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A B S T R A C T

In  o rd e r  to  rep resen t a  d ig ita l im age, a  v ery  la rg e  n u m b er o f  b its is  requ ired . F o r 

exam ple , a  512  X 512 p ixe l, 256  g ray  level im age  req u ires  o v e r tw o  m illio n  bits. T his 

la rge m lm ber o f  b its  is  a  substan tia l d raw back  w hen  it is  necessary  to  sto re  o r  tran sm it a 

d ig ita l im age. Im age com pression , o ften  re fe rred  to as im age  cod ing , a ttem pts to 

red u ce  the  n u m b er o f  b its u sed  to  rep resen t an  im age, w h ile  k eep in g  the  d eg radation  in  

th e  decoded  im age  to  a m in im um .

O ne approach  to  im age com pression  is seg m en ta tio n -b ased  im ag e  com pression . 

T h e  im age  to  be  co m p ressed  is  segm ented , i.e. the  p ix e ls  in  the im age  are  d iv id ed  in to  

m utually  exclusive  spatial reg io n s based  on  som e criteria . O nce  th e  im ag e  has been  

segm ented , in fo rm ation  is  ex trac ted  d escrib ing  the  shapes an d  in te rio rs  o f  th e  im age 

segm ents. C om pression  is  ach ieved  by  effic ien tly  rep resen tin g  the  im ag e  segm ents.

■V .. : . .  . . . . . . . . . . . . . .

In  th is  thesis  w e p ropose  an  im age segm entation  techn ique  w h ich  is  based  on 

cen tro id -lin k ag e  reg ion  g row ing , an d  takes advan tage  o f  hu m an  v isu al system  (H V S) 

p roperties . W e  system atically  determ ine  th rough  sub jec tive  exp erim en ts  the  pa ram e

ters fo r o u r segm enta tion  alg orithm  w hich  p ro d u ce  the  m ost v isually  p leas in g  seg

m en ted  im ages, and  dem onstra te  the  effectiveness o f  o u r  m ethod . W e a lso  p ro p o se  a 

m e th o d  fo r  th e  q uan tization  o f  segm ented  im ages based  on  H V S  co n tra s t sensitiv ity , 

arid investig a te  the  e ffec t o f  quan tization  on  segm en ted  im ages.



W e app ly  these  segm en ta tion  an d  quan tiza tio n  m eth o d s  in  a  new  com pression  

tech n iq u e  w h ich  fits in to  th e  ca tegory  com m only  k n o w n  as  "second  generation" im age 

com p ressio n  m ethods. O u r com pression  m e th o d  is  d e s ig n ed  fo r  app lica tio n  sing le 

fram e im ages (i.e . n o t tim e-vary ing  im agery). O th e r segm en ta tio n -b ased  im age 

com p ressio n  techn iques h av e  ty p ica lly  rep resen ted  th e  im ag e  segm en ts  by  encod ing  the  

b o u n d aries  o f  th e  segm ents. W e  p ro p o se  the  use o f  m o rp h o lo g ica l skele tons to 

rep resen t the  segm ents. T h e  m orp h o lo g ica l skele ton  o f  an  im ag e  is  s im ila r to  the 

m ed ia l axis. W e  d escrib e  the  ap p lication  o f  m ath em atica l m o rp h o lo g y  to  generate  

skele tons fo r  th e  im ag e  segm ents, and  d iscuss the  ad v an tag es an d  d isad v an tag es o f  

u sin g  m orpho log ica l skele tons in  segm en ta tion -based  im ag e  com pression .

xx ii



IN T R O D U C T IO N

Im ag e  com pression , o ften  re fe rred  to  as im age cod ing , a ttem pts to  red u ce  the  

n u m b er o f  b its u sed  to  rep resen t an  im age, w hile  k eep in g  th e  d eg rad atio n  in  the 

d eco d ed  im age to  a  m in im um . Im age com pression  is im p o rtan t in  ap p lications that 

req u ire  effic ien t sto rage o r  transm ission  o f  im ages o r  sequences o f  im ages

M an y  d iffe ren t approaches to  im age com p ressio n  have been  in v estig a ted  [I ] . In 

C h ap te r I o f  th is  thesis an ex tensive  overv iew  o f  im age  co m p ress io n  is  g iven . O ne 

approach  to  im age com pression  d iscussed  in  C hap ter I is  segm en ta tio n -b ased  im age 

com p ressio n  [2-4]. W ith  th is techn ique, the  im age to be  co m p ressed  is segm ented , i.e . 

th e  p ix e ls  in  the  im ag e  are  d iv id ed  in to  m utually  exclusive  spatia l reg ions based  on  

som e crite ria . O nce  the im age  has been  segm ented , in fo rm atio n  is  ex trac ted  d escrib ing  

the  shapes an d  in terio rs  o f  the im age segm ents, an d  co m p ressio n  is ach ieved  by 

e ffic ien tly  rep resen tin g  the im age segm ents . In  th is  thesis w e p resen t a  new  

segm en ta tion -based  im age com pression  technique.

O u r co m p ressio n  techn ique is  d ifferen t fro m  o th e r segm en ta tion -based  im age 

co m p ress io n  schem es in  several w ays. F irst, w e em p lo y  an  im p ro v ed  version  o f  a 

p rev io u sly  p ro p o sed  im age segm en ta tion  techn ique, cen tro id -lin k ag e  reg io n  g row ing  

[5]. S ince  the d eco d ed  im ages w ill be v iew ed  by  hum ans, the  m otiv a tio n  beh in d  o u r 

ad ap ta tion  o f  th is a lgo rithm  is  the p rod u c tio n  o f  v isually  p leas in g  seg m en ted  im ages. 

O u r segm en ta tion  m ethod  takes advan tage  o f  hum an  v isual sy stem  (H V S) p ro p ertie s  to 

ach ieve  v isu ally  p leas in g  im age segm enta tion . W e p re sen t the  resu lts  o f  system atic  

sub jec tive  ex perim en ts  p erfo rm ed  to  de term in e  the  param ete rs  o f  the  segm en ta tion  

a lg o rith m  w h ich  re su lt in  the  m o st v isually  p leas in g  seg m en ted  im ages, and  w e 

d em o n stra te  the  e ffectiveness  o f  o u r m ethod. T he  segm en ta tion  a lg o rith m  is d iscu ssed  

in  C h ap ter 2 .

A  second  d ifference  in  o u r com pression  techn ique  is the  q u an tiza tio n  o f  the  

seg m en ted  im ages. T he segm en ted  im age is  q u an tized  to  red u ce  the  n u m b er o f  g ray  

levels in  the  segm en ted  im age, w hich  resu lts  in  a  reduc tion  in  th e  b it ra te . W e have 

in v estig a ted  the e ffec t o f  q uan tization  on  segm en ted  im ag es, an d  w e  show  tha t a 

seg m en ted  im age  can  be q u an tized  fro m  ap p ro x im ate ly  200  g ray  levels to  

app ro x im ate ly  25 g ray  levels, w ith  v irtually  no  v is ib le  d eg rad a tio n  in  the segm en ted  

im age. W e a lso  p ropose  a m eth o d  fo r the quan tiza tion  o f  segm en ted  im ages b ased  on



V  2

H V S co n tra s t sensitiv ity , an d  co m p are  th is  q u an tize r to  bo th  u n ifo rm  and  h istogram - 

b ased  q uan tizers . Q u an tiza tio n  is  d iscu ssed  in  C h ap ter 3.

A  th ird  d ifferen ce  in  o u r com p ressio n  tech n iq u e  invo lves the rep resen ta tio n  w e u se  

fo r  the  im age seg m en t shapes. O th e r seg m en ta tio n -b ased  g ray  lev e l im ag e  com pression  

techn iques have ty p ica lly  rep resen ted  the  im age segm ents by  en co d in g  the  segm en t 

b o undaries  [2 ,6 ,7 ] .  W e  p ropose  the  use  o f  skele tons g en era ted  usin g  m a th em atica l 

m orp h o lo g y  to  rep re sen t the  segm ent shapes. T h e  basic  opera tio n s in  m a th em atica l 

m orp h o lo g y  [8] a re  rev iew ed  in  C h ap ter 4 , an d  th e  p rocess  fo r  m orp h o lo g ica l 

ske le ton iza tion  o f  a  b in ary  im age [9] is  d esc rib ed  in  C h ap te r 5. B in a ry  m orpho log ica l 

skele tons h ave  p rev io u sly  been  u sed  fo r  co m p ressio n  o f  binary im ages [10]. W e 

d esc rib e  th e  app lica tion  o f  b inary  m ath em atica l m orp h o lo g y  in  a  seg m en ta tio n -b ased  

im ag e  co m p ress io n  schem e to  com press gray level im ages.

T h e  techn iques d esc rib ed  above have  been  co m b in ed  an d  ap p lied  in  a  new  

seg m en ta tio n -b ased  im age  com pression  schem e. A  b lo ck  d iag ram  o f  th is  m ethod  is 

sh o w n  in  F ig u re  I . T h e  co m ple te  im age co m p ressio n  a lg o rith m  is  d e sc rib ed  in  C h ap te r  

5. In  the  first steps o f  th is a lgorithm , the  segm en ta tion  an d  q u an tiza tio n  techn iques 

fro m  C hap ters  I  an d  2  a re  ap p lied  to  generate  a  segm en ted  q u an tized  im age. T h e  im age 

re su ltin g  a fte r seg m en ta tio n  and  quan tiza tion  is  the  im age  th a t w ill be  decoded . N ex t 

th e  m o rp h o lo g ica l o pera tions d esc rib ed  in  C hap ters 4  an d  5 are  u sed  to  gen era te  gray 

lev e l skele tons to  rep resen t the  im age  segm ents fo r  com p ressio n . F in a lly , these  

skele tons a re  coded . W e have ex p lo red  several d iffe ren t o p tions fo r  co d in g  the  segm ent 

ske le tons an d  seg m en t g ray  levels. T hese  o p tions are  d e sc rib ed  in  d e ta il in  C h ap ter 5, 

a lo n g  w ith  the d eco d in g  p rocess fo r  each  option. S evera l test im ages h ave  been  co d ed  

an d  d eco d ed  to  dem o n stra te  o u r com pression  a lgo rithm , an d  b it ra tes  in the  

n e ig h b o rh o o d  o f  0 .5  to  2  b its p e r  p ix e l (bpp) have been  a tta ined . F in a lly , w e com pare  

o u r sk e le to n -b ased  m eth o d  fo r co d in g  th e  segm en t shapes to  co d in g  seg m en t boundaries 

to  rep resen t th e  shapes, an d  d iscuss the  advan tages an d  d isad v an tag es  o f  using  

m o rp h o lo g ica l skele tons in  seg m en ta tion -based  im age  com pression .

O u r re sea rch  has re su lted  in  co n tribu tions in  the  areas o f  im ag e  segm entation , 

quan tiza tio n , an d  com pression . W e h ave  sy stem atically  d e s ig n ed  a  cen tro id -lin k ag e  

reg io n  g ro w in g  a lg o rith m  w hich  in co rp o ra tes  H V S p ro p erties  to  p ro d u ce  v isually  

p leas in g  seg m en ted  im ages. W e have a lso  d esig n ed  a  m e th o d  fo r  filtering  segm en ted  

im ages to  rem o v e  v isually  insign ifican t segm ents. W e then  ev a lu a ted  the  effectiveness-, 

o f  o u r m ethods th rough  sub jec tive  tests.

W e have p ro p o sed  q u an tiza tion  o f  segm en ted  im ages an d  d esig n ed  a  H V S -b ased  

q uan tizer. T h is q u an tize r w as then  co m p ared  th rough  sub jec tive  tests  to  several o th e r 

quan tizers . W e a lso  have in v estig a ted  the  in te rac tions be tw een  v ario u s steps in  the  

segm en ta tion  a n d  qu an tiza tio n  a lgorithm s.



v-

quan tization
m orpho log ica l
skele ton iza tion

(a)

seg m en ted
q u an tized

im age

(b)

F ig u re  I. A  new  seg m en ta tion -based  im age co m p ressio n  techn ique , (a) E ncoder, (b) 
D ecoder. T he  im age p ro d u ced  a t is the im age  th a t w ill be  d eco d ed  (" p s f ' 
re fefs to  pO st-segm entation filtering).
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W e h ave  a p p lied  o u r resu lts  in  segm en ta tion  an d  quan tiza tio n  to  a  n e w  im age 

co m p ress io n  techn ique . T h is  techn ique uses m orp h o lo g ica l skele tons in  a  new  w ay  fo r 

im age  com p ressio n . W e have a lso  p ro p o sed  the  co n cep t o f  the  "m in im al se t o f  

segm ents,"  w h ich  is  u sefu l in  o u r co m p ressio n  techn ique. F in a lly , w e h ave  com pared  

o u r co m p ress io n  techn ique  to  o th e r segm en ta tion -based  im ag e  co m p ressio n  m ethods.



C H A F F E R  I

A N  O V E R V IE W  O F  IM A G E  C O M P R E S S IO N

In  o rd e r to  rep resen t an  im age in  a  d ig itized  fo rm at, a  very  la rg e  n u m b er o f  bits is 

requ ired . T h is  la rge  n u m b e r o f  b its  is a substan tia l d raw back  w hen  it is  n ecessary  to 

sto re  o r  tran sm it m  im age  o r sequence o f  im ages; Im age ban d w id th  com pression  

techn iques, o ften  re fe rred  to  as im age cod ing , a ttem p t to  red u ce  the  n u m b er o f  b its used  

to  rep re sen t an  im age, w h ile  k eep ing  the  deg rad atio n  in  the q u a lity  o f  the  deco d ed  

im age  to  a  m in im um . In th is  ch ap te r w e rev iew  a  w id e  v arie ty  o f  im age cod ing  

m ethods. W e  d iv ide  im ag e  co d in g  techn iques in to  tw o  g en era l c lasses , an d  w e d escribe  

co d in g  m ethods w hich  fit e ac h  o f  th ese  classes. In add itio n , som e o f  the  im p o rtan t 

is su e s  in  im age cod ing  are  d iscussed . W e d iscuss the  im age m o d el, the  im age  qua lity  

m easu re , an d  the  co d in g  app lication . W e a lso  d iscuss  th e  im p ac t o f  b road b an d  

com m u n ica tio n  techno logy  on  the im age c o d in g p ro b le m .

1.1 In tro d u c t io n

Tn socie ty  today  th ere  are a  m ultitude  o f  ap p lications w h ere  th e  tran sm issio n  o r 

s to rage o f  im ages is requ ired . Sate llites transm it im ages to  earth  fo r  u se  in  areas such  as 

rem o te  sensing , the study  o f  w eather pa tte rns, an d  m ilitary  reco n n aissan ce . S a te llite  

links are  u sed  to  transm it te lev ision  p rogram s a ro u n d  the  w orld . Im ages m u st be 

tran sm itted  fo r  v ideo -te leconferenc ing , fo r facsim ile  tran sm issio n  o f  p rin ted  m atte r  and  

fo r  d e a f  com m unica tion  [I I] .

T h e  tran sm issio n  o f  im ages is  e ith e r very  tim e co n su m in g  o r  v e ry  expensive  in  

bandw id th . T o  rep resen t an  uncom pressed  512  x  512  p ix e l, 2 5 6  g ray  level im age 

req u ires  o v e r tw o  m illion  bits. T ransm ission  o f  th is  im age  o v e r  a  64K bit/s  chan n e l 

req u ires  m o re  than  th irty  seconds. T he  req u irem en ts  a re  even  h ig h e r fo r  a  co lo r im age 

o f  the  sam e size. T his v irtually  p rec ludes the  transm ission  o f  rea l tim e  d ig ita l v ideo  

(tim e-vary ing  im agery), o r the  transm ission  o f  la rge  vo lum es o f  h ig h  q u a lity  still 

im ages in  a  reaso n ab le  am oun t o f  tim e. In o rd e r to  acco m p lish  th ese  tasks, som e 

schem e fo r im age  d a ta  com pression  is  necessary , an d /o r the  d a ta  ra te  o f  the  chan n e l 

m ust be d ram atica lly  in creased  beyond  the 64K b/s  w hich  is g en era lly  av ailab le  today.
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C u rren tly  a  new  generation  o f  h igh  speed  com m u n ica tio n  ch an n e ls , such  as the 

In teg ra ted  S erv ices D ig ita l N e tw ork  (ISD N ) is b e ing  p roposed . T h ese  ch an n e ls  m ay  

h ave  d a ta  ra tes  as h ig h  as 135M b/s [12], w hich  is  fas t enough  to  a llow  the  transm ission  

o f  m o st m o d era te  reso lu tio n  d ig ita l v ideo  in  rea l tim e w ith o u t the  use  o f  im age 

co m p ressio n  (w ith  the  n o tab le  excep tion  o f  m ost configurations o f  H ig h  D efin ition  

T e lev is io n ). H o w ev er, th ese  h igh  d a ta  ra te  channels w ill un d o u b ted ly  be  m ore  

ex p en siv e  to  use  than  th e ir  lo w er d a ta  ra te  cou n terp arts , an d  there fo re  there  w ill still be 

m any  ap p lica tio n s  w h ere  im age co m p ressio n  w ill be  eco n o m ica lly  d esirab le . A lso , 

co m p ress io n  o f  im ag e  d a ta  w ill p e rm it m u ltip le  signals to  be  tran sm itted  sim u ltaneously  

o v e r o n e  h ig h  sp eed  channel.

B esides app lica tio n s w here  the tran sm issio n  o f  im ages is  necessary , there  are  also  

m an y  app lica tions w h ere  the  sto rage o f  im ages is req u ired . M ed ica l X -ray s and 

fingerprin ts  a re  tw o  exam ples o f  im ages tha t m ay  n eed  to  be  s to red  [11]. C om puter 

a rch iv in g  o f  p ic tu res  such as arch itec tu ra l d raw ings w o u ld  req u ire  th e  sto rage  o f  d ig ita l 

im ages; A s m en tio n ed  above, to  rep resen t a  d ig ita l im ag e  can  eas ily  req u ire  o v e r tw o  

m illion  b its. E v en  w ith  the  co m p u ter m em ory  d en sity  av ailab le  today , th is  sto rage 

req u irem en t p e r  im ag e  is im prac tica l.

T h e  above m en tio n ed  req u irem en ts  fo r  im age  tran sm issio n  an d  sto rage are  w hat 

m ak e  im age  co d in g  necessary . T h e  goal o f  im age  c o d in g  is  to  co m p ress  th e  im age; that 

is, to  rep re sen t th e  im age  in  som e w ay  tha t req u ires  as few  b its  as p o ssib le , w ith o u t 

no ticeab ly  d eg rad in g  the  im age  quality . T h is a llow s im ages to  be tran sm itted  o r  sto red  

m uch  m ore  effic ien tly .

A t a  h ig h  level, im age d a ta  com p ressio n  can  be th o u g h t o f  as a  tw o -step  p rocess 

[2], as show n in  F igu re  1.1. In  the  first step  o f  the p rocess  a  d ig itized  im age  is 

rep resen ted  by  a  sequence  o f  "m essages". T hese  m essag es can  be  ch o sen  in  a  w ide 

v arie ty  o f  w ays; h o w e v e r they  m u st be  chosen  so tha t a  reaso n ab le  ap p rox im ation  o f  the  

o rig in a l im ag e  c a n  be  reco n stru c ted  fro m  a  sequence  o f  m essages. In  the  seco n d  step  o f  

the  co m p ress io n  p ro cess  the  m essage  sequence  is co d ed  to  red u ce  the red u n d an cy  in  the 

sequence. T h e  o v era ll goal is  to  g enerate  a  co d ed  v ersio n  o f  the  im ag e  w hich  con tains 

a ll the  im p o rtan t im ag e  in fo rm ation  w ith  abso lu te ly  no  red u n d an cy .

A ny  im ag e  com pression  m eth o d  can  be b ro ad ly  c lassified  as b e ing  e ith er 

s ta tis tica lly -b ased  (a lgebra ic) o r  sym bo lica lly -based  (struc tu ra l). S ta tis tica lly -based  

im ag e  co m p ressio n  m ethods are  d iscu ssed  in  Section  1.3. T h e  sta tistica l app roach  to 

im ag e  co m p ressio n  is based  on in fo rm atio n  theoretic  p rinc ip les  an d  th e  m ethods used  

usu ally  in v o lv e  v ery  lo calized , p ix e l-o rien ted  fea tu res o f  the  im age. D u e  to  lim ita tions 

o f  th e  s ta tistica l app roach  to  im age  com p ressio n  w h ich  w ill be  d iscu ssed  la ter, a  new  

approach  to  im age com p ressio n  is  necessary  i f  very  low  b it ra te s  a re  to  be a tta ined . 

T h is new  approach  is know n as sym bo lica lly -based  im ag e  com p ressio n . (S om e have



im age or 
se q u e n c e  

of im ages

se q u en ce
of binary

M essag e
Extractor

m e ssa g e s

E ncoder
se q u e n c e

► channel

F ig u re  1.1. G enera l im age coder.
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re fe rred  to  th is  n ew  ap p ro ach  as second generation im age  co d in g  [2]). S ym bolica lly - 

b ased  im ag e  co m p ress io n  m ethods em p lo y  co m p u te r v is ion  an d  im ag e  u n derstand ing  

techn iques an d  h u m an  v isu al system  (H V S) p ro p erties  to  ach ieve  very  low  d a ta  ra tes. 

T he  g eom etric  s truc tu re  o f  the  im age  scene is  em p h asized  in  sym b o lica lly -b ased  

co m p ress io n  m ethods, as o p p o sed  to  the a lgeb ra ic  struc tu re  o f  the  p ix e ls  u sed  by  

s ta tistica lly -b ased  co m p ress io n  m ethods. In  S ection  1.4 w e sum m arize  the  w o rk  in  the 

dev elo p in g  a rea  o f  sym b o lica lly -b ased  im age com pression .

A n  M a g e  co m p ress io n  m eth o d  can  b e  fu rth e r c lassified  b ey o n d  the tw o  m ain  

ca teg o ries  m en tio n ed  above. T his fu rth e r c lassification  is  b ased  on  the  techn iques the 

co d in g  m e th o d  em p lo y s, the  type  o f  im age  to  w h ich  the  co d in g  m e th o d  is  app lied , and  

th e  d is to rtio n  th e  c o d in g  m eth o d  in troduces in  the im age. O n e  such c lassification  o f  

co d in g  m ethods is  as adap tive  o r  non-adap tive . T he  charac te ris tics  o f  an  im ag e  a lm ost 

a lw ays v ary  to  som e ex ten t as th e  space  (an d /o r tim e, fo r  tim e-v a ry in g  im agery) 

lo ca tio n  in  th e  im ag e  varies. T o  co m p en sa te  fo r  th is , m an y  co m p ress io n  techn iques 

ch an g e  som e param ete rs  o f  the  co d er as the  space/tim e lo ca tio n  in  th e  im age  varies, A  

co d er th a t em ploys such  p a ram ete r varia tion  techn iques is  c lass ified  as adap tive . I f  th is 

type  o f  v aria tio n  is  n o t used , the  co m p ressio n  techn ique  is  n o n -adap tive . Som e 

ex am p les o f  adap tive  im age com p ressio n  techn iques are  adap tive  d iffe ren tia l p u lse  code 

m o d u la tio n , ad ap tiv e  d e lta  m o du la tion , an d  adap tive  tran sfo rm  co d in g  [13-22],

M an y  im ag e  com p ressio n  m ethods are  im p lem en ted  o n  a  b lo ck  basis . In  b lo ck  

co m p ress io n  m ethods, the im age is  p a rtitio n ed  in to  n o n -o v erlap p in g  b locks and  each  o f  

these  b locks is c o d ed  separa te ly  [19, 23]. B lo ck  co d in g  is  b ased  on  ideas fro m  ra te- 

d is to rtio n  th eo ry , w h ich  w e w ill d iscuss in  Section  1.3. O n e  rea so n  w hy  b lo ck  cod ing  

m ay  be  d e sirab le  is  th a t d iv id in g  the  im age  in to  b locks fac ilita tes  m ak in g  the  im age 

co m p ress io n  a lg o rith m  adap tive  to  local im age  sta tistics. A lso , by  d iv id in g  up  the 

im age, co d in g  o f  a ll b locks can  be d one  in  parallel. T h is  is  e sp ec ia lly  a ttrac tive  w hen  

usin g  a  v ery  co m p u ta tio n ally  co m p lex  co d in g  a lgorithm . O n e  d isad v an tag e  o f  b lock  

co m p ress io n  techn iques is  tha t the  borders o f  the  b locks are  o ften  v is ib le  in  the deco d ed  

im age. Som e co m m o n  b lo ck  im age co m p ress io n  m ethods are  b lo ck  tran sfo rm  cod ing  

[24] an d  b lo ck  tru n ca tio n  co d in g  [23] .

V irtu a lly  any  im age com p ressio n  m e th o d  can  be  ap p lied  to  d ig ita l v id eo  (tim e- 

v a ry in g  im ag ery ) by  ap p ly ing  the co d in g  m eth o d  to  each  o f  the  "fram es" o f  th e  im age 

sequence, T h is basic  approach  s im p ly  codes the d ig ita l v ideo  s ignal as a  sequence o f  

s ing le  fram e im ages. It is  o ften  p o ssib le  to  g reatly  red u ce  th e  d a ta  ra te  by  ex p lo itin g  the  

tem pora l red u n d an cy  tha t ex ists  fro m  fram e-to -fram e in the  im age  sequence. F o r 

ex am p le , fo r  a  b lo ck  co d in g  m ethod , th ree-d im en sio n al b locks (tw o  d im en sio n s  in  space 

an d  o n e  in  tim e) can  be u sed  fo r tim e-vary ing  im agery . T ech n iq u es th a t ex p lo it the 

tem p o ra l red u n d an cy  in  d ig ita l v id eo  can  be qu ite  soph istica ted . O n e  such  techn ique  is



m o tio n -co m p en sated  cod ing , in  w h ich  on ly  the po rtio n s o f  th e  im ag e  tha t have  ch an g ed  

fro m  o n e  fram e  to  th e  nex t in  the im age sequence are  c o d ed  [25]. O th e r exam ples o f  

co d in g  ap p lied  to  tim e-vary ing  im ag ery  can  be fo u n d  in  [2 2 ,2 6 -3 0 ].

Im ag e  com pression  techn iques can  a lso  be  ap p lied  to  co lo r im ages. O ne approach  

is  to  deco m p o se  the  im age in to  th ree co m p o n en t im ages (e .g . lu m inance, ch rom inance , 

an d  satu ration ), an d  then  co d e  these th ree  im ages in d iv id u a lly , using  ap p ro p ria te  cod ing  

m ethods. O ften , be tte r co d er p erfo rm ance  can  be o b ta in ed  by  ex p lo itin g  the  spectra l 

an d  tem pora l red u n d an cy  in  the  co lo r signals. F o r  ex am p le , som e co m p ress io n  

tech n iq u es  encode  th e  co m p o site  N T S C  co lo r b aseb an d  v ideo  signal d irec tly . M ethods 

fo r  co d in g  c o lo r  im ages are  d iscu ssed  in  [1 4 ,2 9 -3 1 ].

