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I V

ABSTRACT

CYTOLOGICALIMAGE 

CONTOUR EXTRACTION AND REGION SEGMENTATION

by  

YUAN LI

A dvisor: P ro fe s s o r  J o s e p h  B arba

In th i s  d o c to ra l d is s e r ta t io n , m u lt- i th re s h o ld in g  com bined  with b in a ry  

m orphological e d g e  d e te c tio n  a n d  reg io n  e x tra c tio n  a p p ro a c h e s  fo r 

cy to lo g ica l im ages a re  in v e s t ig a te d . S pec ifica lly , te c h n iq u e s  fo r 

d e te c tio n  o f th e  ce ll a n d  n u c le a r  c o n to u rs  in  cy to lo g ica l specim ens 

a r e  p re s e n te d . Gray  lev e l im ages a r e  v iew ed a s  s ta c k e d  b in a ry  b it p lan e  

w ith e a ch  b it  p lan e  im age r e p r e s e n t in g  th e  e f fe c t  of th re s h o ld in g  

th e  g ra y  lev e l im age w ith m ultip le  g r a y  lev e l w indow s. A b in a ry  

m orpholog ical e d g e  d e te c to r  is  em ployed  to  id e n tify  e d g e s  on se le c te d  

b i t  p lan e s . A sim ple  c o n to u r  t r a c k in g  a lg o rith m  in c o rp o ra t in g  a  p r io r i  

in fo rm atio n  of t h e  ce ll s t r u c tu r e  is  u s e d  to  id e n tify  th e  m ost like ly  

ce ll an d  n u c le a r  c o n to u rs . F u r th e r  r e f in e ry  is  m ade by  m atch ing  e a ch  

b in a ry  e d g e  w ith th e  g r a d ie n t  o f th e  o r ig in a l  im age. A f ig u r e  of m erit 

i s  d e fin e d  a n d  u s e d  fo r  s e le c tin g  sp e c if ic  b in a ry  e d g e s  (ro o t e d g e s )



w hich m ost lik e ly  c o n ta in  t h e  c o n to u rs  of th e  cell im age w ith b e s t  

e x tra c ta b il i ty . A f a s t  a n d  e ffe c tiv e  te c h n iq u e  is  a lso  p re s e n te d  fo r  

d e te rm in in g  ro o t e d g e s  au tom atica lly  b a se d  on s e a rc h in g  b in a ry  e d g e s  in  

th e  sp a tia lly  s h if te d  im ages. A dd itionally , a  tw o -s te p  h ie ra rc h ic a l 

reg io n  an d  te x tu r e  s e g m e n ta tio n  te c h n iq u e  by  u s in g  v e c to r  q u a n tiz a tio n  

is  p r e s e n te d . T he re g io n s  e n c o d ed  by  low r a t e  v e c to r  q u a n tiz e rs  a re  

r e f in e d  by  s e a rc h in g  th e  re p la c e m e n t of a  much la r g e r  codebook 

c o n ta in in g  all th e  e d g e  in fo rm atio n . Cell re g io n s  a r e  a lso  seg m en ted  

in to  tex to n  re g io n s . R elated  te x tu r e  f e a tu re s  a r e  th e n  e x tra c te d  fo r  

f u r th e r  a n a ly s is  a n d  c la s s if ic a tio n .
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CHAPTER 1 

INTRODUCTION

1.1 The Im p o rtan ce  of C ytological Im age Segm entaion

The main p u rp o se  of cy to lo g y  is  to  d i f f e re n tia te  b e tw een  norm al 

ce lls , re a c tiv e  c e lls  ( th o se  w hich h av e  u n d e rg o n e  a  n u m b er  of 

r e v e r s ib le  c h a n g e s  a s  a  r e s u l t  o f inflam m ation o r  i n j u r y )  a n d  

m alignan t c e lls ; i f  m alig n an t c e lls  h a v e  b e e n  fo u n d ,  to  d e te rm in e  th e  

p re c is e  ty p e  o f tu m o r a n d  th e  p ro g n o se s  o f optim al t re a tm e n t. Most of 

th e s e  goa ls  a re  a c h ie v e d  b y  ro u tin e ly  exam ining th e  cy to lo g y  

spec im en s u n d e r  m icroscopes. The d ia g n o s is  is  b a sed  on th e  o b se rv a tio n  

a n d  in te r p re ta t io n  o f th e  m orphological im age f e a tu r e s  by  a 

t r a in e d  p a th o lo g is t . F o r la rg e  am oun t of ce ll im ages, p e rfo rm in g  th e  

exam ination  is  a  te d io u s , f a t ig u in g  a n d  tim e consum ing  p ro c e s s ; in  

th e  U n ited  s ta t e s  a lo n e , a b o u t one  h u n d re d  million w h ite  blood ce lls  

a r e  exam ined y e a r ly . V arious te c h n iq u e s  h a v e  been  d e v ise d  to  au tom ate  

t h i s  p ro c e s s , u n fo r tu n a te ly , m any o f th e s e  te c h n iq u e s  fa ll s h o r t  of 

e x p e c te d  p e rfo rm a n c e .

T he n e e d  fo r  m odern  c o m p u te rs  in  c y to lo g ica l im age a n a ly s is  a n d  

c la ss if ica tio n  h a v e  b een  well re c o g n iz e d  fo r  tw o d e c a d e s . C om puters 

can  b e  u se d  n o t on ly  fo r  th e  r a p id  id e n tif ic a tio n  o f ce lls  fo r  

p u rp o s e s  of d ia g n o s tic  sci->e.iing a n d  c la s s if ic a tio n , b u t  a lso  to  a id  

th e  h e a lth  p ro fe s s io n a l in  m aking d if f ic u lt  d ia g n o s tic  d e c is io n s . 

In  c y to -p a th o lo g y , hem ato logy  a n d  h is to -p a th o lo g y , th e r e  e x is t  many
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in s ta n c e s  w here  th e  d isc r im in a to ry  pow ers  o f hum an  v ision  an d  human 

v isu a l a s se s sm e n t a r e  lim ited  in  m aking a  d ia g n o s tic  d ec is io n . The 

co m p u te r may p ro v id e  a  q u a n ti ta t iv e  too l w hich will be  ab le  to  help  

so lv e  th e s e  p ro b lem s.

T he m ajo rity  o f co m p u te r im age p ro c e s s in g  in  b iom edical r e s e a rc h  is  

d e v o te d  to  a u to m a ted  a n a ly s is  o f b io log ical c e lls . The main re a s o n s  

fo r  p lac in g  e m p h asis  u p o n  ce ll a n a ly s is  a re : 1) cell a n a ly s is  is  a 

w e ll-d e fin ed  p rob lem  in  th e  biom edical f ie ld  fo r  w hich m odern  c o m p u te rs  

may b e  s u c c e s s fu lly  em p loyed  to  p ro d u c e  u se fu l r e s u l ts ;  a n d  2) cell 

a n a ly s is  is  a  p ro c e s s  o f fu n d am e n ta l im p o rta n c e  in  b io log ical an d  

m edical s tu d ie s  a s  exem plified  b y  th e  a n a ly s is  of blood sm e a rs  an d  

t is s u e  se c tio n s  in  m aking d ia g n o s is  a n d  p ro g n o s is .

T h re e  b e n e f i ts  a r e  e x p e c te d  from  re lia b le  co m p u te r  cell im age 

a n a ly s is  a n d  c la s s if ic a tio n  te c h n iq u e s :

1. To e x te n d  th e  b e n e f it  of an  e a r ly  d e te c tio n  o f c a n c e r  to  a  la rg e  

f ra c tio n  o f p o p u la tio n ;

2. To f r e e  t h e  la b o ra to r ie s  o f te d io u s  ro u tin e  work b y  e lim inating  

m ost o f th e  n e g a tiv e  c a se s ;

3. To h o p e fu lly  in c re a s e  b o th  s e n s i t iv i ty  a n d  s p e c if ic ity  o f th e  

m ethod.

H is to rica lly , a n a ly s is  a n d  c la ss if ic a tio n  o f c e lls  a r e  done  b y  th e  

v isu a l a p p e a ra n c e  o f th e  c e lls  u n d e r  th e  m icroscope. The au tom ation  

of t h i s  b a s ic  v isu a l  p ro c e d u re  will be  more e a s ily  a c c e p te d  by 

c y to lo g is ts  i f  t h e  au tom atic  te c h n iq u e  im ita te s  to  some e x te n t  th e
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hum an  rec o g n itio n  p ro c e s s . Not s u rp r is in g ly ,  c e ll a n a ly s is  by  com pu ter 

is  p e rfo rm e d  in  t h r e e  s u c c e s s iv e  s te p s  (a lso  t r u e  o f im age a n a ly s is  in  

g e n e ra l) :

(1) S egm en ta tion , w hich m eans th e  decom position  o f th e  c e lls  in to  i t s  

com ponen ts .

(2) Cell f e a tu re  e x tra c tio n , w hich  is  th e  s te p  by  w hich q u a n ti ta t iv e  

ph o to m e trica l, g eo m etrica l, te x tu ra l  a n d  m orpholog ical cell 

in fo rm atio n  i s  e x tra c te d  from  th e  se g m e n ted  c e ll im ages.

(3) C lassifica tio n , w hich c o n s is ts  o f t h e  a ss ig n m e n t of c la s s  lab e ls

to  th e  in d iv id u a l ce lls .

T he m ost c ru c ia l  p a r t  o f au to m ated  ce ll im age a n a ly s is  is  th e

se g m e n ta tio n  of th e  ce ll s c e n e  in to  m ean ingfu l re g io n s . T he re a so n  is  

t h a t  e r r o r s  in  th e  se g m e n ta tio n  p ro c e s s  may p ro p a g a te  to  m easu rem en t

e x tra c tio n  a n d  to  th e  c la s s if ic a tio n  of th e  o b je c ts  in  th e  s c e n e  an d

t h i s  may fin a lly  r e s u l t  in  a n  e r ro n e o u s  s c e n e  in te r p re ta t io n .

A utom ated ce ll c la s s if ic a tio n  te c h n iq u e s  h a v e  tre m e n d o u s  d iff ic u ltie s  

in  c o r re c tly  se g m e n tin g  th e  v a s t  v a r ie t ie s  of ce ll im ages in to  m ean ing­

fu l  se g m e n ts  in  a  re lia b le  way. T h is  i s  d u e  to  th e  la r g e  am ount of

im a g e ry  p rob lem s t h a t  m ust b e  a d d re s s e d  s u c h  a s  o f p o ss ib le  low c o n tr a s t  

b e tw e en  th e  d i f f e r e n t  re g io n s ; th e  sm ooth  te x tu r e  v a r ia t io n s  o b se rv e d  

in s id e  th e  o b je c ts ;  a s  well a s  f r e q u e n t  c o n ta c ts  b e tw een  th e  c e lls  an d  

a r t i f a c ts ,  f o r  w hich g r a y  lev e l, o r  e v e n  c o lo r c h a ra c te r is t ic s ,  a re

o f te n  sim ilar.
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N um erous se g m e n ta tio n  m ethods fo r  d ig itiz e d  ce ll im age sc e n e s  fo r 

p e r ip h e ra l  blood sm e a rs  o r  bone m arrow  sm e a rs  h a v e  been  p ro p o sed . 

A s u r v e y  of th e  seg m e n ta tio n  schem es d ev e lo p ed  in  q u a n ti ta t iv e  cy to logy  

is  g iv en  by  Fu a n d  M ui1. A lthough  th e  te c h n iq u e s  w ere deve lo p ed  well 

o v e r  a  d e c ad e  ago  m ost a r e  s t i l l  u se d  in  th e  la b o ra to ry  ex p erim en t 

s ta g e .

M otivated by  th e  c o n s id e ra tio n  t h a t  c o r r e c t  s c e n e  se g m en ta tio n  is  a 

v e r y  im p o rta n t, d if f ic u lt  a n d  e r r o r - p r o n e  p ro c e s s  in  au tom ated  cell 

a n a ly s is  a n d  c la ss if ic a tio n  a n d  th a t  no p e r fe c t  schem e is  av a ilab le  fo r  

th i s  p u rp o se , we h a v e  p u t  m uch e m p h asis  in to  th e  d e s ig n  of new te c h n i ­

q u e s  fo r  th e  a c c u ra te  seg m en ta tio n  of ce ll im age.

1.2 G eneral Goal o f th e  R esea rch

C u r re n t  cy to lo g ica l im age se g m e n ta tio n  te c h n iq u e s  c a n  be c a te g o riz e d  

in  th e  follow ing th r e e  c la sse s :

1. T h re sh o ld in g  a n d  c h a ra c te r is t ic  f e a tu r e  c lu s te r in g

2. E dge d e te c tio n

3. Region e x tra c tio n

A p p ro ach es  to  ce ll im age se g m e n ta tio n  b y  th re s h o ld in g  o r  c lu s te r in g  

a r e  f a s t  a n d  sim ple  b u t  s u f f e r  b e c a u se  no  s p a tia l  in fo rm atio n  is  

g e n ra lly  u se d  d u r in g  th e  s e a rc h  fo r  seg m e n ta tio n  th re s h o ld s  o r 

c lu s te r  b o u n d a r ie s . T his m eans t h a t  th e r e  is  no g u a ra n te e  th a t  

e i th e r  th e  p ixels o f in d iv id u a l se g m e n ts  will be  c o n n e c te d  n o r t h a t  

se g m e n ts  sh a p e  fu lfill an y  w e ll-d e fin ed  geom etric  c o n d itio n s . E dge



5

d e te c tio n  will p e rfo rin  well w hen th e  b o u n d a r ie s  of th e  ce ll im age a re  

d isc e rn ib le . B ut d u e  to  th e  f r e q u e n t  a p p e a ra n c e s  of v a ry in g  a n d / o r  low 

c o n t r a s t  b o u n d a r ie s  a n d  s u r ro u n d in g  a r t i f a c ts  a c c u ra te  b o u n d a r y  e x tr a c ­

tio n  is  d iff ic u lt. Region e x tra c tio n  by  reg io n  g ro w in g  is  a  p rom ising  

a p p ro a c h , b u t  d u e  to  a  lack  of re lia b le  ru le s  to  c o n tro l when to  s t o p ,  

r e g io n s  u su a lly  grow too  la rg e . A dditionally , c u r r e n t  a lg o rith m s  a re  

u su a lly  v e ry  com plex a n d  tim e consum ing .

E x p erim en ts  a n d  e x p e r ie n c e s  h a v e  show n th a t  a  good te c h n iq u e  and  

p ro c e s s in g  s t r a te g y  fo r  cy to lo g ica l im age seg m e n ta tio n  sh o u ld  be  g u id ed  

by  th e  s e a rc h  fo r  a  com prom ise b e tw een  th e  th r e e  c r i te r io n s  of a c c u ra c y , 

e ff ic a c ity  a n d  com plex ity . P ro c e ss in g  a c c u ra c y  r e s u l t s  f rom t h e  a p p r o ­

p r ia te  m odeling a n d  a c c u ra te  p ro c e s s in g  of local a n d  g lobal in fo rm atio n . 

I t  i s  p o ss ib le  to  d e r iv e  c o o p e ra tiv e  a lg o rith m s  b a se d  on th e  a sso c ia tio n  

o f th re s h o ld in g  a n d  e d g e  d e te c tio n  p ro c e s s e s . Region g row ing  p ro c e s s e s  

may a lso  be  e ff ic ie n tly  c o n tro lle d  by  m eans o f a  c o n to u r  b a se d  s h a p e  

e v a lu a tio n .

P ro c ess in g  e ff ic a c ity  c le a r ly  d e p e n d s  on th e  a d e q u a c y  of th e  ch o sen  

se g m en ta tio n  m ethod, c o n s id e r in g  th e  p a r t ic u la r  p rob lem  to  so lv e , an d  

th e  s t r u c tu r e  o f th e  im age u n d e r  s tu d y 2. W ithout fu lly  in v e s t ig a t in g  

th e  sp e c if ic it ie s  o f d i f f e r e n t  c la s s e s  of c e lls  a n d  u s in g  su ita b le  

m ethod o r  s t r a te g y  w hich c o rre s p o n d in g ly  in tro d u c e d  a  p r io r i  

know ledge  o f p h o to m e trc a l, g eom etrica l, m orphological, a n d  to po log ica l 

in fo rm atio n  ( su c h  a s  in te n s i ty  d is tr ib u t io n , s iz e , s h a p e , c lo se n e ss  

a n d  c o n v ex ity ) a  se g m e n ta tio n  m ethod ca n  n o t be  r o b u s t  a n d  re lia b le .
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C are fu l a n a ly s is  o f p o ss ib le  p ro c e s s in g  s t r a te g ie s  sh o u ld  a lso  be 

c o n d u c te d  to  re d u c e , a s  much a s  p o ss ib le , th e  p ro c e s s in g  com plexity . 

R ecen t a d v a n c e s  in  p ro c e s s in g  h a rd w a re  tec h n o lo g y  allow s u s  to  ta k e  

a d v a n ta g e  of th e  p a ra lle l  s t r u c tu r e  of m any a lg o rith m s; in c re a s e s  in 

p ro c e s s in g  s p e e d s  allow s more com plex a lg o rith m s  to  be  im plem ented  fo r 

ro u tin e  u se  in  a  h o sp ita l. In  o u r  r e s e a rc h ,  sim ple p ro c e s s in g  s t r a t e ­

g ie s  c a n  be d e fin e d  b a se d  on a  tw o -s te p  a p p ro a c h : a  r o u g h  seg m en ta tio n  

is  p e rfo rm e d  in  a  f i r s t  s te p  by  u s in g  a low com plexity  a lg o rith m  to  

ap p ro x im ate ly  de lim ita te  re g io n s  of in te r e s t .  More complex a lg o rith m s  

may th e n  be  in v o k ed  on  a  re d u c e d  in p u t  d a ta b a s e .

B ased on th e  a b o v e  a n a ly s is , t h e  aim of th e  r e s e a rc h  is  to  deve lop  

a c c u ra te , e ffe c tiv e  a n d  sim ple se g m e n ta tio n  m ethods spec ifica lly  

s u ita b le  fo r  iso la te d  ce ll im ages. To re a c h  th i s  goal, th e  follow ing 

im p o r ta n t  p o in ts  a r e  c o n s id e re d  in  th e  d e s ig n  a n d  s t r a te g y  se lec tio n :

1. Im age m odeling a n d  h a n d lin g  sure b a se d  on th e  a n a ly s is  of th e  

p a r t ic u la r  ce ll s t r u c tu r e .  M ultiple re so lu tio n  ce ll im ages e i th e r  

m odeled b y  a  s ta c k  o f b in a ry  b i t  p la n e s  o r  th e  c lu s te r s  app rox im ate ly  

v e c to r  co d e d  b y  VQ n o t on ly  g e n e ra te  th e  h e u r is t ic  an d  sim ple 

s t r u c tu r e s  c lo se ly  r e p r e s e n t in g  th e  o r ig in a l im ages, b u t  a lso  p ro v id e  

s u ita b le  im age fo rm a tio n s , s u c h  a s  b in a ry  e d g e  r e p r e s e n ta t iv e s  a n d  

s im plified  c o a rs e  se g m e n ted  re g io n s , fo r  f u r th e r  h ie ra rc h ic a l  r e f in e ry  

p ro c e s s in g .

2. F u lly  in v e s t ig a te  th e  a  p r io r i  in fo rm a tio n  t h a t  c a n  b e  em ployed 

in  e a c h  s ta g e  o f th e  se g m e n ta tio n , s u c h  a s  p re p ro c e s s in g , e d g e
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d e te c tio n , v e c to r  co d in g , t r a c in g ,  m atch ing , f i l te r in g  and  p o s t 

p ro c e s s in g . Such  in fo rm atio n  will in c lu d e  th e  n u m b e r  of c lu s te r s ;  th e  

s iz e  p re d ic a te s  of th e  ce ll a n d  n u c le u s ; th e  sh a p e  an d  co n v ex ity  of th e  

cell b o u n d a ry ; th e  c o n n e c tiv e  f e a tu r e s  of th e  d if fe re n t  re g io n s  an d  

s p a tia l  in te n s i ty  in fo rm atio n  if  p o ss ib le . A p p ro p ria te ly  in s e r t in g  

th e s e  in fo rm a tio n  in  e a ch  of th e  p ro c e s s in g  s ta g e s  is  n o t on ly  of g r e a t  

im p o rtan ce  in  c o r r e c t  se g m e n ta tio n , b u t  a lso  m akes th e  m ethod more 

re liab le .

3. Com bine g lobal th re s h o ld in g  a n d  local g r a d ie n t  te c h n iq u e s , reg io n  

a n d  e d g e  in fo rm a tio n , aim to  d ev e lo p  new c o o p e ra tiv e  te c h n iq u e s  to  ta k e  

a d v a n ta g e  o f th e  s p e c ia lt ie s  o f th e  d i f f e r e n t  a p p ro a c h e s  a n d  all 

p o ss ib le  in fo rm a tio n .

4. To r e d u c e  th e  com plexity  o f th e  a lg o rith m  fo r  s u ita b le  im plem en­

ta tio n  in  a  PC b a se d  sy s te m  fo r  ro u tin e  in te r a c t iv e  u s e  in  a  h o sp ita l 

en v iro n m en t. B inary  m orpholog ical p ro c e s s in g  te c h n iq u e s  a re  a d o p te d  fo r  

f a s t  p ro c e s s in g  a n d  s u ita b le  fo r  p a ra lle l  p ro c e s s in g .

The d is s e r ta t io n  is  o rg a n iz e d  a s  follow s: In  c h a p te r  2, th e  p re v io u s

work on c y to lo g ica l im ages a r e  rev ie w e d ; th e  b a c k g ro u n d  is  com posed of 

th e  im age s t r u c tu r e  f e a tu re  a n a ly s is  a n d  a  b r ie f  in tro d u c tio n  of 

te c h n iq u e s  in  m orpholog ical im age p ro c e s s in g . In  c h a p te r  3, a b i t -  

p lan e  m u ltith re sh o ld in g  com bined  w ith b in a ry  m orphological e d g e  

d e te c tio n  te c h n iq u e s  i s  p r e s e n te d . In  c h a p te r  4, th e  m ethod in  c h a p te r  

3 is  e x te n d e d  b y  in tro d u c in g  th e  g ra d ie n t  th e  g ra d ie n t  in fo rm atio n , a 

f ig u r e  o f m erit i s  d e r iv e d  a n d  u se d  on th e  p re s e n te d  te c h n iq u e s  fo r
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sp a tia lly  s h if te d  im ages. In  c h a p te r  5, a  reg io n  seg m en ta tio n  te c h n iq u e  

is  p re s e n te d  b a se d  on sp a tia l  v e c to r  q u a n tiz a tio n , each  com ponent  is 

t h e  seg m en ted  in to  tex to n  re g io n s , an d  te x tu r e  f e a tu re s  a re  d e riv e d  

h e u r is tic a lly . R e su lts  o f a ll th e  te c h n iq u e s  a re  p re s e n te d  an d  ex p ec ted  

f u t u r e  r e s e a rc h  is  a lso  p ro p o se d  in  c h a p te r  6.

F ina lly , I w ish to  th a n k  my m en to r, P ro fe s so r  Jo se p h  Barba ,  fo r  h is 

b r il l ia n t  g u id a n c e , e n c o u ra g e m e n t, d is c u s s io n s  a n d  fu ll s u p p o r t  

th ro u g h  o u t th e  e n t i r e  r e s e a rc h  p e rio d , a n d  h is  fin a l rev iew  and  

m odification of th i s  d is s e r ta t io n .
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CHAPTER 2

REVIEW OF PREVIOUS WORK AND BACKGROUND

2.1 In tro d u c tio n

N um erous se g m e n ta tio n  m ethods fo r  d ig itiz e d  ce ll im ages from  

p e r ip h e ra l  blood sm e a rs , bone  m arrow  sm e a rs  o r  t i s s u e  se c tio n s  have  

been  p ro p o se d . A s u r v e y  o f th e  se g m e n ta tio n  sch em es deve lo p ed  in 

q u a n ti ta t iv e  c y to lo g y  i s  g iv en  in  se c tio n  2 in  th i s  c h a p te r .  

B ack g ro u n d  m ate ria ls  in tro d u c e d  in  se c tio n  3 c o n s is t  of m orphological 

im age p ro c e s s in g  te c h n iq u e s  a n d  V ector Q uan tiza tion  te c h n iq u e s , which 

will b e  u se d  d ire c tly  in  th e  fo llow ing c h a p te r s .  F ina lly , th e  

s t r u c tu r a l  f e a tu r e s  o f c y to lo g ica l im ages a r e  l is te d  a n d  an a ly z e d  in 

se c tio n  4, s in c e  ta lc ing  fu ll  a d v a n ta g e  of th e s e  f e a tu r e s  will g re a tly  

im p ro v e  th e  p e rfo rm a n c e s  of se g m e n ta tio n  te c h n iq u e s .

2.2 S u rv e y  o f M ethods in  Cell Im age S egm en ta tion

Im age se g m e n ta tio n  i s  u su a lly  accom plished  by  one  o r  m ore of th e  

fo llow ing a p p ro a c h e s :

1. T h re sh o ld in g .

2. E dge d e te c tio n  a n d  b o u n d a ry  fo llow ing a lg o rith m s.

3. F e a tu re  c lu s te r in g .

4. Region e x tra c tio n  m ethods.



10

A pplica tions o f th e s e  seg m en ta tio n  a p p ro a c h e s  on cy to lo g ica l im ages 

a r e  n o n -u n ifo rm ly  d is t r ib u te d  d u e  to  d i f f e re n t  cell c a te g o rie s  a n d  

q u a li tie s  of th e  p ro c e s s e d  im ages, a n d  th e  av a ilab le  h a r d w a r e  a n d  

s p e e d  re q u ire m e n ts .

2.2-1 T h re sh o ld in g  te c h n iq u e s

The s im p les t te c h n iq u e  of re g io n  seg m en ta tio n  is  th re s h o ld in g  w hich 

ca n  be c la s s if ie d  in to  th e  fo llow ing c a te g o rie s :

1) Global th re s h o ld  se lec tio n .

T his m ethod i s  s u i te d  fo r  s c e n e s  c o n ta in in g  hom ogeneous o b je c ts  

a g a in s t  h ig h - c o n t r a s t  un iform  b a c k g ro u n d s . T he th re s h o ld  can  be  

se le c te d  e i th e r  by  e x p e rien c e  o r  by  th e  h is to g ram  of in te n s ity

v a lu e s , a ssu m in g  t h a t  th e  h is to g ram  h a s  c le a r  p e a k s . O ften th e

h is to g ram  is  bim odal o r  m ultim odal.

S uch  h is to g ra m  b a s e d  te c h n iq u e s  a ssu m e th e  th r e s h o ld s  v a lu e s  a n d  

r e s u l t in g  se g m e n ta tio n  will c lu s te r  p ix els  w ith sim ilar g r a y  le v e ls  

c o rre s p o n d in g  to  c o n tin u o u s  re g io n s  o r  b lo b s. I f  th e  im age g r a y  lev e l 

h is to g ram  h a s  well d e fin e d  maxima a n d  minima th e n  a  p lau s ib le

th re s h o ld in g  p ro c e s s  would s e le c t  th e  th re s h o ld  v a lu e s  a t  th e  minima 

b e tw een  th e  h is to g ram  m odes.

G a rb a y 3 a n d  G auva in4 r e p o r te d  p o o r ce ll se g m en ta tio n  by

m ultilevel th re s h o ld in g  th e  g ra y  le v e l h is to g ram  cy to lo g ica l im ages
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to  d e fin e  fo u r  re g io n s  c o rre s p o n d in g  to  th e  b a c k g ro u n d , e ry th r o c y te s ,  

cy top lasm  a n d  n u c le u s  of cy to lo g ica l im ages. B e tte r  r e s u l ts  w ere 

r e p o r te d ,  b u t  s t i l l  n o t  a c c e p ta b le , by  se le c tin g  th re s h o ld  v a lu e s  

d e r iv e d  from a  m u ltiv a r ia n t a n a ly s is  o f th e  lum inance , s a tu ra tio n  a n d  

h u e  h is to g ra m s . Sim ilar r e s u l t s  in  th e  in e f fe c t iv e n e s s  o f g lobal 

th re s h o ld in g  o f h is to g ra m s  in  cy to lo g ica l a p p lic a tio n s  h a v e  been  

r e p o r te d  by  o th e r s 5 ' 6

2) Local o r  A d ap tiv e  T h re sh o ld in g

Local o r  a d a p tiv e  th re s h o ld  se le c tio n  te c h n iq u e s  a r e  s u rp r is in g  

lac k in g  in  c y to lo g ica l a p p lic a tio n s . Kom itowski a n d  Z in se r7 u se d  th e  

local h is to g ra m  to  id e n tify  ch ro m a tin  p a r t ic le  w hich a p p e a r  a  locally  

h ig h  g ra y  lev e l. T a y lo r8 e t  a l u se d  a  v a ria tio n  o f a d a p tiv e  th r e s h o l ­

d in g  by  u s in g  th re s h o ld  from  e x tin c tio n  v a lu e  h is to g ram , th e  h is to g ram  

of th e  lo g a rith m  of t h e  ex tin c tio n  v a lu e s  o r  from  in fo rm atio n  in  th e  

t ra n s i t io n  p ro b a b il ity  m atrix  o f th e  im age.

Local m ethods to  com pu te  th r e s h o ld s  ca n  a lso  d e p e n d  on b o th  th e  g ra y  

lev e l a t  a  p o in t a n d  som e p ro p e r t ie s  in  th e  n e ig h b o rh o o d  of th e  p o in t. 

