i t h subnodes when the mean t w o - c o l o r d i s p a r i t y i n br ightness o f t h e subnodes i s
l e s s than that o f t h e parent node, we generate another cut f r o m the t r e e . T h i s
cu t c o n s i s t s o f a mix tu re o f t e r m i n a l and non - terminal nodes having a t o t a l o f
100 nodes and an area of 20719 p i c t u r e e l e m e n t s . We may then r e s y n t h e s i z e the
image f r o m mean br igh tness data using t h e c u t thus generated and o b t a i n a resyn -
t h e s i z e d image as shown i n Figure 6 . Those of the 100 nodes appearing i n Tab le 2
a r e i n d i c a t e d by an "x" i n the l a s t column under " 5" .

We have thus seen a f e w of t h e many a l t e r n a t i v e p rocedu res f o r decomposing an
image using a m o r p h o l o g i c a l decomposi t ion a l g o r i t h m f o l l o w e d by a s e l e c t i o n o f a
c u t s e t of nodes t o p a r t i t i o n t h e image i n t o d i s j o i n t reg ions . The t e s t o f the
adequacy o f such a p a r t i L i o n i n g w i t h respect t o some intended i n t e r p r e t a t i o n
w i t h a human f i d e l i t y c r i t e r i o n i s t h e t e s t o f resyn thes iz ing t h e image p r e s e r v i n g
t h e decomposi t ion d a t a and then i n s p e c t i n g t h e image f o r f i d e l i t y w i t h r e s p e c t t o
t h e o r i g i n a l .

Other C o n t r a s t Func t i ons

The na tu re o f t h e s e t o f decomposi t ions a v a i l a b l e f r o m an image i s o f cou rse
r e l a t e d t o the cho ice o f c o n t r a s t f u n c t i o n used f o r generat ing the morpholog ic
t r e e . A c o n t r a s t f u n c t i o n r e l a t e d t o t h e g rad ien t o f t h e image br igh tness seems
n a t u r a l f o r d i s c r l m i n a t i n g o b j e c t s wh ich a r e r e l a t i v e l y u n i f o r m i n t h e i r i n t e r i o r
and bounded by c o m p a r a t i v e l y sharp boundaries. I n b i o l o g i c a l images o b t a i n e d
f r o m the l i g h t m ic roscope t h i s l a r g e l y c o n s t i t u t e s the c l a s s o f ob jec ts w h i c h a r e
bounded by membranes. There are, however, many types o f o b j e c t s which we have
e l sewhe re c a l l e d c o n s t r u c L i v e o b j e c t s . They a r e c h a r a c t e r i z e d by v a r i a t i o n in
br igh tness and appear t o be e i t h e r n o t sharp ly bounded o r e l s e mere l y t e x t u r a l
within t h e i r i n t e r i o r .
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In t h e scans of F igu re 1 and 2 we have examples o f such o b j e c t s . These a r e
the s i l v e r p a r t i c l e t r a c k s produced by r a d i o a c t i v e decomposi t ion i n a photographic
emu ls i on over ly ing the b l o o d c e l l s o f the image. S ince these s i l v e r gra ins a r e
s u b s t a n t i a l l y u l t r a s t r u c t u r a l w i t h respec t t o the l i g h t microscope and hence not
reso lvab le , they appear as reg ions o f heterogeneous br igh tness usua l l y with a l o w
mean value o f b r igh tness because they a r e opaque. This suggests that f o r such
o b j e c t s a d i f f e r e n t type o f c o n t r a s t f u n c t i o n might be approp r ia te , namely one
which i s monotone - decreasing as a func t ion o f magnitude o f the p o i n t va lue o f the
gradient o f the br igh tness f u n c t i o n . Such a func t ion w h i c h i s monotone - decreasing
as opposcd t o the monotone - increas ing f u n c t i o n used i n t h e above examples, was
used t o study t h e image o f F i g u r e 1. The s e t o f t e r m i n a l nodes obta ined f r o m
such a decomposit ion ( t h e analog o f those used t o produce F i g u r e 5) was used t o
resyn thes ize an image, aga in using mean br ightness v a l u e s , t h i s t ime f o r the
d i f f e r e n t c o n t r a s t f u n c t i o n with t h e r e s u l t shown in F i g u r e 7 . We n o t i c e t h a t
F igure 7 c o n s i s t s o f t w o c lasses o f o b j e c t s , those which a r e e v i d e n t l y boundaries
between r e a l o b j e c t s i n the o r i g i n a l image, a n d secondly those which arc whole
regions of s u b s t a n t i a l he te rogene i t y o f b r i g h t n e s s such as t h e dark s i l v e r g r a j n s .