O ne m ore  im portan t c lassification  o f  com p ressio n  techn iques has to  do  w ith  

w h e th e r the  m eth o d  is d isto rtion less o r  n o n -d is to rtion less . I f  a  co d in g  m eth o d  is 

d is to rtion less  then  the  d eco d ed  im age is  a  p e rfec t rec rea tio n  o f  the o rig in a l im age. 

N early  a ll d is to rtion less  techn iques are  b ased  on  in fo rm atio n  th eo re tic  app roaches and 

u su a lly  a tta in  data, ra tes in  the n e ig h b o rh o o d  o f  tw o  to  fo u r b its p e r  p ix e l [32 ]. N on- 

d is to rtion less  co d in g  m ethods in troduce  d ifferences b e tw een  th e  d eco d ed  im age  an d  the 

o rig in a l im ag e , b u t th e y  a llo w ftiu c h  lo w er d a ta  ra tes. T hese  d is to rtio n s  in  the  d e co d e d  

im age m u s t b e  k ep t as unob trusive  as possib le . A n im p o rtan t q u estio n  in  im age cod ing  

is  h o w  to  m easu re  the  severity  o f  the d is to rtions cau sed  in  th e  im age  b y  the  co d in g  and  

d eco d in g  p ro cess . T h is an d  o th e r im portan t g en era l issues in  im age  co d in g  are  

d iscu ssed  ip  S ection  1.2.

, 9

1 .2 .  G e n e r a l  I s s u e s  in  I m a g e  C o m p r e s s io n

In  th is  section  w e w ill d iscuss  th ree o f  the m o st im p o rtan t issues in  im age  co d er 

design : the im age m odel, the im age quality  m easu re , an d  the  im p ac t o f  the  app lication  

on  c o d e r design . S ince fo r  m ost app lications, a  hum an  is the  im age  o b serv er, som e 

im p o rtan t H V S p roperties  w ill a lso  be d iscussed . O bv io u sly  th ese  are  no t the o n ly  

im p o rtan t issues in  im age com pression . O th e r issues w o rth y  o f  co n sid e ra tio n  include 

co d in g  a lgo rithm  com p lex ity  an d  suscep tib ility  o f  co d in g  tech n iq u es  to  ch an n e l errors.

1 ,2 .1 .  T h e  I m a g e  M o d e l

In  o rd e r to  desig n  a  com pression  m ethod  th a t is to  p e rfo rm  w ell fo r  a  c lass o f  

im ages, som e charac teristics o f  the im age m ust be used . T h a t is , a  m o d el o f  the im age 

m u st be assum ed . I f  the  m o d el o f  the im age is n o t accu ra te , then  the  com pression  

m e th o d  based  on  the  m odel can n o t be expec ted  to  w o rk  w ell. T h e  p ro b lem  o f  find ing  a
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g o o d  m o d el fo r  a  n a tu ra l scene  is  n o t sim ple , an d  it  is  ev en  m o re  d ifficu lt fo r  tim e- 

vary in g  scenes (d ig ita l v ideo).

M an y  researchers  h ave  m o d eled  im ages as ran d o m  fields. T h is  app roach  m odels 

th e  p ix e l sta tistics o f  th e  im age. T h is has p ro v en  to  be d ifficu lt, d u e  in  a  la rge  p a rt to  

th e  h ig h ly  n o n sta tio n ary  natu re  o f  im ages. Im age p ix e l sta tistics can  change  

d ram atica lly  w ith  tim e  and  spatial positio n  in  the  im age [11 , 33], A lso , there  m ay  be 

in fo rm atio n  in  an  im age  th a t can n o t be  read ily  rep resen ted  w ith  p ix e l sta tistics. F o r 

ex am p le , th e  id ea  th a t a  p a rticu la r scene is  co m p o sed  en tire ly  o f  triang les  o f  d ifferen t 

sizes an d  o rien ta tio n s is d ifficu lt to  exp ress w ith  p ix e l statistics. A n o th e r fac t th a t 

fu rth e r com plica tes  im age  m odeling  is  th a t d ifferen t types o f  im ag es  h av e  v ery  d ifferen t 

p ix e l statistics.

T h ere fo re , d esp ite  m uch  w ork  on  d ev isin g  p ix e l-b ased  s ta tistica l m odels o f  

im ages, success has been  lim ited . In  [11] it w as o b serv ed  th a t b e tte r s ta tistica l m odels 

m ig h t be ach iev ed  by  con sid erin g  the im age to  be the  o u tp u t o f  m an y  sources, each  w ith  

its o w n  type  o f  sta tistics. In  [34] and  [17] th is  app roach  is  taken , an d  leads to  restilts  that 

m ay  be  am ong  the  m ore  rea listic  an d  p ro m isin g  o f  re cen t s ta tistica l m odels o f  im ages

[ H ] .

A n o th e r p ro m isin g  approach  to  im age m od elin g  is  to  no t m o d el the  p ix e l sta tistics 

o f  the im age, b u t ra th e r  the  sta tistics o f  som e m ore  g lobal fea tu re  o f  the im age, such  as 

th e  edges in  the  im age. A n  exam ple  o f  th is  app roach  is  art im age m o d el g en era ted  by  

ran d o m  tesse lla tio n s o f  the  im age p lane. O th e r  exam ples o f  th is  type  o f  im age  m odel 

can  be  fo u n d  in  [35].

D esp ite  a ll th e  d ifficu lties, m any  d iffe ren t im age  m o d els  h ave  been  d ev ised  fo r 

v arious ap p lications. F o r a  d iscu ssio n  o f  im age  m odels re lev an t to  im age  cod ing , see 

[1 1 ,3 6 ].

1 .2 .2 .  T h e  I m a g e  Q u a l i t y  M e a s u r e

A s sta ted  above, ev ery  im age com pression  techn ique  can  be  c lassified  as e ith er 

d is to rtion less  o r  non-d isto rtion less. W ith  d is to rtion less  co d in g  m ethods, the  deco d ed  

im ag e  is id en tica l to  the  o rig inal im age. T herefo re , a  d is to rtion less  com pression  

tech n iq u e  can  be ev a lu a ted  so le ly  on  th e  b asis  o f  th e  m erits  o f  th e  co d in g  a lgorithm . 

(F o r exam ple , a  ro b u s t d is to rtion less  com p ressio n  a lg o rith m  shou ld  h av e  a  lo w  d a ta  

ra te , sho u ld  req u ire  a  sm all n u m b er o f  low  co m p lex ity  co m p u ta tio n s, an d  shou ld  n o t be 

su scep tib le  to  ch an n e l erro rs.) T o  fa irly  ev alu a te  non -d is to rtio n less  co d in g  m ethods, 

o n e  m u st be ab le  to  m easu re  the  q u a lity  o f  the  d eco d ed  im age. A  m easu re  is need ed  o f  

the  severity  o f  the d eg radation  to  the  o rig in a l im age  cau sed  by  th e  co d in g  an d  deco d in g
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process. T his d is to rtion  m easure  is  necessarily  a fu nc tion  o f  the  o rig in a l im age and  the 

d eco d ed  im age.

T h e  specific  m ethod  u sed  to  m easure  the d is to rtion  in  a  reco n stru c ted  im age can  

v ary  g reatly , dep en d in g  on  the app lication . F o r exam ple , in  a p a rticu la r ap p lication  the 

edges in  an  im age  m ay  be very  im portan t. In such  a  case  it is  v ita l that edges are  unaf

fec ted  by  the  co d in g  and  decod ing  p rocess. T herefo re , the  im age q u a lity  m easu re  used  

to  ev alu a te  co d in g  schem es fo r tha t ap p lication  shou ld  w eigh  heav ily  the  accu racy  o f  

the  edges in  the  reco n stru c ted  im age. In o th e r app lications, o th e r im age charac te ris tics  

m ay  be  im portan t. T he  charac teristics o f  the d eco d ed  im age th a t are  im p o rtan t fo r  a 

g iven  ap p lication  sho u ld  be reflected  in  the  im age q u a lity  m easu re  u sed  to  app ra ise  co d 

in g  schem es fo r  tha t app lication . T he developm en t o f  such  a  m easu re , how ever, is  usu

a lly  n o t stra igh tfo rw ard . I t is o ften  very  d ifficu lt to  w rite  an  analy tica l ex p ressio n  tha t 

quan tifies deg rad atio n  o f  im portan t im age charac teristics.

T h is d ifficu lty  in  q uan tify ing  the d isto rtion  o f  im p o rtan t im ag e  ch arac te ris tics  has 

led  to  the  u se  o f  trad itional m athem atica l m easu res  o f  im ag e  quality . T w o  freq u en tly  

u sed  m easu res  are  the  m ean-squared  erro r (m se) [37], an d  th e  ro o t m ean -sq u ared  e rro r 

(rm se) [11] be tw een  the o rig inal and  d is to rted  im ages. T he  appeal o f  m se-b ased  d is to r

tion  m easu res  is  th e ir sim plic ity , how ever, such  sim ple  d is to rtio n  m easu res  n early  

alw ays have p o o r co rre la tio n  w ith  hum an ju d g em en t o f  im ag e  quality .

T o  im prove  the p erfo rm ance  o f  these m easures, a  w eig h ted  v e rs io n  o f  m se o r  rm se  

can  be u sed  [1 1 ,3 8 ] . T he  w eigh ting  function  is d esig n ed  to  take  in to  acco u n t varia tions 

in  sensitiv ity  to  d is to rtion  o f  the  H V S w ith  spatial frequency . A s an o th e r a lte rnative , 

m se  an d  rm se  can  be app lied  a fte r a n on-linear conversion  o f  the  im age  [3 9 ,4 0 ] . T he 

n o n -lin ea r opera tio n  uses H V S properties to  transfo rm  the im ag e  to  the p ercep tu a l 

dom ain , w here  a  un it change  is p ercep tually  eq u iv alen t a t a ll po in ts  in  the g ray  level 

range . T h e  v a lid ity  o f  the d is to rtion  calcu la tion  fo r th is  techn ique  is  lim ited  by  the  va li

d ity  o f  the  n o n -lin ea r transfo rm ation .

A  m ajo r p ro b lem  w ith  th ese  trad itional m ath em atica l m easu res  o f  im age q u a lity  is 

th a t they  are  p ixe l-based . F ew  p ixel-w ise  m ath em atica l im age  q u a lity  m easu res  have  

co n sis ten tly  h igh  co rre la tion  w ith  hum an  ju d g em en t o f  im ag e  q u ality . M easu res  tha t 

co rre la te  w ell w ith  hum an ju d g em en t o f  im age q u a lity  need  to  take  in to  acco u n t bo th  

lo cal, p ix e l-o rien ted  d isto rtions in  the  im age, and  m ore  g lo b a lly -o rien ted  im age d is to r

tions [41]. E xam ples o f  various im age quality  m easu res can  be fo u n d  in  [3 7 ,3 9 ,4 1 -4 3 ].
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1 .2 .3 .  T h e  I m p a c t  o f  t h e  A p p l i c a t io n

A s m en tio n ed  in  the  p rev ious section , a  basic  u n d ers tan d in g  o f  h ow  the  the  

im ag ery  w ill be  u sed  is  n eed ed  in  o rd e r to  specify  an  accu ra te  im age q u a lity  m easure . 

F o r  exam ple , q uestions m ay  need  to  be  an sw ered  hav in g  to  d o  w ith  the  v iew in g  d is tance  

to  the  im age  d isp lay , th e  fram e ra te  necessary  fo r p ercep tio n  o f  m o tio n  in  th e  scene, and 

w h e th er co lo r im ag es  are  necessary . A n  und erstan d in g  o f  the  app lica tion  is invaluab le  

n o t on ly  in  re la tio n  to  the im age  q u a lity  m easure , b u t th ro u g h o u t the  w ho le  im age  co d er 

d esig n  p rocess. I f  w e  th orough ly  un d erstan d  the app lication , th en  w e  w ill k n o w  b etter 

h o w  to  "hide" the  in accu rac ies  in troduced  in to  the  im ag e  by  th e  co d in g  an d  d ecod ing  

p rocess . F ew  bits  can  be  used  to  code  "parts" o f  the  im age th a t a re  u n im p o rtan t to  the 

im ag e  o b serv er, w h ile  m ore  bits  can  be spen t co d in g  the  parts  o f  th e  im age th a t are 

im p o rtan t to  the o bserver. In th ese  w ays a  co d in g  schem e can  be  ta ilo red  to  the  needs 

o f  the  im age  observer. T herefo re , a  c ru c ia l fac to r in  th e  design  o f  an  effic ien t cod ing  

m e th o d  is  a  co m p le te  und erstan d in g  o f  the  im age o b serv er fo r  th e  ap p lica tio n  u n d er 

considera tion .

F o r  s im p lic ity ’s sake le t us assum e tha t the  ap p lication  w e are  co n sid e rin g  d ic ta tes 

th a t the  im ag e  o b se rv e r is  a "typ ical"  hum an. T hen , ideally , the im ag e  co d er sho u ld  use 

v ery  few  b its to  en co d e  the in fo rm ation  in  the  im age th a t is  n o t im p o rtan t fo r  the  h u m an  

v iew er an d  use  m o re  b its to  encode  the  in fo rm atio n  th a t the  H V S is  m o st sensitive  to. 

F o r  th is  reaso n , th e  m o re  tha t is  kn o w n  abou t the  req u irem en ts  o f  the  H V S , the  b e tte r 

the  c o d in g  m e th o d  th a t can  be designed . T h e  H V S is very  co m p lex , an d  th e  v is ib ility  o f  

d is to rtio n  in  an  im ag e  is a  function  o f  m any  th ings. F o r ex am p le , it is  a  fu n c tio n  o f  the 

na tu re  o f  th e  d is to rtio n  itse lf, the  im age in ten sity  in  a  space-tim e n e ig h b o rh o o d  o f  the 

d is to rtio n , th e  lig h tin g  in  the  ro o m  w here  the im age  is  v iew ed , an d  th e  "busyness" o f  the 

im age  in  a  sp ace-tim e n e ighborhood  o f  the d is to rtion . I f  m ore  than  o n e  d is to rtion  is 

in tro d u ced  in to  an  im age, as is usually  the case , the  in te rp lay  o f  these  m u ltip le  d is to r

tions can  be v ery  com plicated . T he  co m p lex ity  o f  the im age  o b serv er is  a  m a jo r reason  

w hy  im age  co d in g  is so  d ifficu lt a  p rob lem . B u t th is  co m p lex ity  a lso  is  a  key  to  a tta in 

in g  v ery  low  b it ra te s  w ith  im age cod ing . F u rth e r d iscu ssio n  on  the  im p o rtan t ro le  o f  

the  im ag e  o b se rv e r in  th e  im age  co d in g  p ro b lem  can  be  fo u n d  in  [4 0 ,4 1 ].

D e sp ite  the  co m p lex ity  o f  the  H V S , a  g rea t d ea l o f  re sea rch  has been  d o n e  in  an  

e ffo rt to  de term in e  som e o f  its basic  p roperties . T h is research  is  b ased  on  experim ents 

w ith  hum an  sub jects, so  the resu lts  are  n ecessarily  subjective; h o w ev er m uch; usefu l 

in fo rm atio n  has been  learned . D iscu ssio n s o f  som e o f  the  basic  techn iques and  

sign ifican t resu lts  in  the  area  o f  H V S research  can  be fo u n d  in  [ 1 , 2 , 11]. T h e  books by  

M arr [44] a n d  C o m sw ee t [45] are  u sefu l re ferences o n  h um an  v is ion . In  th is  sec tion  w e 

w ill b rie fly  sum m arize  som e o f  the  m o st w ell e s tab lish ed  p ro p erties  o f  the  H V S  [I ] .
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O ne asp ec t o f  hum an  v ision  tha t has been  stu d ied  ex ten siv e ly  is  the co n trast sensi

tiv ity  o f  the  eye  u n d er vary ing  cond itions [46]. C o n trast sensitiv ity  is m easu red  by  

show ing  a  sub jec t a  test p a tte rn , and  vary ing  the in ten sity  o f  ne ig h b o rin g  reg io n s in  the 

te s t p a tte rn  u n til the  d ifference  in  in ten sity  is just noticeable. U sin g  the  configuration  

show n in  F ig u re  1.2a, a  sim ple  m easu rem en t o f  co n trast sensitiv ity  is  ob ta ined . T he  

o b serv er is  show n  a  fie ld  o f  un ifo rm  b righ tness C  w ith  a  c irc le  in  the c en te r o f  b righ t

ness  C  +  A C [I ] .  T h e  ju s t-n o ticeab le -d iffe ren ce , AC, is m easu red  as a  function  o f  C. 

T h e  frac tion  A C/C, know n as the  W eb er frac tion , is  p lo tted  as a fu n c tio n  o f  C  in  F igu re  

1.2b [I ] . T h e  W e b e r frac tion  w as found  to  be co n stan t a t ab o u t 2  p e rcen t o v e r a w ide 

ran g e  (know n as W eb e r’s reg ion). F igure  1.2b a lso  show s tha t the  H V S has g reatly  

red u ced  co n trast sensitiv ity  in  very  b righ t o r  very  d a rk  in ten sity  reg io n s o f  an  im age. 

H o w ev er, the  con figu ra tion  o f  F ig u re  1.2a is no t very  rea listic ; th e  te s t p a tte rn  show n in  

F igu re  1.3a [1] g ives re su lts  w h ich  are  m ore  usefu l. A ga in  th e  ju s t-n o ticeab le - 

d ifferen ce , AC, is m easu red , th is tim e as a  function  o f  C q an d  C . T he resu lts  o f  this 

ex p erim en t are  show n in  F igu re  1.3b [I ] . F ro m  these  p lo ts it can  be  seen  tha t the  eye is 

m o st sensitive  to  co n trast in  a  range  o f  abou t 2.2  log  un its , cen te red  ab o u t the back 

g ro u n d  b righ tness. N otice  tha t the  eye is less sensitive  to  co n tra s t as C o  m oves aw ay 

fro m  C. K now ledge  o f  the  varia tions in  the  co n trast sensitiv ity  o f  the  ey e  can  be usefu l 

fo r  such th ings as quan tiza tion  o f  im ages, and  h um an  v ision  b ased  im ag e  d isto rtio n  

m easurem ents.

A n o th e r im portan t charac te ris tic  o f  hum an  v ision  is  the  spa tio -tem pora l freq u en cy  

resp o n se  o f  the H V S. T h is response  is o ften  re fe rred  to  as th e  m o d u la tio n  tran sfe r func- 

tion  (M T F). T he  spatia l and  tem pora l responses o f  the H V S h ave  o ften  been  ex am in ed  

separa te ly . H ow ever, it has been  found  th a t th ese  freq u en cy  resp o n ses are  c lo se ly  in te r

re la ted ; th erefo re  m ore  recen t research  has d ea lt w ith  the  tw o  ac tin g  in  concert.

T he  M T F  is m easu red  by  p resen tin g  a  test sub jec t w ith  a  p eriod ic  w ave o f  som e 

ty pe , u su a lly  a  sine-w ave o r  a  square-w ave, an d  then  v ary in g  the  m o d u la tio n  o f  th is 

w ave u n til the  th resh o ld  o f  v is ib ility  is  determ ined . (T he m o d u la tio n  o f  a  p e rio d ic  w ave 

is  the  ra tio  o f  the  w av e ’s am plitude  to  its average  value.) T h e  va lu e  o f  the  M T F  a t a  

p a rticu la r freq u en cy  is  the th resho ld  m odula tion  a t w hich  a  s tim u lus o f  th a t freq u en cy  is 

ju s t v isib le .

D ep alm a  and  L o w ry  investig a ted  the spatial M T F  o f  the  H V S  u n d er vary in g  c o n 

d itions usin g  spatia lly  vary ing  sinuso idal and  square-w ave s tim u li [47]. T h is resea rch  

d id  n o t in c lude  any  tem pora l frequency  effects. T h ey  fo u n d  tha t, d ep en d in g  on  the  

v iew in g  cond itions, the H V S resp o n d ed  m ax im ally  to  s ine-w aves a t re tin a l frequencies  

a ro u n d  7-15  cycles/m m ; w ith  the response  declin ing  fo r lo w er a n d  h ig h e r frequencies. 

S im ila r re sea rch  has been  done  to  d e term ine  the tem pora l M T F  usin g  a  test p a tte rn  tha t 

v a ried  in  tim e. F o r exam ple , in  [48] experim ents w ere  d o n e  to  m easu re  the  tem pora l
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C , F t . L a m b e r t s

C + AC

(a )  CD)

F ig u re  1.2, (a) T es t p a tte rn  fo r m easu rin g  the  co n trast sensitiv ity  o f  the H V S . (b) 

C o n trast sensitiv ity  o f  the  H V S  fo r  the  te s t p a tte rn  o f  F ig u re  1 .2a (from

[ I ] ) .

H Il Il

C, F t .  L a m b e r t s

C +  A C

(a) (b)

F ig u re  1.3. (a) T es t p a tte rn  fo r m easu rin g  the  co n tra s t sensitiv ity  o f  th e  H V S . (b)
C o n trast sensitiv ity  o f  the  H V S fo r  the  te s t p a tte rn  o f  F ig u re  1.3a  (from

[I])-
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In  the  early  -1960’s, the  im portance  o f  the in te r-co n n ectio n  be tw een  the spatial and 

tem pora l freq u en cy  resp o n se  o f  the H V S w as o b serv ed  [4 8 ,4 9 ] . O ne exam ple  o f  the 

re sea rch  d ealin g  w ith  the  tw o  responses in teracting  is [50]. T he  spatio -tem pora l M T F  is 

g enerally  m easu red  usin g  e ith e r a  flickering  g ra tin g  o r a  g ra tin g  m ov ing  across the field  

o f  v iew  [4 8 ,5 0 -5 2 ], In  [52] a  sinew ave m ov ing  across  the  fie ld  o f  v iew  w as used  as the 

stim ulus an d  the  re su lt o f  th is research  is  the  spatio -tem pora l M T F  show n in  F ig u re  1.4 . 

T h e  no n -u n ifo rm  frequency  response  o f  the H V S , as d em o n stra ted  by the spatio- 

tem p o ra l M T F , affects m any  aspects  o f  hum an  percep tion  o f  im ages. F o r exam ple, one 

con seq u en ce  is  tha t the  eye is less sensitive  to  d isto rtion  in  the  p arts  o f  a  scene th a t are 

m oving .

T h ere  is  an o th er asp ec t o f  the tim e response  o f  the  H V S w hich  is  esp ec ia lly  im por

tan t fo r the co d in g  o f  d ig ita l video. R esearch  has show n th a t the  hu m an  v iew er takes a 

substan tia l frac tion  o f  a  second  to  reco v er spatial acu ity  a fte r a  scene  chan g e  [53]. It has 

been  fo u n d  th a t red u c in g  spatia l reso lu tion  fo r  as long  as .75 seconds a fte r a  scene

change is  n o t n o ticeab le  to  a  h um an  ob serv er [I  I].
. .  _ ■;:/ '

A ll o f  the  above p ro p erties  help  to  d e term ine  the  ch arac te ris tic  o f  hum an  v ision  

th a t is m ost im portan t in  the  d evelopm en t o f  im age com p ressio n  techn iques: the  sen si

tiv ity  o f  the  hum an  v iew er to  no ise  and  d is to rtion  in  im ages. I f  an  abso lu te ly  com p le te  

descrip tio n  w as kn o w n  o f  the spatio -tem poral resp o n se  o f  the H V S , the  v is ib ility  o f  any  

type  o f  d eg radation  in  an  im age co u ld  be ca lcu la ted  an d  th ere  w o u ld  be no  n eed  fo r  sub  

je c tiv e  o b se rv e r tests o f  im age quality . H ow ever, because o f  the co m p lex ity  o f  h u m a n  

v ision , w e are  fa r  fro m  any such  com plete  descrip tion . N onetheless, som e genera l state

m en ts  can  be m ade abou t the response  o f  the H V S to  no ise  o r  d is to rtio n  in  im ages [I ] :

(1) D is to rtio n  is  m o st v is ib le  in portions o f  the im age tha t a re  co n stan t in  in tensity : the 

m o re  co m p lica ted  a  part o f  the im age, the less v isib le  no ise  w ill be there . T h a t is, spa

tia l "busyness" in  an  im age has a  m ask ing  effec t on  d is to rtion . T em p o ra l "busyness" in 

an  im ag e  a lso  effects the  v is ib ility  o f  d is to rtion , a lthough  in  a  m o re  co m p lica ted  w ay.

(2) T he sensitiv ity  o f  the H V S to  d isto rtion  varies d ep en d in g  on  the w ay  the  d is to rtion  is 

co rre la ted  w ith  the  im age. F o r  exam ple , quan tiza tion  n o ise  in  an  im ag e  is m o re  an n o y 

in g  than  a  s im ila r q u an tity  o f  ran d o m  noise. T his fac t can  be u n fo rtu n a te  fo r  the im age 

co d er d esigner, s ince  m any  types o f  d isto rtion  in tro d u ced  by  the  co d in g  an d  d ecod ing  

p rocess  are  co rre la ted  w ith  the  im age  in  w ays fo r w h ich  the  H V S has h ig h  sensitiv ity .

(3) T h e  H V S is m o re  sensitive  to  d isto rtion  that is "structu red" in  som e w ay  than  it is to 

d is to rtio n  occu rrin g  ran d o m ly  in  the im age p lane. F o r  ex am p le , the d is to rtio n  that 

o ccu rs  a long  the  g rid  tha t form s the  b lo ck  boundaries in  a  b lock  co m p ress io n  m eth o d  is 

m o re  annoy ing  to  a  hu m an  v iew er than  the sam e quan tity  o f  d is to rtio n  d is trib u ted  ra n 

d o m ly  in  the  im age  p lane. (4) T he  sensitiv ity  o f  the  H V S  to  no ise  is  a ffec ted  by  the
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freq u en cy  spec trum  o f  the  noise, in  a  com p lica ted  w ay w hich  depends on  the spectrum  

o f  the im age. (5) T he  p resen ce  o f  any  no ise  in  an  im ag e  reduces the  co n trast an d  sharp

ness o f  the im age  and  degrades its q u a lity  significantly .

W ith  th is v iew  o f  the im portan t issues in  im age cod ing , w e n o w  p ro ceed  to  p resen t 

som e specific  im age  com p ressio n  m ethods, W e w ill d iscuss  the  s ta tistica lly -based  

co m p ressio n  m ethods first.