Some of th e s e  m eth o d s re ly  on  l in e a r  th re s h o ld  o p e r a to r s 9 w here  a 

th re s h o ld  i s  com pu ted  b a se d  on th e  a v e ra g e  c o n tr a s t  o v e r  p re v io u s ly  

an a ly z e d  s e c tio n s  o f th e  im age. S im ilarly  g e n e ra te d  th re s h o ld s  can  be  

ap p lie d  loca lly  o r  to  l a r g e  re g io n s . UUman10 d e s c r ib e d  a  te c h n iq u e  

to  com pu te  th r e s h o ld s  b a se d  on th e  g ra y  le v e ls  o f th e  n e ig h b o rh o o d  of
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a point.. In  th is  schem e c e r ta in  p o in ts  of a 5*5 n e ig h b o rh o o d  of a 

p o in t a long  w ith tw o ru le s  a r e  u se d  to  s e le c t  a th re s h o ld .  The w h ites t 

g r a y  leve l d e c id e s  w hich ru le  will be se le c te d . M orrin(1974) used  

tw o -d im en sio n a l p lo ts  of g r a y  lev e l v e r s u s  g ra d ie n t  v a lu e  to  s e le c t 

th re s h o ld .  P a n d a 11 u se d  a  schem e where  th e  th re s h o ld  a p p lied  to  a 

p o in t d e p e n d e d  on th e  g r a y  lev e l a s  well a s  th e  e d g e  v a lu e  of th e  po in t. 

T ri-m odal d is t r ib u t io n s  o b ta in e d  from th e  p lo ts  of f r e q u e n c y  a s  a 

fun«~tion of g r a y  lev e l a n d  e d g e  v a lue  gave  r is e  to  s e v e ra l  seg m en ta tio n  

p ro c e d u re s . One s u c h  m eth o d 12 u s e s  th e  mean g r a y  lev e l of th o s e  

p o in ts  h a v in g  h ig h  e d g e  v a lu e s  a s  a  th re s h o ld . A no ther schem e 

se a rc h e d  fo r  v a lle y s  in  th e  g ra y  lev e l h is to g ram  of p o in ts  h av in g  

low e d g e  v a lu e s . The b e s t  schem es w ere th o s e  which u se d  a  com bination  

of th e  valley  s e a rc h  a n d  mean g r a y  lev e l m ethods.

Dynamic th re s h o ld  se le c tio n  te c h n iq u e s  a r e  th o se  in  w hich th re s h o ld  

v a lu e s  d e p e n d  on th e  g r a y  lev e l, some p ro p e r t ie s  of th e  n e ig h b o rh o o d  of 

a p o in t a n d  on th e  loca tion  of th e  p o in t in  th e  im age. S uch  a m ethod 

was u se d  b y  Chow a n d  K aneko13 to  d e te c t  b o u n d a r ie s  in  ra d io g ra p h ic  

im ages. Im ages w ere  su b d iv id e d  in to  o v e rla p p in g  w indow s of s iz e  7*7 

fo r  w hich th e  h is to g ram  was com puted  a long  with th e  v a ria n c e  of th e  

g r a y  lev e l. The h is to g ram  w ere m odeled as  one  o r  tw o ncrm al 

d is tr ib u t io n  d e p e n d in g  on w h e th e r  th e  h is to g ram  was unim odal o r 

bim odal.

Minimum e r r o r  th r e s h o ld s  w ere  se le c te d  fo r  th o s e  w indow s w hose 

m ix ture  d is t r ib u t io n  s a tis f ie d  a  b im odality  t e s t .  T h is is  b e c a u se  th e s e



window s c o n ta in e d  b o th  b a c k g ro u n d  a n d  o b je c ts  a n d  sh o u ld  th e r e fo r e  be 

c lo se  to  t h e  b o u n d a r ie s  of o b je c ts .  Once th e  th r e s h o ld s  h ad  been  com­

p u te d  fo r  e a ch  window a l in e a r  in te rp o la tio n  schem e was u se d  to  s e le c t 

th e  th re s h o ld  to  be  a p p lie d  to  e ach  pixel of th e  w indows. In te rp o la tio n  

was a lso  u se d  to  f in d  th re s h o ld s  in  w indow s w hich had  bim odal d i s t r i ­

b u tio n s . T h is m ade th e  schem e t r u ly  dynam ic s in c e  a p ix e l 's  th re s h o ld  

d e p e n d e d  on i t s  g r a y  lev e l, local s ta t i s t ic s  a n d  i t s  p roxim ity  to  b o u n ­

d a r y  p o in ts .

O ther te c h n iq u e s  fo r  th re s h o ld  se le c tio n  c a n  ta k e  in to  c o n s id e ra tio n  

th e  s ize  o f th e  b lo b s 14 ab o v e  th re s h o ld  t h a t  a r e  to  be  d e te c te d . The 

d e s ire d  th re s h o ld  would b e  se le c te d  to  g iv e  th e  b lob  s iz e  w hich can  be 

m easu red  b y  th e i r  w id th  o r  c ro s s  se c tio n . S uch  a  te c h n iq u e  was em ployed 

b y  K u lk a rn i15 in  o r d e r  to  d e te c t  w hite  ce lls  in  v e n o u s  blood d ilu te d  

w ith  an  e q u a l volum e of iso to n ic  sa lin e . A fix ed  th re s h o ld  is  u se d  to  

c re a te  a  th r e s h o ld e d  im age c o n ta in s  d a rk  b lo b s  abo v e  a c e r ta in  s ize  

w hich  c o r re s p o n d  to  th e  w hite blood ce lls . K u lk a rn i r e p o r te d  t h a t  m ore 

a c c u ra te  th r e s h o ld  v a lu e s  cou ld  b e  d e te rm in e  if  a  yellow im age (u s in g  a 

yellow f i l te r )  was u s e d . Color was a lso  fo u n d  to  be one o f th e  b e s t  

f e a tu r e s  to  d isc r im in a te  b e tw een  m onocy tes from  m yelocy tes when 

p ro c e s s in g  b y  m ach ine b u t  was n o t  c o n s id e re d  th a t  p o w erfu l by  

te c h n ic ia n s . A n o th e r te c h n iq u e  t h a t  c a n  b e  u se d  would s e le c t  a  th re s h o ld  

so  a s  to  minimize some m easu re  o f th e  hom ogenu ity  of th e  tw o seg m en ted  

re g io n s  a n d /o r  maximize som e m easu re  o f th e  d if fe re n c e  b e tw een  th e  

re g io n s .
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1.2.2 O th er se g m e n ta tio n  m ethods u se d  fo r cy to lo g ica l im ages

E dge d e te c tio n  (c o n to u r  e x tra c tio n )  a n d  reg io n  seg m en ta tio n  a re  

e s se n tia l ly  tw o a p p ro a c h e s  to  so lv e  a common prob lem . In  e d g e  d e te c tio n  

p ixels  w hich h a v e  a p ro p e r ty  c o rre s p o n d in g  to  e d g e s  a r e  id e n tif ie d . The 

c o n to u rs  of im age re g io n s  h a v in g  d if f e re n t  c h a ra c te r is t ic s  a re  e x tra c te d  

b y  jo in in g  th e  a p p ro p r ia te  e d g e  p ixels. In  seg m e n ta tio n  one  lo ca te s  

t h e  d i f f e r e n t  re g io n s  (b a se d  on some p ro p e r ty )  w hich form  an  im age. 

Once th e s e  re g io n s  h a v e  been  lo ca ted , c o n to u rs  a r e  sim ply d e fin e d  as  

t h e  s e t  o f p ixels  w here  d if f e re n t  re g io n s  m eet.

E dge d e te c tio n  o r  G ra d ie n t (co n v o lu tio n a l) te c h n iq u e s  h a v e  been  

em ployed  to  d e te c t  ce ll c o n to u rs . A seg m e n ta tio n  m ethod fo r  n e u tro p h il  

c e lls  b a se d  on e d g e  d e te c tio n  h a s  b een  p ro p o se d  by  P re w it t16 an d  

B re n n e r  e t  a l .17 T hey h av e  u se d  e d g e  fo llow ing te c h n iq u e s  which 

c o r r e la te s  th e  b o u n d a ry  w ith th e  p o in ts  o f maximal local g ra d ie n t  

in  th e  d e n s ity  d is t r ib u t io n . Id e n tif ic a tio n  of c o n to u r  p o in ts  r e q u i r e s  

th re s h o ld in g  a n d  som e m eans o f d e te rm in in g  if  a  p o in t of maximum local 

g r a d ie n t  a c tu a lly  b e lo n g s  to  th e  c o n to u r  to  b e  e x tra c te d  o r  to  some 

o th e r  s t r u c tu r e .  The c o n to u r  ca n  th e n  b e  ap p ro x im ated  by  s t r a ig h t  lin e  

se g m e n ts  o r  a rc  f i t t in g  b e tw een  th e s e  p o in ts . Z in ser a n d  K om itow ski10 

u s e  th e  a  p r io r i  in fo rm a tio n  t h a t  c e lls  a r e  g e n e ra lly  c ir c u la r  an d  

t h u s  a  p o la r  tra n s fo rm a tio n  ca n  b e  u se d  to  r e s t r i c t  th e  maximal g ra d ie n t  

s e a rc h .



R elaxation p ro c e s s e s  a re  b a sed  on an  in itia l s to c h a s tic  labelling and 

i te r a t iv e  a p p lic a tio n  of la b e l-u p d a tin g  r u le s  a re  p e rfo rm ed  to converge  

to w a rd  a g lobally  a d e q u a te  r e s u l t .  An exam ple is  G a rb a y 1J who used  

th e  re lax a tio n  to  lab e l an d  se g m e n t th e  bone  m arrow  ce lls . A g ra d ie n t  

re lax a tio n  m ethod b a se d  on m aximizing a c r i te r io n  is  p ro p o se d  by B hanu'” 

e t  ad fo r  se g m e n tin g  th e  cell im ages with unim odal d is t r ib u t io n s .

A reg io n  e x tra c tio n  m ethod fo r  blood sm ear se g m e n ta tio n  is  presented

21by H aussm ann a n d  L sed tk e  , local p r o p e r t ie s  of th e  sc e n e , globed 

in fo rm ation  a b o u t n e ig h b o rh o o d  re la tio n s  an d  s h a p e  of th e  sc en e  

com ponen ts  a re  u se d  fo r  th e  im provem en t of th e  seg m en ta tio n . 

T e x tu re  a n d  co lo r f e a tu re s  a r e  a lso  u se d  fo r  se g m e n tin g  th e  

blood sm ears  u s in g  th e  ab o v e  m ethods p ro p o se d  in  [22] a n d  [23].

2.2.3 D iscussion  on c u r r e n t  se g m en ta tio n  m ethods

T he s tu r c tu r e s  of cy to lo g ica l im ages u su a lly  hav e  th e  follow ing 

c h a r  a c te r i s t i c s :

1. T he b o u n d a r ie s  o f d i f f e re n t  re g io n s  a r e  som etim es p o o rly  d e fin ed  or 

th e  b a c k g ro u n d  d o e s  n o t a p p e a r  a s  a  w e ll-c o n tra s te d  a n d  hom ogeneous 

re g io n .

2. T he e x is te n c e s  o f th e  reg io n  t e x tu r e s  a n d  o u ts id e  a r t i f a c ts  of 

t h e  cell im ages.



The ab o v e  s t r u c tu r e  c h a ra c te r is t ic s  o fte n  generate  inadequate  

h is to g ram  mode o r  g ra d ie n t  in fo rm ation  av a ilab le  for segmentation  

o p e ra tio n . Sim ple mode th re s h o ld in g , a lth o u g h  the simplest apptcach.  

is  n o t s u ita b le  fo r  th e  im ages h a v in g  s t r u c tu r e  feature  1. Adaptive

m ultip le  th re s h o ld  r e q u i r e s  optim al th re s h o ld s  f inding tec h n -q — s.

th e r e  is  s ti l l  no re lia b le  way of s e le c tin g  su c h  thresholds

au tom atica lly  a n d  th e  th re s h o ld s  fo r  th e  sam e p ic tu re s  u s in g  different  

op tim al schem es h a v e  v e ry  la rg e  d isc re p a n c ie s . T h re sh o ld in g  o p e ra tio n s  

in  g e n e ra l  s u f f e r  from  th e i r  s e n s i t iv i ty  to  no ise . H ow ever, the

o p e ra tio n  is  sim ple a n d  iso la te d  cell can  in d ee d  b e  o b ta in e d  by a 

s t r a ig h tfo rw a rd  th re s h o ld in g  p ro v id e d  th a t  th e  b a c k g ro u n d  a p p e a rs  a s  

a r a th e r  w e ll-c o n tra s te d  a n d  hom ogeneous reg io n . T hese  te c h n iq u e s  are  

s t i l l  w idely u s e d  fo r  th e  cell im ages h a v in g  w e ll-d e fin ed  b o u n d a rie s .

E d g e -b a se d  m ethods a lso  s u f f e r  from  th e  f i r s t  d iff ic u lty . The

e x tra c te d  g r a d ie n t  map re f le c ts  th e  f a c ts  t h a t  m ost b o u n d a ry  pixels

h a v e  locally  maximum c o n tr a s t  v a lu e s  a n d  ca n  be  th re s h o ld e d  to  

e lim inate  t e x tu r e  a n d  a r t i f a c ts .  H ow ever, th e  b o u n d a ry  o b ta in e d  is  

f ra g m e n te d  a n d  th re s h o ld  f in d in g  a n d  th in n in g  p ro c e d u re s  may a d d  to  

th e  com plexity  to  th e  a p p ro a c h . B ecause  e d g e  d e te c tio n  is  s e n s i t iv e  to  

th e  c o n tr a s t  v a r ia tio n s  i t  i s  s u ita b le  fo r  d isc rim in a tin g  th e  reg io n s

c lo se ly  lo ca ted .

R e g io n -b a se d  a p p ro a c h  h av e  th e  good f e a tu re  of n o t b e in g  very  

s e n s i t iv e  to  n o ise  o r  t e x tu r a l  v a ria tio n  on th e  e d g e s . T his is  d u e  to  

th e  o p e ra tio n  b e in g  im plem ented  on re g io n s  in s te a d  of on the
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in d iv id u a l p ixels. H ow ever th e  m ajor d raw b ack  is  t h a t  u su a lly  

com plica ted  s p li t -a n d -m e rg e  o p e ra tio n s  a r e  r e q u i r e d  with a

w ell-d e fin ed  ru le  to  d e te rm in e  how f a r  to  go w ith th e  a lgo rithm . 

Som etim es d if f e re n t  re g io n s  w ith e v id e n t  in te n s i ty  d if fe re n c e s  a re  

s t i l l  w rong ly  m erged  a n d  th e  a lg o rith m s  h av e  p ro b lem s seg m e n tin g  tw o 

sim ilar re g io n s . A lthough  reg io n  te c h n iq u e s  a r e  r e p o r te d ly  to  h av e

th e  b e s t  seg m e n ta tio n  p e rfo rm a n c es , b e c a u se  o f th e i r  tim e consum ing  

f e a tu re ,  th e y  ca n  n o t  be  em ployed  in  a p p lic a tio n  r e q u ir in g  ra p id  

r e s u l ts .

F e a tu re  c lu s te r in g  a n d  re la x a tio n  b a sed  on an  in it ia l  s to c h a s tic  

lab e lin g  a p p e a r s  a s  a  more flex ib le  a p p ro a c h e s . H ow ever, th e  

se g m e n ta tio n  e ff ic a c ity  g re a t ly  d e p e n d s  on th e  in itia l  lab e lin g .

Global e r r o r s ,  r e s u l t in g  from  th e  in itia l  p o te n tia l  fo r  co n fu s io n

b e tw een  th e  d if f e re n t  c la s s e s , may n o t be  so lv e d  by  s u c h  a p p ro a c h .

Each o f th e  ab o v e  a p p ro a c h  h a v e  p o s itiv e  f e a tu r e s  b u t  a lso  

d is a d v a n ta g e  fo r  seg m e n ta tio n  o f i ll-p o s e d  ce ll im ages. No one

a p p ro a c h  c a n  so lv e  th e  ab o v e  q u e s tio n s  a lone . Pixel b a se d  

a p p ro a c h e s , s u c h  a s  e d g e  d e te c tio n , h a v e  la r g e r  re g io n  d isc rim in a tio n  

pow er d u e  to  i t s  s e n s i t iv i ty ,  b u t  i s  a lso  n o ise  s e n s i t iv e ;  reg io n

g ro w in g  te c h n iq u e s  h a v e  th e  in v e r s e  f e a tu re s ;  th re s h o ld in g  does well 

in  h a n d lin g  th e  g lo b a l in fo rm a tio n , b u t  w ithou t com bining  th e  local 

in fo rm a tio n , e r r o r  r a t e s  will b e  in c re a s e d . C o o p era tiv e  a p p ro a c h e s  

fo r  d e s ig n in g  new a lg o rith m s to  r e d u c e  th e  n e g a tiv e  e f fe c ts  a n d

e x p a n d in g  th e i r  good f e a tu re s  seem  to  be  o n e  so lu tio n . Fu lly
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in v e s t ig a t in g  th e  p a r t ic u la r  c h a ra c te r is t ic s  of cell im ages, 

in tro d u c in g  th e  p o ss ib le  a  p r io r i  in fo rm atio n  in to  th e  p ro g ra m s 

e ffe c tiv e ly , may p ro v id e  more p o w erfu l c r i te r io n s  to  each  of th e  

l is te d  a p p ro a c h e s  a b o v e  fo r  so lv in g  th e  common d iff ic u ltie s .

2.3 M orphological Im age P ro c ess in g

M athem atical m orphology i s  an  a p p ro a c h  to  im age p ro c e s s in g  b a se d  on 

s e t  th e o re tic  c o n c e p ts  of sh a p e . I t  was fo rm alize  a t  th e  Ecole d e  Mine 

in  P a r is  in  th e  mid 1970 's by  G .M atheron23 a n d  e x te n d e d  by  J . 

S e r r a 24. B asically , m orphological im age p ro c e s s in g  is  th e  a n a ly s is  of 

th e  geo m etrica l re la tio n s h ip  b e tw een  th e  im age a n d  a  sm aller im age 

ca lled  a  s t r u c tu r in g  e lem en t. The a d v a n ta g e s  o f m orphological im age 

p ro c e s s in g  i s  t h a t  im p o r ta n t geo m etrica l im age f e a tu re s  c a n  be 

p r e s e rv e d , th e  a lg o rith m s  a re  sim ple a n d  may lea d  to  p a ra lle l  

im p lem en ta tion . D isa d v an ta g es  a r e  t h a t  th e  a n a ly s is  is  n o n lin e a r  an d  

th e r e  i s  lac k in g  a n  a n a ly tic a l c r i te r ia  fo r  ch o o sin g  th e  s t r u c tu r in g  

e lem ent.

B inary  m orpholog ical f i l te r in g  o f b in a ry  im ages h a s  been  u se  fo r  more 

th a n  10 y e a rs . R ecen tly , H ara lick 25 e t  a l u se d  th e  to p  s u r f a c e  a n d  

u m b ra  c o n c e p t of a n  im age to  e x te n d  th e  p r o p e r t ie s  of b in a ry  

m orphological p ro c e s s in g  to  g ra y  lev e l m orphological p ro c e s s in g  th ro u g h  

th e i r  hom om orphism  theo rem .
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2.3.1 Basic b in a ry  m orphological f i l te r s

1. Im age t r a n s la te d  by  a  s t r u c tu r in g  elem ent(SE )

If g(m ,n) is  a  SE d e s c r ib e d  by  a  b in a ry  m atrix  c o n ta in in g  only 

l ' s  a n d  0 's ,  th e  t ra n s la t io n  of th e  b in a ry  im age m atrix  X (u,v) by 

a n y  m atrix  e lem en t g ( i ,j)  e g(m ,n) is  d e fin e d  as:

[T ra n (X h ,j)] (u ,v )  = X (u - i,v - j)  when g ( i ,j )= l  (2 -1)

T his m eans th a t  fo r  e a ch  of th e  a c tiv a te d  e lem en t in  th e  SE 

c o rre s p o n d in g  to  a  1, X is  t r a n s la te d  to  th e  p o sitio n  d e te rm in e d  by  

th e  p o sitio n  of t h a t  a c tiv a te d  e lem en t g ( i , j ) .  F o r e a ch  n o n -a c tiv a te d  

e lem en t in  th e  SE, no  tra n s la t io n  is  o b ta in e d . T h u s, th e  n u m b er of 

t r a n s la te d  p ic tu re s  is  ex ac tly  e q u a l to  th e  n u m b er of a c tiv a te d  

e le m e n ts ( l 's )  in  th e  SE.

To d e te rm in e  th e  d ire c tio n  o f th e  t r a n s la t io n , an  o r ig in  [(0,0) 

p o in t]  h a s  to  b e  sp e c if ie d  w ith r e s p e c t  to  th e  SE. The o r ig in  may 

b e  in s id e  o r  o u ts id e  th e  SE. G enera lly , th e  o r ig in  is  c h o sen  in s id e  

SE. For a  sy m m etrica l SE, th e  o r ig in  is  u su a lly  a t  th e  c e n te r  of th e  

SE to  sim plify  m orpholog ical o p e ra tio n s .

2. F o u r b a s ic  b a s ic  m orphological f i l te r s

a) D ilation o r  M inkow ski a d d itio n  i s  d e fin e d  as:
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d(X ,g) = X © g = U T ran (X ;i,j)  (2-2)
( 1 . j ) G g

The d ila tio n , d(X ,g) = X © g , of X by  g is  th e  un ion  im age of all

t h e  t r a n s la te d  o r ig in a l X im ages by  g.

b) E rosion  o r  M inkow ski s u b tra c tio n  is  d e fin e d  a s :

e(X ,g) = X e g = n T ran (X ;i,j) (2-3)
U »j)eg

T he  e ro s io n , E(X,g) = X e g , o f X b y  g , is  th e  in te r s e c t io n  o f th e  

t r a n s la te d  o r ig in a l  X im ages b y  g .

P e rfo rm in g  th e  u n io n  (d ila tio n )  o r  in te r s e c t io n  (e ro s io n ) a t  p o in t

( i ,j )  fo r  n  o r ig in a l t r a n s la te d  im ages by  SE g i s  e q u iv a le n t to

p e rfo rm in g  d ila tio n  o r  e ro s io n  w ith  th e  o r ig in a l im age a n d  t r a n s la t in g  

th e  r e s u l t s  to  p o in t ( i , j )  a n d  i t s  n  n e ig h b o rs .

T he e f fe c t  o f d ila tio n  i s  to  ex p a n d  an  im age, Le. e lem en ts  a r e  a d d e d  

a f t e r  a  d ila tio n  p ro c e s s , w h e reas  e ro s io n  r e s u l t s  in  t h e  s h r in k in g  of 

th e  im ages, L e. i f  a  p o r tio n  o f an  im age is  to o  sm all to  c o n ta in  

th e  s t r u c tu r in g  e lem en t th e n  t h a t  p o r tio n  will d is a p p e a r  in  th e  

p ro c e s s  o f e ro s io n .

c) O pen ing  a n d  C losing

By com bin ing  th e  o p e ra tio n s  o f d ila tio n  a n d  e ro s io n  we ca n  d e fin e  th e  

o p e n in g  a n d  c lo s in g  o f an  im age b y  a  SE. The o p e n in g  of X by  g is
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d e fin e d  as :

o(X ,g) = ( X e  g ) ® g (2-4)

while th e  c lo s in g  of X b y  g is  d e fin e d  a s  :

c(X ,g) = ( X ® g ) e  g (2-5)

O pening  ca n  b e  u se d  to  s u p p r e s s  s h a rp  c a p e r s  a n d  c u ts  na rro w  

is th m u se s . C losing ca n  be  u se d  to  fill in  th in  g u lfs  a n d  small

lo b es .

2.3.1 G ray lev e l m orphological f i l te r s

a) D ilation a n d  E rosion

I f  f  a n d  g a r e  b o th  m ultilevel im ages th e  d ila tio n  o f f  by  g can  be 

d e fin e d  a s :

D (f,g) = f  ® g = Max [ T r a n ( f x j )  + g ( i ,j) ]
u .  J)e®

( 2- 6 )

S im ilarly , e ro s io n  o f f  b y  g is  d e fin e d  a s :

E (f,g ) = f  e  g = Min [T ran (fd .,j)  -  g ( i ,j) ]
( l , j ) € g

(2-7)
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If we c o n s id e r  on ly  b in a ry  SE, w here  a v a lu e  of 1 in d ic a te s  

a c tiv a tin g  a  t r a n s la t io n , th e n  d ila tio n  a n d  e ro s io n  become

D (f,g) = Max [T ra n ( f ,i ,j) ]  (2-8)
< i , J > e g

E (f,g ) = Min [T ra n (f ;i,j) ]  (2-9)
< i , j ) e g

By in te r c h a n g in g  un ion  to  maximum, a n d  in te r s e c t  to  minimum, th e  

s im ila rity  of e q u a tio n s  2.8 a n d  2.9 to  b in a ry  d ila tio n  a n d  e ro s io n  

can  be  se e n .

b) G ray sca le  o p e n in g  a n d  c lo sing

Gray sc a le  o p e n in g  a n d  c lo s in g  a r e  d e fin e d  as :

0 ( f ,g )  = D [E (f,g),g] (2-10)

C (f,g) = E [D (f,g ),g ] (2-11)

Dilation tra n s fo rm s  all p ix els  w ith low er g ra y  v a lu e s  to  th e

h ig h e s t  v a lu e  w ith in  th e  window g . E ro sio n  c h a n g e s  a ll p ix els  w ith

h ig h e r  v a lu e s  to  i t s  lo w est lev e l w ith in  th e  window. T hese  fu n c tio n s  

a r e  o f te n  u s e d  to  sm ooth  th e  im age o r  rem ove n a rro w  peak  f e a tu re s

s u c h  a s  r id g e s ,  iso la te d  p e a k s , e tc . O pening  a n d  C losing a r e  more

f re q u e n tly  u s e d , s in c e  e x c e p t fo r  n o ise  s u p p re s s io n , th e y  c a n  a lso  a t
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le a s t  p a r t ia l ly  re c o v e re d  th e  u s e fu l  in fo rm atio n  lo s t  d u r in g  th e  f i r s t  

s te p  d ila tio n  o r  e ro s io n . B inary  a n d  g ra y  lev e l m orphological f i l te r s

an d  th e i r  p ro p e r t ie s  a r e  l is te d  in  ta b le  2.1.

2.3.3 A bout b in a ry  s t r u c tu r in g  e lem ent(SE )

In fo rm ation  a b o u t s iz e , sp a tia l  d is t r ib u t io n , s h a p e , te x tu r e ,  c o n n e c ­

t iv i ty ,  co n v e x ity , sk e le to n , sm o o th n ess  a n d  o r ie n ta tio n  can  be  o b ta in ed  

by  tra n s fo rm in g  th e  im age u s in g  d i f f e r e n t  s t r u c tu r in g  e lem en ts . The SE 

can  ta k e  a  la r g e  v a r ie ty  o f s h a p e s  a n d  s iz e s ; ch o o sin g  th e  a p p ro p r ia te  

one  d e p e n d s  on  th e  k in d  of in fo rm a tio n  to  be  e x tra c te d  from  th e  im ages. 

The position  o f th e  o r ig in , th e  s iz e  a n d  th e  sh a p e  will d ire c tly  a ffe c t 

th e  o u tp u t  o f th e  m orphological f i l te r s .  S t ru c tu r in g  e lem en t h av e  th e  

fo low inging  fe a tu re s :

a) T he p o sitio n  of th e  o r ig in  c a u s e s  c h a n g e s  in  th e  d ire c tio n  of th e  

t r a n s la te d  im ages, a n d  g e n e ra te s  d i f f e re n t  r e s u l ts .

b) T he s iz e  o f th e  SE d e te rm in e s  th e  s iz e  o f s t r u c tu r e s  to  be  f i l te re d  

o u t, a n d  th e  d is to r t io n  in tro d u c e d . If  th e  s iz e  is  to o  sm all, no ise  

w ith  la r g e r  s iz e s  may n o t  be  rem oved ; while if  th e  s iz e  is  too  la rg e , 

re g io n  b o u n d a r ie s  may b e  d is to r te d  by  th e  o p e n in g  a n d  c lo s in g .

c) T he sh a p e  o f th e  SE is  im p o r ta n t  in  re v e a lin g  th e  sim ilar f e a tu re  in  

an  im age. The s h a p e  se le c tio n  is  a  d if f ic u lt  q u e s tio n  a n d  is  

g e n e ra lly  d e te rm in e d  b y  th e  a p p lic a tio n . F o r sm ooth ing  f e a tu re  

u su a lly  d is k - l ik e  rh o m b u s , o r  sm all s q u a re  SE s h a p e s  a r e  u se d . For



24

te x tu r e  a n a ly s is , l in e s  w ith d if f e re n t  d ire c tio n s  a re  o f te n  a d o p te d .

F or re c o g n itio n , th e  s h a p e  o f th e  SE is  c h o se n  to  be  th e  tem p la te  of th e

o b je c t  to  b e  rec o g n ize d .

2.3.4 A pp lica tions

a) Some b in a ry  M -filte rs  a n d  th e i r  a p p lic a tio n s :

1) E dge d e te c tio n :2 6 ,27

E x te rn a l e d g e : E d g e l  = d(X ,g) -  X (2-12)

In te rn a l  e d g e : E dge2 = X -  e(X ,g) (2-13)

S add le  e d g e : E dge3 = d(X ,g) -  e(X ,g) (2-14)

w here  g i s  a  so lid  SE, a n d  i t s  s iz e  will c o n tro l th e  e d g e  th ic k n e s s .

2) Noise s u p p re s s io n :28

0 (x ,g ) s u p p r e s s e s  th e  l ig h t  n o ise  p e a k s . C(X,g) an d  C[0(X ,g)] can  

c lean  d a rk  n o ise  s p ik e s .

3) S h ap e  re c o g n itio n :29 ' 30 

H it-o r-M iss  o p e ra tio n :

X * (g l,g 2 )  = ( X e g l  ) n ( X e g2 ) c (2-15)
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su p p o s e  g l  = g2 = g th e n  X e  g is  th e  lo cu s  of a ll p o in ts  w h ere  g f i t s  

in s id e  X, an d  (X e  g )°  is  th e  lo c u s  of a ll p o in ts  w here  g f i t  th e  

b a c k g ro u n d  o f X, a n d  fin a lly  th e  in te r s e c tio n  p ro v id e s  e x a c tly  th o se  

p lac e s  w here  t h e  s h a p e  of g w ith i t s  r e q u i r e d  b a c k g ro u n d  o c c u rs  in 

th e  im age X.