V. REMAINING PROBLEMS

As w i t h any in te res t i ng p rob lem the use o f morphological decompos iL lon methods
suggests more quest ions than it answers. We wish b r i e f l y t o touch upon these
questions as suggest ions f o r further w o r k .

1. Use o f Formal ized S y n t a c t i c Models

We have g i v e n an example o f the use o f ex t ramorpho log ica l i n f o r m a t i o n co r -
responding t o scans wi th d i f f e r e n t i l luminat iun wavelength as a method f o r
s e l e c t i o n o f t h e proper s e t o f reg ions f r o m a morpho log ica l decompos i t i on . How-
ever , thcre a r e many o t h e r ways in w h i c h ex t ramorpho log i ca l i n f o r m a t i o n can be
used. Such s y f l t a c t i c methods have been discussed p r e v i o u s l y i n Lipkin, Watt, and
K i r s c h (1966) where p a r t i c u l a r n o t e i s made o f l i n g u i s t i c o r d e s c r i p t i v e mode ls
and their r e l a t i o n t o the m o r p h o l o g i c a l d a t a in images. Other types o f s y n t a c t i c
i n f o r m a t i o n that can be used are taxonomic d a t a r e l a t i n g t o the taxonomy o f a
p a r t i c u l a r c l a s s o f images, o r developmental informat ion. Image organ iza t ion can
be viewed as a r e f l e c t i o n o f image s t r u c t u r e which i n turn i s a r e f l e c t i o n o f t h e
morphological development ( in such images as c e l l s ) which has produced the image
s t r u c t u r e as a consequence o f under ly ing processes. A f inal example o f the use
o f s y n t a c t i c methods i s i n the w o r k o f Ha r l ow (1971)1 1 where a p r i o r i in fo rmat ion
about the ana tomica l o r g a n i z a t i o n o f , i n h i s case, X- rays o f the chest can be
used as a s e l e c t i o n c r i t e r i o n f o r morpho log i ca l d i s c r i m i n a t i o n .

2 . I n c r e m e n t a l Decompos i t i on

The procedures f o r morpho log i ca l decompos i t i on descr ibed above a r e very ex -
pensive i n terms o f the computer t i m e invo lved . In the example i l l u s t r a t e d above
an e n t i r e decomposi t ion t r e e i s produced and then 260 s e p a r a t e reg ions must be
i s o l a t e d and var ious fea tu res measured f o r each o f those reg ions . O n a l a r g e
general - purpose computer t h i s can t a k e on t h e o r d e r o f an hour o f computer t i m e
f o r an image the s i z e given i n 0u.r example. I f one has a p a r t i c u l a r s e t o f
s y n t a c t i c a l l y generated s e l e c t i o n c r i t e r i a f o r morpho log i ra l s e l e c t i o n , it
appears p o s s i b l e t o a v o i d much o f t h e computation necessary in morpho log ica l
decomposi t ion by syntax -driven techniques. Thus i n the example where a c u t was
chosen based on c o l o r d iscrepancy in fo rmat ion , the s y s t e m a t i c na tu re o f the
p rocess descend ing f r o m the r o o t o f the t r e e t o subsequent l e v e l s c o u l d be
te rm ina ted whenever the s y n t a c t i c a l d e c i s i o n c r i t e r i o n had been m e t . Th is would
avoid much compu ta t i on and c o u l d conceivably make the process a c c e p t a b l y
e f f i c i e n t .
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3. S e l e c t i o n o f Decompos i t ions by Fea tu re Analysis Techniques