1 .3 .  S t a t i s t i c a l ly - B a s e d  I m a g e  C o m p r e s s io n  T e c h n i q u e s

M u ch  o f  the  first tw enty -five  years o f  w ork  in  im age co m p ressio n , from  approx i

m a te ly  1960 to  the  p resen t, fits in to  the sta tistica lly -based  ca teg o ry . A  b lo ck  d iag ram  o f  

the  genera l sta tistica l im age com pression  system  is show n in  F ig u re  1.5. S ta tistically - 

b ased  im age co d in g  techn iques address the im age co m p ressio n  p ro b lem  fro m  an  in fo r

m a tio n  theoretic  p o in t o f  v iew , w ith  the focus on  e lim in a tin g  the  sta tistica l red u n d an cy  

am ong  th e  p ix e ls  in  the im age.

T h e  "ideal" p rep ro cesso r,sh o w n  in  F igu re  1.5 is  o n e  w here  th e  p ix e ls  are  m ap p ed  

in to  in d ep en d en t data . F o r exam ple , the m app ing  m ig h t be  to  take  the  D isc re te  F o u rie r 

T ran sfo rm  o f  the  im age p ixels. U sually , how ever, the b est one  can  do  is find  a  p rep ro 

cesso r th a t m akes the da ta  uncorre la ted . T he desire  fo r the  p ix e ls  to  be  in d ep en d en t is 

b ased  on  ra te -d is to rtio n  theory . R ate  d isto rtion  theory  defines the  o p tim u m  c o d er to  be 

the  co d er tha t a tta ins the best possib le  signal fidelity  fo r a  g iv en  d a ta  fa te , o r the  co d er 

th a t a tta ins the  b est p o ssib le  d a ta  ra te  fo r a  g iven  signal fide lity  [54]. S hannon  has 

sh o w n  tha t fo r any  d a ta  source, be tte r d a ta  ra tes can  be ach iev ed  by  co d in g  b locks o f  the  

data, ra th e r  than  in d iv idual d a ta  poin ts . In  fact, the  o p tim a l co d er is ach ieved  as 

N  - » °°, w here  N  is  the  leng th  o f  the b lock  o f  d a ta  being  c o d ed  [4 3 ,5 5 ] . T hese  b lo ck  

coders are  now  m ore  po p u la rly  know n  as v ec to r quan tizers [54]. O b v io u sly , a  co d er 

w ith  in fin ite  b lock  leng th  is im possib le , and  even  a  co d er w ith  reaso n ab ly  lo n g  b lock  

leng th  is  d ifficu lt to  design  an d  im plem ent. H ow ever, it can  be  sh o w n  th a t i f  the da ta  

sam ples a re  s ta tistica lly  in dependen t, then N  b lock  leng th  o n e  co d ers  a re  nearly  as good  

(w ith in  ab o u t 0 .25  b its/sam ple) as one  b lock  len g th  N  coder, fo r  th e  sq u ared  e rro r d is 

to rtion  m easu re  [56]. So, i f  the  d a ta  sam ples can  be tran sfo rm ed  so  th a t they  are  statisti

ca lly  in dependen t, then  nearly  op tim u m  co d er p erfo rm an ce  can  be ach iev ed  w ith  a  

b lo ck  len g th  o n e  coder, i.e . a  sim ple  quan tizer. T he above facts fo rm  the  theore tic  basis 

fo r  a ll types o f  sta tistica lly -based  im age coding.

F o r  ex am p le , th is  is the  reaso n in g  b eh ind  the  d isc re te  K arh u n en -L o ev e  transfo rm  

(K L T ) [24]. F o r G au ssian  d is trib u ted  p ixels, the  K L T  transfo rm s th e  d a ta  so  th a t the 

sam ples are  in dependen t. T hese  transfo rm ed  p ixels can  be  co d ed  n early  o p tim ally  

usin g  a  sim ple  quan tizer. A no ther exam ple  o f  th is reaso n in g  is  p red ic tiv e  co d in g  [57].
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I f  the  p ixe ls  can  be  m o d e led  as a  M arkov  ran d o m  p ro cess  [58], then  the  d ifferences 

be tw een  con secu tiv e  p ixe ls  are  in dependen t. T hese  d ifferences can  be  coded  nearly  

o p tim a lly  u s in g  a  sim ple  quan tizer.

U n fo rtunate ly , there  are  p rob lem s w ith  the  app lication  o f  ra te -d is to rtio n  theory  to 

im age  cod ing . In  o rd e r to  design  the  sta tistica lly -based  coders  d iscu ssed  above tw o 

th ings are  im portan t: first, a  v a lid  ran d o m  field  m odel o f  the im age  is  needed , and  

second  a  v a lid  d is to rtio n  m easu re  is needed. H o w ev er, as w as d iscu ssed  in Section

1.2 .1 , a  sim ple  s ta tistica l m o d e l o f  an im age does n o t ex ist. L ik ew ise , as d iscu ssed  in  

S ection  1.2 .2 , a  sim p le  d is to rtion  m easu re  is  n o t kn o w n  fo r  im ages. M u ch  recen t 

re sea rch  has ad d ressed  issues hav in g  to  do  w ith  v ec to r q u an tizers  such  as find ing  

effic ieh t d esig n  m ethods a n d  appropria te  d is to rtion  m easures.

T h ere  are  m a n y  ex ce llen t rev iew s o f  s ta tistica l im age co m p ress io n  techn iques in  

th e  lite ra tu re . A  p ap er w ritten  by  S chre iber in  1966 p ro v id es an  in te restin g  rev iew  o f  

early  im age  co m p ressio n  [I ] . In  [59], the ed ito r p resen ts  an  o v era ll sum m ary  o f  the 

sta te  o f  im age com pression  in  1979. N etravali an d  L im b  w ro te  an  in fo rm ativ e  rev iew  

o f  im age co m p ressio n  techn iques in  1980 [11], as d id  Ja in  in  1981 [38]. In  add ition , 

[38] co n ta in s  an  ex tensive  b illio g ra p h y  o f  pub lica tio n s in  im ag e  co m p ress io n  and  

re la ted  areas. In  [29] a  rev iew  is  p resen ted  o f  the  advances m ad e  in  im age  co m p ressio n  

techn iques since  1981, w ith  specia l em phasis p laced  on  advances in  the  Coding o f  co lo r 

te lev ision  an d  v ideo -conference  signals. In  add ition  to  th ese  rev iew  p apers, th ere  are 

m an y  books an d  specia l issues o f  p ro fessional jo u rn a ls  w h ich  d ea l ex c lu s iv e ly  w ith  

im ag e  com p ressio n  [60-63]. T he  above lis t is on ly  a  sm all su b se t o f  the  p u b lish ed  

re sea rch  in  sta tistica lly -based  im age com pression  techn iques.

S ta tis tica lly -b ased  im age com pression  techn iques can  g en era lly  be sep ara ted  in to  

fo u r categories: p red ic tive  cod ing , transfo rm  cod ing , in te rp o la tiv e  an d  ex trapo lative  

cod ing , and  a  fou rth  ca tegory  o f  m iscellaneous s ta tis tica lly -b ased  co d in g  techn iques 

[ I I] . A  b r ie f  synopsis  o f  each  o f  th ese  classes o f  cod ing  tech n iq u es is g iven  below .

1 3 . 1 .  P r e d i d i v e  I m a g e  C o m p r e s s io n

T h e  first ca teg o ry  o f  s ta tistica lly -based  im age co m p ressio n  tech n iq u es is  p red ic tive  

m ethods (a lso  kn o w n  as D ifferen tia l P u lse  C ode M o d u la tio n  (D P C M )) [5 7 ,6 4 ]. T he 

id ea  b eh in d  p red ic tiv e  im age co d in g  is  to  first p red ic t the  va lue  o f  a  p ix e l b ased  on  the 

v a lues o f  a  n e ig h b o rin g  group o f  p ixels . T he group  o f  p ix e ls  can  b e  spatia lly  d is trib u ted  

o r, fo r  d ig ita l v ideo , tem pora lly  d istribu ted . T he  e rro r in  the  p red ic tio n  is  then  

q uan tized , coded , an d  transm itted . T he  basis  o f  p red ic tiv e  techn iques is  th a t i f  the 

p ix e ls  can  be  m o d e led  as a  M arkov  p rocess [58], then  the d ifferences be tw een  

co n secu tiv e  sam ples w ill be sta tistica lly  in d ependen t, an d  a  sim ple ' q u an tize r w ill be
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nearly  o p tim um . A  v aria tio n  o f  th is  techn ique  is d e lta  m o d u la tio n  [65]. P red ic tive  

co d in g  re su lts  in  d a ta  ra te s  fro m  one to  tw o  b its  p e r  p ixe l. P red ic tiv e  co d in g  m ethods 

can  b e  m ad e  adap tive  by  vary ing  the  p red ic tio n  a lg o rith m  o r  the  d ifferen ce  qu an tizer 

[1 8 -2 0 ,6 6 ]. A d ap tive  p red ic tiv e  co d in g  ach ieves b it ra te s  ten  to  tw en ty  p e rcen t lo w er 

than  no n -ad ap tiv e  p red ic tiv e  cod ing .

1 .3 .2 .  T r a n s f o r m  I m a g e  C o m p r e s s io n

A n o t h e r  c a t e g o r y  o f  s t a t is t ic a l l y - b a s e d  i m a g e  c o m p r e s s i o n  t e c h n iq u e s  is  t r a n s fo r m

n  1 A n K n o  k o a n  tVlft T T lO t lV f t t lO r i  b ^ h l t l dhe m otiv a tio n  beh ind  

take  th e  sta tistically
im ag e  co d in g  m ethods [1 1 ,2 4 ]. A s has been  m en tioned , 

ap p ly in g  a  tran sfo rm atio n  to  an  im age  before  co d in g  is  to  

d ep en d en t im age p ix e ls  an d  co n v ert th em  in to  in d ep en d en t iran sfo rm  coefficien ts . 

U n fo rtu n ate ly , w ith  a lm o st no  excep tions it  is  im p o ssib le  to  ob ta in  in d ep en d en t 

tran sfo rm  coeffic ien ts. H o w ev er, i t  is  som etim es p o ssib le  to  o b ta in  nearly  u n co ire la ted  

tran sfo rm  coeffic ien ts. A fte r perfo rm in g  the transfo rm ation  on  the  im ag e  p ixe ls , the  

tran sfo rm  coeffic ien ts are  quan tized . T h e  q u an tized  v a lu es o f  th e  co effic ien ts  an d  the 

co effic ien ts’ lo ca tio n s  are  then  en co d ed  fo r transm ission . S om e ex am p les o f  transfo rm s 

u sed  fo r im ag e  c o d in g  in c lude  K arhunen-L oeve  [67], F o u rie r [68], H ad am ard  [6 9 ,7 0 ] , 

an d  C o sin e  [1 4 ,2 7 ] . B it ra tes  o f  sligh tly  less than  o n e  b it p e r  p ix e l can  be  ach iev ed  w ith  

tran sfo rm  im age co m p ressio n  m ethods. T ran sfo rm  co d in g  can  b e  m ad e  adap tive  by 

vary in g  the  w ay  the  coeffic ien ts are  q u an tized  o r  b y  vary in g  the  tran sfo rm atio n  used  

[1 4 ,2 1 ,2 2 ] , T h ese  adap tive  algorithm s can  im prove  the  d a ta  ra te  by  ab o u t tw en ty-five

percen t.

A  d isad v an tag e  to  tran sfo rm  co d in g  is  th e  n u m b er o f  co m p u ta tio n s req u ired  to  

p e rfo rm  the  im age  p ix e l transfo rm ation . F o r  th is  reaso n , fa s t tran sfo rm  a lgo rithm s have 

b e e n  d ev e lo p ed  an d  a re  o ften  u sed  fo r tran sfo rm  im age  co d in g  [6 7 ,7 1 ,7 2 ] . A lso, 

tran sfo rm  co m p ress io n  a lgorithm s are  nearly  a lw ays im p lem en ted  on  a  b lock -w ise  basis

to  he lp  red u ce  the  co m p u ta tio n  tim e req u ired  [24].

1 .3 .3 .  I n t e r p o l a t i v e  a n d  E x t r a p o la t i v e  I m a g e  C o m p r e s s i o n

A  th ird  c lass o f  s ta tistica lly -based  im ag e  com p ressio n  techn iques are  in te rpo la tive  

an d  ex trap o la tiv e  m ethods [11]. W ith  th ese  m ethods, a  subse t o f  the  p ix e ls  is  o b ta ined  

by  subsam p lin g  th e  im age. T his su b se t is  then  tran sm itted , an d  the  d e co d e r in terpo la tes 

o r  ex trap o la tes  to  fill in  the  m issing  p ixe ls . T h e  sub sam p lin g  o f  th e  im ag e  can  be  done  

in  e ith e r o f  the  spa tia l d im ensions, o r in  the  tem pora l d im en sio n , o r  in  any  com bination . 

T h e  in te rp o la tio n  fu n c tio n  can  use stra ig h t lines, o r h ig h e r o rd e r po ly n o m ia ls . I fh ig h e r
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o rd e r po ly n o m ia ls  a re  u sed  in  the  in te rpo la tion , i t  m ay  be  necessary  to  transm it 

p o ly n o m ia l coeffic ien ts, in  add ition  to  the  subse t o f  im age  p ixe ls . T h is c lass  o f  

Com pression techn iques can  be m ade adap tive  by  v a ry in g  the deg ree  to  w hich  the im age 

is subsam pled , the d irec tion  o f  the subsam pling , o r  the fu nc tion  u sed  to  do  the 

in terpo la tio n /ex trap o la tio n . In terpo la tiye  com pression  techn iques ach ieve  b it ra tes  in  

the  n e ig hborhood  o f  tw o b its p e r  p ixel. E xam ples o f  in terpo la tive  im age  com pression  

techn iques can  be  fo u n d  in  [73-75].

1 .3 .4 .  O t h e r  S t a t i s t i c a l ly - B a s e d  I m a g e  C o m p r e s s io n  T e c h n i q u e s

ix a m p le s  o f  som e im portan t sta tistica lly -based  techn iques tha t d o  n o t fit in to  any 

o f  the  ab o v e  ca tegories  inc lude  b it-p lane  cod ing , cu rv e  fitting  m ethods, an d  ru n -leng th  

Coding [76-80]. Som e o f  these m ethods are  sim ply  o n e-d im en sio n al com pression  

m ethods ap p lied  to  tw o-d im ensional im age signals.

1 .4 . S y m b o lica lly -B a sed  Im a g e  C o m p re ss io n  T e c h n iq u e s

In  the  last few  years the b it ra tes th a t have been  a tta ined  usin g  s ta tistica lly -based  

co m p ressio n  m ethods seem ed  to  reach  a satu ration  p o in t a t s lig h tly  less than  one  b it p e r 

p ix e l [2]. F o r m any  app lications da ta  ra tes  as low  as 0.01 to  0.1 b its  p e r  p ix e l are 

desirab le . A  new  approach  to  im age com pression  is  necessary  i f  th ese  v e ry  low  b it ra tes 

a re  to  be  a tta ined . T his new  approach  is kn o w n  as sym b o lica lly -b ased , o r  "second  

generation" im age com pression . A  b lock  d iag ram  o f  a  g en era l sym bolic  im age 

co m p ressio n  system  is show n in  F igu re  1.6.

S ym b o lica lly -b ased  im age com pression  m ethods em p lo y  tech n iq u es from  im age 

analysis , co m p u te r v ision  and  artificia l in te llig en ce , a long  w ith  H V S  p roperties  to  

ach ieve  v ery  low  d a ta  ra tes. G lobal, ra th e r than  lo ca l p ix e l-o rien ted  fea tu res  o f  the  

im age  are  em phasized . E xam ples o f  such g lobal fea tu res in c lu d e  the  size, shape, o r  

o rien ta tio n  Of Objects in  the im age scene. T hese  types o f  fea tu res  can  be  u sed  to 

p ro v id e  a  sym bolic  descrip tion  Of objects an d  th e ir re la tio n sh ip s in  a scene. T o  ob ta in  a 

co m p le te  h igh  level descrip tion  o f  the  im age scene is the u ltim ate  goal o f  the  "m essage 

ex tracto r"  in  a  sym bolic  im age com pression  schem e. T h is sym bo lic  descrip tio n  m ig h t 

take th e  fo rm  o f  a lis t o f  scene a ttribu tes, fo r exam ple  "there  is  a  c h a ir  in  the u p p e r le ft 

c o m e r o f  the  scene,"  o r  "a m an in  a  red  sh irt is ru n n in g  from  le ft to  r ig h t in  the  scene 

While tu rn in g  h is  h ead  an d  look ing  a t the cam era."  N o tice  tha t these  are  very  h igh  level 

d escrip tions o f  the  scene and  do  no t deal w ith  ac tua l im age  p ix e l values, bu t w ith  the 

scene con ten t. T he  en co d er then effic ien tly  encodes th ese  scene  descrip tions o r
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"m essages."

T h e  cu rren t s ta te-o f-the-art in  sym bolic  im age co m p ress io n  does not u se  the co m 

p lica ted  scene descrip tions d iscu ssed  above. Q uestions hav ing  to  d o  w ith  such issues as 

the  o p tim a l sym bolic  d escrip tion  o f  an  im age, the lo w est ach ievab le  d a ta  ra te  fo r a 

g iven  im age, and  h ow  d is to rtion  m anifests  itse lf  in  the  d eco d ed  im age  are  all open  

re sea rch  p rob lem s.

S ince  the  sy m b o lically -based  approach  is  a  fa irly  new  d irec tio n  in  im age com pres

sion, there  h ave  n o t been  m any  general rev iew s o f  th ese  types o f  com p ressio n  m ethods 

p u b lish ed  yet. T h ere  is , ho w ev er a t least o n e  rev iew  o f  sy m b o lically -based  im age 

co m p ressio n  techn iques in  the lite ra tu re  [2], In  add ition  to  th is  p ap er, there  is m ention  

o f  som e sym bolica lly -based  im age com pression  techn iques in  [29] an d  [ 11].

T h e  syn thetic  h ig hs system  o f  im age co m p ressio n  w ill be  d iscu ssed  first in  this 

sec tion  [8 1 ,8 2 ] . T h is m eth o d  is though t to  be one  o f  the  ea rlies t im age com pression  

techn iques w hich  can  be c lassified  as sym bolically -based . O th e r sym b o lica lly -b ased  

co m p ressio n  techn iques inc lude  segm en ta tion -based  com pression , co m p ressio n  using  

frac ta ls  [83] , an d  subband  type m ethods such  as p y ram id a l co m p ressio n , [84] and  

d irec tio n a l deco m p o sitio n  based  com pression  [2]. S u b b an d  co m p ress io n  techn iques 

[85] op era te  by  using  filters to  frequency  d ecom pose  the im age  in to  a  series o f  im ages. 

T h ese  "subband" im ages are  then  coded . C om pression  is  a ch iev ed  by  tak in g  advan tage  

o f  certa in  ch arac te ris tic  p roperties o f  the  subband  im ages. S ev era l o f  th ese  

sym bo lica lly -based  com pression  techniques w ill a lso  be d iscu ssed  in  th is  section . In  

add ition , C h ap ter F iv e  o f  th is thesis p resen ts a  n ew  m eth o d  o f  sy m b o lica lly -b ased  

im age  com pression .

1 .4 .1 . S y n t h e t i c  H ig h s  I m a g e  C o m p r e s s io n

T h e  synthetic  h ighs m e th o d  w as o rig inally  ap p lied  to  an  an a lo g  im age  signal. T he  

basic  id ea  beh in d  the  synthetic  h igh  m eth o d  o f  im age co d in g  is to  d eco m p o se  the  im age 

in to  a  h ig h  freq u en cy  co m p o n en t (con tain ing  edge  in fo rm atio n ), an d  a  low  freq u en cy  

co m p o n en t (co n ta in ing  general a rea  brigh tness in fo rm ation ). T he  tw o  parts  o f  the 

im ag e  are  c o d ed  separate ly , u sin g  tw o  d ifferen t m ethods. B y the  tw o -d im en sio n a l sam 

p lin g  th eo rem , th e  low -pass com ponen t o f  the  im age  can  be rep re sen ted  w ith  very  few  

sam ples. T hese  sam ples are  co d ed  to  rep resen t the  lo w -p ass  com ponen t. A n  edge 

d e tec to r is  u sed  to  locate  edges in  the o rig inal im age, then  the  h igh -pass  p o rtio n  o f  the 

im ag e  is  th resh o ld ed  to  d e term ine  w hich  edge po in ts a re  im portan t. T h e  locations and 

m ag n itu d es o f  im p o rtan t edges are  co d ed  to  rep resen t the  h ig h  p ass  com ponen t. T he 

im ag e  is  re co n stru c ted  b y  first using  a  filte r to  syn thesize  th e  h ig h -p ass  p a rt o f  the im age 

fro m  the ed g e  in fo rm ation , and  then  add ing  to  th a t the  low -pass co m p o n en t o f  the
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im age. T h is  m e th o d  o f  co d in g  leads to  d a ta  ra te s  sligh tly  less  th an  o n e  b it p e r  p ixel. 

T h is  m e th o d  w as first d iscu ssed  in  1959 [81], an d  since  then  m an y  o th e r co d in g  tech 

n iques have b een  p ro p o sed  w hich  m ake use  o f  th e  sam e basic  p r in c ip le d  1 ,3 4 ,86].

1 .4 .2 .  S e g m e n t a t i o n - B a s e d  I m a g e  C o m p r e s s io n

F o r seg m en ta tio n -b ased  im age com p ressio n  techn iques [2 -4 ,6 ,8 0 ,8 2 ,8 7 -8 9 ] . the 

im ag e  to  be  co m p ressed  is  first segm ented . In  im age  segm en ta tion , th e  p ixe ls  in  an  

im ag e  are  d iv id ed  in to  m utually  exclu siv e  spatia l reg io n s b ased  on  som e crite ria . T he 

c rite ria  u sed  co u ld  be  as sim ple  as the  s im ilarity  o f  the  p ix e l g ray  levels (y ie ld ing  flat 

im ag e  segm en ts) [3 , 6], o r the  c rite ria  co u ld  be  m ore  com plex , such  as h ow  w ell the  p ix 

e ls  fit a  g iven  p la n a r m o d el (facet-based  segm enta tion) [82], a  tw o -d im en sio n a l po lyno

m ia l m o d el [87], o r  a  sta tistica l m o d e l (tex tu re -b ased  segm enta tion). A fte r segm en ta

tion , th e  im ag e  co n sis ts  o f  reg io n s sep ara ted  by  con tou rs . T h is  seg m en ted  v ersion  o f  

th e  o rig in a l im ag e  is  th e  versions th a t is  reco n stru c ted  a t  the  d ecoder.

A fte r the  im age  is  segm ented , in fo rm ation  is co d ed  d esc rib in g  th e  shapes arid in te 

rio rs o f  the  segm ents. T h is  descrip tio n  fo rm s the  sym bolic  rep resen ta tio n  fo r the  im age. 

In  m o st seg m en ta tio n -b ased  co m p ressio n  schem es, th e  shapes o f  th e  im ag e  segm ents 

are  rep re sen ted  by  en co d in g  the  segm en t boundaries. T h ese  bo u n d aries  m ay  be coded  

by  ap p ro x im atin g  th em  w ith  stra igh t lines and  c irc le  segm en ts an d  then  co d in g  the 

in fo rm atio n  d e sc rib in g  th is  app rox im ation  [82], o r  by  a  m o re  sim ple  app roach , such as 

co d in g  a  b in ary  im age d esc rib in g  w here  segm en t b o undaries  a re  lo ca ted  in  th e  im age 

[3 ,6 ] . T h e  in terio rs  o f  the segm ents  are  rep resen ted  by  en co d in g , fo r  exam ple , the 

coeffic ien ts in  the  p o ly n o m ia l m odels d escrib ing  each  segm en t, o r  fo r  fia t segm ents, the  

av erage  g ray  lev el o f  the p ixe ls  in  each  segm ent. S eg m en ta tio n -b ased  com pression  

m eth o d s  ty p ica lly  ach ieve  d a ta  ra tes  in  the  ne ig h b o rh o o d  o f  G.5 bpp .

1 .4 .3 .  P y r a m i d a l  I m a g e  C o m p r e s s io n

P y ram id a l im age  com pression  [84] em ploys a  h ie ra rch ica l rep resen ta tio n  fo r the 

im age. T he  rep resen ta tio n  is  genera ted  using  ite ra tiv e  ap p lications o f  the  low -pass 

filtering  id ea  in tro d u ced  in  the syn thetic  h ig hs co m p ressio n  m eth o d  d esc rib ed  in  Section 

1.4.1. P y ram idal co d in g  begins by  low -pass filte ring  the  o rig ina l im ag e , using  local 

averag in g  w ith  a  un im o d al G aiissian-Iike  tw o-d im en sio n a l im pu lse  response . V iew ing  

th e  low -pass  filtered  im age  as a  p red ic tio n  o f  the  o rig in a l im age, th e  d iffe ren ce  be tw een  

th e  o rig in a l im ag e  an d  the low -pass filtered  im age can  be  in te rp re ted  as a  p red ic tion  

erro r. C learly , co d in g  the low -pass  im age  an d  the  p red ic tio n  e rro r is eq u iv alen t to
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co d in g  the  o rig in a l im age. G om pressio n  is  ach ieved  w ith  th is  rep resen ta tio n  due  to  tw o  

facto rs: ( I )  S ince the  e rro r im age is  h igh-pass in  na tu re , an d  the  H V S has red u ced  sensi

tiv ity  a t h igh  frequencies , the  e rro r im age co u ld  p o ssib ly  be  c o d ed  w ith  few er bits than  

th e  o rig in a l im age. (2) B y  th e  tw o-d im ensional sam pling  theo rem , the  lo w -pass  filtered  

im age  can  be rep resen ted  w ith  few er sam ples than  the o rig in a l im age.

U p  to  th is p o in t, the  p y ram ida l m eth o d  fo llow s the  sam e p h ilo so p h y  as synthetic  

h ighs com pression . T he d ifference  in  p y ram ida l c o d in g  is  tha t the  p ro ced u re  described  

above is  ap p lied  ite ra tive ly . Specifically , the  low -pass filtered  im age  is filte red  a  second 

tim e, a t a  lo w er cu t-o ff frequency  (typ ically  h a lf  the  freq u en cy  o f  the first filtering 

opera tion ). T h is tw ice-filtered  im age is now  a  p red ic tion  fo r the  o nce-filte red  im age, 

an d  the  d ifferen ce  betw een  the tw o filte red  im ages is  a  new  e rro r im age. B y  repeating  

(say  n tim es) th e  lo w -pass  filte ring  an d  d ifferen c in g  opera tio n s, a  series o f  n e rro r 

im ages can  be obtained . A t each  ite ra tion  the  d im ensions o f  the e rro r  im age  are  red u ced  

(th rough  spatia l dec im atio n ) by  a  fac to r equal to  the  ra tio  o f  the  c u to ff  frequencies  used  

in  th a t ite ra tion  an d  the p rev ious ite ra tion  (typ ica lly  a  fac to r o f  tw o). T he  re su ltin g  e rro r 

im ages are  q u an tized  an d  co d ed  to  rep resen t the im age fo r  cod ing .