4) Region f il l in g :31

The p rob lem  i s  to  f ill  (p a in t)  th e  in s id e  o f a  b o u n d a ry  if  a  in s id e  

p o in t p  is  know n  a n d  th e  d ila tio n  b e g in s  a t  th i s  p o in t. T he fillin g  

p ro c e d u re  is  d e s c r ib e d  by:

(X ® ig )  n Xc (2-16)

w here  ig  = g® g®...®g. ig  is  o b ta in e d  by  d ila tin g  g by  i ts e lf  i -1  tim es, 

a n d  g i s  a  sm all sym m etric  a n d  convex  SE. In te r s e c tio n  is  ta k e n  a f te r

e a c h  d ila tio n . The p ro c e d u re  r e p e a ts  j  tim es  u n til  th e  reg io n  is

com ple te ly  f illed .

5) S k e le to n  g e n e ra tio n :32

T he s k e le to n  (o r  m edial ax is) c a n  b e  o b ta in e d  b y  u s in g  e ro s io n s  an d  

o p e n in g s  b y  a  f ix ed  SE g . S p ec ifica lly , th e  sk e le to n  o f X is  th e  f in ite  

u n ion  of d is jo in t  sk e le to n  s u b s e ts :

Sn = (X e  n g )  -  0[(X  e  n g ) ,n g ]  (2-17)
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T he o r ig in a l im age X is  th e  un ion  o f a ll d ila te d  s u b s e ts ,  Sn©ng, w here

ng  d e n o te s  a  s t r u c tu r in g  e lem en t o f s iz e  n o b ta in e d  by  d ila tin g  g by

its e lf  n -1  tim es.

6) T h in n in g  a n d  T h ic k e n in g :33

T h in n in g  X by  g is : X ® g = X n (X * g) (2-18)

T h ick en in g  X by  g is : X o g = X u (X * g) (2-19)

w here  * r e p r e s e n t s  h i t-o r -m is s  o p e ra tio n  (se e  1.15).

7) C ond itional th in n in g  a n d  th ic k e n in g :34

Given tw o  b in a ry  s e t s  X a n d  Y a n d  SE g , we can  d e fin e  co n d itio n a l 

th in n in g  a s  Y« g ;X. T h is  m eans Y is  th in n in g  b y  g w ith th e

r e s t r ic t io n  o f g iv en  X.

C ond itional th in n in g :  Y «  g ; X = (Y « g) n X (2-20)

By d u a lity :

C onditional th ic k e n in g : Y o g ;X = (Y o  g ) uX (2-21)

b) Some g r a y  lev e l M -filte rs  a n d  th e i r  ap p lic a tio n :
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1) E dge D e tec tio n :35

E d g e l = D (f ,g )-f  (2-22)

E dge2 = f -E ( f ,g )  (2-23)

E dge3 = D (f,g )-E (f,g ) (2-24)

w here  £ is  a  g ra y  lev e l im age a n d  g is  a  sp e c if ic  b in a ry  SE which is  

o f te n  so lid .

2) Noise S u p p re ss io n :

0 ( f ,g )  s u p p r e s s e s  th e  p o s itiv e  n o ise  p e a k s . C [0 (f ,g ) ,g ]  ca n  c lean  th e  

n e g a tiv e  n o ise  s p ik e s .

3) C o n tra s t  E nhancem en t:

I f  f i  d e n o te s  th e  e n h a n c e d  im age, th e n

f t  = £ 9  g  i f  (£ ® g ) - f  < £-(£ e g ) (2-25)

£ e  g  o th e rw is e  (2-26)

2.4 V ector Q u an tiza tio n  (VQ)

V ector q u a n tiz a tio n  (VQ) h a s  r e c e n tly  em e rg ed  a s  a  p o w erfu l a n d  

e ffe c tiv e  a p p ro a c h  f o r  s p e e c h  a n d  im age c o d in g . I t  h a s  a lso
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d e m o n s tra te d  p ro n o u n c e d  s u c c e s s  a t  p ro d u c in g  lo w -ra te  co m p re sse d  sp e ec h  

an d  im age. A g e n e ra l  s u rv e y  of v e c to r  q u a n tiz a tio n  may be  fo u n d  in  (39, 

40).

2.4.1 Im age Coding a n d  Data C om pression  sy s tem

The tra n sm is s io n  a n d  s to ra g e  o f p ic to ria l in fo rm atio n  is  of p ra c tic a l  

im p o rtan ce  in  d iv e r s e  ap p lic a tio n  a re a s , in c lu d in g  d ig ita l  te le v is io n , 

p ic tu re p h o n e s , sp a c e  e x p lo ra tio n , biom edical a n d  in d u s t r ia l  q u a lity  

c o n tro l. The c e n tr a l  p rob lem  in  im age com m unication is  c h a n n e l c a p a c ity  

o r  a c h ie v in g  s to ra g e  re d u c tio n  while m ain ta in ing  an  a c c e p ta b le  f id e lity  

o r  im age q u a lity . The p o ss ib ili ty  o f a  b an d w id th  re d u c tio n  is  in d ic a te d  

by  tw o o b s e rv a tio n s . F ir s t ,  t h e r e  is  a  la r g e  am oun t of s ta t is t ic a l  

re d u n d a n c y  o r  c o rre la t io n  in  norm al im ages. For exam ple, tw o p o in ts  

t h a t  a re  sp a tia lly  c lo se  to g e th e r  te n d  to  h a v e  n e a r ly  th e  same 

b r ig h tn e s s  lev e l. S econd , th e r e  is  a  la rg e  am oun t o f p sy c h o  v isu a l 

re d u n d a n c y  in  m ost im ages. T h a t is ,  a  c e r ta in  am oun t o f in fo rm atio n  is  

i r r e le v a n t  a n d  may be  e lim ina ted  w ithou t c a u s in g  a  lo ss  in  s u b je c t iv e  

q u a lity , a n d  a  la rg e  am oun t o f re d u n d a n c y  may be  rem oved  w ithou t 

c a u s in g  a  com plete  lo ss  o f d e ta il.

The g e n e ra l  d ig ita l  com m unication  sy s te m s  c o n s is t  o f a  in fo rm ation  

s o u rc e , e n c o d e r , c h a n n e l, d e c o d e r , a n d  an  in fo rm a tio n  u s e r  (se e  f ig u re  

2 -2 ). I t  i s  a ssu m ed  t h a t  th e  in fo rm atio n  s o u rc e  g e n e ra te s  a  s e q u e n c e  

o f d is c r e te  sym bo ls ta k e n  from  a  f in ite  s e t .  T h a t is ,  im ages m ast be 

sam pled  a n d  q u a n tiz e d  fo r  tra n s m is s io n  o v e r  th e  c h a n n e l. The e n c o d e r  is
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a  d e v ic e  t h a t  tra n s fo rm s  th e  s o u rc e  o u tp u t  in to  a form  th a t  may be 

t ra n s m itte d  o v e r  th e  c h a n n e l. E r ro r s  o c c u r  d u r in g  tra n sm iss io n  o v e r  th e  

c h a n n e l. T hen  th e  d e c o d e r c o n v e r ts  th e  c h a n n e l o u tp u t  in to  a  form  

s u ita b le  fo r  in te r p re ta t io n  by  th e  u s e r .  T he u su a l com m unication 

p ro b lem s a ssu m e s  th a t  th e  so u rc e , c h a n n e l, an d  u s e r  a re  g iv en  a n d  c a n n o t 

b e  a l te re d ,  so  th e  com m unication p roblem  d e s ig n e r  m ust c o n s tr u c t  th e  

e n c o d e r  a n d  d e c o d e r  to  s a tis fy  th e  r a t e  a n d  e r r o r  c r i t e r ia  d e s ire d  of 

th e  sy s tem .

Many im age co d in g  te c h n iq u e s  a n d  d a ta  co m p ressio n  sy s te m s  h a v e  been  

d e v e lo p ed  in  th e  p a s t  tw o d e c a d e s  su c h  a s  p u lse  code  m odulation (PCM), 

D iffe ren tia l p u lse  code  m odulation (DPCM), p re d ic tiv e  co d in g , tra n s fo rm  

c o d in g  a n d  v a r io u s  h y b r id  c o d in g  te c h n iq u e s . V ector q u a n tiz a tio n  (VQ) 

te c h n iq u e s  h a v e  b e e n  d e v e lo p ed  s in c e  t h e  la te  s e v e n tie s . C onven tional 

DPCM o r  p re d ic tiv e  c o d in g  s y s te m s  a re  b a se d  on  sc a la r  co d in g  while 

th e  t ra n s fo rm  co d in g  sy s te m s , a lth o u g h  tra n s fo rm a tio n  is  im plem ented  on 

v e c to r s ,  q u a n tiz a tio n  i s  s t i l l  o p e ra te d  on  th e  s in g le  com ponent. T h u s  

th e y  a r e  e v e n tu a lly  s c a la r  co d in g  sy s te m s .

T he a d v a n ta g e s  o f u s in g  VQ a r e  a s  follow s:

1) A fu n d am e n ta l r e s u l t  o f  S h a n n o n 's  r a t e  d is to r tio n  th e o r y 41 i s  t h a t  

b e t t e r  p e rfo rm a n c e  ca n  a lw ay s b e  a c h ie v e d  by  c o d in g  v e c to rs  in s te a d  of 

s c a la r .  A cco rd ing  to  th e  th e o r y ,  v e c to r  q u a n tiz e r  a c h ie v e s  optim al 

r a t e  d is to r tio n  p e rfo rm a n c e  s u b je c t  to  on ly  a  c o n s tr a in t  on  memory o r  

v e c to r  le n g th  o f th e  s ig n a l se g m e n t b e in g  coded .

2) In  VQ, s e v e ra l  com p o n en ts  a r e  q u a n tiz e d  s im u ltan eo u sly  in s te a d  of 

s e p a ra te ly , th u s ,  th e  in te r v e c to r  c o rre la t io n  can  b e  exp lo ited .
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3) V ector Q u an tize r h a s  a  m odular s t r u c tu r e .  Hence i t  can  be m apped on 

to  a sy s to lic  ty p e  a r c h i te c tu r e  t h a t  is  e a sy  to  im plem ent u s in g  VLSI 

tec h n o lo g y .

2.4.2 V ector Q u an tiza tio n

An im age is  p a r t i t io n e d  in to  sm all b lo ck s  of p*q p ixels, e ach  cell 

is  r e g a rd e d  a s  a  v e c to r  of d im ension  p*q. Each o rd e re d  s e t  of k=p*q 

sam ples (k  d im ension  v e c to r  in  E uclidean  sp a ce )  is  m apped in to  one of a 

f in ite  s e t  o f N r e p r e s e n ta t iv e s  o r  " o u tp u t  v e c to rs " . A b in a ry  word can  

th e n  be  u se d  to  id e n tify  w hich of th e  s ta n d a r d  s e t  of o u tp u t  v e c to r  

r e p r e s e n ts  th e  o r ig in a l  in p u t  v e c to r . A fter d ig ita l  s to ra g e  o r 

tra n sm iss io n  o f th e  codew ord  a  ta b le  lo o k -u p  o r  "codebook" can  be 

u se d  to  r e p ro d u c e  th e  c o r re s p o n d in g  o u tp u t  v e c to r  w hich app rox im ate ly  

r e c o n s t ru c ts  th e  o r ig in a l in p u t  v e c to r .

G eneral b lock  d iag ram  of a  VQ sy s te m  is  show n in  F ig u re  2-3.

1) E ncoding  schem e i s  d e s c r ib e d  by :

a) An in p u t  v e c to r  X of d im ension  k w here  X = (x jf x2,..., xr ).

b) A r a te  o f R b i t s /v e c to r  (o r r  = R /k  b its /sa m p le s ) .

c) A codebook  C = (Y(i), i= l, 2 ,..., N}, w here  Y a re  a lso  k - d  v e c to rs  

an d  N = 2B.

d) An e n c o d e r  m aps an  in p u t  s o u rc e  v e c to r  X = (x ,x ,...,x k) in to  

a b in a ry  R - tu p le  o r  a  b in a ry  c h a n n e l v e c to r  U = (u  , u 2 » . . . , u r ) .

2) The d e c o d e r  i s  a  sim ple  ta b le  lookup  p ro c e d u re , i t  m aps o r t ra n s fo rm s  

th e  re c e iv e d  th e  v e c to r  in to  a  re p ro d u c tio n  v e c to r  Y = 0(U) e C.

3) The optim al codebook  C is  s to re d  in to  a  la rg e  memory to  hold  an
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a c c u ra te  r e p r e s e n ta t io n  o f N = 2B k d im ensional c o d e v e c to rs .

4) The b in a ry  c h a n n e l v e c to r  J  i s  i n te r p r e te d  a s  th e  b in a ry  in d ex  o f th e  

r e p ro d u c tio n  v e c to r  to  b e  o u tp u t.

5) D efine a n o n n e g a tiv e  d is to r t io n  m easu re  d(X,Y) t h a t  m ea su res  th e  

d is to r tio n  o r  c o s t  o f re p ro d u c in g  an  in p u t  v e c to r  Y a n d  a tte m p t to  

minimize th e  a v e ra g e  d is to r tio n  D(X,Y) = E[d(X,Y)].

From  th e  a n a ly s is  a b o v e , th e  k ey  p ro b lem s in  VQ d e s ig n  a r e  to  deve lop  

e f fe c tiv e  codebook s t r u c tu r e  to  allow h ig h  d im en sio n a lity  v e c to r  cod ing  

a n d  to  f in d  e f fe c tiv e  p e rc e p tu a l ly -b a s e d  d is to r t io n  m easu re  fo r  w hich 

op tim al co d eb o o k s c a n  b e  d e s ig n e d . T h ese  tw o p rob lem s a re  re la te d  

b e c a u se  d is to r tio n  m easu re  may n a tu ra lly  g iv e  r i s e  to  a  s t r u c tu r e  th a t  

fa c i li ta te s  a c c o rd in g ly , w ith l i t t le  o r  no  lo ss  in  op tim ality .

2.4.3 Optim al V ector Q u a n tiz e r

A N -level v e c to r  q u a n tiz e r  is  s a id  to  be  op tim al (o r g lobally

optim al) if  i t  m inim izes th e  e x p e c te d  d is to r t io n , t h a t  is ,  a  sp e c ia l 

q u a n tiz e r  C* i s  op tim al i f  f o r  a ll o th e r  v e c to r  q u a n tiz e r s  C h a v in g  N 

re p ro d u c tio n  v e c to r s , D(C*)<D(C), w here  D i s  d e fin e d  a s  a v e ra g e  

d is to r t io n  o f th e  q u a n tiz e r .  A q u a n tiz e r  is  sa id  to  b e  locally  optim um  

if  D(C*) i s  only  a  loca l minimum, t h a t  i s ,  s l ig h t  c h a n g e s  in  C c a u se  

an  in c re a s e  in  d is to r t io n . T he goal o f v e c to r  q u a n tiz e r  d e s ig n  is  

o b ta in in g  an  op tim al q u a n tiz e r  i f  p o ss ib le  a n d , if  n o t, to  o b ta in  a 

locally  optim al a n d  h o p e fu lly  "g o o d "  q u a n tiz e r .

D eveloping a n d  s e le c tin g  p ro p e r  d is to r t io n  m ea su res  t h a t  co in c id e
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s u b je c t iv e ly  w ith th e  hum an v isu a l a s se s s m e n t is  o f ex trem ely  im p o rtan ce  

in  v e c to r  q u a n tiz e r  d e s ig n . V arious d is to r tio n  m ea su res  hav e  been  

d ev e lo p ed . If  we a ssu m e  th e  d is to r tio n  c a u se d  by  re p ro d u c in g  an in p u t  

v e c to r  X by  Y is  g iv e n  by  a  n o n n e g a tiv e  d is to r tio n  m easu re  d ( X, Y) .  

Some of th e  im p o r ta n t m e a su re s  a re  a s  follows:

k

1) S q u a re  e r r o r  d is to r tio n : d(X,Y) = £  I x -  y I 2 (2-27)
i • i 1

k

2) The w eigh ted  s q u a r e  d is to r tio n : d(X,Y) = £  w I x -  y 12 (2-28)
i ■ i i 1 1

3) M inkow ski norm : d(X,Y) = max I x -  y I (2-29)
l £ i £ k  1 1

w h ere  th e  s q u a re  e r r o r  o r  r e la te d  m ean s q u a re  e r r o r  (MSE) a re  th e  m ost 

f re q u e n tly  u se d  c r i te r io n  fo r  im age q u a lity  a s se s s m e n ts . The m ajor 

a d v a n ta g e s  o f t h e  MSE a r e  th e  in tu i t iv e  a p p e a l ( la rg e  e r r o r s  a r e  g iv en  

m ore im p o rta n c e  th a n  sm all e r r o r s ) ;  th e  e a se  of com pu ta tion ; an d  th e  

m athem atical t r a c ta b i l i ty .  B u t th i s  m easu re  d o es  n o t d is t in g u is h  

b e tw een  d i f f e r e n t  ap p ro x im atio n s  h a v in g  th e  sam e to ta l  s q u a r e  e r r o r  an d  

som etim es MSE i s  fo u n d  to  c o r r e la te  p o o rly  w ith s u b je c t iv e  r a t in g s .

N ecessa ry  c o n d it io n s  fo r  a n  optim um  v e c to r  q u a n tiz e r  may e a sily  

d e riv e d (4 3 ). In  sum m ary , a s so c ia te d  w ith  e a ch  q u a n tiz e r  o u tp u t  Y(i) i s  a 

(n e a r e s t  n e ig h b o r)  p a r t i t io n  S (i), i= l,...,N , s a tis fy in g

S(i) = { X: d(X ,Y(i)) < d(X ,Y (j)), f o r  j  t  i  } (2-30)

F o r e a ch  p a r t i t io n  S (i), Y(i) i s  th e  co n d itio n a l mean,
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Y(i) = E[X /X eS(i)] (2-31)

G eneral c o n d itio n s  fo r  op tim aility  a r e  n o t know n, a n d  th e r e  may e x is t 

many local optim um  q u a n tiz e r s  t h a t  s a t is fy  (2-31) a n d  (2 -32). T hese two 

p ro p e r t ie s  a r e  b a s ic  ru le s  fo r  optim al codebook  d e s ig n  b u t  th e y  do no t 

p ro v id e  optim um  v a lu e s  ex p lic itly , s in c e  Yi fo r  a  p a r t i t io n  d e p e n d s  on 

th e  d ec is ion  h y p e rp la n e  of p a r t i t io n , an d  S(i) d e p e n d s  on  th e  o u tp u t  

lev e l Y(i).

The b a s ic  c o n c e p t fo r  VQ te c h n iq u e  is  n o t  new in  f a c t  i t  i s  th e  m ost 

g e n e ra l  way to  s o u rc e  co d in g  g iv en  a  c o n s tr a in t  on th e  d im ensiona lity  of 

th e  b lo ck s . No s ig n if ic a n t  p r o g re s s  h a s  b een  m ade u n til  a  sy s te m a tic a l 

m ethod of g e n e ra tin g  an  optim al codebook  is  d ev e lo p e d . The LBG 

a lg o rith m 42 d e v e lo p ed  b y  L inde, Buzo a n d  G ray is  c o n s id e re d  a s  th e  

m ost g e n e ra l  a n d  e ffe c tiv e  m ethod to  g e n e ra te  good v e c to r  q u a n tiz e r s  o r 

codeb o o k s. I t  i s  n o t  on ly  an  in d e p e n d e n t  im age co d in g  m ethod b u t  a lso  

f r e q u e n tly  u se d  a s  a  p o w erfu l com ponen t in  v a r io u s  v e c to r  q u a n tiz a tio n  

m ethods.

2.4.4 A G eneral Optimum VQ D esign A lgorithm  -  LBG A lgorithm

The n e c e s s a ry  c o n d itio n s  (2 -30) a n d  (2-31) p ro v id e  th e  b a s is  of th e  

i te r a t iv e  LBG q u a n tiz e r  d e s ig n  a lg o rith m . The d e ta ils  of th e  a lgo rithm  

a r e  p re s e n te d  in  (42). T he b a s ic  id e a  of th e  a lg o rith m  is  sim ple an d  

ca n  b e  sum m arized  a s  follow s:

If  a  codebook  o f v e c to r s  i s  d e fin e d  a s  C = (Y(i); i= l,2 ,..., N}, and  

th e  e a ch  s o u rc e  v e c to r  from  th e  o r ig in a l im age a r e  r e p r e s e n te d  by  X. A
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d is to r tio n  m easu re  ( s q u a re  e r r o r  a n d  MSE is  u se d  in  LGB algo rithm ) 

b e tw een  X a n d  Y is  d e s c r ib e d  a s  d(X,Y). Co is  an  in itia l  g u e s s  fo r th e  

codebook  th e n  LGB a lg o rith m  will i t e r a te  th e  follow ing tw o s te p s :

1). F ind  th e  optim um  re p re s e n ta t io n  (p a r t it io n )  fo r  th e  s o u rc e  v e c to rs  

b y  f in d in g  th e  n e a r e s t  n e ig h b o r  (w ith  minimum s q u a re  e r r o r )  co d e v ec to r  

T h a t is ,  p a r t i t io n  e a ch  o f th e  s o u rc e  v e c to r s  X in to  one of th e  N -th  

p a r t i t io n s  S(i) b a se d  on  (2 -30).

2). Com pute th e  b e s t  r e p ro d u c in g  v e c to r  (new c o d e v e c to r)  Y(i) fo r  each  

p a r t i t io n  S (i). Y(i) i s  th e  minimum d is to r tio n  v e c to r  o r  c e n tro id  of 

S(i) u n d e r  Mean s q u a re  e r r o r  m easu rem en t d(X,Y). If  n  r e p r e s e n t s  th e  

n u m b er o f s o u rc e  v e c to r s  in  th e  i - t h  p a r t i t io n , th e n :

I X
x € S ( i)

Y(i) = -----------------  i  = 1 ...... N (2-32)
n i

The d is to r t io n  in  s te p  2) m ust d e c re a s e  o r  n o t c h a n g e . Should  i t  

d e c re a s e , th e  p a r t i t io n  fo u n d  in  s te p  1) will no  lo n g e r  be  optim um  an d  

m u st be  rec o m p u te d . I te r a t io n s  b e tw een  s te p  1) a n d  2) p ro v id e s  a 

n o n in c re a s in g  d is to r t io n , a n d  th e  a lg o rith m  e v e n tu a lly  c o n v e rg e s  to  a 

local optim um  d e s ig n (4 2 ).

The a lg o rith m  h a s  overw helm ing  a d v a n ta g e  o f b e in g  th e  on ly  g e n e ra l 

(local optim um ) v e c to r  q u a n tiz e r  d e s ig n  a lg o rith m  a n d  h a s  s e v e ra l  

n o te w o rth y  f e a tu re s :

1) No s o u rc e  model n e e d  b e  p o s tu la te d  to  d e te rm in e  how to  a llo ca te  b i ts
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w ith in  e ach  b lock . Local optim al q u a n tiz e r  is  ach iev ed  by  t ra in in g  

la rg e  am ount o f im age d a ta  sam ples.

2) D isto rtion  m ea su res  n eed  n o t b e  r e s t r ic te d  to  only  th o se  which a re  

t r a c ta b le  lik e  MSE.

3) For f in ite  a lp h a b e t  d is t r ib u t io n s  su c h  a s  sam ple d is t r ib u t io n s ,  th e  

a lg o rith m  a lw ays c o n v e rg e s  to  a f ix e d -p o in t q u a n tiz e r  in  a f in ite  num ber 

of s te p s(4 2 ).

One m ajor d isa d v a n ta g e  of th e  VQ u se d  in  h ig h e r  r a te s  is  th e  

ex p o n e n tia l g ro w th  in  th e  co m pu ta tiona l com plexity  w hen a la rg e  b lock 

le n g th  is  em ployed , th e  n u m b ers  a n d  s iz e  of th e  c o d ew o rd s  sh o u ld  be 

c a re fu lly  c o n s id e re d . A n o th er d isa d v a n ta g e , w hen low er b i t  r a te s  a re  

u s e d , i s  t h a t  th e  e d g e s  of th e  cod ed  im ages a re  n o t well r e p re s e n te d .

2.4.5 V arious V ector Q uan tiza tion  T e c h n iq u e s

To r e d u c e  th e  e f fe c t  of th e  ab o v e  tw o m ajor d isa d v a n ta g e s , d ifferen t  

v e rs io n s  of v e c to r  q u a n tiz a tio n  s t r u c tu r e s  o r a lg o rith m s h a v e  been  

d ev e lo p e d . The r e s e a rc h  h a s  fo cu se d  on d e s ig n  te c h n iq u e s  fo r  v e c to r  

q u a n tiz e r s  t h a t  h a v e  s t r u c tu r e s  w hich y ield  a  slow er g ro w th  o f e n c o d e r 

com plexity  w ith  r a t e  o r  d im ension  a n d  a lso  on  d e v e lo p in g  p e rc e p tu a l ly -  

b a se d  te c h n iq u e s  b y  u s in g  th e  hum an v isu a l model in  VQ d e s ig n . T ree 

s e a rc h  s t r u c tu r e s ;  p ro d u c t  c o d es  a n d  se g m en ted  codebooks a re  f re q u e n tly  

em ployed  in  th e  VQ d e s ig n  to  r e d u c e  th e  s e a rc h  com plexity  e ffe c tiv e ly . 

E ven  th o u g h , th e  g e n e ra te d  v e c to r  q u a n tiz e r s  a re  on ly  suboptim um .

D iffe ren tia l VQ44, m ultip le s te p  VQ45, Gain s h a p e  VQ46, m ultip le
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codebook  V Q *7, p re d ic tiv e  VQ48, h ie ra c h ic a l VQ49, fee d b a c k  VQ50, la t tic e

VQ51, f in ite  s ta te  VQ52, tra n s fo rm  VQ53 an d  o th e r  VQ te c h n iq u e s  54*55>56 

c o n s id e r in g  th e  hum an v isu a l model h av e  b e e n  d ev e lo p e d . Most of th e s e  

a lg o rth m s u s e  LBG a lg o rith m  a s  a  b a s ic  u n i t  fo r  th e  VQ d e s ig n .

2.5 The S t r u c tu r e  C h a ra c te r is t ic s  o f th e  C yto log ica l Im ages

F o u r re g io n s  may be  o b s e rv e d  in  a  cy to lo g ica l im age; th e  b a c k g ro u n d , 

e ry th r o c y te s  (u n n u c le a te d  c e lls ) , a n d  n u c le u s  a n d  cy top lasm  of th e  

le u k o c y te s . The b a c k g ro u n d  r e p r e s e n t s  th e  l ig h te r  p o r tio n s  of th e  

im age (h ig h e s t  g r a y - le v e l  v a lu e s ) , n u c le i a p p e a r  a s  th e  d a r k e s t  p o r tio n s  

of th e  im age (low est g ra y - le v e l  v a lu e s ) , while e ry th r o c y te s  d isp la y  

an  in te rm e d ia te  g ra y . O th er a t t r ib u t e s  s u c h  a s  cy to p lasm  co lo r, n u c le a r  

s h a p e  a n d  te x tu r e  may d if fe r  from  one  im age to  a n o th e r , d e p e n d in g  on 

th e  p a r t ic u la r  ty p e  of ce ll. For iso la te d  ce ll im ages, th e  

p h o to m e trica l, g eo m etrica l, to p o lo g ica l a n d  m orpholog ical in fo rm ation  

c a n  b e  fo rm u la ted  a n d  s u c c e s s iv e ly  in s e r te d  in  e a ch  o f th e  p ro c e s s in g  

s ta g e s .  In  t h e  p re p ro c e s s in g  s ta g e ,  d i f f e re n t  sm ooth ing  a lg o rith m s  can  

b e  se le c te d  b a se d  u p o n  th e  re la tiv e ly  sm alle r a n d  d a rk e r  a r t i f a c ts  

o u ts id e  th e  ce ll im ages, a n d  th e  b r ig h te r  a n d  sm oothed  te x tu r e  re g io n s  

in s id e  th e  ce ll im ages.

In  th e  p ro c e s s in g  s ta g e  th e  fo llow ing sh o u ld  be  ta k e n  in to  

d e s ig n  c o n s id e ra tio n s :
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1) The ce ll im ages u su a lly  c o n s t i tu te  in te n s i ty  c lu s te r s .  From a 

g lobal p o in t of v iew , th e  g ra y  leve l d e c re a s e s  g ra d u a lly  and  

m onotonically  from  th e  b a c k g ro u n d  to  th e  c e n te r  (n u c le a r  reg io n )  of a 

cell. S uch  an  im age is  v e ry  s u ita b le  fo r  h ie ra rc h ic a l  e x tra c tio n  by 

su c c e s s iv e ly  ex c lu d in g  th e  o u ts id e  b a c k g ro u n d  of th e  m ean ingfu l re g io n s .

2) F ixed n u m b er o f c lu s te r s  w hich r e p r e s e n t  th e  b a c k g ro u n d , n u c le u s  

a n d  cy to p lasm  is  v e ry  u se fu l n o t on ly  fo r  in itia l  s e t t in g  a n d  lab e lin g  

fo r  c lu s te r in g  a n d  re lax a tio n , b u t  a lso  fo r  s p l i t t in g  a n d  m erg ing  

c o n tro l in  th e  reg io n  g ro w in g .

3) The n u c le u s  is  lo ca ted  in s id e  th e  cy top lasm  a n d  h a s  a  sm aller 

p e rim e te r  th a n  th e  cy top lasm  re g io n . T hese  geo m etrica l f e a tu re s  will 

h e lp  in  d isc r im in a tin g  th e  tw o m ean ing fu l re g io n s , s u c h  a s  in  b o u n d a ry  

t r a c k in g .