S ince fea tu re a n a l y s i s and p r o p e r t y f i l t e r methods (Rosenfeld (1969) i n
chapter 7 ) 1 2 a re so widespread i n p a t t e r n r e c o g n i t i o n a p p l i c a t i o n s i t appears
w o r t h w h i l e t o cons ide r t h e s e t o f reg ions i n a morphological decomposi t ion as
candidates f o r f e a t u r e a n a l y s i s and subsequent pa t t e rn r e c o g n i t i o n by these
r e l a t i v e l y s imp le methods. These methods w o r k w e l l f o r p a t t e r n r e c o g n i t i o n on
i s o l a t e d pat te rns with no m u l t i p l e reg ion p r o b l e m s . Bu t dccompos i t i on methods
such as the one considered h e r e p rov ide j u s t such i s o l a t e d p a t t e r n s . Thus, it
appears w o r t h w h i l e t o pursue the q u e s t i o n o f s e l e c t i o n o f nodes f r o m a morpho -
l o g i c a l decomposi t ion by f e a t u r e analys is testsand t h e s i m p l e types o f p roper ty
f i l t r a t i o n t h a t can r e s u l t . These methods may he i n t e r m i x e d w i t h methods tha t
e x p l o i t t he s t r u c t u r a l in fo rmat ion i n t h e morphology t r e e t o y i e l d f a i r l y elab -
o r a t e decomposi t ion c r i t e r i a w h i c h can t h e n he sub jec ted t o t h e same type o f syn-
t h e s i s t e s L that we used above.

4 . Space - F i l l i ng Requirements

It i s immed ia te l y obvious f r o m the synthesized images exh ib i ted above that the
reg ions c o n s t i t u t i n g the resyn thes ized image a r e d i s j o i n t s ince they a r e sepa-
r a t e d by w h i t e space i n our f i g u r e s . The resynthesized images a re thus non-
c o m m i t t a l w i t h respec t t o the i r handling o f t h e background f o r any p a r t i c u l a r
r e s y n t h e s i s . Severa l ways suggest themselves f o r handl ing background. One wou ld
be based on growth and propaga t ion techniques. One could propagate r e g i o n s main -
t a i n i n g t h e i r mean b r i g h t n e s s values un t i l i n t e r s e c t i o n takes p l a c e btween d i s -
jo in t reg ions . T h i s w o u l d r e s u l t in a s p a c e - f i l l i n g type o f resyn thes is and in
images t h a t might s a t i s f y o t h e r types o f more s t r ingent synthesis t e s t s .

V I . CONCLUSION

In our d iscuss ion we have employed an image decompos i t l on method wh ich we hope
can he o f f a i r l y broad use a t l e a s t within the c l a s s o f b i o l o g i c a l microscope
images and hopeful ly , i n a s t i l l b roader c l a s s o f images. We have a t t emp ted t u
eva lua te t h e kind of decompos i t i on produced by invoking the synthesis t e s t o f re -
syn thes iz ing images f r o m decompos i t i on data. The r e a l reason f o r using a syn-
t h e s i s t e s t , d e s p i t e the many arguments we o f f e r above i n support o f it,i s t h a t
it represents one o f the b e s t ways o f t r y i n g t o understand how i t i s t h a t a p a t -
t e r n r e c o g n i t i o n procedure works when it does. S i n c e so much e f f o r t i s neces -
s a r i l y devoted t o g e t t i n g p a t t e r n r e c o g n i t i o n procedures f o r complex images mere l y
t o exh ib l t s a t i s f a c t o r y behavior , it may seem premature t o he concerned with
issues of why such procedures work. I t does seem, however, t h a t u l t i m a t e l y one
m u s t encounter such ques t i ons and answer them. The present paper i s an a t temp t t o
suggest how t o o b t a i n such answers.
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RosenfeZd:

l e f t whi te on your output s i q l y the sum t o t a l o f those areas that were too smal l
t o get put i n t o the t r e e ?

Im. a l i t t l e unclear as t o where the backpound cones from. Are the po in ts

Kirsch:

f i r s t , the way that you mentioned, those regions which a r e too smal l t o be
accepted i n the f i l t e r i % process; secondly, the regions which are above the
chosen threshold, which do not have t o ‘re thin lir,es because these are continuous
images. You see, since we a r e no t dea l i r g with line images the regions that form
boundaries i n such inages might themselves have oubstantial. area. In the paper I
glve the t o t a l area o f these objects and you see how much i s I n fact accounted f o r
as hourdary. This s w e o t s immediately that some type o f thinning algoritlm ~ g h t
be appropriately used t o fill in pictures o f t h i s so r t .

No, the area that i s white in those images i s accounted f o r in two ways:

Roscnfeld:

e i t y b f a region and you then take connected components wjth respec t t o that c r i -
t e r i on , I c a n see how very inhomogeneous regions break up i n t o tiny cornponents
and thereby get l e f t out, but if by d e f i n i t i o n a region means a connected compon-
ent with respect t o a homogeneity c r i t e r i m , T don’t see how there can Se a region
which i s homzgeneous. C a n you enlighten me a little further, o r mybe we will
have t o do it privately?