T o  g enerate  the  d eco d ed -im ag e , in te rpo la tion  filters a re  u sed  to  reco n stru c t the 

e rro r im ages fro m  th e ir dec im ated  versions. T he  p ix e l-b y -p ix e l su m  o f  the  reco n 

struc ted  e rro r im ages y ie lds the decoded  im age. A  desirab le  fea tu re  o f  th is  co m p ressio n  

techn ique  is th a t i t  fac ilita tes  p rog ressive  reco n stru c tio n  o f  the  d eco d ed  im age, an d  p ro 

v ides fp r  co n v en ien t d a ta  ra te /im ag e  quality  trade-offs. P y ram id al co m p ress io n  typ i

ca lly  ach ieves d a ta  ra tes in  the  n e ighborhood  o f  0.8 bpp.

1 .4 .4 .  D i r e c t i o n a l  D e c o m p o s i t io n  B a s e d  I m a g e  C o m p r e s s io n

D irec tio n a l decom position  im age com pression  [2] is la rg e ly  m o tiv a ted  by  the  

ex istence  o f  d irec tion -sensitive  neurons in  the H V S. In  th is  co m p ress io n  techn ique  the 

o rig in a l im age  is  d eco m p o sed  in to  a  series o f  im ages using  filte rin g  opera tio n s em p lo y 

in g  G au ssian  w indow s. T he  en tire  spatia l frequency  p lan e  is  c o v ered  w ith  one  low -pass 

filter, p lu s  a  se t o f  h ig h -pass, d irec tiona l filters. T h e  p u rp o se  o f  each  d irec tio n a l filte r is 

to  ex trac t edges in  the  im age  w ith  a  particu la r spatia l o rien ta tio n . T he  filte red  versions 

o f  the  o rig in a l im age  are  co d ed  to  fo rm  the co m p ressed  im age.

T he  low -pass im age is  co d ed  using  transfo rm  cod ing . E ach  o f  the  d irec tionally  

filtered  im ages is  spatia lly  dec im ated  and  then rep resen ted  by  co d in g  the positions and 

m agn itudes o f  the  edges in  the  d ec im ated  im age. T he  ed g e  p o s itio n s  are  co d ed  using  a 

ru n -len g th  H u ffm an  code , an d  the m agnitudes o f  the  ed g es  are  q u an tized  and  coded  

usin g  3 b it codew ords. T h is co arse  quan tization  is p o ssib le  d u e  to  th e  red u ced  con trast 

sensitiv ity  o f  the  H V S a t h igh  spatial frequencies.
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T o  g enerate  th e  d eco d ed  im age, first th e  low -pass im ag e  is  reco n stru c ted  by 

in v e rse ly  tran sfo rm in g  the coded  coeffic ien ts. T h e  h ig h  freq u en cy  d irec tiona l edge 

im ages are  reco n stru c ted  by  d eco d in g  the  ed g e  in fo rm atio n  an d  in terpo la ting . O nce  all 

the  filtered  im ages h ave  been  reco n stru c ted , they  are  su m m ed  to  fo rm  th e  final decoded  

im age. D irec tio n al deco m p o sitio n  b ased  com p ressio n  ty p ica lly  ach ieves d a ta  ra tes  in  

the  n e ig h b o rh o o d  o f  0 .25  bpp.

A s th e  techn iques d iscu ssed  above ind ica te , sym bo lic  im age co m p ressio n  tech

n iques re ly  o n  the  na tu re  o f  the im age  scene an d  the  re la tio n sh ip s o f  ob jects in  the 

scene , as d esc rib ed  by  im age  featu res such  as ed g es an d  reg ions. T h ese  sym bolically - 

b ased  techn iques d o  n o t re ly  on  the sta tistica l p ro p erties  o f  the im age  p ixe ls .

1 .5  C o n c lu s io n s

In  th is  c h ap te r  w e have d iscu ssed  som e o f  the  im p o rtan t issues in  im ag e  co m p res

sion, an d  p ro v id ed  an  o v era ll rev iew  o f  p a s t approaches to  the im ag e  co m p ress io n  p ro b 

lem . W e then  ex am in ed  a  new  approach , sym b o lica lly -b ased  com p ressio n , th a t can  

lead  to  lo w er d a ta  ra tes  than  have been  ach ieved  w ith  m ore  trad itio n a l m ethods. E v en  

w ith  the  ad v en t o f  h ig h  speed, b ro ad b an d  channels, b andw id th  w ill n ev er be  so ch eap  as 

to  b e  o f  no  eco n o m ica l co nsidera tion  fo r the  users  o f  these  channe ls . In  add ition , i t  w ill 

a lw ays be eco n o m ica lly  advan tageous to  sto re  d ig ita l im ages u sin g  as few  b its as p o ss i

b le . F o r  these  reaso n s , im age  co d in g  w ill co n tinue  to  be  im p o rtan t fo r  th e  econom ical 

s to rage an d  tran sm issio n  o f  bo th  la rge  vo lum es o f  fa irly  co n v en tio n al im ages, an d  the 

new  b reed  o f  h ig h  defin ition , h igh  quality , d ig ita l v ideo .



IM A G E  S E G M E N T A T IO N  U S IN G  

H U M A N  V IS U A L  S Y S T E M  P R O P E R T IE S

C H A P T E R  2

In  th is  ch ap te r w e d iscuss  a  techn ique  fo r  the  segm en ta tion  o f  d iscre te  g ray  level 

im ages. In  im age  segm entation , the  p ixels in  an  im age  are  d iv id ed  in to  m utually  

ex clu s iv e  spatia l reg ions based  on  som e criteria . S egm en ta tion  is  a  fu n d am en ta l step in 

co m p u te r v ision  [90]. T h ere  are  several approaches to  segm en ta tion , inc lu d in g  sim ple 

th resho ld ing , edge  de tec tion , and  various form s o f  reg io n  g ro w in g  [5 ,9 1 -9 4 ]. A  g reat 

d ea l o f  w o rk  has a lso  been  done  on  segm entation  techn iques w h ich  are  n o t based  on 

g ray  lev e l edges, such  as tex tu re-based  segm enta tion . T h e  o u tp u t o f  an  im age 

segm en ta tion  schem e is u su ally  u sed  to  id en tify  ob jects in  the  im age  scene. Such  

iden tifica tio n  req u ires  a  one-to -one  co rrespondence  be tw een  th e  im ag e  segm ents and  

d ie  ob jects. T h is is  fundam en ta lly  d ifferen t fro m  the approach  w e take. W e are u sing  

im age  segm en ta tion  fo r  com pression  purposes. T he seg m en ted  im ag e  w ill be the o u tp u t 

o f  a  d eco d e r (d escrib ed  in  C hap ter 5) an d  w ill be v iew ed  by  hum ans. T h is segm en ted  

im age is , th erefo re , the  "final p roduct" o f  o u r a lgorithm , the  d eco d ed  im age. F o r such 

an  ap p lica tio n  it is  nor im portan t to  have o f  o n e-to -one  co rresp o n d en ce  be tw een  o b jects  

an d  im age  segm ents as n o ted  above. It is  on ly  im p o rtan t to  d esig n  o u r  segm en ta tion  

a lg o rith m  so  th a t im age segm ents are  a llocated  in  a  w ay  th a t resu lts  in  a  v isually  

p leas in g  segm en ted  im age. T h is is  ach ieved  by  in co rp o ra tin g  p ro p ertie s  o f  the  hum an  

v isu al sy stem  (H V S) a t various stages in  the  segm en ta tion  a lgo rithm . B y using 

k n o w led g e  o f  H V S properties to  gu ide the im age segm en ta tion , the  segm en ts can be 

ch o sen  to  p ro d u ce  a  v isually  p leas in g  segm ented  im age.

In  segm en ta tion -based  im age  com pression  a lgo rithm s, in fo rm atio n  is  encoded  

d esc rib in g  the  segm ents in  the  segm en ted  im age. T hus, the n u m b er o f  im age segm ents  

w ill de term in e , fo r th e  m o st part, the  b it ra te  o f  the  co m p ressed  im age. F o r  th is  reason , 

p ro d u c in g  an  im age  w ith  the  m in im um  n u m b er o f  segm en ts  is c ritica l. T he  goal o f  the 

segm en ta tion  a lgo rithm  w e p ropose  is, fo r a  g iv en  d esired  seg m en ted  im age quality , to 

p ro d u ce  a  segm en ted  im age w hich  has the  m in im u m  n u m b er o f  im age segm ents , 

a llo ca ted  in  a  v isually  p leas in g  w ay.

T he  segm en ta tion  techn ique  w e p re sen t consis ts  o f  tw o  steps, an  in itia l 

segm en ta tion  step , an d  a  post-segm en ta tion  filtering  step . T h e  in itia l segm entation



alg o rith m  uses a  varia tion  o f  cen tro id -linkage  reg io n  g row ing  [5] T his po rtio n  o f  the 

a lg o rith m  is d e sc rib ed  in  Section  2 .1 . T h e  second  step o f  the im age  segm entation  

a lg o rith m  invo lves a  filte ring  o pera tion  ap p lied  to  th e  in itia l segm en ted  im age to 

de term in e  w h ich  im age  segm ents  arc  v isu ally  insign ifican t. Insign ifican t im age 

segm en ts are  then  m erg ed  w ith  n e ig h b o rin g  segm ents. T he  filtering  o pera tion  is 

d e sc rib ed  in  S ec tio n  2 .2 . In  Section  2 .3  w e exp lo re  the  in te rac tio n  be tw een  the  in itial 

segm en ta tion  an d  th e  p o st-seg m en ta tio n  filtering  steps.

B ecau se  o f  the  w ide  v arie ty  o f  im age ty p es, d iffe ren t im ages w ill req u ire  d ifferen t 

n u m b ers  o f  segm en ts  in  o rd e r to  ach ieve  the  sam e segm en ted  im age quality . It is  o ften  

u sefu l to  k n o w , befo re  actual segm entation , an  e stim ate  o f  the  n u m b er o f  segm ents that 

w ill be n eed ed  fo r  a  g iven  im age to  ach ieve  a  p a rticu la r im age  q u ality . In  S ection  2.4 

w e p ro p o se  a  q u an tita tiv e  m easu re  tha t can  be ap p lied  to  an  im age to  ob ta in  such an  

estim ate .

A t several po in ts  in  th is  thesis  it w ill be necessary  to  m easu re , in  som e sen se , the 

"quality" o f  o u r im ages. S ince  the  im ages are  to  be  v iew ed  by  h um ans, w e w o u ld  like 

th is  m easu re  to  re flec t hum an  ju d g e m e n t o f  the  im a g e s’ q u ality . H o w ev er, as w as 

d iscu ssed  in  C h ap te r I ,  i t  is  d ifficu lt to  specify  a  q u an tita tiv e  m easu re  th a t has 

co n sis ten t co rresp o n d en ce  w ith  hum an  ju d g e m e n t o f  im age  quality . T herefo re , it  

becom es n ecessa ry  to  com pare  im ages b ased  on  sub jec tive  v isu al q u a lity  evalua tions. 

In  th is  thesis, the  v isu al q u ality  o f  the  im ages is  u su ally  d e te rm in ed  b ased  on  carefu l, 

bu t n o n e th eless, su b jec tiv e  ev alua tion  o f  the im ages by  the  au thors. In  add ition , in 

som e cases  ex p erim en ts  h ave  been  p e rfo rm ed  usin g  test sub jec ts to  d e term in e  the  v isual 

q u a lity  o f  th e  im ages. T he  im ages w ere  o b serv ed  on  a  D eA n za  C R T  m on ito r 

(m an u fac tu red  b y  M itsub ish i E lec tric , m odel C -3910), w ith  512  x  5 1 2  p ix e l reso lu tion , 

an d  2 5 6  p o ssib le  g ray  levels. T he  m o n ito r w as ca lib ra ted  fo r a  lin e a r re la tionsh ip  

b e tw een  g ray  lev el n u m eric  value an d  o u tp u t lum inance, u sin g  th e  p ro ced u re  described  

in  A p p en d ix  E .

2 8

2 .1  H u m a n  V is u a l  S y s t e m  B a s e d  I m a g e  S e g m e n t a t io n

T he  in itia l segm en ta tion  a lgo rithm  uses a  varia tion  o f  cen tro id -lin k ag e  reg ion  

g ro w in g  [5 ], an d  is b ased  on  a  techn ique  p resen ted  in  [6 ,9 5 ] . W ith  cen tro id -linkage  

reg io n  g row ing , the  im age  p ixe ls  are  scan n ed  in  a  ra s te r fash ion . A t each  p ixel; there  

are  th ree  p o ssib le  actions by  w hich  new  im age  segm ents c a n  be c rea ted , an d  a lready 

ex is tin g  segm en ts can  be increased  in  size: ( I )  tw o  segm en ts  n e ig h b o rin g  each  o th er 

(an d  the  cu rren t p ixe l) can  be m erg ed  w ith  each  o th er, (2) th e  cu rren t p ix e l can  be 

m erg ed  w ith  an  a lready  ex istin g  n e ig h b o r segm en t, o r  (3) a  new  seg m en t can  be c rea ted  

w ith  the cu rren t p ix e l as its first m em ber. N ote  th a t a t any  o n e  cu rren t p ix e l, actions (2)
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an d  (3) a re  m u tua lly  exclusive . In tensity  d ifference  th resho lds are  u sed  to  de term ine  

w hen  each  o f  the  actions sho u ld  be taken .

In  re la tio n  to  action  ( I )  above, a t each  p ix e l the  av erage  in ten sities  o f  segm ents  

n e ig h b o rin g  th e  cu rren t p ix e l are  co m p ared  to  each  o th e r to  d e te rm in e  w h eth er any  o f  

these  segm ents shou ld  be  m erged . I f  any  tw o  n e ig h b o rin g  segm ents have average 

in tensities  w ith in  a  H V S -b ased  th resho ld  o f  each  o ther, the segm ents are  m erged  to 

fo rm  a  new , la rg e r segm ent. T h is action  is taken , fp r  exam ple , a t the  vertex  o f  an 

u p rig h t "V" shaped  segm ent. S ince reg ion  g ro w in g  is a  ra s te r scan  m ethod , befo re  

reach in g  the  vertex  o f  the  "V ," the tw o  "legs" o f  a  "V " shaped  segm en t ap p ear to  be  tw o 

separa te  segm ents. O n ly  w hen the ra s te r  scan reaches the  vertex  o f  the "V " does it 

becom e ap p aren t th a t the  tw o  "legs" are  rea lly  parts  o f  the  sam e segm en t, and  th erefo re  

sho u ld  be  m erged .

O nce  a ll m erg in g  u nder action  ( I )  above is com ple te , ac tions (2) an d  (3) are 

considered . T o  de term in e  w h eth er the cu rren t p ix e l shou ld  be m erg ed  w ith  an  a lready  

ex isting  n e ig h b o r segm en t (action  (2)), o r u sed  to  start a  new  seg m en t (action  (3)), the 

in ten sity  o f  the  cu rren t p ix e l is  com pared  to  the average  in ten sity  o f  e a c h  o f  its ne ig h b o r 

segm ents. I f  the  in tensity  d ifference  betw een  the  cu rren t p ix e l an d  som e n e ig h b o r 

segm en t is  less  than  a  H V S -b ased  th resho ld , then  th e  cu rre n t p ix e l is  m erg ed  w ith  tha t 

n e ig h b o r segm ent, an d  the  n e ig h b o r seg m en t’s average  in ten sity  is  u p d a ted  (ac tion  (2 )). 

I f  the cu rren t p ix e l m atches m o re  than  one  n e ig h b o r segm ent, i t  is  m erg ed  w ith  the 

seg m en t it  m atch es b e s t  I f  the cu rren t p ix e l does no t m atch  an y  o f  its  n e ig h b o r 

segm ents, then  a  new  segm en t is s tarted  w ith  the  cu rren t p ix e l as its first m em b er 

(action  (3)).

A fte r the  im age  has been  co m ple te ly  d iv id ed  in to  segm ents, each  segm en t is filled  

in  w ith  th e  g ray  lev el c lo ses t to  the average in ten sity  o f  th a t segm en t. T h e  re su lt o f  

in itia l im age segm en ta tion  is  a  gray  level im age co m p o sed  o f  a  n u m b er o f  reg io n s, each  

w ith  u n ifo rm  g ray  level.

A n  im p o rtan t reaso n  why. reg ion  g row ing  w as se lec ted  fo r  o u r im age segm en ta tion  

is  th a t th is  m e th o d  is  guaran teed  to p roduce  d is jo in t segm ents w ith  c lo sed  boundaries. 

T h is w ill be  n ecessary  w hen  the segm enta tion  techn ique  is  u sed  in  the  im age 

co m p ressio n  a lg o rith m  w e  describe  in  C hap ter 3. O th e r seg m en ta tio n  a lgo rithm s satisfy  

these  cond itio n s (e.g. sp lit-and-m erge  [5] ), an d  w o u ld  a lso  be  accep tab le  fo r use in 

im age  segm enta tion  fo r  com pression . A  tech n iq u e  such  as ed g e  d e tec tio n  fo r 

segm en ta tion , o r  segm en ta tion  by  th resho ld ing  the  g ray  levels in  the  im age , w ou ld  no t 

be app licab le  in  o u r com pression  a lgorithm , because  these techn iques are  no t 

g u a ran teed  to  p ro d u ce  c losed  boundaries. A  second  reason  fo r  se lec tion  o f  cen tro id - 

lin k ag e  reg io n  g row ing  is  tha t H V S properties can  be read ily  in co rp o ra ted  in to  the 

a lg o rith m  v ia  the  segm enta tion  thresholds.
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A  key  fea tu re  o f  the segm enta tion  a lgo rithm  d esc rib ed  above is the  th resh o ld  used  

to  d e term ine  w hen  reg io n s an d  p ixe ls  shou ld  be  m erged . W e  have in v estig a ted  severa l 

d iffe ren t th resho lds, som e b ased  o n  H V S p roperties . T h e  H V S -b ased  th resho lds w e 

p ro p o se  are  ad ap ted  to  lo ca l in ten sity  charac te ris tics  o f  the im age. A s th e  segm enta tion  

a lg o rith m  p ro g resses  spatia lly  th rough  the  im age, th e  segm en ta tion  th resh o ld  is  varied , 

d ep en d in g  on  the  in ten sity  o f  the  im age  in  a  lo ca l area. T h e  th resho lds have  a ll been  

d e sig n ed  fo r  u se  o n  im ages w ith  256  g ray  levels, an d  an  av erage  g ray  lev el o f  128.

T h e  s im p lest th resh o ld  p o ssib le  is  a  co n stan t th a t is  u sed  fo r  th e  en tire  im age. W e 

re fe r  to  th e  co n stan t th resh o ld  as threshold \ .

W e w ill a ttem p t to  in co rp o ra te  H V S  p ro p erties  in  o u r segm en ta tion  a lg o rith m  w ith  

the  fo llo w in g  th resho ld :

threshold2  = ( m x p )  + d, (2 . 1)

w here  p  is th e  av erag e  g ray  level o f  the  e ig h t p ixe ls  ne ig h b o rin g  th e  cu rren t p ix e l, and  

m  a n d d  are  the slope  and  y -in tercep t, respec tive ly , o f  the  th resh o ld  function . T h e  un its  

o n  the  th resh o ld  are  g ray  levels. T his func tion  is an  app ro x im atio n  o f  W eb e r’s L aw  

[4 5 ,4 6 ] , an d  is  illu s tra ted  in  F igu re  2 .1 . (W eb er’s L aw  is d iscu ssed  in  m ore d e ta il in  

S ection  1 .2 .3 .) R eca ll th a t W eb e r’s L aw  says tha t the  co n trast sensitiv ity  o f  th e  eye  

v aries  w ith  in tensity . T h e  th resh o ld  defined  above is  d esig n ed  to  take  advan tage  o f  th is 

varia tion . S ince th e  eye  is  less co n tra s t sensitive  in  certa in  parts  o f  the  g ray  lev el range , 

i t  is  p o ssib le  to  seg m en t m ore  coarse ly  (tha t is , using  few er, la rg e r segm en ts) p o rtions 

o f  th e  im ag e  co m p o sed  o f  p ixe ls  w ith  g ray  levels in  tha t ran g e , w ith o u t the  co arsen ess  

o f  th e  seg m en ta tio n  b e in g  n o ticeab le  to  a  hum an  v iew er. T h e  th resh o ld  defined  in 

E q u a tio n  2.1 im p lem en ts  th is idea. T he th resh o ld  v aries  fro m  a  m ax im u m  in  the  h ighest 

in ten sity  areas o f  th e  im age, to  a  m in im u m  in  the lo w est in ten sity  areas o f  the  im age. 

T h is w ill re su lt in  fine segm en ta tion  (th a t is , w ith  n u m ero u s  sm all segm ents) in  low  

in ten sity  im age a reas  (w here  W e b e r’s L aw  says H V S  co n trast sensitiv ity  is  h ighest), 

an d  c o a rse r seg m en ta tio n  in  h ig h e r in ten sity  im ag e  areas (w here  W e b e r’s L aw  says 

H V S co n trast sensitiv ity  is  low est). T h is th resh o ld  is  ro b u s t w ith  re sp ec t to  no ise  in  an 

im ag e  b ecause  o f  the  av erag ing  o pera tion  in  p. T h e  to ta l n u m b er o f  segm ents in  the  

seg m en ted  im ag e  w ill dep en d  o n  m  an d  d.

A  refin em en t o f  threshold2 can  be  m ade b ased  on  the  fac t th a t W e b e r’s L aw  d o es  

n o t h o ld  fo r  th e  v e ry  h ig h est and  very  lo w est in tensities. T h e  new  th resh o ld  is  defined  

a s fo llo w s :

threshold 2a

thmin,

« threshold2, 

thmax,

threshold 2 < thmin 

thmin $  threshold2  ^  thmax 

threshold 2 > thmax.

( 2 .2 )
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i . * . :
F ig u re  2 .1 . P lo t Ofthreshold2 (E quation  2 .1 ) and  thresholdIa (E quation  2 .2).
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W ith  th is  th resho ld , illu stra ted  in F igu re  2 .1 , W e b e r’s L aw  is no  lo n g e r u sed  to  de ter

m in e  the  seg m en ta tio n  th resh o ld  in  th e  v ery  h ig h est an d  lo w est in ten sity  areas o f  the 

im age, b u t ra th e r  thmax or thmin, acco rd ing ly , is  u sed  in  th ese  areas. B y  in tro d u cin g  an  

ad d itional p a ram ete r in  the  segm entation  th resho ld , th is re finem en t perm its  fu rth er vari

a tion  o f  the  n u m b er o f  segm ents c rea ted  in  the  im age.

A s a  th ird  th resh o ld  co n sid e r

thresholds = ( m x \ l 2 S - p \ )  + d. (2.3)

T h is fu n c tio n  is  an  approx im ation  fo r an o th er co n tra s t sensitiv ity  cu rve , w h ich  w as 

d e te rm in ed  by  an  ex ten sio n  o f  the W eb e r’s L aw  ex p erim en t [59], an d  is  illu s tra ted  in  

F ig u re  2 .2  (T he co n trast sensitiv ity  cu rve  fro m  w h ich  thresholds is  m o d e led  is  d is 

cu ssed  in  S ection  1.2 .3 .). T he  m otiv a tio n  b eh in d  th is  th resh o ld  is  s im ila r to  th a t d is 

cu ssed  in  re la tio n  to  threshold2 - T h is  th resho ld  is  la rg e st in  the  h ig h est an d  low est 

in ten sity  areas o f  the  im age and  sm allest in  the  m idd le  in ten sity  areas o f  th e  im age. T he  

re su lt is  coarse  segm en ta tion  o f  the im age in  low  and  h igh  in ten sity  a reas , and  finer seg 

m en ta tio n  o f  the  im age  in  m idd le  in tensity  areas. A s above, the  n u m b er o f  segm ents in  

the  seg m en ted  im age  can  be  varied  by  chang ing  m  o r  d. A  re fin em en t can  a lso  b e  m ade 

to threshold 2 - C o n sid e r

I  threshold3 , threshold 3 <  thmax 
threshold^  =  I  , , (2.4)

thmax, threshold^.2: thmax.

T his th resh o ld  does n o t use the  con trast sensitiv ity  m o d el in  th e  v e ry  h ig h est an d  low est 

in ten sity  areas o f  th e  im age, b u t ra th e r thmax is  u sed  fo r  the seg m en ta tio n  th resh o ld  in  

th ese  areas. T h is refinem ent, w hich  is illu s tra ted  in  F ig u re  2 .2 , a lso  p erm its  add itiona l 

v aria tio n  o f  the  n u m b er o f  segm ents  c rea ted  in  the im age.

O ne fu rth er re fin em en t o f  the  segm en ta tion  th resho lds p ro p o sed  above has been  

con sid ered . S ince  segm ents are  generally  spatially  la rg e r than  sing le  p ixe ls  it m ay  be 

ap p ropria te  to  ap p ly  tig h te r restric tions w hen  d e te rm in in g  i f  tw o  segm en ts  sh o u ld  be 

m erg ed  than  those  ap p lied  w hen d e term in in g  i f  a  p ix e l sh o u ld  be  m erg ed  w ith  a  seg

m ent. T h is transla tes  to  a  sm aller th resh o ld  fo r  m erg in g  tw o  segm en ts than  fo r  m erg in g  

a  p ix e l an d  a  segm ent. In  te rm s o f  the  descrip tion  a t the  beg in n in g  o f  th is  section , w e 

p ro p o se  u s in g  a  sm alle r th resho ld  fo r  ac tion  ( I ) ,  than  the  th resh o ld  u sed  fo r  actions (2) 

an d  (3). L e t w be the  ra tio  be tw een  the action  ( I )  th resh o ld  an d  th e  actions (2 ),(3) th re s

ho ld  (fro m  the above  d iscussion , w < l) .  F o r thresholdj  w e im p lem en t th is  id ea  v ia  

T H i . W e specify  tw o  d ifferen t co n stan t th resho lds, one  fo r  m erg in g  p ix e ls , and  ano ther 

fo r  m erg in g  segm en ts: -

\ th seg, fo r ac tion  ( I )

I  thpjx, fo r actions (2) an d  (3),
(2.5)
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F igu re  2.2. P lo t o f  threshold3 (E quation  2 .3) an d  threshold3a (E quation  2 .4 )
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In  th is  case  w = AhseiHhpix £ 1 . N ote  th a t thseg =  0  im plies th a t n o  segm ents are  ev e r 

m erged ; i.e . ac tion  ( I )  is  n e v e r taken.