In  th e  p o s tp ro c e s s in g  s ta g e :

1) T he to p o lo g ica l re la tio n s  o f th e  n u c le a r  a n d  c y to p la s m  re g io n s  

c a n  be  u s e d  fo r  re g io n  a n d  c o n to u r  e x tra c tio n . P ro p e r  reg io n  o r 

p ixel f illin g  c a n  b e  m ade to  fu lfill t h i s  re q u ire m e n t.

2) The ce ll b o u n d a ry  h a s  good convex  f e a tu re  g e n e ra lly . T h is  sh a p e  

f a c to r  is  v e ry  im p o r ta n t  fo r  t e s t in g  th e  p r o tr u s io n s  c a u se d  by  a ll of 

th e  seg m e n ta tio n  a p p ro a c h e s  abo v e . V arious s h a p e  a n a ly s is  m ethods can  

b e  u se d  to  lo ca te  th e  e r ro n e o u s  p ro tru s io n s  a n d  r e c o n s t r u c t  th e  re g io n s  

a n d  b o u n d a r ie s  so  a s  to  e lim ina te  o r  r e d u c e  th e  seg m e n ta tio n  e r r o r s .
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P ro p e rly  in s e r t in g  th e s e  c r i te r io n s  in  e ach  of th e  p ro c e s s in g  s ta g e s  

will help  c re a te  a lg o rith m s  w ith more d isc r im in a to ry  pow er and  

r o b u s tn e s s .  The r e s u l te d  la rg e  re d u c tio n  of th e  e r r o r s  will make th e  

au tom atic  c y to lo g ica l im age seg m en ta tio n  a c c e p ta b le  a n d  ap p licab le .
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CHAPTER 3

CYTOLOGICAL IMAGE CONTOUR EXTRACTION 

USING BIT-PLANE THRESHOLDING

3.1 In tro d u c tio n

In  c y to lo g y , w h ere  la rg e  am o u n ts  of c e ll  im ages a r e  p ro c e s s e d , 

a c c u ra c y  a n d  s im p lic ity  a r e  tw o m ost im p o r ta n t  f e a tu r e s  fo r  au to m ated  

im age se g m e n ta tio n . T h re sh o ld in g , d u e  to  i t s  f a s t  a n d  e ffe c tiv e  

p e rfo rm a n c e , i s  w idely u s e d  in  c y to lo g ic a l im age seg m e n ta tio n . Many 

iso la te d  c e lls  ca n  b e  se g m e n ted  b y  a  s t r a ig h t  fo rw a rd  th re s h o ld in g , 

p ro v id e d  t h a t  th e  b a c k g ro u n d  g e n e ra lly  a p p e a r s  r a t h e r  well c o n tr a s te d  

a n d  hom ogeneous, o r  t h a t  t h e  ce ll im ages h av e  bim odal o r  trim o d a l 

f re q u e n c y  d is t r ib u t io n . T h re sh o ld in g  te c h n iq u e s  p ro v e  in a d e q u a te  when 

th e  c e ll b o u n d a r ie s  a r e  p o o rly  d e fin e d ; t h e  g ra y  lev e l h is to g ra m  is  

unim odal; o r  th e  c e lls  a r e  v e ry  c lo se  to g e th e r .  In  s u c h  c a se s , lack  of 

a v a ilab le  s p a tia l  in fo rm a tio n  a n d  re lia b le  th r e s h o ld  f in d in g  te c h n iq u e s  

r e s u l t  in  m ore se g m e n ta tio n  e r r o r s  g e n e ra te d  th a n  r e g io n -b a s e d  o r  

e d g e -b a s e d  se g m e n ta tio n  te c h n iq u e s .

T he  m ajor in it ia t iv e  o f t h e  p re s e n t in g  b i t- p la n e  th re s h o ld  te c h n iq u e  

is  n o t  aim ed a t  f in d in g  th e  op tim al th r e s h o ld s ,  n o r  a t  lo ca tin g  

a d a p tiv e  local th r e s h o ld s  a n a ly tic a lly , b u t  r a th e r  a tte m p tin g  to  f in d  

a  midway so lu tio n  t h a t  in h e r i t s  th e  f a s t  f e a tu re  o f sim ple 

th re s h o ld in g  a n d  s t i l l  b e  a b le  to  dea l w ith  th e  v a rio u s  p rob lem  

m entioned  a b o v e . To im p ro v e  t h e  e f fe c tiv e n e s s  o f th e  te c h n iq u e



40

a tte n tio n  i s  fo cu se d  on  th e  a c c u ra te  m odeling an d  h a n d lin g  of th e  

im age s t r u c tu r e s .  From  a  g lobal p e rs p e c tiv e , in c o rp o ra t in g  a p r io r i  

know ledge  a b o u t th e  im age, th e  in te n s i ty  v a lu e s  of an  iso la te d  cell 

im ages d e c re a s e  a s  one  go es  from  th e  b a c k g ro u n d  th ro u g h  th e  in te rm e d ia te  

cy top lasm  reg io n  a n d  in to  th e  in s id e  n u c le a r  reg io n . A dditionally , th e  

cy top lasm  reg io n  a n d  th e  in s id e  n u c le a r  reg io n  u su a lly  e x is t  a s  tw o 

s e p a ra te  a g g re g a te s .  A r tifa c ts  sh o u ld  n o t be  re c o g n iz e d  a s  m ean ingfu l 

re g io n s  d u e  to  t h e i r  m uch sm alle r s ix es . T hese  h ie ra rc h ic a l  s t r u c tu r e s  

a n d  a  p r io r i  in fo rm a tio n  p ro v id e  good c o n d itio n s  fo r  sp a tia l  im age 

decom position  a n d  se le c tin g  p ro p e r  p ro c e s s in g  s t r a te g y .

Id ea lly , t h r e e  w indow s d e fin e d  by  tw o th re s h o ld s  a re  en o u g h  fo r  

e x tra c tio n  of th e  cy to p la sm  a n d  n u c le a r  re g io n s  from  th e  

b a c k g ro u n d . Due to  in a d e q u a te  th re s h o ld in g  tw o  w indow s may n o t be  

e n o u g h  to  p ro p e r ly  d e te c t  th e  m ean ingfu l re g io n s . T h re e  s itu a tio n s  

may o c c u r: i f  no  window i s  p ro p e r ly  lo ca ted  th e  se g m en ta tio n  fa ils ; 

if  one  window c o n ta in s  m ore th a n  o n e  o b je c t , th e  th re s h o ld s  a re  n o t 

su ff ic e  fo r  se g m e n ta tio n ; i f  a n  o b je c t  o v e rla p  s e v e ra l  w indow s th e r e  

may be  no  a d e q u a te  th re s h o ld  c o n s is te n t  r e p re s e n ta t io n  o f an  o b je c t. 

In  th e  p r e s e n t  b o u n d a ry  e x tra c tio n  a lg o rith m  we a d d re s s  th e  f i r s t  tw o 

s i tu a tio n s  ab o v e . The d e s ig n  s t r a te g y  is  to  s e t  m ore th re s h o ld s  to  

in c re a s e  th e  p ro b a b ility  o f f i t t in g  d if f e re n t  m ean ingfu l re g io n s  in to  

d if f e re n t  w indow s. S o lu tion  to  t h e  t h i r d  problem  c a n  be  a d d re s s e d  by 

d e te rm in in g  w hich c o n to u r  r e p r e s e n ta t io n  m ost lik e ly  m eets a  s e r ie s  

of a  p r io r i  r e q u ire m e n ts , s u c h  a s  geo m etrica l (c lo se n e ss  a n d  s iz e ) , 

m orpholog ical ( sh a p e )  a n d  p h o to  m etrica l ( c o n tra s t) .
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3.2 B it-p lan e  M orphological E dge D etector

G ray lev e l c y to lo g ica l im ages a r e  v iew ed a s  s ta c k e d  b in a ry  b it  p lane  

im ages re p re s e n t in g  th e  e f fe c t  of th re s h o ld in g  th e  g ra y  lev e l im ages 

w ith m ultip le  g ra y  le v e l w indow s. M eaningful o b je c t  se g m e n ta tio n s  a re  

s e a rc h e d  h ie ra rc h ic a lly  while re d u c in g  th e  s iz e  of th e  w indows. A new 

M orphological f i l te r  s t r u c tu r e  is  d e s ig n e d  to  d e te c t  all th e  b in a ry  

e d g e s  o f th e  ab o v e  m u lti- th re s h o ld e d  im age in to  one  im age. I t  p r e s e r v e s  

th e  a d v a n ta g e s  of b in a ry  d e te c tio n  m ethods which p ro d u c e s  more 

c o n n e c te d  a n d  th in  e d g e s  a n d  o b ta in s  v e ry  sim ple im plem entation .

3.2.1 S t r u c tu r e  of th e  E dge D etecto r

To in h e r i t  th e  m erit of b in a ry  e d g e  d e te c tio n  m ethod h av in g  a c c u ra te  

a n d  th in  e d g e , we decom pose th e  256 le v e l ce ll im age f  to  g e n e ra te  a 

few b i t  p la n e s  X( w ith w eigh t 28 ' 4, w here  i= l ,2 ,.. . , j ,  maxj=8, a n d  a 

g ra y  lev e l im age R w hich is  a  d if fe re n c e  p ic tu r e  o f f  w ith  w e ig h ted  sum 

p ic tu re s  o f X . T h u s, th e  g ra y  le v e l im age f  ca n  be  r e p r e s e n te d  by:

f  = I  Xt * 28" * (3-1)
1 - 1

f  = £  X * 28” 1 + R j  < 8 (3-2)
i - i

1) Use b in a ry  d ila tio n  to  f i l te r  e a c h  b in a ry  p ic tu re  X ^  i= l  j

re s p e c tiv e ly  w ith a  sm all s iz e  SE, g , to  p ro d u c e  th e  d ila te d  b in a ry
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im ages X ^ ,  i.e .

X
d i

Dilate(X ,g) w h ere  i= 1 ,2 ,...,j. (3 -3)

A fter d ila tio n , in  e a ch  w eigh ted  b in a ry  im age p lan e  X , th e  l ig h t  

a re a  h a s  b een  e x te n d e d  (g ra y  lev e l 1) a n d  th e  d a rk  reg io n  h a s  been  

s h ru n k  ( lev e l 0) by  th e  sam e n u m b er of p ixels. S u p p o se  in  e ach

T hen  we h a v e  t h a t

2) Sum up  a ll t h e  d ila te d  p ic tu r e s  a n d  th e  r e s id u a l  g r a y  lev e l 

p ic tu re  R (w hen j=8, R will b e  a  0 le v e l im age) s u b s t i tu t in g  all l ' s  

in  X( w ith th e  c o r r e s p o n d e n t  w e ig h ts . The sum m ed g ra y  lev e l im age f  • 

will be:

3) To e x tr a c t  th e  e d g e  in fo rm atio n  we s u b t r a c t  th e  o r ig in a l im age 

from  th e  sum m ed im age. U sing (3 -2 ) a n d  (3 -5 ) we o b ta in :

f  = f  -  f

i th  p lan e , th e  im age c o n s is t in g  o f new ly  g e n e ra te d  "1" p ixels  is  X
e i

i - 1  l - l
(3-5)
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= £ X  * 2 8 ” ‘ ( 3 - 6 )
i « 1

w here  th e  r e p r e s e n t s  th e  in v a r ia n t  im ages (ro o t)  b e fo re  a n d  a f te r  

d ila tion  a t  e a ch  i - t h  p lane . The tw o R’s  ca n ce l o u t a n d  th e  rem ain ing  

im age becom es th e  l in e a r  com bination  of b in a ry  e d g e s  a t  d i f f e re n t  

b in a ry  p la n e s . The b lock  d iag ram  of th is  e d g e  d e te c to r  is  show n 

in  f ig u re  3-1.

3.2.2 F e a tu re s  a n d  D iscussion

T his e d g e  d e te c to r  h a s  th e  fo llow ing fe a tu re s :

1) F lexible a n d  ro b u s t :

A ce ll im age d e te c te d  by  th e  e d g e  d e te c to r  is  tra n s fo rm e d  in to  

one  m u lti- th re s h o ld e d  e d g e  map. The e d g e  map p ro v id e s  m ultip le  choice 

a n d  e a sy  e x tra c tio n  o f d i f f e r e n t  c o n to u rs  b o th  fo r  th e  v iew er and

co m p u te r  a n a ly s is  a n d  re c o g n itio n . Due to  i t s  s t r u c tu r e  a  h ie ra rc h ic a l 

c o a rs e - f in e  s e a rc h  i s  p o ss ib le  b y  su c c e s s iv e ly  in c re a s in g  th e  num ber

o f w indow s to  r e d u c e  th e  p ro b a b il ity  o f m issing  ta r g e t s .  The m ultip le

th re s h o ld  s e t t in g  d o e s  n o t c o n s id e r  a n y  sp a tia l  in fo rm ation  a s  a 

p re su m p tio n , so  t h a t  t h i s  s e tt in g  c a n  be  u s e d  in  a  m ore r o b u s t  way fo r  

seg m e n tin g  ce ll im ages w ith d if f e re n t  s p a tia l  c o n tr a s t  v a r ie tie s .

I f  a  ce ll im age h a s  bim odal o r  trim o d e l h is to g ram  th e n  some 

th re s h o ld s  will m ost lik e ly  b e  c lo se  to  th e  v a lle y s . F o r s in g le  modal 

h is to g ram  some th re s h o ld s  a r e  e x p e c te d  to  be c lo se  to  th e  optim al 

th re s h o ld s  v a lu e s  r e q u i r e d  fo r  se g m e n ta tio n . A lthough  th e  d e te c te d  e d g e
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map may n o t b e  th e  m ost a c c u ra te  o r  op tim al, i t  c o n ta in s  th e  n e c e s s a ry  

c o n to u r  in fo rm a tio n  w ith  good a c c u ra c y  th u s  m aking i t  flex ib le  and  

r o b u s t .

2) High s e n s i t iv i ty  a n d  a d ju s ta b le  re so lu tio n

The b i t-p la n e  th re s h o ld s  can  b e  a d ju s te d  c lo se  e n o u g h  to  d e te c t  any  

g ra y  lev e l t r a n s i t io n s  a c ro s s  th e  th re s h o ld  v a lu e s . T h is  p ro p e r ty  is

u s e fu l  fo r  d e te c tin g  ce ll im ages w hose e d g e s  a r e  n o t well d e fin e d  d u e

to  low c o n t r a s t  a n d  d e te c tin g  te x tu r e  v a r ia tio n s  w ith in  th e  ce lls .

E dge re s o lu tio n  is  a  m easu rem en t o f how s e n s ib le  th e  d e te c to r  can

re c o g n iz e  th e  g r a y  le v e l  v a r ia tio n . From  (3 -6 ) we se e  t h a t  th e  

re so lu tio n  d e p e n d s  on th e  n u m b er o f le v e ls , j .  The la r g e r  th e  v a lue  

of j ,  th e  h ig h e r  th e  d e te c to r  re s o lu tio n , a n d  th e  low er th e  e d g e

c o n tr a s t  t h a t  c a n  be  d e te c te d . T h u s  to  p ro c e s s  a n  im age, j  is  ch o sen  

to  b e  th e  n u m b er o f b in a ry  p la n e s  e n s u r in g  g re y  lev e l d iffe re n c e  

g r e a te r  th a n  2J -1  will b e  d e te c te d . G rey  lev e l d if fe re n c e  le s s  th a n  

2 J -1  may b e  d e te c te d  o n ly  i f  th e  g re y  le v e l t ra n s i t io n  c ro s s e s  th e  

th re s h o ld  v a lu e s  c o r re s p o n d in g  to  th e  b i t  p la n e s . I f  we d e fin e

S a s  th e  e d g e  d e te c tio n  re so lu tio n  r e p r e s e n t in g  th e  maximum n u m b er of 

g r a y  lev e l d if f e n re c e s  t h a t  c a n  b e  d e te c te d , th e n

S = 2 J -  1 j  = 1 ,...8 . (3-7)

T h is  c a n  be  a lso  e v a lu a te d  from  (3 -6 ) , i f  j  le v e ls  a r e  c h o sen  by

ta k in g  a ll th e  com bina tions from  1 to  j .  T he maximum nu m b er of
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com b in a tio n s  N is :

N = CJ + CJ + ... + CJ = 2J -  1 (3 -8)1 2  J

T h u s, i f  j=8 i s  c h o se n , th e n  th e  e d g e  g ra y  lev e l can  be r e p r e s e n te d  

from  1 to  a  maximum of 255 le v e ls . If  j= l  th e n  th e  d e te c to r  

becom es a  b in a ry  e d g e  d e te c to r  w ith th re s h o ld  a t  g r a y  lev e l 128. 

If  we ch o o se  j=4 th e  maximum n u m b er o f e d g e  g ra y  lev e l is  on ly  15. 

T h ese  g ra y  le v e ls  a r e  e q u a lly  sp a c e d  se g m e n ts  a p p e a r in g  on th e  

h is to g ram , a n d  r e p r e s e n t  th re s h o ld  w indow s. By v a ry in g  th e  v a lu e  of 

j  th e s e  w indow s c a n  b e  a d ju s te d  c lo se  e n o u g h  to  d e te c t  th e  e x is te n c e  

o f th e  o b je c t  c o n to u rs . T he o b je c ts  r e q u i r e d  to  b e  d e te c te d  in  th e  

cy to lo g ica l im ages a r e  u su a lly  tw o  o r  t h r e e  a n d  3 o r  4 b i t  p la n e s  

a r e  commonly u se d . U sing  m ore b i t  p la n e s  will r a is e  th e  s e n s ib ili ty ,

b u t  a t  th e  sam e tim e n o ise  a n d  fa ls e  e d g e s  ( will b e  d is c u s s e d  la te r )

will in c re a s e  ra p id ly  m aking th e  e d g e  p ic tu re  m ore com plex b ey o n d  o u r

n e e d s . Local c o n t r a s t  v a r ia tio n s  o f th e  o r ig in a l  im age, many of them  

g e n e ra te d  b y  a r t i f a c ts ,  a r e  d e te c te d  a n d  f r e q u e n tly  m apped in to  e d g e s  

w ith d if f e re n t  th r e s h o ld  le v e ls . T h is  s e p a ra b il i ty  f e a tu re  p a r tia lly  

r e d u c e s  th e  d e g re e  o f th e  n o isy n e s s  o f t h e  b in a ry  b i t  p lan e  e d g e s  

a n d  re lie v e s  th e  h e a v y  b u r d e n s  o f n o ise  f i l te r in g  a n d  th e  e x tra c tio n .

3) Sim ple im p lem en ta tion

T he im age cam b e  p ro c e s s e d  u s in g  e a s ily  im plem ented  b in a ry  

te c h n iq u e s . H ere we u se  b in a ry  m orpho log ica l e d g e  d e te c tio n  w hich
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g re a t ly  r e d u c e  th e  co m p u ta tio n s  an d  is  s u ita b le  for para lle l  

p ro c e s s in g . Simple b in a ry  t ra c k in g  em ployed  on th e  well c o n n e c te d  

b in a ry  e d g e s  m akes m uch le s s  c o n to u r  e r r o r s  by av o id in g  m isleading d u e  

to  th e  n o ise  an d  th e  c o n t r a s t  v a r ia tio n s  on th e  c o n to u rs .

3.2.3 B it-p lan e  e d g e  d e te c tio n  a n a ly s is

T he n u m b er of g e n e ra te d  b in a ry  b i t  p lan e  e d g e s  (3 -6) is  a 

m onotonically  in c re a s in g  fu n c tio n  of le v e ls  se le c te d . The more 

le v e ls  c h o sen , th e  m ore e d g e s  t h a t  a r e  o b ta in e d . I f  we ex p e c t 

s in g le  g ra y  lev e l e d g e s  a t  th e  j lh  b in a ry  p lan e , X(j), th e n  i t  is  e q u a l 

to  th e  d if fe re n c e  b e tw een  th e  j  lev e l e d g e  im age f^ a n d  th e  j -1  lev e l 

e d g e  im age f^ :

j  j - i
X(j) = f  -  f  = f  X * 28 ' 1-  V X * 28*1 = X * 2 j (3-9)

J J' 1 h i 1 i . i  ‘ J

The re la tio n s  b e tw een  th e s e  d i f f e r e n t  w eigh ted  e d g e s  can  be  

c la ss if ie d  a c c o rd in g  to  th e  fo llow ing c a se s :

1) When th e  im age c o n ta in s  s h a rp  s te p  e d g e s  w ith la rg e  c o n tr a s t  

e d g e s  from  d i f f e r e n t  b i t  p la n e s  may o v e rla p .

2) When th e  im age c o n ta in s  s lo p e  e d g e s , th e  e d g e s  in  d i f f e re n t  b i t  

p la n e s  a r e  n o t o v e r la p p e d , m ultip le  e d g e s  a r e  g e n e ra te d  in  th e  r e s u l t in g  

im age. S u itab le  se le c tio n  of a  s in g le  r e s p o n s e  is  n e c e s s a ry .

3) When th e  g ra y  le v e l c o n to u r  h a s  la r g e  in te n s i ty  v a r ia tio n s  o r
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v e ry  low c o n tr a s t  c o r re s p o n d in g  b in a ry  e d g e s  may c o n ta in  p ro tru s io n s  

which a re  n o t p a r t  of th e  o rig in a l c o n to u r . The re a s o n s  fo r  th e s e  

e r r o r s  a r e  d u e  e i th e r  to  th e  th r e s h o ld s  s e t t in g  o r  th e  existence of 

n e ig h b o rin g  a r t i f a c ts  w ith s im ila r in te n s i ty .  T h u s t ra c k in g  single  

b in a ry  e d g e s  may n o t be  ab le  to  e x tr a c t  th e  b e s t  r e p re s e n ta t io n  of the 

cell c o n to u rs . The f i r s t  p roblem  can  be  p a r tia lly  so lv ed  by  loca ting  

b e t te r  th re s h o ld  v a lu e s  d is c u s s e d  in  c h a p te r  4. T he seco n d  problem  

r e q u i r e s  e ff ic ie n t n o ise  s u p p re s s io n  a s  a  p re p ro c e s s in g  s te p .

T h re sh o ld in g  o p e ra t io n s  in  g e n e ra l  s u f f e r  from  th e i r  n o ise  s e n s i t iv e  

f e a tu re .  I t  i s  v e ry  d iff ic u lt  to  s e t  th r e s h o ld s  so  th a t  th e r e  is  a 

sm all p ro b a b ility  of s e le c tin g  n o ise  e d g e s  while re ta in in g  i t s  h ig h  

s e n s i t iv i ty .  B it-p la n e  m u lti- th re s h o ld in g  g e n e ra te s  m ore n o ise  due to  

th e  a p p lic a tio n  o f m ultip le  th r e s h o ld s .  T he b i t-p la n e  b in a ry  edge  

d e te c to r  will re c o g n iz e  a n d  m ark th o s e  b i t-p la n e  t ra n s i t io n  p ixels a s  

e d g e  p o in ts  e v e n  th o u g h  th e  c o r re s p o n d in g  local c o n t r a s t  is  v e ry  low. 

T h e re fo re  fa ls e  e d g e s  a r e  g e n e ra te d ;  w hen th e r e  a r e  tw o o r  more 

r e s p o n s e s  to  th e  sam e e d g e , o n ly  o n e  o f them  sh o u ld  be  c o n s id e re d  

a s  th e  t r u e  e d g e  a n d  th e  o th e r s  sh o u ld  b e  c o n s id e re d  a s  fa ls e  e d g e s . 

The fa ls e  e d g e s  a r e  d e fin e d  a s  p ixels  w ith non-m axim  urn g ra d ie n t  w ith 

r e s p e c t  to  t h e i r  n e ig h b o rs . T he am oun t of th e  fa lse  e d g e s  in c re a s e s  

a s  th e  g ra y  lev e l window s iz e  d e c re a s e s . A lthough , d e c re a s in g  th e  

window s iz e  will g e n e ra te  m ore p re c is e  in fo rm atio n  of c o n to u rs , th e  

la rg e  am oun t o f fa ls e  e d g e  co n ta m in a tio n s  m ake th e  b o u n d a ry  tra c k in g  

d iff ic u lt.

F a lse  e d g e s  c a n  b e  minimized b y  p re f i l te r in g , p r io r  to  e d g e
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d e te c tio n , w h ere  e d g e  pixel c a n d id a te s  a re  s e le c te d  an d  lab e lled  by 

com paring  e ach  pixel w ith i t s  n e ig h b o rs . If th e  g ra y  level 

d if fe re n c e  e x c ee d s  a p re s p e c if ie d  th re s h o ld  th e n  th e  pixel is  

c o n s id e re d  an  e d g e  c a n d id a te ;  on ly  e d g e  c a n d id a te  p ixels a re  

s u b s e q u e n tly  p ro c e s s e d . As a  r e s u l t  a la rg e  p o rtio n  of th e  fa lse  

e d g e s  a re  e lim in a ted , b u t  a t  th e  sam e tim e se g m e n ts  of b ro k e n  c o n to u rs  

a re  o b ta in e d . V arious a t te m p ts 57 ' 58 h a v e  b een  made to  ga in  b e tte r  

s e p a ra tio n  b e tw een  t r u e  a n d  fa lse  e d g e  p o r tio n s  on th e  c o n to u rs . Edge 

f ra g m e n ta tio n  is  n o t on ly  d u e  to  th e  th re s h o ld in g , b u t  is  a lso  d u e  to  

th e  f a c t  t h a t  th e  e d g e  o p e ra to r  o u tp u t  f lu c tu a te s  ab o v e  a n d  below
C o

th e  le n g th  o f th e  c o n to u r  . T h u s, w hen we c o n s id e r  th e  e lim ination  of 

th e  c o n to u r  n o ise  we m ust assum e th a t  th e  c o n to u r  i s  n o t j u s t  an 

a g g re g a tio n  of p ix els  w ith maximal c o n tr a s t ,  b u t  a lso  a c o n n e c tiv e  s e t  

o f p ixels  mixing w ith fa lse  e d g e s .

At th i s  s ta g e , th e  b e s t  b in a ry  r e p r e s e n ta t io n  fo r  th e  cell and  

n u c le a r  b o u n d a r ie s  is  p ro b a b ly  th e  m ost im p o r ta n t a p p ro a c h  fo r 

e lim ina ting  th e  fa ls e  r e s p o n s e s ,  a l th o u g h  lim ita tion  i s  d u e  to  th e

ap p lic a tio n  o f th e  fixed  th re s h o ld s .  H ow ever, u s in g  re a so n a b le  a p r io n  

know ledge , s u c h  a s  s iz e , s h a p e  a n d  re la tiv e  p o s itio n s  of th e  o b je c ts  

a re  o f g r e a t  he lp  fo r  d isc rim in a tin g  th e  d if f e re n t  o b je c t  b o u n d a rie s .

3.2.4 Some c o n s id e ra tio n s  in  th e  d e s ig n  p ro c e s s

On e a c h  b in a ry  p lan e , w hen a  d a rk  o b je c t  (0 a re a )  is  w ith in  th e  l ig h t  

en v iro n m e n t (1 a re a )  d ila tio n  t e n d s  to  s h r in k  th e  d a rk  o b je c t  and
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s t r u c tu r e  o f ce ll im ages, d a r k e r  a r t i f a c ts  a r e  d i s t r ib u te d  in  th e  

l ig h te r  b a c k g ro u n d , d ila tio n , b e c a u se  i t  will e lim inate  o r  p a rtia lly  

s h r in k  th e  m uch sm aller a r t i f a c ts ,  i s  s u ita b le  fo r  n o ise  f i l te r in g .

A sm all s iz e  s t r u c tu r in g  e lem en t (3 by  3) is  s e le c te d  to  g e n e ra te  

c o n n e c te d  e d g e s . B efore  e d g e  d e te c tio n , im age e n h a n ce m en t is  o f te n  

n e c e s s a ry  fo r  i l l-p o s e d  b o u n d a r ie s .

A r tifa c ts  may b e  d is t r ib u te d  a n y w h e re  w ith in  th e  ce ll im age. Two 

s itu a tio n s  h a v e  to  b e  c o n s id e re d :

1) a r t i f a c ts  o v e r la p  th e  ce ll b o u n d a ry .

2) a r t i f a c ts  v e ry  c lo se  to  th e  ce ll b o u n d a ry .

T hese  s i tu a tio n s  will c re a te  e i th e r  d is to r te d  e d g e s  o r  g a p s  t h a t

m ight c r e a te  t r a c in g  e r r o r s .  To s e p a r a te  th e  th e s e  a r t i f a c ts  from  th e

o b je c ts  a n d  r e d u c e  e f f e c ts  o f l ig h t  s h a d in g  m orphological c lo s in g  can  

b e  u se d . C losing ca n  fill t h e  g a p s  b y  s h r in k in g  th e  d a rk e r ,

sm aller a iz e d -h o le s . B ecause  re la tiv e ly  sm all s t r u c tu r in g  e lem en ts

a r e  em ployed  th e  c lo s in g  will n o t  d i s to r t  th e  s h a p e  of th e  cell 

which is  m uch la r g e r  th a n  th e  SE. The s iz e  o f th e  SE is

d e te rm in ed  by  th e  d e g re e  of co n tam in a tio n  th e  a r t i f a c ts  h a s  on cell 

b o u n d a ry ; t h e  l a r g e r  i t  i s ,  th e  la r g e r  th e  r e q u ir e d  SE. S e lec tin g  a 

l a r g e r  SE to  im plem ent th e  sm oo th ing  o p e ra tio n  will d is to r t  th e

in s id e  s t r u c tu r e  o f th e  ce ll. T h is  d o es  n o t p o se  a  re a l  problem  if

th e  b o u n d a r ie s  p r e s e r v e  th e  s h a p e s . U n fo r tu n a te ly , o ften  th e  

p ro c e s s e d  c o n to u r s  becom e ja g g e d  a n d  s e r io u s  d is to r tio n  may 

o c c u r  m ost lik e ly  in  th e  low c o n t r a s t  c o n to u r  re g io n s .
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3.3 T ra ck in g  th e  C o n to u rs  of th e  Cell a n d  N ucleus

H ere we p r e s e n t  a  ce ll b o u n d a ry  t r a c k in g  a lg o rith m  b a se d  on th e  

r e s u l t  of o u r  e d g e  d e te c to r .  The b in a ry  m orphological e d g e  d e te c to r  

id e n tif ie s  p o ss ib le  e d g e  p o in t which may c o r re s p o n d  to  th e  cell and  

n u c le a r  c o n to u rs . T he fu n c tio n  of th e  c o n to u r  t r a c k in g  a lg o rith m  is  

to  e x tr a c t  p o ss ib le  ce ll c o n to u r  c a n d id a te s  in  e ach  b i t  p lan e  by

rem oving  th o s e  c o n to u r s  t h a t  a re  e i th e r  n o t c lo sed  a n d /o r  do n o t m eet 

a  u s e r  sp e c if ie d  minimum le n g th .