Kirsch:

concerned, as I understand It,with regions which arc heterogeneous, that i s which
a r e not homogeneous, x,d you ask how i t i s that heterogeneous regions show up as
s i n g l e coherent connected objects. P Ie reason i s that +he heterogeneity i s a var-
i a b l e parameter and as one ra ises the value o f t h i s parameter, ra ises the thres -
hold, regions that a-e heterogeneous now are, with respect t o that thresho?.d, no
longer s u f f i c i e n t l y heterogeneous t o break up i n t o separate parts, hence they
become s ing le connected objects. As you move i n t h i s type o f t ree diagran you are
makirg more and more heterogeneous regions ir . to s i n g l e connected regions until
finaily the very top node represents one region, the xhole image, which has a
heterogeneity which i s l e s s than o r equal t o the maximum heterogeneity in the
whole image.

I am s t i l l a l i t t l e tit l o s t . When you have a cr i te r ion f a r the homogen-

Well, l e t me try t o cha- acterize the thing that ’s worrying you. You are

3osenfela:
Your Table1 shows the number o f regions as a func t ion o f the cont-ast th res -

hold; T w a r t t o mention a cur ious four th power law discovered by !“Itt-Smith e t a l ,
namely: i f you look at connected components o f constant grey leve l , the number
o f such components i s inversely proportional t o the fourth power o f t he area. It
would be o f some in te res t empir ical ly t o ask what so r t o f power law i s revealed
by the sorts o f components that you are obtainbg.

Kirsch:

ments c o n f i n n that, although we’haven’t in fact done any formal experiment o f that
s o r t .

That’s a very in te res t i ng point. Intui t ively I would say that o w experi -

McComick:

s i c a l paper o f b g e r s on Nmerical Taxonomy. As far as 1 can see, you f i r s t form
homogeneous regions by introducing a contrast f u n c t i o n and then map these regions
into a n association graph. Then you break up the gaph by s e t t i n g a threshold

There i s a great deal o f s im i la r i t y Setween w h a t you are doing and the clas -
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c r i t e r i o n on the strength o f the c o e f f i c i e n t s o f associat ior . between neighbourirg
regions. This strategy, as fa- as I can deternice, decomposes the association
graph i r t o a t r e e s t r u c t u r e by a mechanism ident ica l t o the one used by Rogers.

But Rogers goes on and does sonethi% whichIdidn't hear discussed here
and on whichIwould l ike your c m e n t s . Many o f the ncdes in t h i s process m y
be, i n :some sense, superfluous. That i s , one can have ne ig '~bou~ ingpo in ts o f
nodal break - of f fo r small perturbations o f the coef f ' i c ien t o f association. I t ' s
l i k e m a k i n g a phylogenic t r e e : one wants t o get more signif icant nodes, nodes
which are stable so that a l i t t l e change i n the thresriold will not suddenly m k e
a new configuration. For that reason Rogers introduced the concept o f moat, i . e .
how much you have t o be able t o move the contrast funct ion t o get a new node, and
introduced other s e l e c t i o n processes t o s e l e c t out the more s t a o l e nodes - i .e. ,
i n your work, the p r e f e r r e d regions. Do you have a simi:ar c l u s t e r i n g s t r a t e u
i n your work, o r not?

Kirsch:
No, Idon't. I view the decomposition t r e e as a s e t o f morphological choice:

provided t o a l a t e r synt.actica1 process which se lec ts the par t icu lar deco!rposition
f o r an image. I n the t ree ?LagramI'nusing there a r e mar.y d i f f e r e n t ways o f
characterizing tbe whole image by choosi% di f ferent se ts o f nodes across the
t ree , t h e so- called cuts. Now, which one i s be t te r? I don't know. I'msuggest -
kg that the choice o f nodes should be done by essent ia l l y a syntact ica l process,
a process that uses other information than what i s i n t r i n s i c i n the i m g e i t s e l f .
This I o f f e r as a suggestion fo r how t o continue the program that Narasimhan and
I,and others, have been in te res ted i n f o r so long : attenptirg t o irrpose l i n g u i s -
t i c constraints which are, o f course, n o t i n the b a g e but i n the c u l t w e f o r
looking a t the irlage.