F o r Ihreshold2 an d  thresholds w e  im p lem en t th is  id ea  w ith  the  fo llow ing  th re s

holds: an d

j  w x  threshold^, fo r  action  ( I )  (2 6)

threshold^, fo r  actions (2) an d  (3), i =  2, 3.

2 .1 .2  E x p e r i m e n t a l  R e s u l t s

T h e  th resho lds describ ed  above w ere  u sed  to  segm en t th e  te s t im ages show n  in  

F ig u res  2 .3 a-f. T h ese  te s t im ages are  256  x. 256  p ixe ls , w ith  2 5 6  g ray  levels. H is to 

gram s o f  a ll the  te st im ages are  g iven  in  A ppen d ix  D . T h e  first is su e  w as to  de term ine  

fo r  e ach  o f  the  th resho lds, w h a t co m b in a tio n  o f  th resh o ld  p a ram ete rs  (thpix, thseg, d, m, 

w, thmax, m d  thmin) re su lted  in  the  sub jec tive ly  b est v isu al q u a lity  seg m en ted  im age, 

fo r  a  g iven  n u m b er o f  im age segm ents. O nce  the  param ete rs  fo r  the  th ree  d iffe ren t seg

m en ta tio n  th resho lds (TH j , TH2, an d  7 7 /3) w ere  chosen , they  w ere  co m p ared  to  each  

o th e r in  o rd e r to  d e term in e  w hich  segm en ta tion  th resh o ld  re su lted  in  th e  m o st v isu ally  

p leas in g  segm en ted  im ages.

F irs t TH 1 w as exam ined . T h is version  o f  the  seg m en te r req u ires  tw o  co n stan t 

th resho lds, thseg and thpix, be  specified  (see E qu a tio n  2 .5). thseg is u sed  to  dec ide  w hen  

to  m erge  tw o  segm en ts, and  thpix is  u sed  to  dec ide  w hen  to  m erg e  a  p ix e l w ith  a  seg

m ent. W e w ish ed  to  de term in e  ap p rox im ate ly  w h at ra tio , w, b e tw een  thseg an d  thpix 

re su lted  in  the  su b jec tiv e ly  best v isual q u a lity  segm en ted  im age, fo r  a  fixed  n u m b er o f  

im ag e  segm ents. E x am p les  o f  im ages co m p ared  in  m ak in g  th is  de term in a tio n  are  

show n in  F ig u res  2 .4a-d . T he  im ages in  any  set o f  F ig u re  2 .4  (fo r ex am p le , 2 .4a) have 

approx im ate ly  th e  sam e n u m b er o f  segm ents, an d  the  im ag es  in  th e  sam e p o sitio n  in  

each  set a ll h ave  ap p rox im ate ly  the  sam e w  ra tio . T h e  ex ac t n u m b er o f  segm en ts  fo r 

each  im age, an d  the  va lues fen: thpix an d  thseg u sed  to  seg m en t each  im ag e  are  g iven  in  

the  figure. C o m p arin g  im ag es  in  any  o f  the  sets in  F ig u re  2 .4 , it c an  be  seen  tha t the 

b e s t v isu al q u a lity  segm en ted  im age fo r  a  fixed  n u m b er o f  segm en ts  is co n sis ten tly  the 

im age  w ith  w  c lo ses t to  1:2. T h ese  im ages in d ica te  that, w h en  u s in g  a  co n stan t th res

h o ld  fo r  cen tro id -lin k ag e  reg io n  g row ing , a  ra tio  o f  ap p ro x im ate ly  1:2 be tw een  the 

th resh o ld  u sed  to  dec ide  w hen  to  m erg e  tw o  segm ents, an d  the  th resh o ld  u sed  to  dec id e  

w hen  to  m erge  a  p ix e l w ith  a  segm en t, p ro d u ces the  m o st v isu ally  p leas in g  segm en ted  

,im a g e v

T h e  seco n d  segm enta tion  th resho ld , TH 2, is  g iv en  by  E q u a tio n  2 .6 , an d  is illu s 

tra ted  in  F ig u re  2 .1 . T h is th resh o ld  has five param eters: th e  slope  m, th e  y -in te rcep t d,



35

(a) N atalie

(c) H ouse (d) K ris ta

(e) E ric  (f) A irp l

F ig u re  2 .3 . (a-f) O rig ina l test im ages. E ach  im age  is  2 5 6 x 2 5 6  p ix e ls , w ith  2 5 6  g ray  

levels, (a) N atalie, (b) G irl, (c) H ouse, (d) K ris ta , (e) E ric , (f) A irp l.



36

w  =  0 .27 , #  segm en ts  =  819 w  =  0 .0 , #  segm ents  =  877

(a)

F ig u re  2 .4 . (a-d ) Im ages co m p ared  to  de term in e  b e st w  ra tio  in  TTZ1. T he  param eters 
u sed  in  TTZ1 and  the  n u m b er o f  segm en ts  in  each  im ag e  are  g iven  below  
eac h  im age.
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w =  0 .21 , #  segm ents  =  1029 w = 0 .0 , #  segm en ts =  1169

(b )

F ig u re  2 .4 . (con tinued)



thpix — 16, thseg — 16, thpbc — 19, thseg ~  8 ,

w = 1.0, #  segm ents =  1816 w =  0 .4 2 , #  segm en ts  =  1801

F ig u re  2 .4 . (con tinued)



thpix — 20 , thseg — 20 , thpix — 2 3 , thseg — 11,

w  =  1.0, #  segm ents  *  1244 M> =  0 .48 , #  segm en ts  =  1286

tfcpix 2 5 , thseg— 2» thpix — 30, thseg — 0 ,

w =  0 .28 , #  segm ents =  1215 w  =  0 .0 , #  segm ents =  1285

( d )  i

F igure  2 .4 . (con tinued)
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In  o rd e r to  fa irly  com pare  segm en ted  im ages g en era ted  u sin g  d iffe ren t slopes, the 

im ages m u st h av e  approx im ate ly  the sam e n u m b er o f  segm ents. T he  param ete rs  d, 

thmin, an d  thmax w ere  u sed  to  con tro l the n u m b er o f  segm ents  in  the  seg m en ted  im age 

fo r  e ach  slope. H o w ev er, fo r  a  p a rticu la r slope there  can  be several d iffe ren t com bina

tio n s o f  d, thmax, an d  thmin th a t re su lt in  ap p rox im ate ly  th e  sam e n u m b er o f  segm ents . 

T h ere fo re , befo re  the b est va lue  fo r m co u ld  be  e stab lished , the b est va lues fo r  d, thmax, 

an d  thmin h ad  to  be  d e term in ed  fo r each  m value.

S evera l sets o f  im ages segm en ted  using  TH 2 a re  show n in  F ig u res  2 .5a-e. T he  

im ages in  each  set (e.g . F igu re  2 .5a) w ere  a ll g en era ted  usin g  the  sam e slope, and  all 

im ages in  a  se t h ave  an  ap p rox im ate ly  eq u al n u m b er o f  segm ents . E ach  im age  in  a  p ar

ticu la r set w as g en era ted  using  a  d ifferen t com bina tion  o f  d, thmax, m d  thmin (the ex ac t 

p a ram ete r va lues are  g iven  in  the figure). C om paring  th e  im ages in  any  se t in  F ig u re  

2 .5 , o n e  sees th a t the  b est q u ality  im age in  each  set is  co n sis ten tly  the  im age in  the 

u p p e r le ft c o m e r (the  im ages n u m b ered  (/)). F ig u res  2 .6 a-e  show  p lo ts o f  th e  segm en ta 

tio n  th resho lds u sed  to  generate , respec tive ly , the  im ages in  F igu res  2 .5a-e . T he  th res

h o ld  p lo ts  a re  n u m b ered  (I) th rough  (/v) in  co rrespondence  w ith  the  im ages in  F igu res  

2 .5a-e . I t  can  be seen  from  these p lo ts  tha t the  im ages in  F igu re  2 .5  w ith  th e  b e s t v isual 

q u a lity  w ere  a ll g en era ted  u sin g  param ete rs  such  th a t TH2 w as nearly  constan t, ra th e r 

th an  param ete rs  such  th a t TH 2 rea lis tica lly  m o d eled  W eb e r’s L aw .

T hese  resu lts  ind ica te  th a t a  constan t th resho ld  p ro d u ces  b e tte r q u a lity  segm en ted  

im ages than  a  th resh o ld  m odeled  a fte r W eb e r’s L aw . T h ere  is an  ex p lan a tio n  fo r  w hy 

W e b e r’s L aw  d id  n o t p erfo rm  w ell as a  segm enta tion  th resho ld . W eb e r’s L a w  is based  

on  em p irica l d a ta  taken  fro m  a  very  sim p le  v isu al stim ulus (see  F ig u re  1.2a), and  

describes H V S  co n tra s t sensitiv ity  a t the m o st basic  level. S ince  W eb e r’s L aw  

d escrib es  a  v ery  lo w  level v isual p rocess , i t  can n o t sim ply  be d irec tly  ap p lied  to 

d escrib e  H V S  co n tra s t sensitiv ity  in  the  co n tex t o f  the  co m p lex  im ages w e  are  dealing  

w ith . T h ere  are  num erous fac to rs  n o t acco u n ted  fo r  in  W eb e r’s L aw , w hich  a ffec t H V S 

co n trast sensitiv ity . F o r exam ple, W e b e r’s L aw  d o es  n o t tak e  in to  acco u n t the  m ask ing  

e ffec t o f  spatial "busyness" in  the im age on  H V S co n tra s t sensitiv ity . B ecause  o f  the 

p o o r p e rfo rm an ce  o f  TTZ2 as a  segm en ta tion  th resho ld , investigations to  de term in e  the 

m o st v isu ally  p le a s in g  values fo r m  an d  w in TH2 w ere  n o t perfo rm ed .

T h e  th ird  segm en ta tion  th resho ld , TH3 is  d e sc rib ed  by  fo u r param ete rs  (see  F igure  

2 .2): the  slope  m, th e  y -in tercep t d, th e  m ax im u m  thmax, an d  the  ra tio  w. W e  w ish ed  to  

d e term in e  w h a t v a lues o f  m an d  w  re su lted  in  the  sub jec tive ly  b est v isual qua lity

the  m ax im u m  value thmax, the m in im u m  value thmin, an d  the  ra tio  w. T o  beg in  w ith , w

w as fixed  to  be 1:1. W e  w ish ed  to  d e term ine  w h at slope, m , re su lted  in  the  sub jectively

b est q u a lity  seg m en ted  im age, fo r a  fixed  n u m b er o f  im age  segm ents. T hree  values fo r

m w ere  considered : 0 .1 0 0 ,0 .1 2 3 , an d  0 .246.
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d — 2, #  segm ents  =  11 1 1 d  =  I , #  segm ents  =  1 109

(in ) thmm =  13, /Amin =  7, (iv) /Zzmax =  20 , /Amin =  8,

d  =  2 , #  segm ents  =  1111 <2 =  0, #  segm ents =  1105

(a)

F ig u re  2.5. (a-e) Im ages co m p ared  to  determ ine  b e st p a ra m e te r v a lues in  TH 2. T he  
param ete rs  u sed  in  TH 2 and  the  n u m b er o f  segm en ts  in  each  im age  are 
g iven  be low  each  im age. (a )m = .1 0 0 . (b ) - (d ) /n = .1 2 3 . (e )m = .2 4 6 .
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( i )  Ihmxx — H> Ihmm — 1Q» ( t i )  Ihmxx — 13 , Ihmm — 7 ,

d = 2 , #  segm ents =  1067 d  =  I ,  #  segm ents =  1061

(iii) max “  14, ^fliin  — 5 , (iv) Ihstiax — 15, Ihmstl — 3,

d  =  I ,  #  segm en ts  =  1061 d  = 1, #  segm ents =  1067

(b)

F ig u re  2.5 . (G d n tin u e d )
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(i) thmax — 12, tk Jgtfa -  11,

d  =  2 , #  segm ents =  852

(ii) th Jttax — 14, thjftfjf — 10, 

d = 0 , #  segm ents =  854

(Iii) ^m ax  — min — 8 , (iv) thmax — 25 , f^min — "7,

d  =  I ,  #  segm ents =  848 d — I ,  #  segm en ts  =  855

(c)

F ig u re  2.5, (con tinued)



(i) ^m ax  — 23, JAmm — 22, (ii) JAmax — 25, JAmJn — 21,

d — 10, #  segm ents =  1005 d  =  8, #  segm ents -  1009

(iii) ihmsx — 33 , JAmm 20, (iv) JAmax — SO1JAmm — 17,

<i =  7 , #  segm en ts =  1007 cf =  I ,  #  segm ents  =  1005

(d)

F ig u re  2 .5 . (con tinued)
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(i) Ihmax- 23, IhttSa - 22, (ii) Ihmax — 28, Ihmm ~  13,

<2 =  0 , #  segm ents  =  9 99  <2 =  0 , #  segm en ts =  1001

(iii) ^m ax  33 , thmm — 8, (iv) Ihmax — 42 , IhllSn ~  5,

d = 0 , #  segm ents  =  9 9 4  d  =  9 , #  segm en ts  =  1003

(e)

F ig u re  2.5. (con tinued)
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gray
level

d ifferen ce

10 —

128

gray  level

F igu re  2 .6 . (a-e) P lo ts o f  the segm en ta tion  th resho lds u sed  to  seg m en t the im ages
show n  in  F igu res 2 .5  (a-e).
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F igure  2.6. (con tinued)



gray

level

d ifferen ce

128

gray  level

F ig u re  2.6 . (con tinued)
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F igu re  2.6 . (con tinued)



gray

level
d ifferen ce

gray level 

(e)

F igu re  2.6 . (con tinued)
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segm en ted  im age, fo r  a  fixed  n u m b er o f  im age segm ents. T h is de term in a tio n  w as 

acco m p lish ed  in  tw o  stages. In  the  first stage, w w as h e ld  a t 1:1 an d  on ly  m w as ex am 

ined . T h ree  va lues o f  m  w ere  considered : 0 .123 , 0 .246 , an d  0 .4 00 , In  o rd e r to  fa irly  

co m p are  im ages g en era ted  using  d iffe ren t va lues o f  m  , i t  is n ecessary  tha t the  im ages 

have  ap p rox im ate ly  the  sam e n u m b er o f  segm ents . T h e  param ete rs  d  an d  thmax w ere  

u sed  to  v ary  the  n u m b er o f  segm ents  in  an  im age fo r a  p a rticu la r m.

E xam ples o f  im ages co m p ared  in choosing  the  best slope are  show n  in  F igures 

2 .7a-c . T he  im ages in  any  p a rticu la r set o f  F igure  2 .7  all have  approx im ate ly  the  sam e 

n u m b er o f  segm ents, an d  a ll im ages in  a  g iven  positio n  in  the  sets w ere  g en era ted  using  

the  sam e value  o f  m  in 7 7 /3. T he exact n u m b er o f  segm ents  fo r  each  im age, an d  the 

va lues fo r w, d, m  an d  thmax fo r  each  im age are  g iven  in  the  figure. T h e  im ages in  F ig 

u re  2 .7  show  th a t a  slope o f  0 .1 23  resu lts in  segm en ted  im ages o f  c learly  b e tte r quality  

than  0 .2 4 6  o r  0 .400 . L arge  values o f  m  consis ten tly  p ro d u ce  seg m en ted  im ages w ith  

lo w  sub jec tive  v isual quality .

T h e  seco n d  variab le  to  be exam ined  in  re la tion  t o TTZ3 w as w, the ra tio  b e tw een  

th e  segm en t th resho ld  an d  the  p ixe l th reshold . T hree  v a lues o f  w w ere  considered : 1:1, 

1:2, an d  1:3.33. E xam ples o f  im ages co m p ared  in  ch o o sin g  the  b e s t va lue  o f  w  are  

sh o w n  in  F ig u res  2 .8a-d . T he im ages in  any  g iven  set o f  F ig u re  2 .8  a ll have approx i

m ate ly  the sam e nu m b er o f  segm ents , an d  the  im ages in  a  g iven  p o sitio n  in  the  subsets  

w ere  a ll g en era ted  using  the  sam e w -ratio  in  TH3. In  add ition , a ll the  im ages in  F ig u res  

2 .8 a -d  have m = 0 .1 2 3 , to  avo id  any  bias in  the  ju d g em en t o f  w d u e  to  varia tions in  m. 

T h e  ex ac t n u m b er o f  segm ents  fo r each  im age, and  the  va lues o f  d, w, an d  thmax fo r 

e ac h  im age  are  g iven  in  the  figure. C om paring  im ages in  F ig u re  2 .8 , it c a n  be seen  tha t 

fo r  TH 3 the  b est v isual q u a lity  segm ented  im age fo r a  fixed  n u m b er o f  segm ents is  co n 

sisten tly  the  im age  w ith  w =  1:2. F ro m  the com parisons d iscu ssed  above it  can  be  co n 

c lu d ed  th at, fo r  TH 3 the sub jectively  best v isual q u a lity  seg m en ted  im ages are o b ta in ed  

w ith  m =  0 .123  and  w  =  1:2 .

T he  b e st pa ram ete rs  fo r  TH x and  TH3 have been  d e te rm in ed  an d  TH 2 has been  

show n to  be  in ferio r. N ext, com parisons w ere  m ade be tw een  seg m en ted  im ages g en 

e ra ted  u sin g  TH x an d  TH 3. E xam ples o f  im ages co m p ared  in  ch o o sin g  the  b est th res

h o ld  fu n c tio n  are  show n in  F igu res  2 .9 a  an d  b. T he  im ages acro ss  a  ro w  in  e ith e r se t o f  

F ig u re  2 .9  a ll have ap p rox im ate ly  the  sam e n u m b er o f  segm ents, an d  the  im ages d o w n  a 

co lu m n  w ere  g en era ted  usin g  the  sam e segm en ta tion  th resh o ld  (w ith  various th resho ld  

p a ram ete r va lues). T h e  o rig in a l im ages befo re  segm en ta tion  are  rep ea ted  a t the  top  o f  

each  se t fo r  com p ariso n  purposes. T h e  ex ac t n u m b er o f  segm en ts in  each  im age, and  

the  param ete rs  in  the  segm entation  th resho ld  u sed  to  genera te  each  im age  are  g iven  in 

the  figure. F ro m  these  sets o f  im ages it can  be  seen  th a t TH 3 p ro d u ces as g o o d  o r  

sligh tly  be tte r q u a lity  segm en ted  im ages than TH i . T h is  is  as ex p ec ted  because  TH i
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m  =  . 123, thmax =  17, m  =  .246, thmax =  26,

cf =  5, #  segm en ts  =  1552 d = 3 ,  #  segm ents =  1516

m  =  .400, r/imax =  15, 

d  =  2 , #  segm ents  =  1508

(a)

F igu re  2.7. (a-c) Im ages co m p ared  to  d e term ine  best va lue  o f  m in  TH3. T he  
param ete rs  u sed  in  TH 3 an d  the  n u m b er o f  segm en ts in  each  im age are 
g iven  b e lo w  each  im age, (w =  1.0 fo r  a ll the  im ages.)
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m  =  .123, thmax =  14, 

d  =  8, #  segm en ts  =  800 d  =  5, #  segm ents  =  792

ffi .400, iTitix 16, 

d = 4 ,#  segm ents  =  795

(b)

F igu re  2.7. (con tinued)
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m = .1 2 3 ,  Mmax= Ti, 

d  =  1 9 ,#  segm en ts  =  1033

m =  .246 , Mmax = 24 ,

d = 13, #  segm ents =  1044

d  =  10, #  segm ents =  1044

(c)

F ig u re  2.7. (con tinued)
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? ■ ■ '  ̂ ' .o

w  — 1.0, th max — 10, yy — 0 .5 , thmax — 11,

d = 7, #  segm ents  =  1445 d = 8, #  segm en ts  =  1496

w  =  0 .33 , thmiX =  12, 

d  =  9 , #  segm ents =  1490

(a)

F ig u re  2 .8 . (a-d) Im ages co m p ared  to  d e term ine  b e st va lu e  o f  w in  TH 3. T h e  
param ete rs  u sed  in  TH 2 and  th e  n u m b er o f  segm en ts  in  each  im age  are  
g iven  below  each  im age, (m =  .123 fo r a ll the  im ag es.)



w — 1.0 , ih Jjiax — 13, vv — 0.5» thm ax— 15,

d  =  9 , #  segm en ts  =  778  d =  11,#  segm en ts  =  78 0

w  =  0 .33 , ^ max =  16, 

d — 12, #  segm ents  =  79 6

( b )

F ig u re  2 .8 . (con tinued)



w — 1.0, thmax — 22, w  — 0.5, thmax — 25 ,

d = 15, #  segm ents  =  1255 d  =  18, #  segm en ts  =  1277

w =  0 .33 , fZimax =  27, 

d — 20 , #  segm ents  =  1251

(c)

F igu re  2 .8 . (con tinued)
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w  1.0, thmax — 25 , w  — 0 .5 , ^m ax  -  29 ,

d  =  16, #  segm ents =  1077 d — 20 , #  segm en ts = 1 1 0 5

w  =  0 .33 , ^ max =  31,

<2 =  22 , #  segm ents =  1064

( d )

F ig u re  2 .8 . (con tinued)
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thpix — 14, thseg — 6 , d — 11, th max — 14,

w  =  0 .43 , #  segm ents  =  862 #  segm en ts  =  856

(a)

F ig u re  2.9 . (a-b) Im ages u sed  to  com pare  TH i to  TH  3. T he  o rig in a l test im ages are 

show n a t the  top  o f  (a) an d  (b). T h e  segm en ted  im ages are  show n below  

them . T he  segm en ted  im ages on  th e  le ft w ere  g en era ted  usin g  TH 1 an d  the  

seg m en ted  im ages on  the  rig h t w ere  g en era ted  usin g  TH^. (T he 

p aram ete rs  u sed  in  the  segm enta tion  th resh o ld s  an d  th e  n u m b er o f  

segm ents in  each  segm ented  im age a re  g iv en  b e lo w  each  im age, w  =  0 .5  

an d  m  =  .123 fo r  a ll the segm ented  im ages g en era ted  usin g  TH 2 .)



thpix — 24 , thseg — 13, d — 1 \ ,th  max — 24,

w  =  0 .5 4 , #  segm en ts =  1162 #  segm en ts  =  1159

(b)

F igu re  2.9, (con tinued)
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does n o t in  any  w ay take  advan tage  o f  the  H V S p ro p erties  w e h av e  d iscussed .

T he  co nclusion  o f  th is investigation  in to  an  in itia l im ag e  segm en ta tion  a lgo rithm  is 

the  selec tion  o f  TH 2 w ith  param ete rs  m =  0 .123 , an d  w =  1:2. T h is segm en ta tion  th res

ho ld , w hich  is based  on  H V S co n trast sensitiv ity  p ro p erties , has b een  system atically  

show n to  p ro d u ce  b e tte r q u a lity  segm ented  im ages than the  tw o  o th e r p ro p o sed  th res

ho lds. B y  using  TH 2 to  v ary  the  coarseness o f  the  im age segm en ta tion  acco rd in g  to  the 

in tensity  o f  the im age and  a  m odel o f  H V S con trast sensitiv ity ; w e have d esigned  a seg

m en ta tio n  techn ique  th a t p roduces, fo r  the sam e n u m b er o f  im age segm en ts , segm ented  

im ages w ith  b e tte r v isual q u a lity  than those  p ro d u ced  using  T H i O tTH 2. TH 2 has suc

cessfu lly  in co rp o ra ted  H V S properties to  im prove the  v isual q u a lity  o f  a  segm en ted  

im age.

2 .2  H u m a n  V is u a l  S y s t e m  B a s e d  F i l t e r i n g  o f  S e g m e n t e d  I m a g e s  f o r  

E l im in a t io n  o f  V i s u a l ly  I n s ig n i f i c a n t  S e g m e n t s

In  th is  sec tion  w e d iscuss a  filtering  techn ique  fo r  the  e lim in a tio n  o f  v isu ally  

insign ifican t segm ents from  a  segm ented  d iscre te  gray  lev e l im ag e  [6]. T his filtering  

o pera tion , w hich  w e re fe r to  as p o st-segm en ta tion  filtering , takes advan tage  o f  H V S 

p roperties  re la tiv e  to  con trast sensitiv ity . T he  goa l o f  p o st-seg m en ta tio n  filte ring  is  to  

d e tec t im age segm ents  tha t are so  sm all o r so  w eak ly  co n trasted  w ith  th e ir  n e ighboring  

segm en ts th a t they  are  in sign ifican t to  the  hum an  v iew er. S u ch  v isu a lly  in sign ifican t 

im age  segm en ts  are  m erg ed  w ith  a  n e ighboring  segm ent. S ince  post-seg m en ta tio n  

filte ring  is  d esig n ed  to  e lim inate  on ly  those  reg io n s in  the  seg m en ted  im ag e  w h ich  are 

u n im p o rtan t to  the  hum an  v iew er, the  filtering  opera tio n  sh o u ld  n o t d eg rad e  the v isual 

q u a lity  o f  th e  segm en ted  im age.

In  o rd e r  to  de term in e  the  v isual sign ificance o f  an im age  segm en t, som e u n d er

stand ing  o f  H V S  con trast sensitiv ity  is  needed. T he  co n trast sensitiv ity  o f  the H V S , as a 

fu n c tio n  o f  spatia l frequency , is  show n in  F igu re  2 .1 0  [47]. F ro m  th is  it can  be  seen  th a t 

H V S co n trast sensitiv ity  is  red u ced  fo r h igh  spatial frequencies. T h ere fo re , h ig h  spatial 

freq u en cy  com ponen ts  o f  an  im age  m ust h ave  g rea ter co n trast than  lo w er spatial fre 

qu en cy  com ponen ts, fo r the  tw o  to  be eq ually  n o ticeab le  to  a  hum an  v iew er. It can  also  

be said , in  a  general sense, tha t the  sm aller an  im age  segm en t, the  h ig h e r in  freq u en cy  is 

th e  spa tia l frequency  con ten t o f  the  im age n ear th a t segm ent. T h ere fo re , the  sm aller an  

im age  segm ent, the m ore  con trast is  necessary  be tw een  the  seg m en t an d  its ne ighbors 

fo r  the  segm en t to  be v is ib le  to  a  hum an  v iew er. F o llo w in g  th is  reaso n in g , sm all 

reg io n s are  re la tiv e ly  less v isually  significant than  la rg e r reg io n s  w ith  s im ila r c o n tra s t  

L ikew ise , h ig h ly  con trasted  reg ions are  re la tiv e ly  m ore  v isu a lly  s ign ifican t than lo w er 

co n trasted  reg io n s o f  sim ilar size. W e w ill take  advan tage  o f  th is  p ro p erty  o f  the  H V S



C O N T R A S T  S E N S IT IV IT Y  

S IN E -W A V E  T E S T  O B JE C T  

C o n s to n t Iu m tn o n c e  2 0  f t - L  

V «ew ng Visuol

distance angle

v S p o f o l  freq u en cy  ( L in e s /m m  on  fhe refino )

F ig u re  2 .10. T he  H V S  spatial frequency  co n trast sensitiv ity  (from  [47])
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in  the d esig n  o f  o u r  post-seg m en ta tio n  filter.