3.3.1 In tro d u c tio n

In  th e  p a s t ,  a  n u m b er of c o n to u r  e x tra c tio n  a lg o rith m s  h av e  been  

p ro p o se d  in  th e  l i t e r a tu r e s ? 0 , 61 A g e n e ra l  b lock  d iag ram  fo r  m ost of

th e  c o n to u r  e x tra c tio n  a lg o r ith m s  i s  show n in  F ig . 3.2. E sse n tia lly ,

th e y  c o n s is ts  of tw o  s te p s :  e d g e  d e te c tio n  a n d  th re s h o ld in g  

follow ed by  a th in n in g  a n d  l in k in g  s te p .  The im ages fo r  t r a c k in g  a re  

e i th e r  th e  g ra d ie n t  m aps o r  th e  b i- le v e l im ages o b ta in e d  a f te r

th re s h o ld in g  th e  g r a d ie n t  im ages. The p u rp o s e  of d ire c tly  t ra c in g  

th e  raw  e d g e  im age i s  to  p r e s e r v e  th e  c o n n e c tiv ity  p ro p e r ty  of th e  

e d g e  e lem en ts  so  a s  to  m ake th e  e x tr a c te d  b o u n d a ry  a s  c o n tin u o u s

a s  p o ss ib le , b u t  n o ise  d u e  to  a r t i f a c ts  o r  te x tu r e  in  cy to lo g ica l

im ages o f te n  c a u s e s  v a r io u s  t r a c in g  e r r o r s .  To avo id  th e  e r r o r s ,

th e  t r a c in g  p ro g ra m s  ' a r e  u su a lly  com plica te  a n d  tim e consum ing .

When t r a c k in g  th e  th re s h o ld e d  e d g e  im age th e  e d g e s  a r e  f ra g m e n te d  

d u e  to  in a p p ro p r ia te  th re s h o ld  s e t t in g  a n d  th in n in g , e sp ec ia lly  when th e
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cell im age b o u n d a r ie s  a re  n o t well d e fin e d .

The b i t  p lan e  e d g e s  a r e  g e n e ra lly  c o n n e c te d  a n d  th in  so  th a t  b in a ry  

t r a c in g  can  b e  em ployed  in  e a ch  b i t  p lan e . The tra c k in g  a lgo rithm  

can  be  d e s ig n e d  to  b e  sim ple a n d  e ffe c tiv e .

3.3.2 Basic t r a c in g  s t r a te g y

R a s te r  s c a n n in g  is  u se d  to  s e a rc h  th e  s ta r t in g  po in t (SP) of an  e d g e  

se g m e n t so  t h a t  t r a c e  can  b eg in . E dge p ixels have  a p re sp e c if ie d  

g ra y  lev e l. H aving f in is h e d  th e  t r a c e  of o n e  seg m en t, a ll th e  t ra c e d

p ix els  a r e  c h a n g e d  to  a n o th e r  sp e c if ic  g ra y  lev e l to  avo id  r e tr a c in g

th e  o ld  p a th s  in  th e  s u c c e s s iv e  sc a n n in g , a n d  th e  sc an n in g  will resum e 

s ta r t in g  from  th e  n e x t p o in t of th e  SP. B ased  on  th e  fa c t  th a t  th e  

d isc o n tin u ity  is  n o t  s e r io u s  in  th e  e x tr a c te d  cell e d g e s , a  small size  

m ask i s  u se d  ( 7*7 s q u a re  m atrix , s e e  f ig .3 -3 ) to  co n n e c tin g  d isc o n ti­

n u itie s . I f  th e  c e n te r  p o in t C is  th e  p ixel u n d e r  c o n s id e ra tio n  th e  

f i r s t  in n e r  loop in c lu d e s  a ll i t s  8 n e ig h b o r in g  p ixels w ith d is ta n c e  1 

to  C; th e  se c o n d  loop c o n ta in s  a ll 16 p ixels  w ith d is ta n c e  2 to  C; and  

th e  t h i r d  o u ts id e  loop accom m odates a ll 25 p ix els  w ith d is ta n c e  3 to  C.

The s e a rc h  p ro c e e d s  from  th e  in s id e  loop o f th e  mask to  th e  o u ts id e  

loop. T h is  im p lies t h a t  p ixels c lo se r  to  th e  c e n te r  C hav e  th e  p r io r ity  

to  becom e p a r t  o f th e  c o n to u r . Onoe t h e  p ixel is  made p a r t  of th e

c o n to u r  th is  p ixel becom es th e  new c e n te r  C.

T h re e  p o ss ib le  s i tu a tio n s  a r e  c o n s id e re d :

1) I f  on ly  o n e  p ixel i s  fo u n d  in  th e  in n e r  loop, i t  m eans t h a t  i t
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c e n te r  to  t h a t  p ixel. I f  only  one pixel i s  fo u n d  in  th e  seco n d  or th i r d  

loops, i t  im plies a  b ro k e n  e d g e s  a n d  one  o r tw o p ixels hav e  to  be ad d e d  

u s in g  lin e a r  in te rp o la tio n  te c h n iq u e .

2) If  no s u c h  pixel is  fo u n d  in  th e  whole m ask th e  c o o rd in a te s  of C 

to g e th e r  w ith th e  s ta r t in g  p o in t will b e  r e g is te r e d  a s  a  b re a k  po in t 

p a ir s .

3) If  more th a n  one p ixels a r e  fo u n d  in  a loop, th e n  we h av e  to

d e te rm in e  to  w hich pixel th e  c e n te r  C sh o u ld  be  c o n n e c te d . Slope

fe a tu re  of c o n n e c te d  lin e  se g m e n ts  a r e  s e le c te d  b a se d  on th e  sm o o th n ess  

of th e  cell a n d  th e  n u c le a r  b o u n d a r ie s . The s lo p e  of th e  lin e  

seg m en t c o n n e c tin g  th e  c u r r e n t  c e n te r  pixel w ith th e  p re v io u s  c e n te r  

pixel is  c a lc u la te d  a s  K, an d  th e  n s lo p e s  o f th e  se g m e n ts  be tw een  

each  c a n d id a te  c e n te r  p ixels  a n d  th e  c u r r e n t  c e n te r  a re  a lso

c a lc u la te d  a s  K , R , ...,K  . T hen  one pixel j ,  j  e n , i s  c o n n e c te d
1 2  n

to  C if  th e  s lo p e  s a tis f ie s  th e  minimum s lo p e  d if fe re n c e  ru le :

Kj = Min [ Ki  -  K ] i= l,2 ,...n . (3-10)

L inear in te rp o la tio n  i s  a p p lie d  fo r  th e  e d g e  f illin g . The flow c h a r t

of th e  d is ta n c e  s lo p e  s e a rc h  a  n d  c o n n e c tio n  a lg o rith m  a re  show n in  fig .

3-3.

3.3.3 T rac in g  a n d  f i l te r in g

The main p ro g ra m  will re p e a te d ly  ca ll th e  t r a c in g  s u b -p ro g ra m  w hich
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p ro v id e s  d a ta  n e c e s s a ry  fo r  th e  main a lg o rith m  to  d e te rm in e  th e  re a l 

c o n to u rs  a s  show n in  f ig u re  3. T he m ajor s te p s  a r e  a s  follow s:

1) The main o b je c tiv e  of th e  f i r s t  sc a n  a n d  t r a c e  is  to  lo ca te  th e  

lo n g e s t  se g m e n t w ith le n g th  MP a f te r  com paring  a ll th e  c lo sed  o r n o n ­

c lo sed  se g m e n ts  r e g is te r e d  d u r in g  th is  s te p .  If  th e  lo n g e s t  se g m e n t is  

c lo sed  a n d  m eet th e  minimum le n g th  re q u ire m e n t (we u se  200 p ixels), 

th e n  th e  b o u n d a ry  c a n d id a te  is  g e n e ra te d  a n d  th e  p ro g ra m  te rm in a te s . 

A se g m en t is  c lo sed  o r  n o t i s  ju d g e d  by  w h e th e r  o r  n o t a  t r a c in g  pixel 

e n te r in g  th e  3*3 s q u a re  re g io n  w ith a  SP a s  th e  c e n te r  p o in t.

2) D uring  th e  se co n d  t r a c e ,  e a ch  c lo sed  se g m e n t w ith le n g th  sm aller 

th a n  a  p re s p e c if ie d  v a lu e  T i s  d e le te d . The s iz e  th re s h o ld  T is  

em pirica l d a ta , a n d  i s  v a r ie d  w ith  MP (we ch o o se  T = MP/8 in itia lly ) .

The lo n g e r  th e  MP i s ,  th e  lo n g e r  of th e  c lo se d  se g m e n ts  will be

rem oved . The u n c lo se d  se g m e n ts  lo n g e r  th a n  T will n o t  b e  f i l te re d  

o u t b e c a u se  th e y  may b e  lo ca ted  on  th e  b o u n d a r ie s . T he seco n d  lo n g e s t 

se g m e n t (NP) i s  a lso  fo u n d . Each u n c lo se d  se g m e n t ( in c lu d in g  MP) is  

s to re d  w ith i t s  tw o b re a k  p o in ts  (BP).

3) In  th e  t h i r d  t r a c in g ,  b re a k  p o in ts  a re  c o n n e c te d  b a sed  on th e  

n e a re s t  n e ig h b o r  r u le  u s in g  l in e a r  in te rp o la tio n . To avo id  

m is-co n n ec tio n , th e  b re a k  p o in t p a ir s  of MP a n d  NP a re  a s s ig n e d  h ig h e r  

p r io r i ty  fo r  l in k in g  a s  MP a n d  NP a r e  m ost lik e ly  to  be  p a r t  o f a 

b o u n d a ry . H opefu lly , t h e  e x te n s io n  of MP a n d  NP will g e n e ra te  a  c lo sed

b o u n d a ry . If  MP in c re a s e s , go b ack  to  s te p  2 fo r  f u r t h e r  f i l te r in g , a n d

c lo se n e ss  t e s t .  I f  MP is  c lo se d , th e  e x tra c tio n  su c c e e d s  an d  

te rm in a te s . I f  MP rem a in s  u n c h a n g e d  a n d  a n d  s t i l l  n o t c lo sed , i t
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m eans th a t  th e  t r a c in g  le a d s  to  a d ead  e n d  a n d  sm all b ra n c h e s  o r loops 

h a v e  to  be  e lim ina ted . A fte r p ru n in g , th e  p ro g ram  goes back  to  th e  

f i r s t  t ra c e .

3.4 C on tour S elec tion  a n d  D iscrim ination

Each b i t  p lan e  is  t r a c k e d  in  o r d e r  to  o b ta in  th e  c lo sed  c o n to u r 

t h a t  m eets th e  minimum le n g th  re q u ire m e n t; som e b it  p lan e s  will no t 

g e n e ra te  s u c h  c lo se d  c o n to u r . I f  m ore th a n  one su c h  c lo sed  c o n to u rs  

a r e  fo u n d  th e  ce ll c o n to u r  a n d  n u c le a r  c o n to u rs  a re  d isc rim in a te d  by 

s iz e  an d  th e  seco n d  c e n tr a l  moment. T h is is  b e c a u se  th e  n u c le u s  is  

lo ca ted  w ith in  th e  ce ll a n d  a lth o u g h  i t  may o ccasionally  hav e  lo n g e r  

p e rim e te r  th a n  th e  ce ll c o n to u r , i t  will h a v e  a  sm aller seco n d  c e n tra l  

moment. F o r m ore c o n to u rs  m eeting th e  minimum p e rim e te r  re q u ire m e n t, 

se le c tio n  is  b a sed  on th e  c ir c u la r i ty  re q u ire m e n t, a s  th e  ce ll c o n to u rs  

h a v e  co n v ex ity  f e a tu re  norm ally . Due to  th e  th re s h o ld  s e tt in g  

d isc re p a n c y , a n d  ce ll im age c o n tr a s t  co n d itio n , i t  i s  p o ss ib le  th a t  

no  cam d id a te s  o r  on ly  one  cam didate  s a tis fy  th e  c lo se n e ss  a n d  s ize  

c o n d itio n s , f u r t h e r  e x tra c tio n  p ro c e s s  i s  n e c e s s a ry , w hich will b e  

d isc u s s e d  in  n e x t c h a p te r ,  o r  th e  u s e r  is  p ro m p ted  to  m anually t r a c e  th e  

c o n to u r .

3.5 i > 7 ion  S egm en ta tion  amd F e a tu re  M easurem ent

E d g es o f th e  ce ll, n u c le u s  amd ch ro m atin  s t r u c tu r e s  ca n  be  e x tra c te d  

s e p a ra te ly . To f u r t h e r  in v e s t ig a te  th e  in te r n a l  s t r u c tu r e s  of th e  cell
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o r  n u c le u s , th e  ce ll an d  n u c le a r  reg io n  re c o v e ry  is  n e c e s s a ry . Foe

norm al cell b o u n d a r ie s  t h a t  a r e  convex  in  sh a p e , th e  reg io n  filling  

is  e a sy . S ince th e  n u c le a r  c o n to u rs  may h a v e  n o n -co n v e x  s h a p e s , p a r i ty  

c h e c k 63 o r  c o n n e c tiv ity  f i l l in g65 m ethods cam be  u se d  to  d e te c t  th e  

re g io n s  in s id e  o r  o u ts id e  th e  b o u n d a r ie s . H ere we u se  4 d ire c tio n  

sc a n n in g  an d  f illin g  to  p a in t  th e  o u ts id e  of th e  b o u n d a r ie s . S cann ing  

a n d  fillin g  a r e  p e rfo rm e d  dow nw ard , u p w a rd , to w a rd s  th e  le f t  a n d  to w a rd s  

th e  r ig h t .  The sc a n n in g  a long  e ach  colum n o r  row s to p s  a t  th e  f i r s t  

e d g e  p o in ts  d e te c te d . To o p e ra te  reg io n  fillin g , we ca n  p a in t th e  

re g io n s  o u ts id e  amd in s id e  th e  b o u n d a r ie s  to  th e  tw o g ra y  le v e l e x t r e ­

m ities (255 a n d  0) to  form  a  b a c k g ro u n d  p ic tu re  fb. By ta k in g  th e  

maximum pixel g ra y  le v e ls  of fb a n d  th e  o r ig in a l p ic tu re  f , we will 

o b ta in  th e  r e c o v e re d  ce ll im ages fc  b y  th e  follow ing o p e ra tio n s  

re c o v e re d  n u c le a r  c a n  b e  o b ta in e d  sim ila rly ):

fc  = Max(fb , f) (3-11)

All g eo m etrica l m easu rem en t, s u c h  a s  p e rim e te r , a re a , sh a p e ,

c e n tro id , m edial auris, r e la t iv e  p o s itio n  fo r  d i f f e re n t  p o r tio n  in  a

ce ll im age, e tc . cam b e  e x e cu te d  b a se d  on  th e  e x tra c te d  e d g e s . A fter

th e  se g m e n ta tio n , m athem atical a n a ly s is  ca n  be  im plem ented  on th e  

se g m en ted  im age to  e x tr a c t  th e  te x tu r e s  f e a tu r e s  a n d  o th e r  h ig h  lev e l 

f e a tu re  g e n e ra tio n  o r  d ire c tly  u se d  fo r  d ec is io n  fu n c tio n  g e n e ra tio n  in  

im age re c o g n itio n  sy s tem .
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In  sum m ary o f th i s  c h a p te r ,  t h e  s t r u c tu r e  of a  new m orphological e d g e  

d e te c to r  fo r  th e  e x tra c tio n  of c e ll a n d  n u c le a r  c o n to u rs  in  cy to lo g ica l 

specim en  is  p r e s e n te d . G rey lev e l im ages a r e  c o n v e r te d  to  b in a ry  

im ages by  a b i t  p lan e  m u lti- th re s h o ld in g  te c h n iq u e . A sim ple b in a ry  

m orpholog ical e d g e  d e te c to r  w hich is  co u p led  w ith  a sim ple c o n to u r  

t r a c k in g  a lg o rith m  to  id e n tify  th e  m ost lik e ly  ce ll a n d  n u c le a r  

c o n to u rs . A p r io r i  k now ledge  a b o u t ce ll im age is  u se d  in  b o th  

t r a c k in g  a n d  c o n to u r  se le c tio n . The m ethod is  a p p lie d  in  e d g e -b a s e d  

re g io n  se g m e n ta tio n  on th e  ce ll im ages. The p re lim in a ry  r e s u l t s  show 

th a t  e x tra c te d  b o u n d a r ie s  a re  well c o n s is te n t  w ith th e  o rig in a l im age.
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CHAPTER 4

MULTI-THRESHOLDING BOUNDARY EXTRACTION 

USING EDGE MATCHING

4.1 In tro d u c tio n

T he b i t-p la n e  M u lti- th re sh o ld in g  (BPM) a lg o rith m  amd b in a ry  t ra c k in g  

d is c u s s e d  in  c h a p te r  2 a r e  e ffe c tiv e  m ethod fo r  ce ll b o u n d a ry  e x tra c tio n  

when th e  b o u n d a r ie s  o f th e  ce ll a n d  n u c le u s  aure re la tiv e ly  hom ogeneous 

a n d  th e  ce ll im age h a s  no s e r io u s  te x tu r e  v a r ia tio n s  in s id e . The 

hom ogeneous b o u n d a r ie s  te n d  to  b e  lo ca ted  in  one b i t  plame o r  tw o 

a d ja c e n t  plam es. The g e n e ra te d  c o n to u rs  a r e  g e n e ra lly  sp a tia lly  c lo se  

to g e th e r ,  th u s  e x tra c t in g  e i th e r  e d n e  a s  th e  b o u n d a ry  from  th e  m ultip le  

re s p o n s e s  will n o t  r e s u l t  in  laurge c o n to u r  e r r o r s .  The a ssu m p tio n  th a t  

th e r e  is  no s e r io u s  c o n ta c ts  b e tw een  th e  c o n to u rs  a n d  te x tu r e s  m akes 

th e  e x tra c tio n  o f th e  c o n to u rs  re la tiv e ly  e a sy  amd le s s  p ro n e  to  e r r o r s .

I f  th e  b o u n d a r ie s  o f th e  c e lls  h a v e  laurge in te n s i ty  v a r ia tio n s , th e  

m ultip le  e d g e s  c o r re s p o n d in g  to  th e s e  vauriations m ight be well s e p a ­

r a te d .  E ven  weak te x tu r e s  will g e n e ra te  m ultip le  e d g e s  c o n ta c tin g  th e  

ce ll amd n u c le a r  b o u n d a r ie s  on  th e  v a r io u s  b i t  p lan e s . T h u s  sim ply 

m aking s e le c tio n s  b a se d  on  th e  s iz e , c lo se n e ss  amd c irc u la r i ty  la c k s  

th e  n e c e s s a ry  d isc rim in a tio n  pow er fo r  e ff ic ie n t  au tom atic  b o u n d a ry  

se le c tio n  amd e x tra c tio n . As th e  m ethod s ta te d  in  th e  p re v io u s  c h a p te r ,  

on ly  s iz e  amd s h a p e  fa c to r s  a r e  u se d . The m ost im p o rta n t f e a tu re  fo r  

c o n to u rs , local c o n t r a s t  in fo rm a tio n , h a s  n o t  b een  fu lly  a p p lie d . A
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pixel can  b e  a  b o u n d a ry  pixel on ly  when i t  s a t is f ie s  local c o n tr a s t  

r e q u ire m e n ts , o th e rw ise  i t  is  j u s t  a fa lse  e d g e  pixel. A b it p lane  

b in a ry  e d g e  is  a  good r e p re s e n ta t io n  of th e  o rig in a l cell im age only  if 

th e  tw o b o u n d a r ie s  a r e  ap p ro x im ate ly  c o in c id en t. T hus i t  is  re a so n a b le  

t h a t  a  b it plauie e d g e  c a n d id a te  is  a c c e p te d  o r  r e je c te d  b a sed  on 

th e  co in c id en ce  of am e d g e  map w ith th e  reg io n  b o u n d a ry  an d  only 

th o se  c a n d id a te s  t h a t  b e s t  m atch th e  g ra d ie n t  map a re  u se d  to  d e s c r ib e  

th e  a c tu a l o b je c ts  in  th e  im age. In  a d d itio n , in s te a d  of b lin d ly  

s e a rc h  e v e ry  b i t  p lan e  c o n to u rs , we now cam sp e c ify  w hich c o n to u rs  

sh o u ld  be  seaurched.

M ilgram 63p ro p o se d  an  a lg o rith m  o f e v a lu a tin g  e d g e /b o r d e r  co in c id en ce  

on infraured (FLIR) im ages. A g r a d ie n t  map is  g e n e ra te d  a n d  th in n e d , an d  

th e  c o in c id en ce  e v a lu a tio n  is  m ade on  adl th e  b o r d e r s  o f th e  th re s h o ld e d  

im age o b ta in e d  a t  a ll g ra y  le v e ls  a b o v e  th e  mode of th e  h isto g ram . 

C oincidence s c o re , s iz e  an d  c o n tr a c t  a r e  u se d  fo r  th e  f in a l c a n d id a te  

se le c tio n  w here  th e  c o n tr a c t  was m easu red  by  th e  a b so lu te  d if fe re n c e  of 

a v e ra g e  g ra y  lev e l b e tw een  th e  b o rd e r  reg io n  of th e  com ponen t an d  i ts  

in te r io r .

L o ish e rtz  amd Scharfer p r e s e n te d  a  m u lti- th re sh o ld in g  e d g e  m atch ing  

a lg o rith m 6? A b lu r r e d  e d g e  map of a  th re s h o ld e d  im age i s  m atched  

with th e  th re s h o ld e d  g ra d ie n t  im age, th e  d if fe re n c e  o f th e  tw o im ages 

is  u s e d  a s  an  in d ic a tio n  o f th e  n u m b er a n d  loca tion  o f th e  fa lse  

e d g e s . The p ro g ram  th e n  e n te r s  in to  th e s e  aureas fo r  local p ro c e s s in g  

by  a s s ig n in g  new local th r e s h o ld s  to  e lim inate  th e  fa lse  e d g e s  amd ad d  

new e d g e s .
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T h ese  tw o m ethods, b e c au se  of th e i r  tim e consum ing  e x h a u s tiv e  

s e a rc h in g  a n d  com plex o p e ra tio n , a r e  n o t s u ita b le  fo r  cy to lo g ica l im age 

b a tc h  file  p ro c e s s in g .

In  th is  c h a p te r  we p ro p o se  a  b it  p lan e  th re s h o ld in g  m ethod th a t  

m atches  e a ch  o f th e  th re s h o ld e d  b it  p lan e  b o rd e r s  (BE) with th e  

th re s h o ld e d  g r a d ie n t  (GE) map b y  e v a lu a tin g  th e  co in c id en ce  of th e  two 

e d g e s . E dge b u s y n e s s  is  d e fin e d  on e a ch  BE by  c o u n tin g  th e  nu m b er of 

p ixels  in c lu d e d  a n d  is  assum ed  to  be  an  im p o rta n t fa c to r  d e sc r ib in g  

n o isy n e s s  p re v e n t in g  th e  c o r r e c t  c o n to u r  e x tra c tio n . The co in c id en ce  

a n d  th e  e d g e  b u s y n e s s  a r e  com bined  to  g e n e ra te  a  c r i te r io n  fo r  m easu rin g  

th e  e x tra c ta b il i t ie s  of d i f f e re n t  BE. T h is c r i te r io n  is  th e n  u se d  fo r  a 

su b o p tim al s e a rc h  fo r  p ro p e r  th r e s h o ld s  on th e  s h if te d  ce ll im ages.

The m atch ing  im ages a r e  g e n e ra te d  by  m orphological o p e ra tio n  to  make 

th e  p re s e n te d  a lg o rith m  a s  sim ple  a s  p o ss ib le  to  s u i t  cy to lo g ica l im age 

se g m e n ta tio n . E xperim en t on th e  ce ll im ages, fo r  which h is to g ram  a n d /o r  

g r a d ie n t  in fo rm a tio n  is  in e f fe c tiv e  fo r  se g m e n ta tio n , show th a t  

seg m e n ta tio n  b y  th e  p ro p o se d  a lg o rith m  is  good.

4.2 B it P lane  M u ltith re sh o ld in g

A 256 g ra y  lev e l ce ll im age f  a r e  v iew ed a s  s ta c k e d  b in a ry  b i t  p lane  

im ages w ith e a ch  b i t  p lan e  im age r e p r e s e n t in g  th e  e f fe c t  of th re s h o ld in g  

th e  g ra y  lev e l im age w ith m ultip le  g ra y  lev e l w indows. If  Xi is  d e fin ed  

a s  th e  i - t h  b i t  p lan e  w ith  w e ig h t 28" 1, a n d  R is  th e  r e s id u a l  im age 

T hen:
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f  = £  Xi* 28*1 + R j =1,2,...7 (4-1)
i - l

w here  j is  th e  n u m b er of b i t  p lane . If  j is  s e le c te d  to  be  3, only 3 

m ost s ig n if ic a n t b i t  p la n e s  a r e  u se d  fo r  th e  s c e n e  decom position . The 

b in a ry  b i t  p lan e  im age Xi c o r re s p o n d s  to  th e  th re s h o ld in g  of th e  g ra y

lev e l im age u s in g  2-1' 1 g ra y  lev e l w indow s u s in g  un ifo rm ly  sp a c e d  an d  of

6 ile n g th  2 T h u s, X3 would c o r r e s p o n d s  to  th e  th i r d  m ost s ig n if ic a n t 

b i t  p lan e  o f th e  g ra y  le v e l im age w ith th e  follow ing s e t  of fo u r  g ra y  

leve l w indow s of le n g th  2S=32 g ra y  lev e ls  (32-63,96-127,160-191,224- 

255), i.e ., a ll p ixels  in  th e  g ra y  leve l im age h a v in g  v a lu e s  w ithin th e  

fo u r  r a n g e s  will h a v e  a  v a lu e  of one  in  X3 o th e rw ise  i t  will b e  zero .

Each o f th e  g e n e ra te d  b in a ry  b i t  p lan e  im ages Xi a re  th e n  

p ro c e s se d  by  a  b in a ry  m orphological f i l te r  fo r  e d g e  d e te c tio n . If

d (X i,S )  r e p r e s e n t s  th e  b in a ry  m orpholog ical d ila tio n  of Xi by  a small 

s t r u c tu r in g  e lem en t S, th e n  th e  b in a ry  edges(B E ) on e ach  b i t  p lane  can  

be  o b ta in e d  b y  th e  fo llow ing o p e ra tio n  :

BE(i) = d (X i,S )-  Xi i= l ,2  j  (4 -2)

T he c o n to u r  t r a c k in g  a lg o rith m  is  u se d  to  rem ove c o n to u rs  th a t  a re  

e i th e r  n o t c lo se d  a n d /o r  do  n o t m eet a  u s e r  sp e c if ie d  minimum le n g th  

re q u ire m e n t. The m ost lik e ly  ce ll an d  n u c le a r  c o n to u rs  a re  d e te rm in ed  

by  th e  c ir c u la r i ty  t e s t  o r  d ire c tly  p re s e n te d  to  th e  u s e r  fo r  se lec tio n .

T h is  b i t -p la n e  m u ltith re sh o ld in g  a n d  c o n to u r  e x tra c tio n  m ethod is  

sim ple a n d  p e rfo rm s  v e ry  well w hen th e  c o n to u rs  o f ce ll im ages a re  well 

d e fin e d .
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Two q u e s tio n s  rem ain :

1) When one re g io n  of cell im age h a s  v e ry  low c o n tr a s t ,  s u c h  as  th e  

d if fu s e d  c o n to u r  of th e  n u c le u s  o r  low c o n t r a s t  p o r tio n . I t  is  

p o ss ib le  t h a t  no b i t  p lan e  e d g e  will c lo se ly  co in c id e  w ith th e  

b o u n d a ry  a n d  r e s u l t s  in  e x tra c tio n  fa ilu re  o r  th e  c o n to u r  e x tra c te d  

h a s  v is ib le  e r r o r s .  One re a s o n  is  t h a t  u s in g  th re s h o ld s  sp a tia lly  

s e p a ra te d  by  32 g ra y  le v e l a re  n o t a d e q u a te  fo r  d e te c tin g  all th e  low 

c o n tr a s t  v a r ia tio n s . S ince  a d ju s t in g  th e  th r e s h o ld s  by  in c re a s in g  

th e  n u m b er of b i t  p lan e  th re s h o ld s  will in c re a s e  th e  s e n s i t iv i ty  of 

th e  e d g e  d e te c to r  to  th e  low c o n t r a s t  v a r ia tio n s , sm aller c o n to u r  

e r r o r s  ca n  b e  e x p e c te d .