O n ly  im age  segm ents w ith  few er than 1 6  p ixels  are  co n sid e red  as cand ida tes  fo r 

e lim ination . T h is cho ice  o f  size is  based  on  a  ty p ica l v iew in g  d is tan ce  o f  six  tim es the 

im age  he ig h t an d  im age reso lu tion  o f  ap p rox im ate ly  2 5 6  X 2 5 6  p ix e ls  [6 ] .  F o r a  4  x  4  

p ix e l segm ent, th is  co rresp o n d s to  a  spatial frequency  o f  3 .3 6  cycles p e r  deg ree  o f  sub

ten d ed  arc. T h ese  sm all segm ents  rep resen t the  h igh  spatial freq u en cy  parts  o f  the 

im age, fo r  w hich  the  H V S has red u ced  con trast sensitiv ity . T he  "en e rg y ” o f  the seg

m en t u n d er test is m easu red  usin g  a  techn ique  tha t takes in to  acco u n t the  size o f  the  seg

m en t un d er test, and  the  con trast o f  the segm en t u n d er test w ith  its ne igh b o rin g  seg

m ents . T he  en erg y  m easu rem en t is designed  so  tha t the en erg y  o f  a  segm en t is  d irec tly  

p ro p o rtio n al to  the  v isual sign ificance o f  th a t segm ent. H ig h ly  co n trasted  segm ents  

shou ld  h ave  re la tiv e ly  h ig h er energy  than  lo w er co n trasted  segm ents  o f  like  size, since 

the  m ore  h igh ly  con trasted  segm ents  are  m ore  v isually  sign ifican t. S im ilarly , sm all seg

m ents shou ld  h ave  re la tiv e ly  lo w er energy  than la rg e r segm ents w ith  lik e  con trast. T he  

en erg y  ca lcu la ted  fo r  a  segm en t is  co m p ared  to  a  p redefined  fixed  th resh o ld  to  d e te r

m ine  w h e th er th e  segm en t is  v isually  sign ificant. A ny  seg m en t w ith  en erg y  be low  the  

th resh o ld  is  co n sid e red  v isually  in sign ifican t and  is m erg ed  w ith  the  n e ig h b o r seg m en t 

w hich  has av erag e  in tensity  c lo sest to  the  average  in ten sity  o f  the  segm en t u n d e r test. 

T h e  in ten sity  o f  th is new  segm en t is the  average in ten sity  o f  th e  tw o  segm ents w h ich  

w ere  m erged . Im age segm ents  w ith  energy  above the th resho ld  rem ain  unchanged . T he  

th resh o ld  can  be ad justed  to  v ary  the n u m b er o f  segm ents  e lim in a ted  from  the im age

2 .2 .1  S e le c t io n  o f  t h e  E n e r g y  M e a s u r e

T h e  k ey  fea tu re  o f  the  post-segm en ta tion  filtering  techn ique  d e sc rib ed  above is  the 

m easu re  u sed  fo r  the  en erg y  o f  an im age segm ent. W e have ex am in ed  six d ifferen t 

en erg y  m easu res  d esig n ed  to m odel the H V S properties d e sc rib ed  above, an d  selec ted  

the  o n e  tha t re su lted  in  the  sub jec tive ly  b est v isual q u a lity  filte red  seg m en ted  im age, fo r 

a  g iven  n u m b er o f  im age segm ents .

F o u r  o f  the  energy  m easu res considered  invo lv e  ap p ly in g  a  w in d o w  o p era to r [6] to 

each  p ix e l in  th e  reg ion  u n d er test (a "region u n d er test" is  one  o f  those  segm ents w ith  

few er than  16 p ixe ls  in  the segm ented  im age). T he  w indow , w hich  is b ased  on  the  spa

tia l freq u en cy  co n trast sensitiv ity  o f  the  H V S [96], is eq u iv alen t to  a  tw o-d im ensiona l 

separab le  spa tia l h igh-pass filter, and  is  g iven  by:

1 /1 6 — 1/8 1/16 V

—1/8 1/4 —1/8

1/16 - 1/8 1/16.



T h e  freq u en cy  tran sfe r function  o f  th is  w indow  is  show n  in  F ig u re  2 .11. L e t Zi1- be  the 

re su lt o f  ap p ly ing  th e  w in d o w  a t p ix e l i in  the  reg io n  u n d e r test. W h en  the  w indow  is 

ap p lied  a t a  p ix e l in  the  in te rio r o f  th e  reg io n  u n d er test, so  th a t the  w in d o w  is  en tire ly  

co n ta in ed  in  the  reg io n  u n d er test, A1- is  zero . T h is  is b ecau se  a ll th e  p ix e ls  w ith in  a  seg 

m en t a le  the  s a m e ,  g r a y  level, and  the  filte r has zero  dc  response . W h en  the  w indow  is 

ap p lied  a t a  p ix e l n e a r  the  b o rd er o f  the  reg io n  u n d er test, the  w in d o w  overlaps w ith  

segm en ts  ne igh b o rin g  th e  segm en t u n d er test, an d  Ttl- m ay  be non-zero . B y  spatia lly  

h igh -pass  filte ring  the  im age, w e m easu re  the  am plitude  o f  th e  spa tia l h ig h  frequency  

co n ten t o f  th e  im ag e  in  the ne ig h b o rh o o d  o f  the reg io n  u n d er test. T h is ind ica tes  the  

am o u n t o f  co n trast am ong  the  h igh  frequency  co m p o n en ts  o f  th e  im a g e  in  th a t ne igh 

bo rh o o d , an d  th erefo re  th e  v isual sign ificance o f  the  segm ent.

T h e  first en erg y  m easu re  ex am in ed  w as p ro p o sed  in  [6] an d  is g iven  by

=  ^ - E  ^  (2.7)

w here  N  is  the  n u m b er o f  p ixe ls  in  the  reg io n  u n d e r test, an d  th e  su m m atio n  is  o v e r all i 

such  th a t p ix e l i is  in  th e  reg io n  u n d er test. W e  p ro p o sed  th ree  varia tio n s o f i ? i :

E la = Z h f ,  (2 .8 )
; .. : i

E 2 =  Z  I hi I > and (2.9)

E2a = Z \ h i \ '  (2 .10)
: . ■■■■ : ' " i : '■ . ; ;

F in a lly , w e  p ro p o sed  tw o  o th e r en erg y  m easures fo r  considera tion :

E 3 =  X  \p -p i  I , an d  (2.11)

E3a = Z \ E - P i \ ,  (2 . 12)
: ■ ■ , . . ' i . v ■ .

w here  N  is  the  n u m b er o f  p ixels in  the  reg io n  u n d er test, P -Is  the  av erage  in ten sity  o f  the 

reg io n  u n d er test, pi is  the in ten sity  o f  p ix e l i, an d  the  sum m ation  is  o v e r all i such that 

p ix e l i is e ig h t-co n n ec ted  to  the reg io n  u n d e r test, bu t not in th e  reg io n  u n d er test. 

T hese  la st tw o  en erg y  m easures, ra th e r than  u s in g  th e  w in d o w  d esc rib ed  above, sim ply  

m easu re  the  ab so lu te  va lue  o f  the d ifference  in  g ray  level b e tw een  th e  reg io n  u n d e r test 

an d  its ne ig h b o rin g  reg ions.
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F igu re  2 .1 1. T h e  freq u en cy  tran sfe r function  o f  th e  w in d o w  g iven  in  Section  2.2 .1
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2 .2 .2  R e s u l t s

T h e  six  en erg y  m easu res  d esc rib ed  above w ere  co m p ared  usin g  th e  te s t im ages 

fro m  F igu re  2 .3 . T h e  com parisons w ere  p e rfo rm ed  in  tw o  steps. F irs t E x w as co m 

p a red  to  E ia, E 2 w as co m p ared  to  E 2a, and  E 3 w as co m p ared  to  E 3a. T hese  th ree  

com parisons w ere  to  determ ine  th e  e ffec t o f  the  averag in g  te rm  ( I /N) in  th e  energy  

m easu res. In  o rd e r to  fa irly  com pare  the  en erg y  m easu re  pa irs , it w as n ecessary  to  g en 

era te  p o st-seg m en ta tio n  filtered  im ages w ith  ap p rox im ate ly  equal n u m b er o f  segm ents . 

T h e  n u m b er o f  segm ents in  the  post-seg m en ta tio n  filtered  im ages w as v a ried  by  ch an g 

in g  the  e n erg y  th resh o ld  u sed  in  the  filte ring  operation .

F ig u res  2 .1 2 a-c  show  ex am p les o f  im ages com paring  th e  en erg y  m easu re  pairs. 

T h e  segm en ted  test im ages (generated  using  TH 3) b efo re  p o st-seg m en ta tio n  filte ring  are 

sh o w n  in  F ig u re  2 .12a . T h e  im ages across each  ro w  in  F ig u re  2 .1 2 b  o r  2 .12c a ll have 

appro x im ate ly  th e  sam e n u m b er o f  segm ents  an d  w ere  a ll seg m en ted  u sin g  the  sam e 

segm en ta tion  th resho ld . T he im ages in  the  le ft co lum ns o f  F ig u res  2 .1 2 b  and  2.12c 

w ere  a ll p o st-seg m en ta tio n  filte red  u s in g  an  energy  m easu re  th a t in c lu d ed  a  l/N  fac to r 

{Ei, E 2, ot Es),  an d  the  im ages in  the  rig h t co lum ns w ere  a ll p o st-seg m en ta tio n  filtered  

using  a n  en erg y  m easu re  w ithou t the  I IN  fac to r (E Xa, E 2a, o r E 3a). T he  ex ac t num bers 

o f  segm ents in  th e  im ages, an d  the  en erg y  th resho lds u sed  fo r  filtering  th e  im ages are 

g iven  in  th e  figure. S ince post-seg m en ta tio n  filtering  m ain ly  ch an g es sm all im age seg

m en ts , th e  im ages in  F ig u re  2 .12  m u st be  exam ined  carefu lly  in  o rd e r  to  see any  d iffe r

ences. H o w ev er, c lo se  exam ination  o f  each  ro w  rev ea ls  th a t th e  en erg y  m easures 

w ith o u t th e  l/N  te rm  consis ten tly  p roduce  sligh tly  b e tte r v isu al q u a lity  p o st

seg m en ta tio n  filtered  im ages. T h is is m o st ap p aren t in  the  areas a ro u n d  th e  eyes o f  the  

im ag es  in  F ig u re  2 .12b . In  o rd e r to  m o re  c lea rly  see the  d ifferences in  these  im ages, w e 

show  in  F ig u re  2 .1 2 d  en la rg ed  versions o f  the  eye  a rea  o f  the K ris ta  im age  fro m  2 .12a, 

arid tbe  tw o  im ages in  the first ro w  o f  F igu re  2 .12b .

T h e  fo llo w in g  exam ple  read ily  illu stra tes  a  reaso n  fo r  the  su p erio r perfo rm an ce  o f  

the  en erg y  m easu res  w ith o u t the  l/N  term . C o n sid e r E ! an d  E Xa fo r  th e  1-valued seg

m en ts  in  the  fo llo w in g  tw o  sim ple  configurations:

0  0  0  0  Q 0  0  0  0  0  0  0

0 1 1 1 0  0 1 1 1 1 1 0  

0  0  0  0  0  0  0  0  0  0  0  0 .

T h e  v a lu e  o f  . hi' in  E q uations 2 .7  an d  2 .8  is  n o n -zero  on ly  a t the  en d p o in ts  o f  the  I - 

v a lu ed  segm en ts, w here  hi .= 1/8. S ince th e  seg m en t o n  the  le ft has o n ly  3 p ixe ls  versus 

5 p ixel?  in  th e  seg m en t on  the  righ t, the va lu e  o f  E x fo r the  seg m en t o n  the  le ft is  la rger 

than  the  va lue  o f  £  i fo r  the  segm en t on  th e  rig h t ( ( l/3 )x (2 /6 4 )  >  ( l /5 ) x ( 2 /6 4 ) ). H o w 

ever, th is  is  n o t co n sis ten t w ith  H V S spatia l freq u en cy  co n tra s t sensitiv ity . S ince the
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m  =  .123, W  =  1.0 m  =  . 123, w  =  0.5

d = 3 ,th  max =  40, < /=  9 , /A max =  40j

#  segm ents  =  3069 #  segm ents =  271 9

(a)

' ' .

■ ■

F ig u re  2 .1 2 .(a -d )  Im ages used  to  com pare  energy  m easu res  w ith  an d  w ith o u t 1/N  fo r 

p o st-segm en ta tion  filtering, (a) T he o rig in a l seg m en ted  te s t im ages 

(genera ted  using  TH3 ). (b) T he  p o st-seg m en ta tio n  filtered  v ersio n s o f  the 

K ris ta  test im age, (c) T he  p o st-segm en ta tion  filtered  versions o f  the  E ric  

test im age, (d) E n larg ed  versions o f  the  eye  areas  o f  the  o rig in a l 

segm en ted  K ris ta  im age from  F igu re  2 .12a , an d  th e  p o st-seg m en ta tio n  

filtered  im ages in  the  first ro w  o f  (b). In (b) an d  (c) the  im ages in  the le ft 

co lum n  w ere  p o st-segm en ta tion  filtered  usin g  an  en erg y  m easu re  w ith  a  

1/N fac to r, and  the  im ages in  the rig h t co lum n  w ere  filtered  using  a 

m easu re  w ithou t a  1/iV facto r. (T he param ete rs  u sed  in  segm en ta tion , the  

en erg y  th resho lds u sed  in  post-segm en ta tion  filtering , an d  the  n u m b er o f

segm ents  in  each  im age are  g iven  be low  the  im ages in  (a-c).)
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E  i , #  segm ents =  658, E \a, #  segm en ts =  654 ,

en erg y  th resh o ld  =  16 en erg y  th resh o ld  =  50

E 2 ,#  segm ents =  643 , E ^ ,  #  segm ents =  654 ,

en erg y  th resh o ld  =  4  energy  th resh p ld  =  14

E g , #  segm ents =  653 , E g a , #  segm ents =  653 ,

en erg y  th resh o ld  =  254  en erg y  th resho ld  =  548

■ (b) ■ ; ;

F ig u re  2 .1 2 . (con tinued)



E i , #  segm ents =  1047, 

en erg y  th resho ld  =  45

E 2, #  segm ents =  1053, 

en erg y  th resho ld  =  6

E  3 ,  #  segm ents =  1018, 

en erg y  th resho ld  =  363

E ia, #  segm ents =  1048, 

energy  th resh o ld  = 1 2 0

E 2a, #  segm ents =  1032, 

en erg y  th resh o ld  = 1 6

E 2a, #■ segm ents =  1016, 

en erg y  th resh o ld  =  680

(c)

F igu re  2 .12 . (con tinued)

69



orig in a l



tw o  segm ents  have  like  con trast an d  the  segm ent on  th e  le ft is sm aller, the en erg y  o f  the 

segm en t on  th e  le ft shb u ld  b e , a t m ost, less than o r  e q u a l to  the  en erg y  o f  th e  segm en t 

o n  th e  righ t. C erta in ly  the  energy  o f  the sm aller segm en t shou ld  n o t be g rea te r than  the  

en erg y  o f  th e  la rg e r segm ent, as it is  w ith  E 1. E la leads to  v isually  b e tte r quality  

filtered  segm en ted  im ages because E la assigns eq u al energy  to  the  tw o  segm en ts  above, 

w h ich  is  in  b e tte r ag reem en t w ith  H V S spatial freq u en cy  co n trast sensitiv ity . A  sim ilar 

re su lt ho lds fo r  E 2 versus E 2a, and  E 3 versus Eya. T h is exam ple  illu stra tes the general 

re su lt tha t d iv is io n  by  N  resu lts  in  a  m easure  o f  average  en erg y  per pixel in & se g m e n t 

T h e  total en erg y  in  a  segm en t is  d e s ired  to  m easu re  a  seg m en t’s v isual significance; 

th erefo re  e n erg y  m easu res  without the \/N  te rm  p erfo rm  b e tte r  fo r  p o st-segm en ta tion  

filte ring .

T he  n ex t com parison  to  be m ade is be tw een  E la, E 2a, an d  E 3a, to  de term in e  

w hich  o f  th ese  energy  m easu res resu lts  in  the su b jec tive ly  b est v isual q u a lity  p o s t

segm en ta tion  filtered  im ages. E xam ples o f  im ages co m p ared  in  m ak in g  th is  de term ina

tio n  are  show n in  F igu res  2 .13a  and  b. In  bo th  sets o f  im ages, the  seg m en ted  test im age 

before  p o st-seg m en ta tio n  filtering  is show n in  the upper le ft co rn e r fo r com p ariso n  p u r

poses. T h e  rem ain in g  th ree  im ages in  each  set h ave  ap p rox im ate ly  th e  sam e n u m b er o f  

segm ents, an d  the  im ages in  like  positions in  the  tw o  sets w ere  po st-seg m en ta tio n  

filtered  u sin g  the  sam e en erg y  m easure . T he  ex ac t num bers o f  segm ents fo r  each  

filtered  im age  are  g iven  in  the  figure. C arefu l ex am in atio n  o f  th ese  im ag es  rev eals  th a t 

E 2xi is  sligh tly  b e tte r a t rem o v in g  v isually  insign ifican t im age segm en ts , w ith o u t rem o v 

in g  v isib le  segm ents . F o r  the  im ages F igu re  2 .13a, there  are  severa l v is ib le  segm en ts  in  

the  b ack g ro u n d  o f  the o rig in a l segm ented  im age tha t are  no t in  the  im ages filtered  using  

E la an d  E 3a, b u t a re  p rese rv ed  in  the  im age filtered  u sin g  E 2a- In the  case  o f  F ig u re  

2 .13b , the  sup erio rity  o f  E 2a is  m ost ev id en t in  the  areas a ro u n d  th e  eyes.

T he  su perio rity  o f E 2a o v e r E 3a is ex p la in ed  by  the fac t that, E 3a o n ly  m easures 

the  to ta l co n tra s t o f  the  segm en t u n d er test w ith  its n e ig h b o r segm ents. E 3a does no t 

take  in to  acco u n t the  spatia l frequency  con ten t o f  the im age  in  th e  n e ig h b o rh o o d  o f  the 

segm en t u n d e r test. F o r exam ple  co n sid er E 2a versus E 3a fo r  th e  5 -v a lu ed  segm en ts in 

the  fo llo w in g  tw o  sim ple  configurations:

0  1 0  1 0  1 I 0  0  0 0  0

0  5 5 5 5 I 1 5 5 5 5 0

O l O  1 0 1  I 1 1  I I 0 .

T h e  v a lu e  o f  E 3a is id en tical fo r th ese  tw o  configurations (7 x  (5+4)). H o w ev er, the 

va lue  Of E 2a is  d ifferen t fo r  th ese  tw o configura tions (13/8  fo r  th e  seg m en t on  the  le ft 

an d  9 /8  fo r  th e  segm en t on  the  righ t). S ince E la takes in to  acco u n t the  spatial f r e 

qu en cy  co n ten t o f  the im age in  the  n e ighborhood  o f  the  seg m en t u n d e r test, it is a b e tte r 

segm en t energy  m easure.
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m — .123 , w  =  1.0, 

d — 3, Ihmax — 40 , 

#  segm ents  =  3069

E 2a, #  segm en ts  =  632, 

en erg y  th resh o ld  =  15

E ia, #  segm ents =  634 , 

en erg y  th resh o ld  =  58

E 3a, #  segm en ts =  631 , 

en erg y  th resh o ld  =  600

(a)

F ig u re  2A3.E^a fo r  post-seg m en ta tio n  filtering . T h e  o rig in a l seg m en ted  te s t im ages 
^ 'v ;(g £ fte ra ted  usin g  TH$)  are  show n in  the  u p p e r le ft co rners. T h e  param eters 

u sed  in  segm entation , the  energy  th resho lds u sed  in  p o st-segm en ta tion  

filtering , an d  the n u m b er o f  segm ents in  each  im age  are  g iven  be low  each  

im age.



.
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m  =  .123, w  =  0 .5 , £ l a , #  segm en ts =  941 ,

d = 9, thmax = 4 0 ,  energy  th resh o ld  =  156

#  segm ents  =  2719

E 2a, #  segm ents =  939 , £ 3a , #  segm en ts  =  944 ,

en erg y  th resho ld  =  20  en erg y  th resh o ld  =  7 3 0

(b)

F ig u re  2 .13. (con tinued)



T h e  sup erio rity  o f  E ̂2a o v e r E ia is  ex p la in ed  by  the  fac t tha t, fo r certa in  im age 

segm en t con figu ra tions, it does a  sligh tly  b e tte r jo b  o f  m o d elin g  H V S spatia l frequency  

co n trast sensitiv ity . A n  exam ple  can  be  g iven  o f  im age  segm en t con figu ra tions w hich  

illu stra te  th is. C o n sid e r E \a an d  E 2a fo r the  1-v a lu ed  segm ents in  the  fo llo w in g  tw o  

sim ple  configura tions:

0  0  0  Q O  0  0  0  0  0

0  0  0  0  0  0  1 1 1 0

0  1 1 1 0  0  1 1 1  Q

0 0 0  0  0  0 0  0  0 0

T h e  value  o f  h[ in  E q u a tio n s 2 .8  an d  2 .1 0  is  n o n-zero  on ly  a t the  en d p o in ts  an d  co m ers 

o f  th e  I -v a lu ed  segm ents. T he  value o f  E \a fo r  the segm en t o n  th e  le ft is  la rg e r than  the 

v a lu e  o f  E \a fo r  the  segm en t on  the  rig h t ( 2 /6 4  >  1 /64  ). H o w ev er, th is  is  n o t co n 

s isten t w ith  H V S spatia l freq u en cy  co n trast sensitiv ity . S ince  the  tw o  segm en ts  have 

like  co n trast an d  the  segm en t on  the  le ft is  sm aller, the  en erg y  o f  the  segm en t on  the  le ft 

sho u ld  be , a t m o st, less  than  o r equal to  the  en erg y  o f  the  seg m en t o n  th e  righ t. C er

ta in ly  the  en erg y  o f  the sm aller segm en t shou ld  n o t b e  g rea te r than  the  en erg y  o f  the 

la rg e r segm en t, as it is w ith  E la. B y  con trast, E 2a is th e  sam e (1 /4 ) fo r  the  tw o  seg

m en ts  above. E 2a leads to  v isu ally  b e tte r q u a lity  filtered  seg m en ted  im ages b ecau se  

E 2a ass igns eq u a l en erg y  to  the  tw o  segm ents  above, w h ich  is  in  b e tte r ag reem en t w ith  

H V S  spatia l freq u en cy  co n trast sensitiv ity .

T h e  co n c lu sio n  o f  th is  investigation  in to  p o st-seg m en ta tio n  filtering  o f  segm en ted  

d iscre te  g ray  lev el im ages, is the  se lection  o f  E 2a as the  b est m easu re  o f  th e  v isual 

s ign ificance  o f  sm all im ag e  segm ents . F o r the  im ages tested , th is  H V S  co n tra s t sensi

tiv ity  b ased  en erg y  m easu re  has been  show n to  p roduce  b e tte r q u a lity  po st-seg m en ta tio n  

filte red  im ag es  th an  the  o th e r p ro p o sed  en erg y  m easu res, fo r  the  sam e n u m b er o f  im age 

s e g m e n t s . ; ; ' . : ' / ;

O ne fu r th e r re lev an t issue  in  re la tion  to  p o st-seg m en ta tio n  filtering  is  ev alua tion  o f  

its o v era ll e ffec tiv en ess  a t e lim inating  v isually  in sig n ifican t reg io n s in  a  segm en ted  

im age, w ith o u t deg rad in g  the v isual q u a lity  o f  the  im age. F ig u res  2 .14a  an d  b  show  tw o 

sets o f  seg m en ted  im ages. E ach  set consis ts  o f  a  seg m en ted  im age  before  p ost- 

segm en ta tion  filtering  (in  th e  u p p er le ft co m er), an d  v ersio n s o f  th a t segm en ted  im age 

a fte r in c reas in g  d eg rees o f  p o st-seg m en ta tio n  filte ring . B y  "degrees" o f  p o s t

seg m en ta tio n  filtering , w e re fe r  to  the n u m b er o f  segm en ts  rem o v ed  d u rin g  the filtering  

o pera tion . In creas in g  degrees o f  post-seg m en ta tio n  filtering  re su lt in  inc reasing  

n u m b ers  o f  segm en ts  rem o v ed  fro m  the seg m en ted  im age. (R ecall th a t the  n u m b er o f  

segm en ts  rem o v ed  d u rin g  post-seg m en ta tio n  filte ring  is  d e te rm in ed  by  th e  en erg y  th res

h o ld  used .) T h e  n u m b er o f  segm ents  in  each  o f  the  im ages is g iven  in  the  figure. T hese 

im ages shqw  tha t p o st-seg m en ta tio n  filte ring  can red u ce  th e  n u m b er o f  segm en ts  in  the
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tn =  .123 , w =  1.0, E 2a> #  segm en ts  =  813,

d  =  3, thmax =  40 , energy  th resh o ld  =  10

#  segm ents  =  3069

E 2a, #  segm ents =  583, £ 2a , #  segm en ts =  516 ,

en erg y  th resh o ld  =  20  energy  th resh o ld  =  60

(a)

F ig u re  2 .14 . (a-b) Im ages d em onstra ting  p o st-segm en ta tion  filtering . T he  o rig in a l 

segm en ted  te s t im ages (generated  using  TH 3 ) a re  show n in  the  u p p er le ft 
co m ers. T he param eters u sed  in  segm enta tion , the  en erg y  th resho lds used  
in  post-seg m en ta tio n  filtering , and  the n u m b er o f  segm en ts  in  each  im age 
a re  g iven  below  each  im age.
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m  =  .123, w =  0 .5 , E 2a, #  segm ents =  714 ,

d = A, Ihmax = Z, en erg y  th resh o ld  = 1 4

#  segm ents =  2848

E 2a, #  segm ents =  579, E 2a,*  segm en ts  =  475 ,

en erg y  th resh o ld  =  20  en erg y  th resh o ld  =  45

(b )

F ig u re  2 .14 . (con tinued)
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im age  by  as m uch  as a  fac to r o f  fo u r w ith  v irtu a lly  no  d eg rad atio n  in  th e  quality  o f  the  

segm en ted  image* S evera l pa irs  o f  segm en ted  im ages b e fo re  an d  a fte r post- 

segm en ta tion  filtering  are  show n in  F igu re  2 .1 5  to  fu rth er d em o n stra te  the  effec tiveness  

o f  th e  p o st-seg m en ta tio n  filtering  operation . T hese  im ages d em o n stra te  th a t o u r filter

in g  techn ique  is  v ery  successfu l a t exp lo iting  H V S p ro p erties  to  e lim in a te  v isu ally  

insign ifican t reg io n s fro m  a  segm ented  im age.