2) The r e la te d  p rob lem  r e s u l t s  when in c re a s in g  th e  n u m b er of b i t  p lan e  

th re s h o ld s  j  d ire c tly ;  th e  d e te c te d  b i t  p lan e  e d g e s  will a lso  be 

in c re a s e d  a c c o rd in g ly  a n d  th i s  m akes th e  e d g e  p ic tu re s  too  no isy  fo r  

c o n to u r  e x tra c tio n . A te c h n iq u e  o f in c re a s in g  th e  n u m b er of b i t  

p la n e s  w ith o u t in c re a s in g  th e  n o is in e s s  o f th e  g e n e ra te d  e d g e  

p ic tu re s  sh o u ld  b e  ta k e n  in to  c o n s id e ra tio n . I t  is  re a so n a b le  to  s e t  

u p  a n  op tim al o r  su b -o p tim a l c r i te r io n  a n a ly tic a lly  t h a t  can  be  

p ra c tic a lly  u s e d  fo r  th e  c o n to u r  s e le c tio n .

4.3 M atching e a c h  BE w ith th e  g r a d ie n t  im age

Sm oothing th e  o r ig in a l ce ll im ages by  m orpholog ical c lo s in g  o r

o p e n in g  by  a  sm all s t r u c tu r in g  e lem en t i s  u se d  a s  a  p re p ro c e s s in g  s te p
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b e c a u se  th e s e  o p e ra tio n  will r e d u c e  th e  c o n tr a s t  v a r ia tio n s  of th e

sm aller a r t i f a c ts  a n d  s ti l l  p r e s e r v e  th e  e d g e s  of th e  o b je c t s .

L arg e  s t r u c tu r in g  e le m en ts  h a v e  la r g e r  sm oo th ing  e f fe c t  b u t  poss ib ly  

d i s to r ts  th e  geo m etrica l s t r u c tu r e  of th e  im ages. A th re s h o ld e d  image 

is  a good r e p r e s e n ta t io n  of th e  o r ig in a l im age if  th e i r  c o rre s p o n d in g  

e d g e  im ages a r e  app ro x im ate ly  c o in c id en t. Local c o n t r a s t  v a ria tio n  is  

fu lly  re f le c te d  b y  th e  g ra d ie n t  o f th e  o r ig in a l ce ll im ages, an d  th is  

in fo rm atio n  may b e  d e te rm in e d  th r o u g h  a  v a r ie ty  of te c h n iq u e s ( ll ,1 2 ,1 3 ) . 

We s e le c t  a  m orpholog ical e d g e  d e te c to r  w ith th e  sam e s t r u c tu r in g  

e lem en t S a s  in  th e  BE g e n e ra tio n . Sim ilar g r a y  lev e l d ila tio n  D(f,S) 

is  im plem ented  a n d  is  m uch f a s t e r  th a n  th e  c o n v e n tio n a l e d g e  d e te c to r s . 

If  GE r e p r e s e n t  th e  g ra d ie n t  im age, th e n :

GE = D(f,S) -  f  (4-3)

To e v a lu a te  th e  c o in c id en c e s  o f e ach  BE with th e  g ra d ie n t  

im age th e  g r a d ie n t  im age h a s  to  be  b in a r iz e d  by  th re s h o ld in g . To se le c t 

th e  th re s h o ld  th e  main c o n s id e ra tio n  i s  t h a t  th e  b in a ry  e d g e , a f te r

th re s h o ld in g  GE, sh o u ld  b e  a b le  to  in c lu d e  all o r  th e  main p o rtio n  

of th e  o r ig in a l im age b o u n d a ry . U n fo r tu n a te ly , b e c a u se  th e  c o n tr a s t  

in te n s i t ie s  o f t h e  ce ll a n d  n u c le a r  b o u n d a r ie s  o f te n  h av e  la rg e

d isc re p a n c ie s  fo r  d i f f e re n t  c la s s e s  o f ce ll im ages, im p ro p e r th re s h o ld  

s e t t in g  will e i th e r  m iss o n e  b o u n d a ry  w hen th e  th re s h o ld  is  too  h ig h  o r 

make th e  th re s h o ld e d  im age c o n ta in  too  many g r a d ie n t  p ixels  when th e  

th re s h o ld  is  too  low. T h u s , e x tra c t in g  th e  tw o b o u n d a r ie s  s im u lta ­

n e o u sly  seem s to  b e  an  e r r o r  p ro n e  schem e a n d  e x tra c t in g  th e  c o n to u r
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h ie ra rc h ic a lly  is  p r e f e ra b le .  P re d ic a te s  of th e  ce ll p e rim ete r  a r e  u se d  

fo r  se le c tin g  th e  a p p ro p r ia te  th re s h o ld  T. If  NP r e p r e s e n t s  th e  

ap p ro x im ate  p e rim e te r  of th e  ce ll, th e n  Nt , th e  nu m b er of p ixels  above  

th e  th re s h o ld  T c a n  b e  c o n s id e re d  a s  a  fu n c tio n  of NP a n d  th e  n o is y n e s s  

of th e  o rig in a l im age. In  th e  im age c o n s id e re d  NP g e n e ra lly  r a n g e s  

b e tw een  200 to  500 p ixels  a n d  Nt can  be  c o n s id e re d  a s  2 to  3 tim es t h e  

v a lu e  of Np. T h re sh o ld in g  by T so  t h a t  ap p ro x im ate  Nt p ixels a r e  above  

T is  c lo se  to  g r a d ie n t  p e rc e n ti le  th re s h o ld in g  a t  a b o u t 4-6  p e rc e n t.  

E x p erim en ts  show  t h a t  th e  ce ll im ages e i th e r  c o n ta in  c e r ta in  i ll-p o se d  

b o u n d a r ie s  o r  t e x tu r e  a n d  a r t i f a c t  c o n tam in a tio n s , th e  th re s h o ld e d  

g ra d ie n t  im ages s t i l l  c o n ta in  th e  main p o r tio n  of e i th e r  th e  ce ll o r 

n u c le a r  b o u n d a ry  p ixels . T h u s, GE is  th re s h o ld e d  by  T w hich leav e  Nt 

p ixels a s  1 a n d  th e  r e s t  a s  0. I f  th e  th re s h o ld e d  GE im age is  d e fin e d  

a s  TGE, th e n :

TG E(i,j) = 1 w hen GE(i,j) i  T

= 0 w hen G E(i,j) < T (4 -4)

The NP o r  Nt v a lu e s  o n ly  d e te rm in e  how m any of th e  g ra d ie n t  p ixels 

in v o lv e d  in  th e  c o in c id en ce  e v a lu a tio n . A c c u ra te  p re d ic tio n  o f th e s e  

v a lu e s  i s  n o t n e c e s s a ry  s in c e  we on ly  com pare  th e  r e la tiv e  c o in c id en c e s  

of e a c h  BE. As lo n g  a s  th e y  a r e  n o t sp e c if ie d  to o  small w hich will 

v io la te  th e  minimum s iz e  re q u ire m e n ts  o r  to o  la rg e  which m akes th e  

m atch ing  lo se  t h e  d isc r im in a to ry  pow er.

Each o f BE is  m atched  w ith  TGE b y  c a lc u la tin g  th e  c o in c id en ce  a s  

m atched  pixel n u m b ers  Nc . He ca n  e x p e c t t h a t  th e  BE with th e  h ig h e s t
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m atch s c o re  Nc may well co in c id e  w ith th e  b o u n d a ry  of th e  original cell 

o r  n u c le u s . From  th e  ex p e rim e n ts  of d ifferen t cell images, if Nt ls 

e q u a l to  2Np, th e  h ig h e s t  s c o re s  will b e  a ro u n d  50 to  70 p e rc e n t  of Nt.

4.4 An optim al c r i t e r ia  fo r  s e a rc h in g  ro o t e d g e s

The co in c id en ce  pixel n u m b ers  Nc (o r m atch sc o re )  of e a c h  of th e  BE 

does n o t r e f le c t  in fo rm atio n  a b o u t th e  d iff ic u lty  of th e  c o r r e c t  c o n to u r  

e x tra c tio n . H ere we d e fin e  Nt a s  th e  to ta l  n u m b er of p ix els  in  e a ch  of 

th e  BE r e p r e s e n t in g  th e  e d g e  b u s y n e s s  a n d  th e  d iff ic u lty  in  c o r r e c t  

e x tra c tio n . Norm ally, if  d i f f e re n t  BE h av e  sim ilar Nc v a lu e s , c o n to u r  

e x tra c tio n  will b e  e a s ie r  in  th e  BE w ith le s s  p ixels. In  d e fin in g  a 

f ig u r e  o f m erit fo r  m easu rin g  th is  f e a tu re  th e  ra t io  of m atched  p ixels 

Nc t o  to ta l  p ix e ls  Nt in  t h e  BE is  u s e d . S ince  th e  le a s t  s ig n if ic a n t 

b it  p lan e  c o n ta in s  th e  g ra y  lev e l v a r ia tio n s  c ro s s in g  th e  sm alles t 

w indow s, th e  c o r re s p o n d in g  BE m ost lik e ly  h a s  th e  b e s t  m atch s c o re , b u t  

i t  c o n ta in s  m uch m ore p ixels th a n  o th e r  BE w hich p r e v e n ts  c o n to v r  

e x tra c tio n . In  some c a se s , BE of s ig n if ic a n t b it  p la n e s  h av e  s c o re s  

c lo se  th e  b e s t  one , u su a lly  th e y  a re  m uch le s s  b u s ie r  a n d  v e ry  e a sy  fo r 

e x tra c tio n .

I f  we d e fin e  Nc(i) a s  p ixel n u m b er of co in c id en ce  an d  N t(i)  a s  th e  

to ta l  n u m b er o f e d g e  p ix els  in  th e  i - t h  BE. He can  d e fin e  one  h e u r is t ic  

a n d  sim ple c o n to u r  e x tra c ta b il i ty  m easu rem en t fo r  com prom ising  th e  m atch 

s c o re  a n d  th e  e d g e  b u s y n e s s  F (i).
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Nc(i)
F(i)= ------------------------------  (4-5)

1+ K*Nt( i ) /Nc( i )

When Nc(i) i s  l a r g e r  th a n  NP, Nc(i) i s  s e t  to  NP to  w eaken th e  p r io r i ty  

of a low b it  p lan e  BE becom ing th e  ro o t e d g e  c a n d id a te . K is  a  fa c to r  

fo r a d ju s t in g  th e  w eigh t of th e  e d g e  b u s y n e s s  fo r  d i f f e re n t  im ages, in 

o u r  e x p e rim e n t we u se  K=l.

A ro o t e d g e  (RE) is  s e le c te d  from  BE with th e  la r g e s t  F(i) an d

r e p r e s e n t  a  com prom ise be tw een  co in c id en ce  a n d  e d g e  b u s y n e s s . I t  can  be 

u se d  to  f in d  b e t te r  b o u n d a ry  r e p r e s e n ta t iv e s  from  more b i t  p lane  e d g e s .

4.5  D eterm ination  RE from  b it  p lan e  e d g e s  of s h if te d  im age

The c o n to u rs  e x tra c te d  from  th e  ce ll im ages u s in g  th e  p re s e n te d  b it 

p lan e  m u ltith re sh o ld in g  schem e d is c u s s e d  in  c h a p te r  3 a r e  in  g e n e ra l 

good, b u t  some n o tic e ab le  e r r o r s  s t i l l  e x is t  w hen com pare  w ith th e

o r ig in a l im age. T he re a s o n s  fo r  t h e  b o u n d a ry  e x tra c tio n  e r r o r s  a re  

e i th e r  th e  la r g e  in te n s i ty  v a r ia tio n s  a p p e a r in g  on th e  b o u n d a ry  o r  th e

th re s h o ld  s e t t in g  d isc re p a n c y ; cell im ages t h a t  c o n ta in  ill-p o se d

b o u n d a ry  a r e  common. T he q u e s tio n  a r i s e s  w h e th e r a  b o u n d a ry  w ith small 

c o n t r a s t  c a n  s t i l l  b e  d e te c te d  c o r re c tly . We be lieve  t h a t  in  m ost c a se s  

th e  c o n to u r  e r r o r s  o r ig in a te  from  th e  b it  p lan e  th re s h o ld s  h a v in g  n o t 

b e e n  fu lly  a d ju s te d  to  th e  r ig h t  p o s itio n s . More sp e c ifica lly , th e  

c u r r e n t  u se d  b i t  p lan e  th re s h o ld s  s e p a ra te d  by  32 o r  16 le v e ls  m ight n o t
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be  a d e q u a te  to  d isc rim in a te  tw o re g io n s  w ithou t c a u s in g  n o ticeab le  

seg m e n ta tio n  e r r o r s .  In c re a s in g  th e  n u m b er of b it  p lan e  can  r a is e  th e  

s e n s i t iv i ty  of th e  c o n to u r  d e te c tio n , so  a s  to  in c re a s e  th e  d isc r im in a ­

to ry  pow er of tw o re g io n s  s e p a ra te d  by weak c o n tr a s t  b o u n d a r ie s . Simply 

in c re a s in g  th e  b i t  p la n e s  m ight b e  in a p p ro p r ia te  fo r  c o n to u r  e x tra c tio n  

s in c e  a s  th e  window s ize  d e c re a s e s  th e  e d g e  b u s y n e s s  a lso  in c re a s e s  

d ra s tic a lly . I n s te a d ,  g ra y  lev e l s h if t in g  a  n u m b er of th e  m ost s ig n i f i ­

c a n t  b i t  p lan e s  up  o r  down will h e lp  to  lo ca te  b e t te r  th r e s h o ld s  w ithou t 

in c re a s in g  th e  e d g e  b u s y n e s s . S h iftin g  fu n c tio n s  by  f in d in g  th e  b e s t  

m ultip le  windows to  f i t  in  th e  m ean ing fu l im age re g io n s . S h iftin g  a 

im age by  lim ited  r a n g e  is  ap p lic ab le  s in c e  u su a lly  th e  h ig h e s t  an d  

low est in te n s i ty  re g io n s  in  th e  h is to g ram  c o n ta in  no b o u n d a ry  c o n tr a s t  

in fo rm atio n . In  th e  a p p lic a tio n , s h if t in g  is  o p e ra te d  by  s u b tr a c t in g  

th e  o rig in a l im age b y  a  sm all g r a y  lev e l. Bit p lan e  m u ltith re sh o ld in g  

i s  o p e ra tin g  th e  sam e way a s  b e fo re . F o r exam ple, if  3 m ost s ig n if ic a n t 

b i t  p lan e  th re s h o ld s  a r e  s e le c te d , w ith  lo w est b i t  p lan e  w eigh t of 32, 

th e  o r ig in a l im age i s  p r e p ro c e s s e d  b y  s u b tr a c t in g  g ra y  v a lu e s  0, 8, 16 

a n d  24, ( s u b t r a c t in g  0 m eans to  keep  th e  o rig in a l im age), a n d  th e n  

p ro c e s s in g  w ith  th e  BPM re s p e c tiv e ly . T h u s , in s te a d  of g e n e ra tin g  3 b it 

p lan e  e d g e s , 12 b i t  p lan e  e d g e s  a r e  g e n e ra te d . In  th e  n o n -s h if te d  im age 

b i t  p lan e  th re s h o ld in g  te c h n iq u e  we can  c re a te  32 w indow s of w id th  8, 

b y  u s in g  th e  5 - th  m ost s ig n if ic a n t p lan e . H ow ever, th e  e d g e  p ic tu re  is  

too  n o isy  to  b e  u s e d . H ere, we c r e a te  8 w indow s of w id th  32 in  each  of 

w id th  32 in  e a c h  o f t h e  4 s h if te d  im ages. T he e ffe c tiv e  window w idth  of 

t h e  fo u r  s h if te d  im age is  s ti l l  8 b u t  e d g e  b u s y n e s s  rem a in s  a t  th e  sam e
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lev e l a s  t h a t  of th e  3 b i t  p lan e  th re s h o ld in g . T h is  m eans th e  s e n s i t i ­

v ity  is  g r e a t ly  in c re a s e d  w ithou t in c re a s in g  th e  n u m b er of th e  w indows. 

One of th e  BE w ith th e  l a r g e s t  F v a lu e  is  c o n s id e re d  to  be  RE.

In sum m ary  of th i s  c a h p te r ,  a  r e f in e ry  of b i t  p lane  m u ltith re h o ld in g  

a lg o rith m  is  p r e s e n te d . Bit p lan e  e d g e s  (BE) t h a t  m ost co in c id e  with 

th e  cell a n d  n u c le a r  b o u n d a r ie s  a r e  s e le c te d  by  c a lc u la tin g  all th e  

c o in c id e n c e s  of th e  BE w ith th e  th re s h o ld e d  g r a d ie n t  map of th e  o rig in a l 

c e ll im age; a  m easu rem en t re f le c t in g  th e  d e g re e  of d iff ic u lty  in 

c o n to u r  e x tra c tio n  is  d e fin e d  a s  e d g e  b u s y n e s s .  A f ig u re  of m erit is  

d e v e lo p ed  by  com bin ing  th e  m atch s c o re  a n d  e d g e  b u s y n e s s  of BE a n d  is  

u se d  fo r  c o n to u r  se le c tio n ; f in a ly , th e  b i t  p lan e  th re s h o ld in g  m ethod is  

e x te n d e d  to  th e  s h if te d  ce ll im ages a n d  th e  s e le c te d  ro o t e d g e s  by  th e  

m erit n o t  on ly  h a v e  good  co n fo rm ity  w ith th e  re a l  b o u n d a r ie s , b u t  

a lso  e a s ie r  e x tra c ta b le  f e a tu re .
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CHAPTER 5

CYTOLOGICAL IMAGE REGION SEGMENTATION 

USING LOW RATE VECTOR QUANTIZATION CLUSTERING

5.1 In tro d u c tio n

Im age se g m e n ta tio n  te c h n iq u e s  fa ll in to  tw o c la s se s : e d g e  d e te c tio n

a p p ro a c h e s  a n d  re g io n  g ro w in g  o r  c lu s te r in g  a p p ro a c h e s . The m ajor 

d isa d v a n ta g e  o f e d g e -b a s e d  seg m e n ta tio n  is  i t s  s e n s i t iv i ty  to  th e  

n o ise , m ore e r r o r  r a t e  i s  g e n e ra te d  co m paring  w ith  re g io n  seg m en ta tio n  

a p p ro a c h . B ut c o n v e n tio n a l re g io n  g ro w in g  te c h n iq u e s  s u f f e r  from  la rg e  

com pu ta tion  com plex ity  w hich is  u n s u ita b le  fo r  la rg e  am oun t of cell 

im age p ro c e s s in g  re q u ire m e n t.

In  th i s  c h a p te r ,  a  se g m en ta tio n  a lg o rith m  b a se d  u p o n  s e q u e n tia l 

op tim iza tion  w hich p ro d u c e s  a  h ie ra rc h ic a l  decom position  o f th e  cell 

im ages i s  p r e s e n te d . A s p a tia l  low r a te  VQ is  f i r s t  em ployed to  

g e n e ra te  c o a rs e  seg m e n ta tio n . The g e n e ra te d  co d ew o rd s  a r e  th e n  u se d  to  

g e n e ra te  a  f in e  codebook  r e p r e s e n t in g  a ll th e  p o ss ib le  e d g e  in fo rm ation . 

F ine se g m e n te d  ce ll im age a r e  o b ta in e d  by  s e a rc h in g  th e  n e a re s t  

co d ew o rd s  a n d  re p la c in g  th e  c o a rs e  co d e  v e c to rs . A fte r reg io n  

se g m en ta tio n  a  h ig h e r  r a te  VQ is  u se d  to  se g m en t t e x tu r e  re g io n s  

in s id e  t h e  c e ll sp a tia lly . D iffe ren t te x tu r e  f e a tu re s  a r e  e x tra c te d  

in  a  h e u r is t ic s  way b a sed  on th e  codew ord  d is tr ib u t io n  an d  th e
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g eom etrica l m easu re  on  th e  e x tra c te d  te x to n s . P re lim in a ry  r e s u l t s  

show t h a t  VQ te c h n iq u e  u se d  in  th e  cell reg io n  se g m e n ta tio n  in h e r i ts  

th e  co m p u ta tio n a l s im p lic ity  of th e  e d g e -b a s e d  a p p ro a c h  an d  no ise  

in s e n s i t iv e  f e a tu re  of th e  re g io n -b a s e d  te c h n iq u e s .

5.2 S egm en ting  Cell Im age by  V ector Q uan tiza tion

Cell im age is  p ro c e s s e d  by  s p a tia l  VQ u s in g  v e ry  low ra te  in itia l  

codebook  w ith sm all d im ension  to  c r e a te  c o a rs e  se g m e n ts , in te n s it ie s  

o f th e  c o d e v e c to rs  a r e  u se d  to  c re a te  la r g e r  codebook  r e p r e s e n t in g  

e d g e  in fo rm atio n  fo r  th e  v e c to r s  in  th e  o r ig in a l im age to  f in d  th e  

re p la c e m e n ts . Blob d e te c tio n  a n d  sm all b lob e lim ina tion  is  u sed  

fo r  e x tra c t in g  th e  m asks of th e  ce ll a n d  n u c le u s .

5 .2-1  In itia l  codebook  se le c tio n

T he in itia l codebook  c o n s is ts  o f N v e c to r s  of k  d im ension  a s  an  

in itia l  g u e s s  o f f in a l v e c to r  c o d e s  o r  c o d ew o rd s. In tu i tiv e ly , we 

assum e th a t  th e  in it ia l  codebook  c a n  b e  e a s ily  g e n e ra te d  a n d  is  c lose  

to  t h e  f in a l codebook . S ince  p r io r  kn o w led g e  a b o u t t h e  f in a l codebook 

is  g e n e ra lly  u n a v a ilab le  in it ia l  c o d e v e c to rs  can  be  d e te rm in e d  b a sed  on 

th e  im age h is to g ram . C o rre c t a s s ig n m e n t o f th e  in it ia l  co d ew o rd s  will 

a c c e le ra te  th e  s p e e d  of t h e  c o n v e rg e n c e  of th e  VQ a lg o rith m  a n d  g re a t ly  

r e d u c e  th e  co m p u ta tio n . I f  an  iso la te d  ce ll im age th a t  c o n s is ts  of 

n u c le u s , cy top lasm  a n d  b a c k g ro u n d  re g io n s  h a s  e v id e n t  tr i-m o d a l f e a tu re
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in itia l  c o d e v e c to rs  a s s ig n e d  to  e a c h  of g ra y  le v e ls  of th e  h is to g ram  

m odes sh o u ld  be  a  good g u e s s  s in c e  sm alle r in te r c la s s  v a r ia n c e s  a re  

e x p e c te d  b e tw een  th e  v a lle y s . I f  no model in fo rm a tio n  can  be  u se d  th e  

in it ia l  co d e w o rd s  ca n  b e  un ifo rm ly  d is t r ib u te d  w ithin th e  dynam ic 

in te n s ity  r a n g e  o f a  ce ll im age s in c e  th e  in it ia l  codew ord  a ss ig n m e n t 

is  re la tiv e ly  in s e n s i t iv e  to  th e  r e s u l te d  f in a l codebook . T h ree  

hom ogeneous c o d e v e c to rs  a r e  a s s ig n e d  a s  an  in it ia l  codebook  in  th is  way 

a n d  we a ssu m e e a c h  c o d e v e c to r  will r e p r e s e n t  an  in itia l  g u e s s  of each  

m ean ingfu l re g io n . S e lec tin g  th e  n u m b er o f th e  co d ew o rd s  ex ac tly  

p e r ta in in g  to  th e  m ean ing fu l re g io n s  a v o id s  th e  com plica ted  m e rg e -a n d -  

s p l i t  p ro c e d u re s .

A VQ o p e ra t in g  a t  v e ry  low r a te  im poses a  n a tu r a l  r e s t r ic t io n  on th e  

d im ension  of e a ch  co d e  v e c to r . Small b lock  le n g th  v e c to r s  a r e  u se d  s in c e  

th e  low er d im ension  in tro d u c e s  le s s  d is to r tio n  in  th e  r e c o n s t ru c te d  

im ages fo r  a  f ix ed  b i t  r a te s .  Also, s in c e  th e  com pu ta tion  com plex ity  

in c re a s e s  e x p o n e n tia lly  a s  th e  d im ension  in c re a s e s ,  m uch f a s t e r  VQ 

o p e ra tio n  c a n  b e  e x p e c te d  w ith v e c to r  o f low d im ension . A lthough , 

u s in g  sm all d im ension  v e c to r s  will s a c r if ic e  th e  n o ise  sm ooth ing  

p e rfo rm a n c e  r e la t iv e  to  u s in g  la r g e r  s iz e  v e c to r s  i t  can  be  co m p en sa ted  

b y  sm ooth ing  o p e ra tio n  in  th e  p re p ro c e s s in g  s ta g e . He c o n s id e r  in itia l  

codebook  c o n s is t in g  o f th r e e  un ifo rm ly  d i s t r ib u te d ,  hom ogeneous code 

w ords w ith e a c h  c o d e v e c to r  of d im ension  4 (2 b y  2).



5.2-2 Coarse Segm entation by Low Rate VQ

The VQ a lg o rith m  em ployed  in  t h i s  r e s e a rc h  is  ca lled  th e  LBG 

a lg o rith m  by  L inde e t  a l  (42). A fu ll s e a rc h  VQ is  u se d  in  th e  sp a tia l 

dom ain w here  th e  mean s q u a re  e r r o r  (MSE) c r i te r io n  is  ap p lie d  fo r 

p a r t i t io n  op tim ization . The VQ e v a lu a te s  th e  E uclidean  d is ta n c e s  of 

e ach  2 by  2 im age b lo ck s  w ith a ll th e  in itia l  co d ew o rd s. The image 

v e c to rs  a r e  s to re d  in to  th e  n e a re s t  p a r t i t io n  r e p r e s e n te d  b y  th e  N 

in itia l  v e c to rs  u s in g  th e  le a s t  s q u a re  d is ta n c e . A fter th e  f i r s t  

i te ra t io n , a ll th e  im age v e c to r s  a r e  c lu s te re d  in to  maximally N 

p a r t i t io n s . For each  p a r t i t io n , new co d ew o rd s  a re  g e n e ra te d  by  tak in g  

th e  a v e ra g e  (c e n tro id )  o f a ll t h e  v e c to rs  in  e a c h  of th e  v e c to r  g ro u p . 

The new co d ew o rd s  a r e  u se d  fo r  d is ta n c e  c a lc u la tio n  in  th e  second  

i te ra t io n . The re la tiv e  a v e ra g e  MSE a f te r  e a ch  i te ra t io n s  is  c h eck ed , 

if  i t  is  sm alle r th a n  a  p re s p e c if ie d  v a lu e  th e  p ro g ram  s to p s  a n d  each  

of th e  im age v e c to r  i s  re p la c e d  by  s e a rc h in g  th e  n e a re s t  co d e v ec to r  

in  th e  f in a l codebook . O therw ise , th e  i te ra t io n  will c o n tin u e .

In  a d d it io n  to  r e g u la r  VQ f e a tu r e s  (se e  se c tio n  2.4), th e  a lgo rithm  

h a s  th e  fo llow ing a d v a n ta g e s  in  ce ll im age seg m en ta tio n :

1) The p ro g ram  p ro c e s s e s  th e  ce ll im age v e ry  f a s t  d u e  to  th e  low ra te  

a n d  low dim ension  o f th e  c o d e v e c to r  se lec tio n . E xcep t fo r  blocky 

e d g e s , sim ple an d  b a s ic  re g io n  s t r u c tu r e s  a r e  re v e a le d  w ith good 

app rox im ation . Also i t  i s  s u ita b le  fo r  p ro c e s s in g  la rg e  am ount of 

th e  ce ll im ages o f o f th e  sam e c a te g o rie s  s ta in e d  a n d  v iew ed u n d e r  

s im ilar c o n d itio n s  b e c a u se  th e  f in a l codebook  of a  s in g le  im age (o r
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g e n e ra te d  from  s e v e ra l  s u c h  co debooks) m ight be  e lig ib le  fo r  common 

u se , o r  a t  le a s t ,  fo r  a  good in itia l  g u e s s .

2) Due to  a  la rg e  am oun t of a v e ra g in g , low r a te  VQ will g e n e ra te  n e a rly  

hom ogeneous c o d e v e c to rs . P a r titio n in g  th e  cell im ages with su c h  well 

s e p a ra te d  hom ogeneous v e c to r s  g re a t ly  r e d u c e s  th e  n e g a tiv e  e f fe c ts  of 

th e  n o ise , th e  weak te x tu r e s ,  a n d  th e  b ro k e n  e d g e s  in  th e  c o r r e c t  

seg m en ta tio n .

The d is a d v a n ta g e s  a r e  a s  follow s:

1) If  a d ja c e n t  re g io n s  h a v e  sim ila r g ra y  le v e ls  th e n  th e i r  re g io n s  may 

be  in c o r re c tly  c o n n e c te d  a n d  seg m en ted  a s  a  s in g le  re g io n . T his may 

be  c o r re c te d  b y  f u r th e r  s p li t t in g  th e  c o d e v e c to rs  o r  by  in c o rp o ra tin g  

sh a p e  a n a ly s is .

2) The cod ed  cell im age h a s  e v id e n t  b lo c k n e ss  on th e  e d g e s  d u e  to  th e  

sm all s iz e  codebook  se le c tio n  a n d  u s e  of t h e  MSE c r i te r io n . To re d u c e  

th e  b lock e f fe c t  u s in g  a  l a r g e r  s iz e  codebook  w hich r e p r e s e n ts  more 

p a t te r n s  o f th e  e d g e s  ca n  b e  c o n s id e re d  a s  a  so lu tio n .

5.2-3 R efine th e  C oarse  S eg m en ts  by  Codebook R eplacem ent

To more a c c u ra te  r e p r e s e n t  th e  reg io n  b o u n d a r ie s  o f th e  seg m en ted  

reg io n  th e  b lo c k n e ss  h a s  to  be  e lim in a ted , a n d  if  p o ss ib le , th e  

in te n s ity  d if fe re n c e  b e tw een  a d ja c e n t  re g io n s  t h a t  a r e  eno rm ously  

c o n n e c te d  n e e d  to  b e  re v e a le d . In c re a s in g  th e  s iz e  o f th e  f in a l code 

book by  a d d in g  a ll th e  p o ss ib le  e d g e  p a t t e r n s  is  e x p e c te d  to  accom plish  

th is  goal.
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The codebook  w ith th r e e  c o d e v e c to rs  is  e x te n d e d  by  a d d in g  28 e d g e  

v e c to r  p a t te r n s .  T h ese  p a t t e r n s  r e f le c t  a ll p o ss ib le  e d g e  m odels xn 

2 by  2 s q u a re s  c o n s t i tu te d  by  2 v a lu e s  from  th e  n e ig h b o r in g  c o d e v e c to rs . 

To p r e s e r v e  th e  sim ple  se g m e n ted  s t r u c tu r e  o f th e  cod ed  im age th e  e d g e  

c o d e v e c to rs  a r e  h e u r is tic a lly  d e te rm in e d  b a se d  on th e  com bination  of 

th e  3 n e a r  hom ogeneous le v e ls  of th e  c o a rs e  codebook .

S u p p o se  Yo is  th e  c o a rs e  codebook  c o n ta in in g  c o d e v e c to rs  C i, C z  a n d  

C3 , w here  th e  v a lu e  d ev ia tio n  b e tw een  th e  e lem en ts  in  e a ch  v e c to r  

is  u su a lly  sm all. T h e se  th r e e  v e c to r s  can  b e  c o n s id e re d  a s  th e  th r e e  

sm ooth  a re a  r e p r e s e n ta t iv e s  in  th e  e x te n d e d  codebook  Y i. The g ra y  

le v e ls  of t h e  f i r s t  e le m en ts  of C i, C2 , a n d  C3 d e n o te d  by  C1 1 , C2 1 , 

a n d  C31  r e s p e c tiv e ly  a r e  u se d  to  c o n s t r u c t  a  28 e d g e  c o d e v e c to rs  a d d e d  

to  Y1 . C o n s id e rin g  th a t  la r g e  g ra y  lev e l d if fe re n c e s  b e tw e en  th e  

ce ll re g io n s  cod ed  by  Ci a n d  C3 r a r e ly  a p p e a r  a s  n e ig h b o rs  d u e  to  th e  

s t r u c tu r e  o f th e  r e g u la r  ce ll im ages th e  p o ss ib le  e d g e  code  v e c to r s  

b e tw een  th e s e  tw o re g io n s  a r e  n o t  a d d e d  in  Yi to  r e d u c e  th e  codebook  

s iz e  a n d  c o m p u ta tio n s .

Y1 i s  n o t  in v o lv e d  in  i te r a t iv e ly  d e te rm in in g  th e  optim um  

p a r t i t io n , I t  i s  o n ly  a  l a r g e r  codebook  h e u r is tic a lly  g e n e ra te d  to  co d e  

th e  o r ig in a l im age. I t  i s  g e n e ra te d  r ig h t  a f t e r  th e  optim al co d e  C i, C2 

a n d  C3  a r e  o b ta in e d  b u t  b e fo re  r e p la c in g  th e  o r ig in a l im age. The coded  

im age is  o b ta in e d  b y  look ing  u p  e a c h  of th e  31 c o d e v e c to rs  in  Y i, 

a n d  e a ch  o r ig in a l im age v e c to r  is  re p la c e d  by  th e  n e a r e s t  codew ord  to  

r e c o n s t r u c t  a  f in e  se g m e n te d  im age.
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The new se g m e n ted  cell im age e ffe c tiv e ly  e lim ina tes  th e  block 

e f fe c ts .  A lthough  th e  nu m b er of c o d e v e c to rs  a re  in c re a s e d  to  31 

th e  cod ed  im age on ly  c o n s is ts  of th e  sam e sm all am ount of g ra y  lev e ls  a s  

th e  c o a rs e  v e c to r  coded  im age b u t  h a s  th e  f e a tu re  of b e in g  v e ry  su ita b le  

fo r  reg io n  e x tra c tio n . The s t r u c tu r e s  of th e  c o a rs e  codebook  an d  fin e  

codebook  a re  show n in  P ig .5.2.

5 .2-4  Blob D etection  a n d  F ilte r in g

T h ree  c lu s te r s  w ith well s e p a ra te d  le v e ls  in  th e  f in e  cod ed  im ages 

p ro v id e  a  c o n v e n ie n t way of th re s h o ld in g . Two th re s h o ld s  T12 a n d  T23 

ca n  b e  s e t  in  t h e  b ro a d  v a lle y s  b e tw een  th e  th r e e  c lu s te r s  to  g e n e ra te  

th e  m asks of th e  cy to p lasm  a n d  n u c le u s  a s so c ia te d  w ith sm aller 

b lo b s  r e p r e s e n t in g  th e  v e c to r  cod ed  a r t i f a c ts  re g io n s . Blob d e te c tio n  

te c h n iq u e s  ca n  b e  u se d  fo r  m erg ing  th e  in c lu d e d  sm all b lo b s  in to  th e ir  

l a r g e r  b a c k g ro u n d . The se g m en ta tio n  e r r o r s  c a u se d  by  th e  m erg ing  of 

n e ig h b o r in g  re g io n s  w ith  sim ilar g ra y  le v e ls  can  only  b e  d e te c te d  amd 

c o r r e c te d  by  u s in g  a  p r io r  know ledge o f th e  s h a p e  o r  o th e r  p a ra m e te rs .

H ere th e  b lo b s  a re  d e te c te d  b y  th e  M u lti- th re sh o ld  m orphological e d g e  

d e te c to r  d is c u s s e d  in  c h a p te r  3. The d if fe re n c e  is  t h a t  th e  ed g e  

d e te c tio n  o p e ra te s  on th e  th re s h o ld s  v a lu e s  T 12  a n d  T23 in s te a d  of on 

e a c h  b i t  p la n e s . A gain, on ly  th e  tw o c lo sed  e d g e s  w ith  la r g e s t  

p e r im e te rs  a r e  c o n s id e re d  a s  th e  b o u n d a r ie s  of th e  cell s  a n d  n u c le u s , 

a n d  all o th e r  sm all e d g e s  a r e  e lim ina ted .
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As a f in a l n o te  of th is  se c tio n , e i th e r  fo r  th e  p re s e n te d  low r a te  VQ 

se g m en ta tio n  a lg o rith m  o r fo r  small b lob  elim ination , p re f i l te r in g  h as  

p ro v e n  a d v a n ta g e o u s . The g ra y  lev e l o p e n in g  o r  c lo s in g  a r e  u se d  fo r 

sm ooth ing  th e  o r ig in a l cell im age b a se d  on th e  o u ts id e  a r t i f a c ts  and  

in s id e  te x tu r e  c o n d itio n s . G enerally  s p e a k in g , if th e  o u ts id e  a r t i f a c ts  

a r e  th e  main s o u rc e  of con tam ina tion  in  a sp e c if ic  c la s s  of ce ll im ages 

(su c h  a s  blood c e lls ) , c lo s in g  o p e ra tio n  is  p r e f e r r e d .  If  ce ll im ages 

co n ta in  s e r io u s  te x tu r e  w ith in  th e  c e lls  ( su c h  a s  th e  b r e a s t  and  

lu n g  c e lls  im ages) o p en in g  is  s e le c te d  fo r  sm ooth ing . B ecause  of 

th e  low s e n s i t iv i ty  f e a tu re  o f th e  low r a te  VQ sm ooth ing  will n o t 

g re a t ly  a f fe c t  th e  a c c u ra c y  of th e  f in a l seg m en ta tio n  s in c e  cell 

a n d  n u c le u s  a re  m uch la r g e r  c lu s te r s  th a n  th e  no ise . H ow ever i t  m ight 

he lp  to  e lim ina te  th o s e  a r t i f a c ts  t h a t  c a u se  p ro tru s io n s ,  o r a t  le a s t, 

s e p a ra te  th o s e  a r t i f a c ts  from  th e  cell o r  n u c le a r  b o u n d a rie s .

5.3 T e x tu re  E x tra c tio n  a n d  M easurem ent

Cell c la s s if ic a tio n  is  d ire c tly  re la te d  to  te x tu r e  f e a tu re .  W hether 

a  ce ll i s  m alignan t o r  b e n ig n  is  o f te n  d e te rm in e d  by  i t s  n u c le a r  

s t r u c tu r e ;  w h e th e r  th e  c h ro m a tin  p a r t ic le s  a re  of e q u a l s ize ; w h e th e r 

th e  ch ro m atin  p a r t ic le s  a r e  e v e n ly  d i s t r ib u te d  th ro u g h o u t  th e  e n t i r e  

n u c le u s ; w h e th e r  e a c h  p a r t  o f th e  n u c le u s  re se m b le s  e v e ry  o th e r  p a r t ,  

e tc . T e x tu re  in  th e  cy top lasm  is  a lso  exam ined fo r  th e  p u rp o s e  of 

id e n tify in g  th e  ty p e  o f cell.
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The te x tu r e  in  th e  cell im ages is  norm ally  d is t r ib u te d  in a random  

fash io n  a n d  r a re ly  r e p e a te d  te x tu r e  s t r u c tu r e s  be  fo u n d  ev en  in one 

ce ll im age. A dd itionally , a ll th e  te x tu r e  v a r ia tio n s  a g g re g a te  in 

re la tiv e ly  sm all re g io n s  of th e  im age. To e x tr a c t  a c c u ra te  in fo rm ation  

te x tu re  a n a ly s is  sh o u ld  be b a sed  on th e  c o r r e c t  se g m en ta tio n  of th e  

te x tu re  re g io n s . In  th e  n e x t se c tio n , a  te x tu r e  seg m en ta tio n  and 

a n a ly s is  b a s e d  on th e  VQ a re  p re s e n te d .

5.3-1 T e x tu re  S egm en ta tion

The se g m e n ted  ce ll a n d  n u c le u s  a re  re c o v e re d  fo r  f u r th e r  te x tu re  

se g m en ta tio n  a n d  a n a ly s is . A te x tu r e  e lem en t ( tex to n ) is  assum ed  to  be 

a  reg io n  o f hom ogeneous g ra y  lev e l; th e  problem  of e x tra c t in g  elem ents  

in  an  im age is  e q u iv a le n t to  th e  p roblem  of seg m en tin g  th e  im age i n t o  

hom ogeneous re g io n s . VQ i s  re c a lle d  fo r  f u r th e r  e x tra c tio n  of th ese  

r e g io n s .

In  o r d e r  to  m ore a c c u ra te ly  r e p r e s e n t  th e  te x tu r e  re g io n s , more 

co d ew o rd s  ca n  b e  se le c te d  ( up  to  e ig h t  2*2 in it ia l  c o d e v e c to rs ) , an d  

th e  MSE fo r  e a ch  c lu s te r  is  g re a t ly  re d u c e d  a s  th e  n u m b er of c lu s te r s  

in c re a s e s . T he n u m b er of c o d e v e c to rs  i s  s e le c te d  b a se d  on th e  dynam ic 

r a n g e  o f g r a y  le v e ls  occu p ied  by  th e  re g io n  b e in g  p ro c e s se d . More 

c o d e v e c to rs  a r e  se le lc te d  fo r  a  ce ll im age with la r g e r  dynam ic ra n g e  and  

le s s  fo r  a  c e ll im age w ith sm aller dynam ic ra n g e . S ince norm ally  

te x tu r e  w ith in  th e  ce ll o r  n u c le u s  r e p r e n s e t s  weak g ra y  leve l 

v a r ia tio n s , t h i s  a  p r io r i  in fo rm atio n  can  b e  u se d  fo r  d e s ig n in g  a  much 

sm aller f in e  co d eb o o k s fo r  c o d e v e c to r  rep lacem en t. If  C , C a re
1 2 '  j
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th e  c o d e v e c to rs  o b ta in e d  from  th e  c o a rs e  codebook w here  maxj = 8; C ^ ,  

C C a re  th e  f i r s t  com p o n en ts  of each  of th e  c o d e v e c to rs . We
21 j  1

c o n s tr u c t  th e  f in e  codebook by  se le c tin g  e v e ry  two n e ig h b o r in g  g ra y

lev e ls  C an d  C a s  th e  com ponen ts  of a new c o d e v e c to r , w here  i = 1,
i i + l

2,..., j -1 . T h u s th e  n u m b er o f th e  f in e  codebook will co n ta in  N code 

v e c to r s  which

N = ( j-1 )  * 14 + j  (5 -1)

w here  j  i s  th e  n u m b er o f n e a r  hom ogeneous c o d e v e c to rs ; 14 is  th e  nu m b er 

of e d g e  p a t t e r n s  of u s in g  tw o le v e ls  fillin g  in to  a 4 -d  v e c to r . The 

n u m b er of c o d e v e c to r  i s  g re a t ly  r e d u c e d  s in c e  if  we u s e  j  lev e l v a lu e s  

to  f i t  in  a  4 -d  c o d e v e c to r  nom ally N = j 4 c o d e v e c to rs  a r e  r e q u ir e d  to  

o b ta in e  a ll th e  p a t te r n s .  E ven if  we on ly  in c lu d e  th e  n o n -n e ig h b o r in g  

v e c to r  p a t t e r n s  c o n s t i tu te d  b y  2 v a lu e s  N = C^* 14 + j  a re  n e e d ed , 

w here  j*2. S ince no s p a tia l  in fo rm a tio n  is  a ssu m ed  in  th e  e x tra c tio n . 

The in it ia l  co d ew o rd s  a r e  a s s ig n e d  un ifo rm ly  in  th e  dynam ic ra n g e . 

U sing m ore c o d e v e c to rs  will c re a te  m ore complex te x to n  m odels, b u t  

th e  cod ed  te x to n  re g io n s  te n d  to  be  non-hom ogeneous.

E ach n e a r  hom ogeneous tex to n  re g io n  can  be  e x tra c te d  by m atch ing

th e  codew ord  w ith th e  cod ed  im ages which m akes th e  s tru c tu re d

m easu rem en t c o n v e n ie n t. A lthough , m easu rem en t s u c h  a s  s ize , sh a p e , 

p e r im e te rs  of th e  te x tu r e  b o u n d a r ie s  a n d  re la tiv e  p o s itio n s  betw een  

d if f e re n t  re g io n s  c a n  b e  u se d  fo r  d e s c r ib in g  th e  te x tu r e  f e a tu re s  in s id e  

th e  ce ll im ages m ore h e u r is t ic  f e a tu re s  c a n  be  g e n e ra te d  b y  c o n s id e r in g  

th e  s t r u c tu r e s  a n d  d is t r ib u t io n s  of th e  fined c o d e v e c to rs .
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Block d iag ram  of re g io n  se g m e n ta tio n  u s in g  VQ is  show n in  F ig .5.1.

5.3-2 P ro p e r t ie s  of th e  Texton E lem ents

The follow ing p r o p e r t ie s  of a  te x tu r e  e lem en t a r e  m easu red :

1) MSE of e a ch  c lu s te r .  2) C odevec to r hom ogeneity .

3) I n te r - c lu s te r  v a r ia n c e . 4) L e n g th s  of te x to n  e d g e s .

5) E dge p e r  u n i t  code  a re a .

6) The ra t io  o f th e  n u m b er of th e  e d g e  c o d e v e c to rs  to  to ta l  n u m b er of 

c o d e v e c to rs .

Mean s q u a r e  e r r o r  i s  th e  n a tu r a l  p ro d u c t  of VQ. L a rg e r  MSE of a 

c lu s te r  is  m ainly c a u se d  by  th e  a b r u p t  in te n s i ty  c h a n g e  of th e  te x tu re  

e d g e  a re a s .  Most lik e ly  th e  m ore te x tu r e  e d g e s  of th e  o r ig in a l im age 

in c lu d e d  in  o n e  c lu s te r ,  th e  la r g e r  th e  MSE. T h is  is  so  b e c a u se  th e  

VQ e n c o d es  a  re g io n  w ith  m ore d e ta il  p o o rly  th a n  i t  do es  re la tiv e ly  

un ifo rm  re g io n . A c lu s te r  w ith la r g e r  MSE m ost lik e ly  c o r re s p o n d s  to

te x tu r e  b u s ie r  im age re g io n . To c la s s ify  d if f e re n t  t e x tu r a l  en co d ed

im ages, th e  a v e ra g e  MSE o v e r  th e  n u m b er o f N c lu s te r s  can  b e  u se d  a s  

a  f a c to r . I f  MSE(i) i s  th e  MSE of th e  i - t h  c lu s te r ,  i  = 1, 2 ,..., 

N, th e n
M

NMSE = 1/N [£  MSE(i)] (5-2)

If  th e  co d e d  im age m aps n  ,n  , . . . ,n  d a ta  v e c to r s  in to  e a ch  of th e

co d ew o rd s  ,Cz,...,C H re s p e c tiv e ly , a n d  th e  d im ension  o f each

c o d e v e c to r  is  k , th e  hom ogeneity  of e a ch  c o d e v e c to r  cam b e  m easu red  by
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th e  v a r ia n c e  of th e  k v e c to r  e lem en ts  with r e s p e c t  to  th e  e lem en t mean 

v a lu e s . I f  c is  th e  mean v a lu e  of th e  k com p o n en ts  in  C , i  = 1 ...... N,
i i

a n d  C ( j)  i s  C 's  j - t h  co m p o n en t, j= l , 2 , . . . ,  k , th e  v a ria n c e  e . o f
i i i

th e  i - th  code  c a n  b e  d e fin e d  a s  :

e i= ( l / k ) * £  | C . ( j )  -  c j 2 i= 1, 2 ...... N. (5-3-)
J -1

T he u n ifo rm ity  m easu rem en t of th e  c o d ew o rd s, E, will be:

N
E = 1/N I  e . (5-4)

T his m easu rem en t d e s c r ib e s  a ll th e  m ic ro -te x tu re  v a ria tio n s  

c o n ta in e d  w ith in  th e  c o d e v e c to rs . I f  an  im age is  coded  by  n e a r l y  

un ifo rm  co d e w o rd s, th e n  E will be  v a ry  sm all. A norm alized  un ifo rm ity  

m easu rem en t o f c o d e v e c to rs  U cam be  d e fin e d  as:

U =E /( 1 + E) (5 -5)

I n te r - c lu s te r  re la tio n  ca n  b e  d e s c r ib e d  b y  th e  d is t r ib u t io n s  of th e  

N c o d e v e c to rs . Hell s e p a ra te d  c o d e v e c to rs  te n d  to  r e p r e s e n t  s tro n g  

tex to n  e d g e s  while c lo se  v e c to r s  weak te x to n  e d g e s . I f  a  c e ll im age is  

re la tiv e ly  un ifo rm  in s id e  th e  n u m b er of to ta l  c lu s te r s  may be le s s  

th a n  N d u e  to  th e  elim ination  o f one  o r  more c o d e v e c to rs  w hich 

r e p r e s e n t  no  v e c to r s  in  th e  o r ig in a l im age (em pty  c e lls ) , o r  a t  le a s t , 

one  o r  m ore c lu s te r s  on ly  c o n ta in  sm all n u m b er o f c o d e v e c to rs . To 

d isc r im in a te  s u c h  te x tu r e  d if fe re n c e s  we d e fin e  c^ a s  th e  com ponent
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mean of th e  i - t h  c o d e v e c to r , w here  i= l, 2 ,..,, N, a n d  a c tu a l  n u m b er of 

f in a l c o d e v e c to rs  Ni w h ere  N is  N, a n d  D a s  th e  lev e l d iffe re n c e  

b e tw een  th e  l a r g e s t  co d e  mean a n d  th e  low est co d e  m ean, c a s  th e  mean 

of th e  mean v a lu e s  of a ll c o d e v e c to rs . T hen  V can  be  u se d  to  d e s c r ib e  

d is tr ib u t io n  of th e  c o d e v e c to rs  is  d e fin e d  a s  follow s:

N1
£( c -  c )2
i - 1

V = D * -------------------- (5 -6)
N

The n u m b er o f c lu s te r s  r e p r e s e n t s  th e  b u s in e s s  of th e  te x tu r e s  in  

th e  o r ig in a l im age. The more b lo b s  t h a t  a r e  co d ed  by  th e  c o d e v e c to rs  

th e  lo n g e r  th e  b o u n d a r ie s  e n c irc le  th e  te x to n s . S ince  th e  co d ed  b lobs 

a r e  e a s ily  e x tra c te d  t h e  p e r im e te rs  o f th e  b lo b s  ca n  b e  rea d ily  

o b ta in e d . S u p p o se  th e  to ta l  le n g th  o f th e  b o u n d a r ie s  is  L a n d  th e  

to ta l  ce ll o r  n u c le a r  a re a  is  S, th e n  A ca n  be  d e fin e d  a s  th e  mean 

b o u n d a ry  le n g th  o v e r  t h e  to ta l  n u m b er o f cod ed  a re a  S, r e p r e s e n t in g  

th e  te x tu r a l  b u s in e s s .

N 1
s = I n (5-7)

i - i

A = L /S  (5 -8)

I f  we d e fin e  n  a s  n u m b er o f e d g e  c o d e v e c to r , n  a s  to ta l  n u m b er of

th e  c o d e v e c to rs  b e in g  u s e d  th e n  a  ra t io  R ca n  b e  d e fin e d  to  d e s c r ib e  th e

te x tu r e  a c tiv it ie s

R = n # /n (5-9)



81

CHAPTER 6 

EXPERIMENT RESULTS AND DISCUSSION

6.1 In tro d u c tio n

The m ultip le  b i t  p lan e  th re s h o ld in g  w ith m orpholog ical e d g e  d e te c tio n  

m ethod d e s c r ib e d  in  c h a p te r  3; th e  su b -o p tim a l e d g e  d e te c tio n  on s h if te d  

im ages d is c u s s e d  in  c h a p te r  4; a n d  th e  re g io n  a n d  tex to n  se g m en ta tio n  

m ethod u s in g  v e c to r  q u a n tiz a tio n  p re s e n te d  in  c h a p te r  5 w ere ap p lie d  to  

d i f f e r e n t  c la s s e s  o f iso la te d  ce ll im ages. T h ese  e x p e rim e n ts  w ere 

c o n d u c te d  in  o r d e r  to  in v e s t ig a te :

1. T he a c c u ra c y  o f d i f f e r e n t  se g m e n ta tio n  a p p ro a c h e s  fo r  v a r io u s  cell 

im ages w ith s p a tia l  in fo rm a tio n .

2. T he e f fe c t  o f m orpholog ical f i l te r in g  on  a r t i f a c ts  o f d i f f e re n t  

s iz e s  a n d  s h a p e s .

3. T he e f f e c t  o f u s in g  a  p r io r i  in fo rm a tio n  o f r e d u c in g  th e  se g m en ­

ta tio n  e r r o r s  a n d  hum an  in te ra c t io n .

4. T he g ra y  le v e l MSE v a lu e s  o f th e  se g m e n ted  te x to n  re g io n s  w ith th e  

o r ig in a l  ce ll im ages a t  d i f f e r e n t  r a te s .

5. T he s p e e d  of im p lem en ta tion  o f th e  d i f f e r e n t  a lg o rith m s.

6. Com pare t h e  a d v a n ta g e s  a n d  d is a d v a n ta g e s  of d i f f e re n t  a p p ro a c h e s .

The c e ll im ages w ere  o b ta in e d  from  a  p e rs o n a l  co m p u te r b a s e d  im age 

p ro c e s s in g  sy s te m  d e s c r ib e d  b y  J e a n ty  e t  a l(68). The o p e ra to r  s e le c ts
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a reg io n  of in te r e s t  c o n ta in in g  th e  ce ll to  be  a n a ly z e d  v ia  a  to u ch  

s c re e n  m ounted on th e  fac e  o f a  te le v is io n  m onitor. The s t r u c tu r e s  of 

i n te r e s t  a re  th e  ce ll a n d  n u c le u s  a n d  th e i r  c o n to u rs .

I t  i s  d iff ic u lt  to  f in d  re lia b le  m ea su res  fo r  th e  q u a lity  of im age 

se g m en ta tio n ; l i t t le  h a s  b een  p u b lish e d  on how to  m easu re  seg m en ta tio n  

e r r o r s .  We h a v e  u se d  a  d i r e c t  s u b je c t iv e  m easu re  b a sed  on th e  v isu a l 

ju d g m e n t of o b s e rv e r s  to  a s s e s s  seg m e n ta tio n  q u a lity .

6.2 R e su lts  of Bit P lane  T h re sh o ld in g  an d  M orphological E dge  D etection

F ig u re  1 a r e  fo u r  ty p ic a l  o r ig in a l ce ll im ages fo r  se g m en ta tio n . 

F ig u re  2, 3, 4 a n d  5 r e p r e s e n t  th e  p ro c e d u re  an d  th e  r e s u l t s  of 

a p p ly in g  th e  b i t  p lan e  m u lti- th re s h o ld in g  com bined  w ith th e  m orphologi­

ca l e d g e  d e te c tio n  m ethod d e s c r ib e d  in  c h a p te r  3. F ig u re  a  r e p r e s e n ts  

th e  o r ig in a l im ages; f ig u r e  b  r e p r e s e n t s  th e  r e s u l t s  o f th re s h o ld in g  

u s in g  fo u r  m ost s ig n if ic a n t  b i t  p la n e s  a n d  m orphological e d g e  d e te c tio n  

w ith a  3*3 b in a ry  s t r u c tu r in g  e lem en t; fo r  b e t te r  v is ib ili ty , some 

e d g e s  h a v e  b een  e n h a n c e d . F ig u re  c  r e p r e s e n t s  th e  la r g e s t  c losed  

c o n to u r  on  th e  fo u r  b i t  p la n e s  m eeting  a  minimum le n g th  re q u ire m e n t 

of 200 p ixels  a n d  th e  b e s t  c ir c u la r i ty  a n d  i s  p r e s e n te d  a s  th e  m ost 

lik e ly  cho ice  fo r  th e  ce ll c o n to u r ; f ig u re  d r e p r e s e n t s  th e  e x tra c te d  

ce ll c o rre s p o n d in g  to  th e  c o n to u r  c o n ta in e d  w ith in  th e  a re a  d e fin e d  by  

th e  c o n to u r  in  f ig u re  c; f ig u re  e  r e p r e s e n t s  th e  se co n d  lo n g e s t  c losed  

c o n to u r  e x tra c te d  from  th e  b i t  p lan e  e d g e s  w hich i s  th e  m ost like ly  

n u c le a r  c o n to u r ; f ig u r e  f  r e p r e s e n t s  th e  e x tra c te d  n u c le a r  re g io n .
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T he e x tra c te d  c o n to u rs  su p e rim p o se d  on th e  o r ig in a l  im ag es, r e p r e s e n ­

t in g  th e  q u a li ty  of th e  p re s e n te d  se g m e n ta tio n  m ethod a n d  th e  v is ib le  

se g m e n ta tio n  e r r o r s  a r e  show n  in  f ig u re  6.

F ig u re  1 a , b , c  an d  d . The fo u r  o r ig in a l ce ll im ages.

F ig u re  2 a n d  3 a , b , c , d , e , a n d  f  r e p r e s e n t  id e n tic a l  p ro c e s s in g  a s  

d e s c r ib e d  fo r  f ig u r e  1. The o r ig in a l im ages a r e  f i r s t  sm oo thed  by  

m orpholog ical c lo s in g  u s in g  a  3*3 b in a ry  s t r u c tu r in g  e lem en t.



F ig u re  2. a ) O rig in a l, b) E d g e s  d e te c te d  on th e  fo u r  m ost s ig n if ic a n t 
b i t  p la n e s , c ) F i r s t  cho ice  of ce ll c o n to u r  b y  t r a c k in g  a lg o rith m ,
d ) E x tra c te d  ce ll im age, e )  F i r s t  ch o ice  of n u c le a r  c o n to u r  by  
t r a c k in g  a lg o rith m , f)  E x tra c te d  n u c le a r  im age.

t
(a) (W) ( c)

o
•a, <•>

< f  >

F ig u re  3. a ) Sm oothed  im age, b ) E d g e s  d e te c te d  on  th e  fo u r  m ost 
s ig n i f ic a n t  b i t  p la n e s ,  c) T r a c k in g  a lg o rith m  f i r s t  ch o ice  fo r  cell 
c o n to u r , d ) E x tra c te d  ce ll im age, e) F i r s t  ch o ice  of th e  n u c le a r  
c o n to u r  by  t r a c k in g  a lg o rith m , f)  E x tra c te d  n u c le a r  im age.



F ig u re  4. a ) Sm oothed  im age, b ) E d g e s  d e te c te d  on th e  fo u r  m ost 
s ig n i f ic a n t  b i t  p la n e s ,  c ) T r a c k in g  a lg o rith m  f i r s t  ch o ice  fo r  cell 
c o n to u r , d ) E x tra c te d  ce ll im age, e )  F i r s t  cho ice  of th e  n u c le a r  
c o n to u r  b y  t r a c k in g  a lg o rith m , f) E x tra c te d  n u c le a r  im age.

F ig u re  5b r e p r e s e n t s  th e  r e s u l t  o f th e  m orpholog ical e d g e  d e te c to r  

on  th e  fo u r  m ost s ig n if ic a n t  b i t  p la n e s  of f ig u r e  5a, th e  v a ry in g  

c o n tr a c t  o f th e  c e ll boundaury a n d  th e  e f fe c t  of b a c k g ro u n d  a r t i f a c ts  

p r e v e n t  th e  c o n to u r  t r a c k in g  from  e x tra c t in g  a n y  c lo sed  c o n to u r  m eeting  

th e  minimum le n g th  p ixels . C o n se q u e n tly , th e  g ra y  le v e l im age is  p r e -



l i l te r e d ,  by  g ra y  lev e l c lo s in g  o p e ra tio n  w ith  7*7 s q u a re  b in a ry  

s t r u c tu r in g  e lem en t. The r e s u l t  o f p r e - f i l te r in g  i s  show n in  f ig u r e  5c. 

F ig u re  5 d -g  r e p r e s e n t  th e  fo u r  s ig n if ic a n t  b i t  p la n e s  a s  d e s c r ib e d  in  

f ig u r e  2.