2 3  In te r a c t io n  B e tw een  S e g m e n ta tio n  a n d  PO St-Segm etttatiO H  F il te r in g

A n  im p o rtan t question  in  re la tion  to  the  segm enta tion  a lg o rith m  d esc rib ed  in  S ec 

tions 2.1 an d  2.2 has to  do  w ith  the in teraction  be tw een  th e  tw o  steps: segm en ta tion  and  

p o st-seg m en ta tio n  filtering. W h at com bination  o f  segm en ta tion  an d  post-seg m en ta tio n  

filtering  resu lts  in  th e  sub jectively  b e s t v isual q u a lity  seg m en ted  im age, fo r  a  g iven  

n u m b er o f  im age  segm ents?  D oes very  fine segm enta tion  fo llo w ed  by  filtering  w hich  

rem o v es  a  la rg e  n u m b er o f  im age segm ents, o r  coarse  seg m en ta tio n  w ith o u t any  filter

ing , o r  som eth ing  in  be tw een , lend  to  a  sub jectively  b e tte r v isu al q u a lity  seg m en ted  

im ag e?  T h is  question  w as ad d ressed  th rough  a  series o f  sub jec tive  tests.

T h e  sub jec tive  tests  w ere  p erfo rm ed  using  a  varia tion  o f  a  m e th o d  o f  p sy ch o p h y 

sics d iscu ssed  by  S tevens [46]. S tevens m en tions sev en  d iffe ren t p sy ch o p h y s ica l 

m ethods:

(1) th e  adjustment method, w here  the  sub ject ad justs  a  stim ulus u n til it is sub

je c tiv e ly  equal to, o r in  som e desired  re la tion  to  a  c rite rio n ,

(2) th e  minimal change m ethod , w here  the ex p erim en te r varies the  stim ulus 

an d  the sub jec t in d ica tes its ap paren t re la tion  to  a  c rite rio n ,

(3) the  paired comparison, w here  stim uli are  p resen ted  in  a ll p o ssib le  pa irw ise  

co m binations, and  the sub jec t in d ica tes w hich  in  each  p a ir  is g rea te r w ith  

re sp ec t to  a  g iven  a ttribu te ,

(4) the constant stimuli m ethod , w here  s tim uli are  p a ired  w ith  a  fixed  s tandard  

an d  th e  su b jec t in d icates w hether the stim ulus is  g rea te r o r  less than  th e  stan 

dard ,

(5) the  quantaI m ethod , w here  various fixed  in crem en ts  a re  added  to  a  stan 

dard , each  severa l tim es in  succession , and  the  sub jec t ind ica tes  the  p resen ce  o r  

absence  o f  the in crem ent,

(6) the  order o f merit m ethod , w here  groups o f  s tim u li a re  p re sen ted  an d  the  

sub jec t sets  the  s tim uli in  ap p aren t ran k  o rder,

(7) the  rating scale m ethod , w here  the  sub jec t g ives each  o f  th e  s tim uli an 

ab so lu te  ra tin g  in  te rm s o f  som e attribu te  (the  ra tin g  m ay  be  num erica l o r 

descrip tive).
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m  =  .123, iv =  0 .5 , ^ 2a » #  segm ents =  1084,

d  =  13, fZimax =  20 , energy  th resh o ld  =  20

#  segm ents =  3474

m  =  . 123, iv =  0 .5 , #  segm ents = 9 8 6 ,

d  =  5, fZimax =  12, en erg y  th resh o ld  =  2 0

#  segm ents =  4 094

4  =  9 , JZimax =  40 , en erg y  th resh o ld  =  25

#  segm en ts  =  2719

F ig u re  2 .15 . Im ages dem o n stra tin g  the  effec tiveness  o f  p o st-seg m en ta tio n  filtering . T he  
im ages on  th e  le ft are  o rig in a l segm en ted  im ag es  (g en era ted  usin g  TH3), 
an d  th e  im ages on  the  rig h t a re  p o st-seg m en ta tio n  filtered  versions o f  the 
im ages. T he p a ram ete rs  u sed  in  segm enta tion , th e  en erg y  th resho lds u sed  
post-seg m en ta tio n  filtering , and  the  n u m b er o f  segm en ts  in  each  im age are  
g iven  be low  each  im age.



T h ese  m ethods can  be used  to  m easu re  response  to  an y  type  o f  senso ry  stim ulus, fo r  

ex am p le  taste , hearin g  o r v ision . T h is  lis t is no t exhaustive ; fo r  any  m eth o d  p roposed  

fo r  one  p rob lem , th ere  are  m any  varia tions tha t suggest them selves fo r  o th e r p rob lem s.

F o r  o u r sub jec tive  tests, w e use a  varia tion  o n  the  order o f  merit m eth o d  ((6) 

above), w hich  incorpora tes an  asp ec t o f  the constant stimuli m e th o d  ((4) above). T he  

sub jec t is  p resen ted  w ith  sets o f  stim uli and  is  in struc ted  to  ra n k  the  s tim u li in  the sets, 

as in  (6). H o w ev er, th e  sub jec t is a t the sam e tim e g iven  a  fixed  standard , as in  (4), and  

the  ran k in g s are  de term ined  based  on  sub jec tive  "closeness" to  th e  standard . W e 

d esig n ed  o u r m e th o d  based  on  the question  w e  are  try ing  to  answ er. W e  w ish  to  d e te r

m in e  w hich  o f  the  th ree  op tions fo r segm entation  and  p o st-seg m en ta tio n  filte ring  p ro 

p o sed  above, resu lts  in  the  segm en ted  im age w hich  su b jec tive ly  lo oks m o st lik e  the  o ri

g ina l, u n seg m en ted  im age. S ince w e w an t to  d e term ine  w h ich  m e th o d  is  "best", the 

order o f merit m eth o d  is  appropria te . S ince the ju d g em en t o f  "best"  is b ased  on  w hich  

seg m en ted  im age  looks m ost like the  o rig inal un seg m en ted  im age , the use  o f  the  o rig i

n a l im age  as a  standard , as in  the  constant stimuli m ethod , is  app ropria te .

T h e  sub jec tive  tests w ere  p erfo rm ed  using  10 test sub jec ts , the  six  te st im ages 

show n  in  F ig u re  2 .3 , an d  18 f is t  im age sets. A  te s t sub jec t w as p re sen ted  w ith  one  test 

im ag e  se t a t a  tim e. E ach  test im age set co n sis ted  o f  fo u r im ages: an  u n seg m en ted  test 

im age (the "standard"), an d  th ree segm en ted  versions o f  th a t im age  (the "stim uli" 

im ages to  be  ranked). O ne segm en ted  "stim uli" im age w as g en era ted  using  co arse  seg

m en ta tio n  an d  no  post-segm en ta tion  filtering , one  w as g en era ted  u s in g  sligh tly  fin er 

segm en ta tion  and  m odera te  p o st-segm en ta tion  filtering , an d  the  last seg m en ted  

"stim uli" im age  w as g en era ted  usin g  very  fine segm en ta tion  an d  ex ten siv e  p o s t

segm en ta tion  filtering . (M ore segm ents  are  rem o v ed  fro m  the seg m en ted  im ag e  as a  

re su lt o f  "ex tensive" post-segm en ta tion  filtering  than  are  rem o v ed  as a  re su lt o f  

"m oderate" post-seg m en ta tio n  filtering .) A ll the  im ages w ere  seg m en ted  using  TH^ 

w ith  m = .1 2 3  and  w = 0 .5 , and  post-segm en ta tion  filtered  u s in g  E 2a- T he  param ete rs  d  

an d  thmax w ere  ad justed  to  vary  the  coarseness o f  the  segm en ta tion , an d  the  energy  

th resh o ld  w as ad justed  to  v ary  the  ex ten t o f  p o st-seg m en ta tio n  filtering . T h e  fo u r 

im ages w ere  a rranged  in  a  square  configuration , w ith  the  u n seg m en ted  "standard" im age 

in  the  u p p e r le ft c o m er o f  the  square. A n  exam ple  o f  a  test im age  set is sh o w n  in  F igu re

2.16.

E ach  test im ag e  set w as p resen ted  to  a  te s t sub jec t tw ice , w ith  th e  p lacem en t o f  the  

th ree  segm en ted  "stim uli" im ages varied . A ll o f  the  seg m en ted  im ages in  any  one  test 

im ag e  se t h ad  ap p rox im ate ly  equal num ber o f  segm ents; a n d  fo r  each  test im age  there  

w ere  tw o  o r  th ree  d ifferen t test im age sets, each  co m p o sed  o f  im ages hav ing  a  d ifferen t 

n u m b er o f  im age  segm ents . F o r exam ple , tw o  test im age  sets w ere  co n stru c ted  fro m  the 

"house" te s t im age. O ne set w as co m p o sed  o f  the  u n seg m en ted  s tan d ard  "house" im age
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F ig u re  2 .16 . A n  exam ple  o f  a  te s t im age set u sed  in  th e  sub jec tive  te sts  to  d e term ine  the 
in te rac tio n  be tw een  segm en ta tion  an d  p o st-seg m en ta tio n  filtering .



an d  th ree  segm en ted  versions o f  "house," a ll hav ing  appro x im ate ly  2000  segm ents, and  

the  o th e r w as co m p o sed  o f  the u n segm en ted  stan d ard  "house" im ag e  and  th ree  seg

m en ted  versions o f  "house," a ll hav in g  ap p rox im ate ly  1500 segm ents. B o th  o f  these  

te s t im age sets w ere  p resen ted  tw ice  to  each  te st subject, w ith  the  loca tio n s o f  the seg

m en ted  "stim uli" im ages varied .

T he  test im age sets w e r l p resen ted  to  the test sub jec t on  a  D eA h za  C R T  m on ito r 

(m an u fac tu red  by  M itsub ish i E lec tric , m odel C -3910) in  a  d ark en ed  room . T his m on i

to r  has 512  x  512  p ix e l reso lu tion , w ith  256  possib le  g ray  levels. T he  m o n ito r w as ca li

b ra ted  fo r a  lin e a r re la tio n sh ip  betw een  g ray  level num eric  va lue  and  o u tp u t lum inance. 

T h e  calib ration  p ro ced u re  is describ ed  in  A ppend ix  E. T he  te s t sub jec t sa t a  d is tance  o f  

app rox im ate ly  six  tim es the im age he igh t aw ay fro m  the screen . E ach  test sub jec t w as 

g iven  ap p ro x im ate ly  th ree  m inu tes befo re  the  start o f  the  experim en t, to  a llow  fo r adap

tio n  to  th e  ro o m ’s illum in atio n  (know n as "dark  adap tion"). T he  te s t sub jec t w as 

in s tru c ted  to  ra n k  the  th ree  segm en ted  im ages in  each  te s t im ag e  se t in  o rd e r fro m  the 

o n e  th a t m o st c lo se ly  re sem b led  the  o rig inal im age, to  th e  o n e  th a t le as t re sem b led  the  

o rig in a l im age. T he  sub jec t w as g iven  30 seconds to  m ak e  th is  de term ina tion . A n 

en tire  tria l w ith  one  test sub ject to o k  ap p rox im ate ly  25 m inu tes. In  o rd e r to  com pensa te  

fo r  any  "learn ing" by  a  te s t subject, o r  any fa tigue  in  a  test su b jec t d u rin g  the  25 m in u te  

te stin g  p rocess , each  sub jec t v iew ed  the test im age sets in  a  d iffe ren t o rder. T h is v a ria 

tion  a lso  com pensa tes  fo r  any  add itional d a rk  adap tion  by  th e  te s t sub jec ts a fte r the  in i

tia l th ree  m in u tes.

T h e  raw  d a ta  from  the ex perim en t d esc rib ed  above is  su m m arized  in  A p pend ix  A . 

T he  m ed ian  ran k in g s o f  the  th ree  types o f  segm en ted  im ages in  each  test im ag e  set, fo r 

bo th  p resen ta tio n s  o f  tha t te s t im age set to  a ll the test sub jects, are  g iven  in  T ab le  2 .1 . 

T he  o v era ll m ed ian  rank ings o f  the th ree  types o f  segm en ted  im ages fo r  each  test im age 

are  g iv en  in  T ab le  2 .2 . T he  co arse ly  segm en ted  im age w ith  no  p o st-seg m en ta tio n  filter

in g  h ad  a  m ed ian  ran k in g  o f  la s t fo r  a ll o f  the test im age  sets. T h e  m o d era te ly  seg

m en ted  an d  filtered  im age h ad  a  m edian  ran k in g  o f  seco n d  fo r  five o f  the  six  test 

im ages, an d  the  finely  segm en ted  an d  ex ten siv e ly  filte red  im ag e  h ad  a  m ed ian  ran k in g  

o f  first fo r  five o f  the  six  te s t im ages. O verall, the  co arse ly  seg m en ted  im age  w as 

ran k ed  la s t in  91 p ercen t o f  the  trials , the  m od era te ly  filtered  im ag e  w as ran k ed  second  

in  71 p e rcen t o f  the  trials , an d  the ex tensive ly  filtered  im age  w as ran k ed  first in  74  p e r

cen t o f  th e  trials . T h is d a ta  s trong ly  in d ica tes tha t p o st-seg m en ta tio n  filte ring  is  very  

usefu l fo r  rem o v in g  v isually  in sign ifican t im age segm ents. F o r  a  g iven  n u m b er o f  

im ag e  segm en ts, a  m uch  b e tte r v isual q u ality  seg m en ted  im age  is  g en era ted  by  d o in g  

fa irly  fine segm en ta tion  fo llow ed  by  ex tensive  p o st-seg m en ta tio n  filte ring , than by  o n ly  

co arse ly  segm en ting  the  im age.

81
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T ab le  2.1 M ed ian  ran k in g s  o f  the th ree  types o f  segm en ted  im agesi inie a c h  te s t im a g e
set, fo r  bo th  p resen ta tions o f  tha t te s t im ag e  set to  a ll the  test subjects  

( " p s f ' re fe rs  to  post-segm en ta tion  filte ring).

im ag e

approx , 

n u m b er o f  

segm ents

M ed ia n R an k in g s

coarse

segm enta tion , 

no  p s f

m ed iu m  

segm en ta tion , 

m odera te  p s f

fine

seg m en ta tion , 

ex ten siv e  p s f

A irp l 2 684 3 2 I

2688 3 2 i

2911 3 2 ■. I : .  ,.

E ric 1434 3 2 1 : ;

1916 3 2 I

2301 3 2 - .1

G irl 1064 3 2 I

1273 3 2 I

1652 V  3 .. 2 I

H o u se 2 3 1 4 : 3 2 I

277 4 3 I 2

2 8 3 4 3 2 I

3504 ■ 3 2 I

K ris ta 685 1 3 ' I 2

948 3 I ;■. 2

N atalie 7 1 4 ■; ■ 3 2 ■ .-I

855 3 •2 I

1076 ... 3 2 .. I



T ab le  2.2 .
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£ 3 a f f i s r S £ s a S r

im age

M ed ia n R an k in g s

coarse

segm enta tion , 

no  p s f

m ed ium  

segm enta tion , 

m odera te  p s f

fine

seg m en ta tion , 

ex ten siv e  p s f

A irp l 3 2 ; I

E ric 3 2 I

G irl 3 2 I

H ouse 3 r . 2 I

K rista 3 I 2

N atalie 3 2 I
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T his  re su lt can  be ex p la in ed  by  ex am in ing  cen tro id -lin k ag e  reg io n  g row ing  versus 

p o st-seg m en ta tio n  filtering . C en tro id -linkage  reg io n  g row ing  is  a  ra s te r  scan m ethod. 

T here fo re , th e  a lg o rith m  on ly  a llow s fo r segm en ts  to  be  g ro w n  fro m  above an d  the 

im m ed ia te  le ft o f  the  cu rren t p ixel. N o  segm ents can  ex is t be low  a n d  to  th e  im m ed ia te  

rig h t o f  the  cu rren t p ix e l, so  charac teristics o f  im age segm en ts  in  th o se  areas c an n o t be  

acco u n ted  fo r  as segm en ts  are  g row n. A lso , as the  cen tro id -lin k ag e  a lg o rith m  

p ro g resses , the  average  in tensity  an d  shape  o f  an  im age  segm en t m ay  ch an g e  co n sid er

ab ly . T h is  m eans th a t decisions abou t how  segm ents  shou ld  be  fo rm ed  a re  m ad e  w ith  

in co m p le te  in fo rm atio n  ab o u t the con figu ra tion  o f  the  segm ents th a t a lread y  ex is t in  the 

im age. In  co n trast, d u rin g  p o st-seg m en ta tio n  filte ring , charac te ris tics  o f  segm ents 

n e ig h b o rin g  th e  seg m en t u n d e r te s t in  a ll d irec tions are  con sid ered , an d  in  add ition , 

m o st o f  those  n e ig h b o r segm ents  a re  in  th e ir  final form . T h e  in fo rm atio n  availab le  on  

w h ich  to  base  d ecis io n s abou t how  th e  im age sh o u ld  be  segm en ted  is  m o re  co m p le te  at 

the  p o st-seg m en ta tio n  filtering  stage.

2 .4 . A  Q u a n t i ta t iv e  M e a s u re  fo r  th e  N u m b e r  o f  S e g m e n ts  

R e q u ir e d  b y  a n  Im a g e

In  th is  sec tion  w e p ropose  a  q u an tita tive  m easu re  w h ich  specifies the  n u m b er o f  

im age  segm en ts  n ecessary  fo r an  im age  to  ach ieve  a  p a rticu la r seg m en ted  quality . 

S ince  th e  n u m b er o f  segm ents  in  the  im age  p lays a  m a jo r ro le  in  d e te rm in in g  th e  b it ra te  

fo r  the  im age, such  a  m easu re  w o u ld  a llow  estim ation  o f  th e  b it ra te  req u ired  fo r  an  

im age, w ith o u t ac tua lly  com p ressin g  the im age.

T h e  n u m b er o f  segm ents  req u ired  by  an  im age  dep en d s o n  tw o  basic  im age 

ch arac te ris tics: the  h ig h  spatia l frequency  co n ten t o f  the  im age  a n d  th e  am o u n t o f  co n 

trast in  th e  im age. In  general, fo r tw o  im ages w ith  s im ila r spatial freq u en cy  con ten t, the 

im ag e  w ith  the  g rea te r co n trast w ill req u ire  m ore  segm ents. A s an  ex am p le  o f  th is  co n 

s id er tw o  im ages o f  a  s inew ave g ra tin g  w ith  a  p a rticu la r spatia l frequency . S uppose th a t 

th e  sinew ave in  the  first im age has several tim es the  am plitude  o f  th e  s inew ave in  the 

second  im age. In  o rd e r  to  ach ieve  the  sam e quality  in  the  segm en ted  versions o f  these  

im ages, th e  first im ag e  w ill requ ire  m o re  segm ents , because  a  w id e r ran g e  o f  g ray  levels 

m u st be  rep resen ted . L ik ew ise , fo r  tw o  im ages w ith  s im ila r co n trast, the  im age w ith  

h ig h e r spa tia l freq u en cy  co n ten t w ill req u ire  m o re  segm ents. A s  an  ex am p le  o f  th is 

co n sid e r tw o  im ages o f  a  squarew ave g ra ting  w ith  a  p a rticu la r con trast. S uppose  that 

the  squarew ave in  th e  first im age  has severa l tim es the  spatia l freq u en cy  Of the  

sq u arew av e  in  th e  seco n d  im age. S ince  each  "stripe in  the  im ag e  req u ires  a  segm en t to  

rep resen t, in  o rd e r  to  achieve th e  sam e q u a lity  in  th e  seg m en ted  v ersions o f  th ese  

im ages the  first im ag e  w ill o b v iously  req u ire  m ore segm en ts  than  th e  second  (b ecause



th e re  are  m o re  "stripes" in  th e  h ig h er frequency  im age). T ak en  to g e th e r these  tw o  id eas 

le ad  to  the  conclu sio n  th at, in  general, im ages w ith  la rg e  am oun ts  o f  h igh  spatia l fre 

q u en cy  con ten t, acco m p an ied  by  h igh  con trast, req u ire  nup ierous segm ents .

T h e  m easu re  w e p ropose  quantifies th e  com b in a tio n  o f  h igh  co n trast an d  h igh  spa

tia l frequency  co n ten t in  the  im age by  m easu rin g  the  average  d ifferen ces betw een  

n e ig h b o rin g  p ix e ls  in  the  im age. I f  the im age has h igh  con trast, d ifferen ces be tw een  

ne ig h b o rin g  p ixe ls  w ill tend  to  be  large. H ow ever, i f  th e  im age in  add itio n  has re la 

tive ly  low  freq u en cy  con ten t, then  these large d ifferences w ill o c cu r in frequen tly , and  

th erefo re  th e  average  d ifference  w ill be re la tiv e ly  sm all. B y  con trast, i f  the  im age  has 

h ig h  co n trast acco m p an ied  by  s ign ifican t h igh  frequency  con ten t, la rge  d ifferen ces w ill 

o ccu r freq u en tly  in  the  im age, and  the  average  d ifference  w ill be  la rge . T h ere fo re , by  

averag in g  the  d ifferences betw een  n eighboring  p ixe ls  in  the im age, w e o b ta in  a  m easu re  

w h ich  reflects  the  n u m b er o f  segm ents  req u ired  by  an  im age.

T h e  m easu rem en t techn ique  w e p ropose  invo lves tak in g  h o rizo n ta l, ve rtica l, and  

d iag o n al "slices" th rough  th e  im age. T he average o f  the  abso lu te  va lu e  o f  the  d ifference  

b e tw een  successive  p ixe ls  a long  each  slice is  calcu la ted . In  term s o f  th e  ith  ro w  in  an  

N xN  im age  th is  can  be w ritten:

N - 2

Mrl =  \ P i , j  - P i , j + i \ ,  ( 2 .1 3 )

;  =  °

w h ere  is  th e  g ray  level o f  the  p ix e l in  the  ith  row  an d  yth co lu m n  o f  the  im age. A  

s im ila r ex p ressio n  can  be  w ritten  fo r  the J th  im age  co lum n:

N - 2

M c j  = 2  \Pi, j-Pi+l,j \’ ( 2 .1 4 )

i  =  0

and  fo r  the  tw o  co m er-to -co m er im age d iagonals:

N - I

Md= £  \ P u  - P i + l , i + l  I +  \ P i , N - l - i  ~ P i + \ , N - 2 - i \ -  ( 2 .1 5 )

i = 0

T h en  th e  to ta l segm en t m easure , fW, fo r an  im age  is  the  av erag e  o f  these  m easu res  o v e r 

a ll th e  ro w s a n d  co lum ns p lus the  tw o  d iagonals o f  the im age:

j  JV- 1

M m Q N + 2 * » - C -1 6 )

Is  is  a lso  p o ssib le  to  use  a  subse t o f  the row s and  co lum ns, fo r  ex am p le  ev ery  th ird  ro w  

and  co lum n . T h is  saves on  com puta tion  tim e, ho w ev er as the  su b se t becom es sm aller, 

th e  re liab ility  o f  the  m easu re  m ay  be  reduced .
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2 .4 .1  E x p e r im e n ta l  V e rif ic a tio n

T h e  m easu re  d esc rib ed  above w as co m p u ted  fo r  five o f  the  te s t im ages show n in  

F ig u re  2.3 in  an  e ffo rt to  de term in e  its  accu racy  a t estim atin g  the  n u m b er o f  segm ents  

req u ired  b y  an  im age. T h is  verification  w as d ifficu lt d u e  to  p rob lem s in  de term in in g  

w h en  the  seg m en ted  q u a lity  o f  tw o  d iffe ren t segm en ted  im ages w as equal. P rev io u sly  

in  th is  chap te r, w e h ave  co m p ared  a  segm en ted  v ersio n  o f  an  im age  to  o th e r segm en ted  

v ersions o f  th e  same im age. H o w ev er, in  o rd e r to  ev alu a te  the  v a lid ity  o f  M, i t  is  n eces

sary  to  co m p are  the  q u a lity  o f  tw o  different segm en ted  im ages. In  th is  co m p ariso n  w e 

m u st sub jec tiv e ly  d e te rm in e  w hen  the  q u a lity  o f  the  tw o  d iffe ren t seg m en ted  im ages is 

equal. T h o u g h  th is  de term ina tion  can  be  m ade approx im ate ly , i t  is  v irtu a lly  im possib le  

to  m ak e  w ith  an y  p rec isio n .

I f  a  m ean in g fu l quan tita tiv e  q u a lity  m easu re  fo r  seg m en ted  im ages ex is ted , each  

im age co u ld  be  segm en ted  to  have a  specific , p rec ise  q u a lity  m easu re  value. T h en  the 

n u m b er o f  segm en ts  in  each  im age co u ld  be  co m p ared  to  each  im a g e ’s M  m easu re  in  

o rd e r to  v erify  M. S ince no  app licab le  q u an tita tive  q u a lity  m easu re  is  k n o w n , w e are  

le ft to  su b jec tive ly  evalua te  the  equality  o f  the  v isu al q u a lity  o f  d iffe ren t segm en ted  

im ages

D esp ite  th e se  d ifficu lties, segm en ted  versions o f  the  test im ag es  in  F ig u re  2 .3a-e  

w ere  g en era ted  hav in g , as c lo se ly  as co u ld  be de term ined , eq u a l sub jec tive  v isu al q u a l

ity . T h ese  seg m en ted  im ages are  show n in  F ig u re  2 .17 . T h e  n u m b er o f  segm ents in  

each  o f  these  im ag es, an d  the  M  v a lues fo r  each  im age  are  show n  in  T ab le  2 .3 . T ab le  

2.3 a lso  g ives v a lues fo r  M  ca lcu la ted  usin g  severa l d iffe ren t subsets o f  the  im age  row s 

and  co lum ns. C om p arin g  M  va lues fo r  o n e  im age usin g  vario u s ro w  an d  co lu m n  sub

sets, w e  see  tha t co m p u tin g  M  u sin g  a  few  as every  e ig h th  co lu m n  an d  ro w  does n o t 

have a  sign ifican t e ffec t on  the  value o f  M.