£ 9/

F ig u re  5. a ) O rig ina l, b )  E d g es  d e te c te d  on  th e  fo u r  m ost s ig n if ic a n t  
b i t  p la n e s , c ) M orphological c lo s in g  o f th e  o r ig in a l im age w ith a  7*7 
b in a ry  s t r u c tu r i n g  e lem en t, d ) T ra c k in g  a lg o rith m  f i r s t  ch o ice  fo r 
t h e  ce ll c o n to u r  u s in g  th e  fo u r  m ost s ig n if ic a n t  b i t  p lan e s ,
e )  E x tra c te d  ce ll im age, f)  T ra c k in g  a lg o rith m  f i r s t  cho ice  fo r  th e  
n u c le a r  c o n to u r , g ) E x tra c te d  n u c le a r  im age.

In sp e c tio n  o f th e  e x tra c te d  c o n to u r s  re v e a l  e r r o r s  w h en ev e r an  

a r t i f a c t  i s  v e ry  c lo se  to  th e  ce ll c o n to u r . An exam ple of th is  can  be 

se e n  in  f ig u r e  2c w h ere  bottom  of th e  ce ll c o n to u r  c o n ta in s  a  sm all 

p ro tr u s io n  w hich c a n  b e  a t t r ib u te d  to  th e  d a rk  a r t i f a c ts  in  th e  o r ig in a l 

im age. S uch  e r r o r s  may b e  rem o v ed  by  f u r th e r  p ro c e s s in g . H ow ever, one 

r u n s  th e  r i s k  o f rem o v in g  leg itim a te  c o n to u r  p r o tr u s io n s  o r id e n t if i ­

c a tio n s  w hich may b e  in d ic a tiv e  a n d  r e s u l t  from  a  m alig n an t cell.



87

F ig u re  6a, 6b , 6c, 6d . The e x tr a c te d  c o n to u rs  su p e rim p o se d  on th e  
o r ig in a l fo u r  ce ll im ages of f ig u r e  5.

6.3 R e su lts  of S ubop tim al T h re sh o ld in g  on S h ifte d  Cell Im ages

The f ig u r e  o f m erit p r e s e n te d  in  c h a p te r  4 i s  u se d  fo r  f in d in g  a 

b e t t e r  th r e s h o ld  of th e  o r ig in a l  an d  th r e e  s h if te d  ce ll im ages. 

T he r e s u l t s  show  t h a t  th e  p r e s e n te d  th re s h o ld in g  f in d in g  m ethod n o t 

on ly  im p ro v ed  th e  co n d itio n  fo r  t h e  e x tra c tio n  o f th e  c o n to u rs , b u t  

a lso  h as  th e  a b il i ty  of c o r r e c t in g  se g m e n ta tio n  e r r o r s  c a u se d  by  th e  

d is c re p a n c y  of th r e s h o ld  s e t t in g  b y  th e  b i t  p lane  th re s h o ld in g  m ethod.

T he g r a d ie n t  im age i s  g e n e ra te d  b y  th e  d if fe re n c e  of th e  sm oothed  

o r ig in a l im age d ila te d  b y  a  3 b y  3 b in a ry  s t r u c tu r in g  e lem en t a n d  th e  

sm oo thed  im age. T he g r a d ie n t  im age is  th e n  th re s h o ld e d  b y  se le c tin g



88

th e  to p  g ra y  lev e l p ix els  NP r a n g in g  from  400 to  600. F ig u re  7 r e p r e ­

s e n ts  th e  tw o  im ages a n d  th e i r  3 s h if te d  im ages s u b tr a c te d  by  g ra y  

v a lu e s  o f 8, 16 a n d  24 re s p e c t iv e ly ,  a n d  th e  s e le c te d  e d g e  im age w hich 

is  m ost lik e ly  to  b e  th e  b e s t  c a n d id a te  fo r  th e  c o r r e c t  c o n to u r  e x tr a c ­

tio n .

( o )  ~  < < d

U >

0
( o )

< k >

U )

F ig u re  7 E d g e  d e te c te d  b y  th e  BPM a lg o rith m  on fo u r  s h if te d  b i t -  
p la n e s , th e  ro o t  e d g e  is  d e te rm in e d  by  th e  f ig u r e  o f m erit p r e s e n te d  
in  c h a p te r  4. T he n u m b er 0, 8, 16 a n d  24 r e p r e s e n t  th e  e d g e  d e te c ­
tio n  i s  o p e ra te d  on th e  4 im ag es o b a in ed  by  s u b tr a c t in g  g ra y  lev e l 
of th e  o r ig in a l  im age b y  0, 16, 24 a n d  24 r e s p e c tiv e ly .
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F ig u re s  8, 9, 10, 11 a n d  12 show  th e  p ro c e d u re  of g e n e ra tin g  th e  

c o r r e c t  c o n to u rs ;  a  r e p r e s e n t s  th e  o r ig in a l  im age; b  r e p r e s e n t s  th e  

e d g e s  d e te rm in e d  b y  th e  b i t  p lan e  th re s h o ld in g  m ethod p re s e n te d  in  

c h a p te r  4; c  r e p r e s e n t s  th e  ce ll c o n to u r s  e x tr a c te d  from  th e  b in a ry  

e d g e  im ages of b ; d  i s  th e  r e c o v e re d  re g io n . T h ese  cw ll im ages ( b r e a s t  

a n d  lu n g ) , d u e  to  th e i r  in s id e  te x tu r e  v a r ia t io n s , a ll h a v e  unim odal 

h is to g ram  d is t r ib u t io n s .  F ig u re  13 sh o w s th e  r e s u l t  of th e  ce ll im age 

3c r e p ro c e s s e d  by  th e  new m ethod. T he r e s u l t  sh o w s t h a t  th e  s e g m e n ta ­

tio n  e r r o r  i s  g r e a t ly  r e d u c e d . T h is  re d u c t io n  o f c o n to u r  e r r o r  r e s u l t s  

from  th e  f in e  a d ju s tm e n t  in  th e  th re s h o ld  d e te rm in a tio n .

F igure 8 a) th e  orig in a l image; b) th e  one m ultiple b it p lane ed g e
im age se le c te d  by maximizing th e  f ig u r e  o f m erit p resen ted  in  ch apter
4; c) th e  ex tracted  th e  ce ll contour; d) th e  segm ented  ce ll reg ion .
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□

< a) • h  >

F ig u re  9 a )  th e  o r ig in a l  im age; b ) th e  one m ultip le  b i t  p lan e  e d g e  
im age s e le c te d  b y  maximizing th e  f ig u r e  of m erit p r e s e n te d  in  c h a p te r  
4; c ) th e  e x tr a c te d  th e  ce ll c o n to u r ;  d ) th e  se g m e n ted  cell re g io n .

Figure 10 a) th e  orig inal image; b) th e  one m ultiple b it p lane ed g e
im age se le c te d  by maximizing th e  fig u r e  of merit p resen ted  in  chapter
4; c) th e  ex tra cted  th e  ce ll contour; d) th e  segm ented  ce ll reg ion .
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F ig u re  11 a) th e  o r ig in a l  im age; b ) th e  one  m ultip le b i t  p lan e  e d g e  
im age s e le c te d  by  m aximizing th e  f ig u r e  of m erit p r e s e n te d  in  c h a p te r  
4; c ) t h e  e x tr a c te d  th e  ce ll c o n to u r ;  d ) th e  se g m en ted  ce ll re g io n .

F igure 12 a) th e  orig in a l image; b) th e  one m ultiple b it p lane e d g e
im age se le c te d  by maximizing th e  f ig u r e  o f merit p resen ted  in ch apter
4; c) th e  ex tracted  th e  ce ll contour; d) th e  segm ented  ce ll reg ion .
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F ig u re  13 a) th e  o r ig in a l im age; b ) t h e  one m ultip le  b i t  p lan e  e d g e  
im age se le c te d  b y  m axim izing th e  f ig u r e  of m erit p r e s e n te d  in  c h a p te r  
4; c ) th e  e x tra c te d  th e  cell c o n to u r ;  d ) th e  se g m e n ted  ce ll re g io n , 
e) th e  e x tra c te d  n u c le a r  c o n to u r ;  f)  th e  se g m e n ted  n u c le a r  re g io n .

6.4 Region S eg m en ta tio n  U sing Low R ate V ector Q u an tiza tio n

T h re e  2*2 hom ogeneous c o d e v e c to rs  a r e  a s s ig n e d  un ifo rm ly  w ith in  th e  

dynam ic  r a n g e  of th e  sm oothed  o r ig in a l cell im ages a s  th e  in it ia l  code  

v e c to r s . A fter th e  v e c to r  q u a n tiz a tio n , th r e e  h o m o g e n e o u s  o r  n e a r  

hom ogeneous c o d e v e c to rs  a re  g e n e ra te d .  A f in e  codebook  c o n ta in in g  all 

t h e  p a t t e r n s  of 4 d im ension  v e c to r s  u s in g  3 g ra y  le v e ls  i s  th e n  g e n e r a ­

t e d .  E v e ry  2 by  2 b lo ck s  of th e  o r ig in a l im age s e a rc h  th e  n e a r e s t  

c o d e w o rd s  rep la ce m e n t. When th e  r e la t iv e  mean s q u a re  e r r o r  of tw o c o n ­

s e c u tiv e  i te r a t io n  of th e  VQ i s  sm alle r th a n  a p re s p e c if ie d  v a lu e  of

0.005, th e  p ro g ra m  s to p s .  Region se g m e n ta tio n  ca n  b e  a c h ie v e d  th ro u g h  

sim ple  th re s h o ld in g  a n d  sm all b lob  e lim ina tion  u s in g  e d g e  d e te c tio n  

a n d  t r a c k in g  d is c u s s e d  in  c h a p te r  3 a n d  th e  on ly  d if fe re n c e  is  th a t



93

th e  th r e s h o ld s  a r e  n o t b i t  p lane  th re s h o ld s  b u t  d e te rm in e d  by  th e  g ra y  

le v e ls  of th e  f in a l co d e  v e c to rs . T e x tu re  seg m en ta tio n  ca n  be  im plem en­

te d  by  re c a llin g  th e  s im ila r VQ o p e ra tio n  on th e  se g m en ted  cell o r  n u c ­

le a r  re g io n s .

F ig u re  14 show s th e  p ro c e d u re  of p ro c e s s in g  th e  ce ll im age by  th e  

p re s e n te d  VQ se g m e n ta tio n  m ethod in  c h a p te r  5. F ig u re  14a is  th e  

o r ig in a l im age; f ig u re  14b is  th e  v e c to r  cod ed  im age w ithou t f in e  c o d e ­

w ord rep la ce m e n t, th e  ja g g e d  e d g e s  a re  show n in  th e  p ic tu re ;  f ig u re  

14c is  c o a rs e  a n d  f in e  cod ed  ce ll im age; f ig u re  14d is  th e  e x tra c te d  

ccell reg io n ; f ig u re c  14e isc  th e  e x tra c te d  n u c le a r  reg io n ; f ig u re  14f 

is  th e  se g m e n ted  tex to n  re g io n s  in s id e  th e  n u c le u s  by  3 c o d e v e c to rs .

F ig u re  15, 16 a n d  17 a r e  th e  th r e e  ce lls  p ro c e s s e d  by  th e  sim ilar 

o p e ra tio n . F ig u re  a  a r e  th e  o r ig in a l im ages; f ig u r e  b sure th e  r e s u l ts  

of cod ing  a) by  3 by  3 c o d e v e c to rs ; f ig u r e  c a r e  th e  re c o v e re d  cell 

im ages; f ig u r e  d a r e  th e  seg m en ted  tex to n  re g io n s  b y  u s in g  3 c o d e ­

v e c to rs ;  f ig u r e  e a r e  se g m e n ted  re g io n s  a re  th e  se g m e n ted  te x to n  re g io n s  

by  u s in g  5 c o d e v e c to rs . We n o ticed  t h a t  in  f ig u re  17, a t  th e  v e ry  low 

c o n t r a s t  e d g e  p o r tio n , th e  c o rre s p o n d in g  in tru s io n  r e p r e s e n t s  a m inor 

se g m e n ta tio n  e r r o r .

F ig u re  18 co m p ares  th e  te x tu re  se g m en ta tio n  o f tw o ce ll re g io n s  u s in g  

3, 4 a n d  5 c o d e v e c to rs . F ig u re  a  r e p r e s e n t  th e  o r ig in a l cell im ages; 

f ig u re  b , c an d  d r e p r e s e n t  th e  tex to n  reg io n  seg m e n ta tio n  b y  u s in g  3,

4 an d  5 c o d e v e c to rs  re s p e c tiv e ly . The mean s q u a re  e r r o r s  of th e  coded  

im ages w ith th e  o r ig in a l im ages a r e  c a lc u la te d .



I

94

F ig u re  14 a) th e  o r ig in a l im age; b ) th e  VQ co d ed  3 im age re g io n s  
w ithou t f in e  code  rep la ce m e n t; c ) th e  VQ co d ed  im age w ith f in e  
co d ew o rd s  rep la ce m e n t; d ) th e  e x tra c te d  ce ll reg io n ; e) th e  
e x tra c te d  n u c le a r  re g io n ; f)  th e  cod ed  3 te x to n  re g io n s  in s id e  th e  
n u c le u s .

F ig u re  15 a) th e  o r ig in a l im age; b ) th e  VQ cod ed  im age w ith f in e  
c o d ew o rd s  re p la c e m e n t; c) t h e  e x tr a c te d  ce ll reg io n ; fig  d) a n d  e) 
a r e  th e  te x to n  re g io n s  in s id e  th e  ce ll cod ed  by  3 a n d  5 code v e c to r  s .



F ig u re  16 a) th e  o r ig in a l im age; b) th e  VQ cod ed  im age w ith f in e  
co d e w o rd s  rep la ce m e n t; c ) th e  e x tra c te d  ce ll reg io n ; f ig  d a n d  e 
a r e  th e  te x to n  r e g io n s  in s id e  t h e  ce ll cod ed  by  3 a n d  5 c o d e v e c to rs .

F igure 17 a) th e  orig in a l image; b) th e  VQ coded im age with fin e
codew ords replacem ent; c) th e  ex tracted  ce ll reg ion; f ig .d  and e
are th e  texton  r e g io n s  in s id e  th e  cell coded by 3 and 5 co d ev ecto rs .
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F ig u re  18(1)

F ig u re  18(2)

F ig u re  1 8 ( l)a  a n d  18(2)a a r e  tw o se g m e n ted  ce ll im ages; b , c a n d  d 
a r e  t h e  im ag es c o d ed  b y  V ector q u a n tiz a tio n  u s in g  3, 4 a n d  5 
c o d e v e c to rs  r e s p e c tiv e ly .
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6.5 D iscussion

A m ultip le  th re s h o ld in g  com bining  w ith e d g e  d e te c tio n  a lg o rith m  h as  

b een  d e s c r ib e d  w hich r e s u l t s  in  good seg m e n ta tio n  fo r  ce ll im ages h av in g  

re la tiv e ly  hom ogeneous re g io n s  an d  b o u n d a r ie s ;  For ce ll im ages h av ing  

s in g le  h is to g ram  peak  an d  te x tu r e d  re g io n s , a su b o p tim al th re s h o ld in g  

c r i te r io n  h a s  been  d ev e lo p ed  o p e ra tin g  on b in a ry  e d g e s  of th e  s h if te d  

im ages c o n s id e r in g  b o th  co in c id en c e  m atch ing  w ith a g ra d ie n t  map an d  

th e  e d g e  b u s y n e s s . A reg io n  b a se d  seg m e n ta tio n  te c h n iq u e  u s in g  v e c to r  

q u a n tiz a tio n  is  a lso  p re s e n te d  to  re d u c e  th e  s e n s i t iv i ty  to  th e  n o ise  of 

th e  p re v io u s  m ethods. The se g m e n ted  re g io n s  a r e  f u r th e r  se g m e n ted  by  VQ 

in to  ea sily  e x tra c ta b le  tex to n  re g io n s  fo r  f e a tu re  e x tra c tio n .

Due to  th e  v a r io u s  am oun ts  of a  p r io r i  know ledge  in tro d u c e d  in to  th e  

seg m e n ta tio n  p ro c e s s  th e  te c h n iq u e s  p ro v id e  fa ir ly  good r e s u l t s  fo r 

v a r io u s  ce ll im ages of v a ry in g  p h o to m e trica l c o n d itio n s . E r ro r s  o c cu r 

m ainly in  th e  e x tra c tio n  of th e  cy to p lasm  b e c a u se  of tw o re a s o n s . The 

f i r s t  i s  t h a t  in  many c a se s  th e  cy to p lasm ic  a r e a s  a r e  m ore lik e ly  to  be 

i ll-p o se d  a n d  te x tu r e d .  The se co n d  re a s o n  is  t h a t  g ra y  le v e l f e a tu re  

d o es  n o t p ro v id e  s u ff ic ie n t  d isc r im in a to ry  pow er b e tw een  som e re g io n s . 

F ig u re  19a a n d  19c a r e  tw o o r ig in a l im ages; f ig u re  19b is  th e  e d g e  im age 

o b ta in e d  by  b i t  p lan e  th re s h o ld in g  m ethod w hich c a u se s  th e  c o n to u r 

e r r o r .  T h is  re a so n  fo r  c a u s in g  th i s  e r r o r  is  t h a t  th e  c o n t r a s t  of th e  

c o n to u r  is  to o  weak w h ereas  t h a t  of th e  e d g e  of in s id e  te x tu r e  is  too 

s tr o n g .  F ig u re  19d r e p r e s e n t s  t h e  r e s u l t in g  im age u s in g  VQ se g m en ta tio n  

by  3 c o d e v e c to rs . T he cy to p lasm  a re a  cam n o t be  s e p a ra te d  from  th e
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F ig u re  19. T he m issegm en ted  ce ll im ages: a )  T he o r ig in a l im age; b) 
t h e  r e s u l t  of b i t  p la n e  e d g e  d e te c t io n s )  th e  o r ig in a l  im age; e) th e  
im age co d ed  b y  3 c o d e v e c to rs ;  f)  th e  im age cod ed  b y  5 c o d e v e c to rs .

M u ltith re sh o ld in g  a n d  e d g e  d e te c tio n  m ethods a r e  g e n e ra lly  s e n s i t iv e  

to  th e  g ra y  le v e l v a r ia t io n s  n e a r  th e  c o n to u rs , a r t i f a c t  e d g e s  a n d  

te x tu r e s .  When ce ll im ag es a r e  t e x tu r e d  a n d  c o n ta m in a ted  b y  a r t i f a c ts ,  

o r  no h is to g ra m  mode in fo rm a tio n  ca n  b e  a p p lie d  th e  d e te c te d  e d g e  im ages 

may be  v e ry  n o isy . The e d g e  m aps may c o n ta in  v e ry  a c c u ra te  c o n to u rs  fo r  

som e ce ll im ages, b u t  e x tra c t in g  th e  ce ll a n d  n u c le a r  c o n to u rs  becom es 

v e ry  d if f ic u lt  a n d  e r r o r - p r o n e  an d  v e ry  e la b o ra te  b in a ry  t r a c k in g  a lg o ­

r ith m s  a re  u su a lly  r e q u i r e d .  The p r e s e n te d  th re s h o ld in g  b a se d  on m at­

c h in g  p ro v id e s  a  h e u r is t ic  se le c tio n  ru le  a n d  m ore m ultip le  e d g e  o p tio n s
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fo r  t ra c k in g . The a lg o rith m  g re a t ly  re d u c e s  th e  t ra c k in g  e r r o r  a n d  d if ­

f ic u lty  of t r a c k in g  a lg o rith m  d e s ig n . The a c c u ra c y  of th e  contour e x t­

ra c tio n  h a s  b e e n  g re a t ly  im p ro v ed . Minor c o n to u r  e r r o r s  s ti l l  ex ist  

when c o n tr a s t  b e tw een  th e  re g io n s  is  too  low o r some re g io n s  a re  s e r i ­

o u s ly  te x tu re d .

Region seg m e n ta tio n  by  VQ is  m uch s im p ler th a n  norm al s p l i t  and  

m erg ing  te c h n iq u e s  a n d  a s  s e n s i t iv e  to  s in g le  pixel lev e l v a ria tio n s , 

th u s  th e  VQ cod ed  im ages h av e  sim ple s t r u c tu r e  an d  c o n ta in  m uch le s s  

a r t i f a c ts  an d  te x tu r e s .  M eanwhile th e  s u b s e q u e n t  o p e ra tio n s  su c h  as 

th re s h o ld in g , t r a c k in g  a n d  f i l te r in g  a re  g re a t ly  sim plified . The a c c u ­

ra c y  a n d  com plexity  of th e  se g m e n ted  te x to n s  can  b e  easily  c o n tro lle d  

b y  se le c tin g  th e  n u m b er o f co d ew o rd s  fo r  d i f f e re n t  ap p lic a tio n . A 

p r io r i  know ledge  of sh a p e  ca n  be  more easily  in s e r te d  in to  th e  o p e ra tio n  

a t  th e  p rim a ry  le v e l fo r  e a r ly  o r  s u c c e s s iv e  e r r o r  c o rre c tio n . The 

d isa d v a n ta g e  i s  t h a t  sim ply by  a s s ig n in g  3 code  v e c to rs  to  th r e e  re g io n s  

in  VQ o p e ra tio n  som etim es does n o t h av e  e n o u g h  d isc rim in a to ry  pow er 

fo r  seg m e n tin g  d if f e re n t  re g io n s  c o r re c tly . In c re a s in g  th e  n u m b er of 

c o d e v e c to rs  will r a is e  a  new q u e s tio n  of d ev e lo p in g  a new ru le  fo r 

c o r r e c t  m erg ing  s in c e  fo r  a n y  re g io n  a p p ro a c h , to  d isc rim in a te  th e  d if ­

f e r e n t  re g io n s  w ith sim ilar g ra y  le v e ls  r e q u i r e s  th e  in tro d u c tio n  of a 

p r io r i  know ledge  of sh a p e . He would r a th e r  s e le c t  f a s t  an d  sim ple 

re g io n  se g m en ta tio n  a p p ro a c h  a n d  leav e  th e  e r r o r  c o rre c tio n  to  th e  

s u c c e s s iv e  s h a p e  a n a ly s is , s u c h  a s  convex  ha ll g e n e ra tio n .



A lthough  th e  p ro p o se d  te c h n iq u e s  p ro v id e d  s a tis fy in g  segm entation  

r e s u l t s ,  im p ro v em en ts  s ti l l  seem  to  be n e c e s s a ry  an d  p ossib le . The 

follow ing p rob lem s will be  th e  s u b je c t s  fo r f u r th e r  s tu d ie s :

(1) A p r io r i  know ledge of cell s h a p e  sh o u ld  be e ffe c tiv e ly  in serted  

in  th e  p re s e n te d  a lg o rith m s  of se g m en ta tio n  fo r  c o n tro llin g  the p rocess  

o r  c o r re c tin g  th e  e r ro n e o u s  r e s u l ts .

(2) The f ig u r e  of m erit of se le c tin g  th e  ro o t e d g e  n e e d s  to  be 

re f in e d  b a sed  on m ore e x p e rim e n t so  t h a t  th e  p o te n tia l of th e  m ultip le 

th re s h o ld in g  m ethod can  be  fu lly  d ev e lo p ed .

(3) B inary  t r a c k in g  a lg o rith m  sh o u ld  be  ra is e d  to  k n o w le d g e -b a se d  

lev e l b y  com bin ing  th e  a  p r io r i  in fo rm atio n  a n d  fee d b a c k  te c h n iq u e s .

(4) Com bining m ore f e a tu re s ,  s u c h  a s  co lo r an d  te x tu r e ,  in  th e  

a lg o rith m  to  r a is e  th e  d isc r im in a to ry  pow er fo r  c o r r e c t  se g m en ta tio n .

(5) To in c re a s e  th e  lev e l o f au to m a ted  seg m e n ta tio n , m ore a p p ro a c h e s  

c a n  b e  e ffe c tiv e ly  o rg a n iz e d  to  form  a  c o o p e ra tiv e  a lg o rith m  to  re d u c e  

th e  r a t e s  of se g m e n ta tio n  fa ilu re .
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TABLE 2.1

P ro p e r t ie s  of B inary  M orphological P ilters(B M F) 
a n d  G ray Level M ophological Filters(G M F)

The p ro p e r t ie s  of BMF a n d  GMF a re  l is te d  in  ta b le  1 w ithou t p roo f, f 

a n d  g a re  th e  g ra y  lev e l im age an d  SE re s p e c tiv e ly . All th e  b as ic  BMF 

a n d  GMF a re  t r a n s la t io n  in v a r ia n t(w ith  r e s p e c t  to  s h if t s  of b o th  th e  

a rg u m e n t a n d  th e  am p litu d e  of s ig n a ls ) , in c re a s in g , n o n lin e a r, an d  

g e n e ra lly  n o n in v e r ta b le .

BMF GMF

Com m utivity:
A sso c ia tiv ity :

D-E D uality : 

Id em po tency :

O pening

A n tie x te n s iv ity :

C losing
E x te n s iv ity :

Opening
In c re a s in g :

C losing

In c re a s in g

D uality:

X ® g = g ® X 

(X® gl)®  g2=X®(gl® g2) 

(Xe g l ) e  g 2 = fe (g le  g2) 

X ® g = (X e  g )° 

0 [0(X ,g),g ]= 0(X ,g) 

C[C(X,g),g]=C(X,g)

0(X ,g) s  X

C (f,g) 2  f

I f  XI s  X2 
T hen: 0 (X l,g )c0 (X 2 ,g )

If  XI s  X2 

T hen C (X l,g)s(X 2,g) 

0(X,g)=C(Xc ,g )

f  ® g = g ® f 

(f® gl)®  g2=f®(gl® g2) 

( fe  g l)©  g2=fe(gl®  g2) 

f  ® g=(f © g )° 

0 [0 (f ,g ) ,g ]= 0 (f ,g ]  

C [C (f,g),g]= C (f,g)

0 ( f ,g )  £ f

C (f,g ) £ f

If  f l  s  f2 

T hen: 0 (fl,g )c O (f2 ,g )

If  f l  £ f2 

T hen  C (fl,g )£C (f2 ,g ) 

0 (f,g )= C (f° ,g  )



FIGURE 2 .2  COMMUNICATION SYSTEM MODEL:

S o u r c e

S o u r c e
E n c o d e r

C h a n n e l
E n c o d e r

C h a n n e l
( S t o r a g e )

I_________ I

U s e r

C h a n n e l
D e c o d e r

S o u r c e
D e c o d e r

L



FIGURE 2 .3  BLOCK DIAGRAM OF VECTOR QUANTIZATION

NOISE
INPUT OUTPUT

Copy o f  
E n c o d e r  
CodeBOOK

D i s t o r t i o n
M e a s u r e

D i s t o r t i o n
M e a s u r e

Bl o c k  
E n c o d e r

O p t im a l
V e c t o r
C o d e b o o k

Bl o c k  
D e c o d e r
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FIGURE 3.1 THE BLOCK DIAGRAM OF BIT-PLANE MULTITHREHOSLDING 

AND MORPHLOGICAL EDGE DETECTION

DX

DX

DX

Decompo­

s itio n

Binary

FIGURE 3.2 A BLOCK DIAGRAM OF CONVENTIONAL CONTOUR TRACKING

Edge detection Thinning and
input and/or Thresholding linking contour



FIGURE 3.3A BLOCK DIAGRAM OF TRACKING SUB-PROGRAM

Mask used for searching

pixel
se le c tio n

I n t e r ­

po la tion

Second loop 
searching

Third loop 
searching

First loop 
searching

Break point 
registration

Slope
Calculation

Return to 
main program



FIGURE 3.3B MAIN PROGRAM FOR TRACING AND FILTERING

Input

MP i s  d o s e d ?

Change all pixels 
on MP to new level 250 
eliminate other levels.

Output

First trace 
determine the longest 

edge MP

Third trace 
record all the b-points; 
Find the first and second 
longest segments; connect 

these two pair of b-points

Second trace 
record the coordinates 

of MP and 8 neighbors of 
starting points and eli­
minate small closed loops
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FIGURE 4.1 BIT PLANE MULTI-THRESHOLDING ON 4 SHIFTED IMAGES USING 

EDGE MATCHING

Input

Close or Open

RE selection

Feature extraction

Boundary Tracking

Gradient map(M-filter)

Subtract the image 
values by 0,8,16,24

Binary edge detection on the 
3 most significant bit plane

Output
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FIGUR 5.1 BLOCK DIAGRAM OF REGION SEGMETNATION USING VECTOR 

QUANTIZATION.

Input

Block diagram of VQ.

End

Initial codebook 
selection

First VQ for 
region extraction

Smooth and smal 
blob elimination

Check the 
relative MSE

Partition by 
minimum distance

Second VQ for 
texture segmented.

Texture measurement 
and analysis

cell and nucleus

Region extraction

Centroid 
calculation 
(new codebook)
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TABLE 5.2  THE FINE CODEBOOK STRUCTURE FOR REGION BOUNDARY 

REFINEMENT

a) 3 n e a r  hom ogeneous co d e  v e c to rs :

Cl 1 C 12 C21 C22

C13 C 14 C23 C24

C31 C32 

C33 C34

b) 28 e d g e  c o d e v e c to rs :

C i 1 C21 C i 1 C11 C21 C11

C21 C21 C21 C21 C i 1 C i 1

C21 C31 C21 C21 C31 C21

C31 C31 C31 C31 C21 C21

C21 C i 1 C i 1 C21 C i 1 C21

C21 C21 C i 1 C21 C i 1 C i 1

C3 i C21 C21 C31 C21 C31

C31 C31 C21 C31 C21 C21

C21 C21 C21 C21 C11 C i 1

Ct 1 C21 C11 C i 1 C21 C i 1

C31 C31 C31 C31 C21 C21

C21 C31 C21 C21 C31 C21

C21 C21 C21 C i 1 C i 1 C i 1

C21 C11 C21 C i 1 C i 1 C21

C21 C i 1 C i 1 C21

Ci 1 C21 C21 C11

C31 C31 C31 C21 C21 C21

C31 C21 C31 C21 C21 C31

C31 C21 C21 C31

C21 C31 C31 C21
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