C o m p arin g  the  va lues fo r M  to  th e  n u m b er o f  segm ents  in  each  o f  the  segm en ted  

im ag es, w e  see th a t th e  tw o  num bers are  nearly  m o n o to n ica lly  re la ted . T he  d a ta  also  

show s that, fo r th e  m o st p art; the  la rg e r the  d ifference  be tw een  th e  n u m b er o f  segm ents 

in  tw o  im ages, th e  la rg e r the  d ifferen ce  in  the  M  v a lues fo r  th e  tw o  im ages. H ow ever, 

since  th is  verifica tion  is  b ased  on  a  d ifficu lt sub jec tive  co m p ariso n  o f  th e  q u a lity  o f  d if

fe ren t seg m en ted  im ages, M can n o t be  abso lu te ly  verified  as a  e s tim a to r fo r  th e  n u m b er 

o f  segm en ts  req u ired  b y  an  im age. M c m  on ly  be  verified  to  the  sam e re liab ility  as the 

seg m en ted  im age  q u a lity  m easure  u sed  in  M s  evalua tion .



d = l ,  thmax -  10,

#  segm ents  =  551 , 

en erg y  th resho ld  = 1 5

d  — 7 ,th  max — 10,

#  segm ents  =  780 , 

en erg y  th resh o ld  =  17

#  segm ents =  690 , 

energy  th resh o ld  = 1 3

d =  10, thmBx =  13, 

#  segm ents  =  871 , 

en erg y  th resh o ld  =  24

d = ISythmax =  16. 

#  segm ents =  898,

energy  th resho ld  =  30

F ig u re  2 .17 . T h e  segm en ted  an d  p o st-segm en ta tion  filtered  im ag es  u sed  to  v erify

T he param eters  u sed  in  segm entation , the  en erg y  th resho lds u sed  in  p o s t

segm enta tion  filte ring , and  the n u m b er o f  segm en ts  a f te r  p o st-segm en ta tion  

filtering  are  g iven  be low  each  im age. (THy  w ith  w  =  0 .5  an d  m  =  .123  w as 

u sed  to  segm en t a ll the  im ages, an d  E 2a w as u sed  to  p o st-segm en ta tion  
filter a ll the  im ages.)



T ab le  2 3 .  S um m ary  o f  th e  n u m b er o f  segm ents an d  th e  fW v a lu es  fo r each  o f  the 
Segm ented im ages in  F ig u re  2 .17 .

im age n u m b er o f  

segm ents

fW V alues

all row s and  

co lum ns

every  8-th  ro w  

an d  co lu m n

every  3 2 -n d  ro w  

an d  co lu m n

K ris ta 551 21.958 21.866 2 2 .5 1 2

N atalie 690 25 .184 25.201 25 .295

G irl 78 0 21 .399 21 .228 2 1 .3 6 4

E ric 871 28.961 2 8 3 8 3 2 7 .2 8 0

H o u se 898 27 .942 21 .144 26.651



In  th is  ch ap te r w e have d escribed  investigations in to  w h at type o f  segm enta tion  

th resh o ld  in  th e  cen tro id -linkage  reg ion  g row ing  im age  segm en ta tion  a lg o rith m  gen

era tes  the  b e s t v isual q u a lity  segm en ted  im ages w ith  the le as t n u m b er o f  segm ents . 

F ro m  these  investigations w e have de term ined  the charac te ris tics  o f  a  H V S -b ased  th res

h o ld  w h ich  leads to  the  b est v isual q u ality  segm en ted  im age, fo r  a  g iven  n u m b er o f  

im ag e  segm ents. W e have a lso  described  a  H V S -b ased  m e th o d  fo r  filte ring  a  segm en ted  

im ag e  to  e lim ina te  v isually  insign ifican t im age segm ents . In  bo th  th ese  techn iques w e 

have su ccessfu lly  ex p lo ited  H V S p roperties  to  im prove  o u r im age  segm en ta tion . S u m 

m ariz ing , the  segm enta tion  a lgo rithm  w e h ave  d esig n ed  consists  o f  tw o  steps, illu stra ted  

in  F ig u re  2 .18:

(1) C en tro id -linkage  reg io n  g row ing  usin g  77/ 3 (see  E q u a tio n s  2 .3 ,2 .4 , 

an d  2 .6 , an d  F igu re  2 .2), w ith  m = .123 an d  w  =  0 .5 . T h e p a ra m e te rs  d  

an d  thmax are  ad justed  to  con tro l the  n u m b er o f  im ag e  segm ents created .

(2) P ost-segm en tation  filtering  u s in g  en erg y  m easu re  E^a (see E q u a tio n  

2 .10). T he  energy  th resho ld  is  ad justed  to  co n tro l the  n u m b er o f  seg

m en ts  e lim in a ted  fro m  the im age.

W e h ave  also , th rough  a  series o f  sub jec tive  tests, d em o n stra ted  c lea rly  the 

sup erio rity  o f  im age  segm en ta tion  fo llow ed  by  p o st-seg m en ta tio n  filtering  o v e r im age 

segm en ta tion  alone.
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en erg y
th resh o ldthmax

segm en ted
quan tized

im age

q u an tize r
p ost-segm en ta tion  

filter, E 2a

cen tro id -linkage  
reg io n  g row ing  

TH 3, m - 0 .1 2 3  

w = 0 .5

F ig u re  2 ,1 8 . T he  segm enta tion  (d iscussed  in  C h ap ter 2) an d  qu an tiza tio n  (d iscussed  
in  C h ap te r 3) algorithm s. T h e  param ete rs  d  an d  thmax a re  ad ju sted  to  
co n tro l th e  n u m b er o f  segm ents c rea ted  in  th e  seg m en ted  im age. T he  

en erg y  th resh o ld  is  ad justed  to  co n tro l the  n u m b er o f  segm ents  

e lim in a ted  fro m  the im age  during  p o st-seg m en ta tio n  filtering , N  is  the 

n u m b er o f  qu an tiza tio n  in te rv a ls , an d  M  is th e  n u m b er o f  g ray  levels in  

th e  ran g e  o f  the  o rig ina l im age.

■;> ■

I-
I .



C H A P T E R  3

Q U A N T IZ A T IO N  O F  S E G M E N T E D  IM A G E S

In  the  p rev ious ch ap te r w e p resen ted  a  h um an  v isual sy stem  (H V S) b ased  

a lg o rith m  fo r  segm en ting  a  gray  level im age. In  th is  ch ap te r w e d esc rib e  a  techn ique  

fo r  q u an tiz in g  th e  segm en ted  im age. W e show  tha t th e  n u m b er o f  g ray  levels in  a  

seg m en ted  im age  can  be  red u ced  sign ifican tly , w ith  little  o r  n o  d eg rad atio n  in  the 

q u a lity  o f  th e  segm en ted  im age. W e have found  th a t the  n u m b er o f  g ray  levels in  a  

seg m en ted  im ag e  can  ty p ica lly  be reduced  from  2 5 6  to  on  the  o rd e r  o f  20 , i.e . fro m  8 

bits  p e r  g ray  lev el to  approx im ate ly  4 .5  bits  p e r  g ray  lev el (a  red u c tio n  o f  m ore  than  

40% ). T h e  q u an tizer w e p ropose  is  d esigned  to  p ro d u ce  v isu a lly  p leas in g  q u an tized  

seg m en ted  im ages. T h is is ach iev ed  by  inco rp o ra tin g  H V S  p ro p erties  in  the  p rocess  

u sed  to  se lec t the  q u an tizer characteristics.

O th e r q uan tizers  have been  p ro p o sed  w hich  ex p lo it H V S  p roperties 

[2 9 ,3 8 ,9 7 ,9 8 ] .  F o r  exam ple , q uan tizers  w h ich  inco rpora te  H V S  p ro p erties  have been  

p ro p o sed  fo r u se  in  q u an tiza tion  o f  no rm al (not segm en ted ) g ray  lev el im ages [99-102] , 

in  d iffe ren tia l p u lse  code  m o du la tion  (D PC M ) [103-109] an d  tran sfo rm  cod ing  

[2 1 ,2 2 ,2 4 ,1 1 0 -1 1 2 ] .

In  [101] a  com panded  quan tizer w as d esig n ed  fo r  g ray  lev el im ag es  th a t 

in co rp o ra tes  a  m odel fo r  H V S con trast sensitiv ity . T h e  m o tiv a tio n  w as to  red u ce  

a rtifac ts  in  th e  q u an tized  im age  due  to  fa lse  con tou ring . F a lse  con tou rs  o c cu r in  a n  

im ag e  w hen  a  sm ooth  g ray  lev el ram p  in  the  im age is q u an tized  an d  thus co n v erted  to  a 

series o f  steps. In  [101] a  n on-linear m apping , m o d e led  a fte r H V S co n tra s t sensitiv ity , 

fro m  im age  lu m inance  to  th e  percep tua l quan tity , b rig h tn ess, is  p ro p o sed . T he  

b righ tness  v a lu es are  then  u n ifo rm ly  q u an tized  fo r  m in im u m  m ean  square  erro r. A n 

ex p o n en tia l p ro b ab ility  density  w as assum ed  fo r  the  im age lum in an ce  values.

In  D P C M , q uan tizers  a re  u sed  fo r  the d ifferences be tw een  n e ighboring  p ixe ls. 

N o n -u n ifo rm  q uan tizers  can  be  d esig n ed  fo r these  p ix e l d iffe ren ces  w h ich  ex p lo it the  

H V S p ro p erty  th a t sensitiv ity  to  q uan tization  no ise  decreases  a t an d  ad jacen t to  la rge  

in ten sity  ch an g es [105]. A  fu nc tion  th a t m easu res  in ten sity  activ ity , kn o w n  as a  

masking function is constructed . T his m ask ing  func tion  is  in co rp o ra ted  in to  a  sub jective  

d is to rtio n  m easu re , an d  a  non -u n ifo rm  q u an tize r is  d e s ig n ed  w h ich  m in im izes th is  

d is to rtio n  m easu re . T h e  d is to rtion  m easu re  b asica lly  w eigh ts  th e  qu an tiza tio n  e rro r a t a
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p articu la r im age lo ca tio n  by  th e  va lu e  o f  th e  m ask in g  fu n c tio n  a t th a t location . T h e  

re su lt is tha t la rg e r quan tiza tio n  erro rs  are  p e rm itted  in  "busy" p arts  o f  the  im age , w here  

such  e rro rs  a re  less no ticeab le . In  sm oo ther p a rts  o f  the  im ag e , w here  quan tiza tio n  

no ise  is  m o re  o b jectionab le , quan tiza tio n  erro rs  are  sm aller.

Q u an tizers  in co rp o ra tin g  H V S p ro p erties  h av e  a lso  been  d esig n ed  fo r u se  in  

tran sfo rm  co d in g  techn iques [2 1 ,2 2 ]. A s d iscu ssed  in  C h ap ter I ,  tran sfo rm  cod ing  

m ethods are  ty p ica lly  im p lem en ted  on  b locks o f  p ixels. T h e  im age  is  d iv id ed  in to  

b locks an d  the  tran sfo rm  is ap p lied  to  each  b lo ck  ind iv idually . TTie transfo rm  

coeffic ien ts are  then  quan tized . N o n-un ifo rm  quan tizers  can  be  d e s ig n ed  fo r the 

tran sfo rm  coeffic ien ts w h ich  ex p lo it H V S p ro p erties  b ased  o n  lo ca l im age 

ch arac teris tics. T ran sfo rm  coeffic ien ts  w h ich  are  c ritica l to  the  v isual q u a lity  o f  the 

im age  are  q u an tized  w ith  m ore  p rec is io n  than  those  coeffic ien ts co n sid e red  less  c ritica l.

In  th is  ch ap te r w e design  a  H V S -b ased  q u an tizer fo r  the  p ix e ls  in  a  segm en ted  

im a g e , r a th er  than  fo r  p ix e l d ifferences o r  transfo rm  coeffic ien ts. T h e  q u an tize r w e 

p ro p o se  is  d e s ig n ed  to  p ro d u ce  v isually  p leas in g  q u an tized  seg m en ted  im ages. T h is is 

acco m p lish ed  by  in co rp o ra tin g  H V S p ro p erties  re la tiv e  to  co n tra s t sensitiv ity  in  the 

d esig n  o f  the  quan tizer. A ccord ing  to  a  m odel o f  H V S  co n trast sensitiv ity  p resen ted  in  

C h ap te r I , the  H V S  is m o st co n trast sensitive  in  the  m idd le  o f  th e  g ray  lev e l ran g e , w ith  

the  sensitiv ity  d ecreasin g  tow ard  the  ends o f  the  gray  lev el range . B ased  on  this 

ch arac te ris tic , the  q u an tize r w e p ropose  is  n on-un ifo rm , w ith  the  spacing  o f  the 

q u an tiza tio n  th resho lds vary in g  acco rd in g  to  the  co n trast sensitiv ity  cu rv e  show n in  

F ig u re  1.3b. T h is w ill re su lt in  re la tiv e ly  fine quan tiza tio n  fo r  m id -ran g e  g ray  level 

va lues, an d  m o re  co arse  quan tiza tion  to w ard  the  ex trem es o f  th e  gray  lev el range . O u r 

q u an tize r does n o t inco rpora te  a  p rio ri in fo rm atio n  ab o u t th e  im age  to  b e  quan tized ,

such  as the  im age  h istogram . T h e  on ly  in fo rm ation  ab o u t lhe  im age  u sed  by  o u r

q u an tize r is  the  ran g e  o f  g ray  levels in  the  im age.

T h e  su itab ility  o f  segm en ted  im ages fo r quan tiza tion  is due  to  a t le as t tw o  facto rs. 

T h e  first has to  d o  w ith  the  co n trast sensitiv ity  o f  the  ey e  

sensitiv ity  is  a  fu nc tion  o f, am ong  o th e r th ings, spatia l separa  

g ray  lev e l req u ired  b e tw een  tw o  te s t p a tch es  in  o rd e r to  be 

v ie w er varies as the  spa tia l separation  be tw een  the  tw o  patch es changes. F o r  exam ple , 

i t  is  e as ie r to  te ll w h e th er tw o  te st pa tches are  the sam e gray  level w hen  they  are  d irec tly  

ad jacen t to  each  o th e r than  w hen  they  are  sep ara ted  by  som e d is tan ce  spatially . T h is  

H V S p ro p erty  can  be  ex p lo ited  w hen  q u an tiz in g  a  seg m en ted  im age. C o n sid e r the

[4 1 ,4 5 ]. H V S co n trast 

don. T h e  d ifference  in  

d iscern ib le  to  a  hum an

sim plified  seg m en ted  im age  show n  in  F ig u re  3.1. S uppose  th a t the  tw o  shaded  

segm en ts h ave  d iffe ren t g ray  levels in  the  o rig ina l seg m en ted  im age, b u t bo th  g ray  

levels fa ll in  th e  Same quan tiza tion  in terval. T hen  these  tw o  segm en ts w ill have the 

sam e g ray  lev el a f te r  quan tization . T h is does n o t cau se  no ticeab le  d eg rad a tio n  in  the



F ig u re  3.1. A  sim plified  segm en ted  im age.
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seg m en ted  im age b ecau se  the  spatia l sep ara tio n  o f  th ese  tw o  segm en ts  m akes th is  

chan g e  in  g ray  lev el im p ercep tib le  to  the  hum an  v iew er.

T h e  second  fa c to r  th a t m akes segm en ted  im ages su itab le  fo r  quan tiza tio n  has to  d o  

w ith  the  ty p ica l d ifferen ce  in  g ray  lev e l be tw een  ad jacen t im age  segm ents. F irs t assum e 

th a t there  are  an  "adequate" nu m b er o f  q u an tiza tio n  levels. (W h at co n stitu tes  "ade

quate" w ill b e  d iscu ssed  in  m ore  d e ta il la te r in  th is  chap ter.) S ince  segm en ta tion  

d iv id es an  im ag e  in to  d iss im ila r reg io n s , i t  is in freq u en t tha t tw o  ad jacen t segm en ts  fa ll 

in  the  sam e q u an tiza tio n  in te rval. T h ere fo re , th o u g h  tw o  neigh b o rin g  segm en ts  m ay 

bo th  h ave  th e ir  g ray  levels  ch an g ed  by  quan tiza tion , i t  is  u n like ly  th a t th ey  bo th  w ill be  

c h an g ed  to  th e  same g ray  level (and  essen tia lly  be  m erg ed  to  fo rm  o n e  la rg e r segm ent). 

T h is  is  im p o rtan t because , assum ing  th a t an  im age has b een  seg m en ted  in  such  a  w ay 

th a t e ach  seg m en t in  the  im age  is  c ritica l to  the  v isu a l q u a lity  o f  th e  im ag e , w e w ou ld  

like  q u an tiza tio n  to  p re se rv e  in tac t a ll the  im ag e  segm ents. A s lo n g  as q u an tiza tio n  

p reserv es  a  la rg e  n u m b er o f  the  im age segm ents  in tac t, th e  q u a lity  o f  th e  segm en ted  

im ag e  is  m a in ta in e d . In  sum m ary , th ough  quan tiza tio n  affects th e  g ray  Ie v e T o f each  

im ag e  segm en t, i t  p reserv es the  co n trast b e tw een  segm en ts w e ll en o u g h  th a t the  eye  

does n o t p e rce iv e  a  d ifferen ce  a fte r quan tization .

In  Section  3.1 w e p re sen t a  design  m e th o d  fo r th e  H V S -b ased  q u an tize r described  

above. In  S ection  3.2 w e  p re sen t the  resu lts  o f  sub jec tive  te sts  co m p arin g  th e  p e rfo r

m an ce  o f  the p ro p o sed  q u an tizer to  a  sim ple  un ifo rm  q u an tize r a n d  to  a  hiStogram - 

b ased  quan tizer. T h e  tests w ere  p e rfo rm ed  using  the  five seg m en ted  im ages show n in  

F ig u re  3 .2 . H is to g ram s o f  these segm en ted  im ages are  g iven  in  A p p en d ix  D . In  S ection  

3.3 w e de term in e  th e  e x ten t o f  quan tiza tion  po ssib le  befo re  n o ticeab le  d eg rad a tio n  

o ccu rs  in  a  seg m en ted  im age. F ina lly , S ection  3 .4  exp lo res q u an tiza tio n  o f  a  segm en ted  

im ag e  th a t has been  p o st-seg m en ta tio n  filtered  (as d e sc rib ed  in  C h ap te r 2), versus 

q u an tiza tio n  o f  a  seg m en ted  im age  th a t has n o t b een  p o st-seg m en ta tio n  filtered .

3,1 H u m a n  V isu a l S y s tem  B a se d  Q u a n tiz a t io n  o f  S e g m e n te d  Im a g e s

T h e  d esig n  o f  a  q u an tize r req u ires  specification  o f  q u an tiza tio n  th resh o ld s  and  

q u an tize r o u tp u t levels. A  w idely  u sed  approach  to  th e  specification  o f  th ese  p aram ete rs  

is c lass ica l o p tim u m  q u an tize r d esign , fo r  exam ple  th a t o f  M ax  [113]. W ith  th is 

ap p roach , a  d is to rtio n  fu nc tion  is  defined  w h ich  is  a  fu n c tio n  o f  the  q u an tiza tio n  error. 

G iv en  th e  q u an tize r in p u t am plitude  p ro b ab ility  d en sity , the  q u an tize r is  d esig n ed  to  

m in im ize  the  ex p ec ted  value o f  th e  d is to rtio n  m easu re . H o w ev er, there  is  a  p ro b lem  

w ith  ap p ly in g  th e  m ethods o f  M ax  in  th e  specific case  o f  q u an tiza tio n  o f  a  segm en ted  

im age. T h e  m ethods o f  M ax  req u ire  specification  o f  a  d is to rtio n  m easu re , w h ich  is 

d ifficu lt fo r  im ages (see  S ection  1.2.2). T h ere fo re , a  d iffe ren t ap p ro ach  to  the  d esig n  o f
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d — 4, thmax -  8( w  — 0 .5 , d — 5, — 12, w  — 0 .5 ,

en erg y  th resh o ld  =  20 , en erg y  th resh o ld  =  20 ,

#  segm en ts =  579  #  segm ents =  9 8 6

d = 13, /Zimax =  20 , w  =  0 .5 , d  =  3, Ihmsx =  40 , w  =  1.0,

en erg y  th resh o ld  =  20 , en erg y  th resh o ld  = 1 5 ,

#  segm ents =  1084 #  segm en ts  =  632

d  =  9 , /Ztmax =  40 , w  =  0 .5 , 

en erg y  th resho ld  =  25,

#  segm ents  =  791

O rig ina l segm en ted  im ages u sed  to  co m p are  d iffe ren t quan tizers . T h e  

param ete rs  u sed  in  segm entation , th e  en erg y  th resho lds u sed  in  po st- 

' segm en ta tion  filtering , an d  the  n u m b er o f  segm en ts  in  each  im age  are  g iven
b e lo w  each  im age. (TH3 w ith  m  =  .123 w as u sed  to  seg m en t a ll the  

im ages, an d  w as u sed  to  post-segm en ta tion  filte r a ll the  im ages.)
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a q u an tize r fo r  seg m en ted  im ages is  necessary .

W e p ro p o se  de term ina tion  o f  th e  q u an tize r charac te ris tics  b ased  o n  H V S  co n trast 

sensitiv ity . T h e  spacing  o f  the quan tiza tio n  th resho lds in  o u r  q u an tize r w ill be  v aried  

acco rd in g  to  the  co n trast sensitiv ity  cu rv e  show n  in  F ig u re  1.3b. T h is  w ill re su lt in  a  

no n -u n ifo rm  quantizer* w ith  quan tiza tion  th resho lds d en se ly  spaced  in  th e  m id d le  ran g e  

o f  g ray  lev els, an d  sp aced  fu rth er apart to w ard  th e  edges o f  the g ray  lev el range . T he  

q u an tize r desig n  a lg o rith m  w ill c en te r a ro u n d  de term in in g  the  len g th  o f  each  quan tiza 

tio n  in terval. T he  len g th  o f  the in tervals w ill be  v a ried  acco rd in g  to  th e  app rox im ation  

fo r  H V S  co n trast sensitiv ity  show n in  F ig u re  3 .3 . T h e  va lue  o f  th is  app rox im ation  

ran g es  fro m  4 .0  to  19.8, w h ich  is  a  ra tio  o f  app ro x im ate ly  4 .7 5 . A ccord ing ly , w e w ill 

d esig n  o u r q u an tize r so  th a t the  ra tio  be tw een  the  len g th  o f  the  lo n g est q u an tization  

in te rv a l an d  th e  len g th  o f  the  sho rtest q u an tiza tio n  in te rv a l is  a lso  ap p ro x im ate ly  4 .75 .

S uppose  th a t the  im age  to  be  q u an tized  has g ray  lev e ls  w ith  ran g e  M. In  o th er 

w ords, the g ray  levels in  the  segm en ted  im age  ran g e  fro m  som e gray  lev el p, to  gray 

lev el p  +  M. A lso , sup p o se  th a t w e desire  th e  seg m en ted  im age  to  be  q u an tized  to  N  d if

fe ren t g ray  levels. T h e  va lues o f  M  an d  N  a re  the  on ly  in p u t n ecessary  fo r  o u r q u an tize r 

d esign . L e t the  unit quantization interval length, Q, be  th e  in teg e r c lo se s t to  MIN  ( 0  

has un its  o f  g ray  level). B y  appropria te ly  w eig h tin g  Q by  a  fu n c tio n  o f  M  an d  N, the 

q u an tiza tio n  in te rv a ls ’ leng ths (m easu red  in  n u m b er o f  g ray  levels) can  be; varied

zation  in te rva ls , o n e  se t fo r N  o d d  an d  one  set fo r N  even . W e  b eg in  by  n u m b erin g  the  

q u an tiza tio n  in te rva ls , starting  w ith  I  fo r  the  in terval co rresp o n d in g  to  the  Iow est in p u t 

g ray  lev e l v a lu es, an d  up  to  N  fo r the  in te rv a l co rresp o n d in g  to  th e  h ig h est in p u t gray  

lev e l va lues. I t sho u ld  be  n o ted  th a t since the  quan tiza tio n  in te rv a ls  m u st be  in teg e r in

a lw ays ro u n d ed  to  th e  nearest in teger.

W e w ill f irs t co n sid e r the  case  o f  N  even . F o r  th is  case , tfie m id d le  tw o  q u an tiza

tio n  in te rv a ls  a re  sp ecified  to  be 0 .3 5 0  g ray  levels in  length . In  o th e r w ords, th e  leng th  

o f  th e  in tervals  n u m b ered  N 12 an d  (N+2)/2 is  0 .3 5 0  g ray  lev els  each . F o r  in te rvals  

n u m b ered  b e tw een  I an d  (N-2)I2, the  len g th  o f  a  q u an tiza tio n  in te rv a l is  g iven  by:

w here  is is the  in te rv a l num ber, an d  L 1- is the  len g th  o f  in te rv a l i, m easu red  in  n u m b er o f  

g ray  levels. F o r in te rv a ls  nu m b ered  be tw een  (/V+4)/2 an d  M  the len g th  o f  a  qu an tiza 

tio n  in te rv a lis  g iv en  by:

acco rd in g  to  F ig u re  3.3 .

T h ere  are  tw o  sets o f  equations w hich  to g e th er d e te rm in e  th e  len g th s o f  th e  quan ti-

len g th , th e  va lues g iven  by  the  eq u atio n s be low  fo r  q u an tiza tio n  in te rv a l leng th  are

(3, iy

1.3(lV+2)

2- N  M
(3-2)
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gray  level

F ig u re  3.3. A n  approx im ation  fo r  H V S co n trast sensitivity .



N ex t w e  co n sid e r the  case  o f  N  odd . F o r  th is  case , th e  m idd le  th ree  quan tiza tio n  

in te rv a ls  a re  specified  to  be  0.35(2 g ray  levels in  leng th . In  o th e r w ords, th e  len g th  o f  

the  in te rv a ls  n u m b ered  ( N - l ) /2 ,  (iV +l)/2 , an d  (N+3)/2  is  0 .3 5 Q  gray  levels each . F o r 

in te rv a ls  n u m b ered  b e tw een  I an d  (N -3 ) /2 , th e  len g th  o f  a  quan tiza tio n  in te rv a l is  g iven  

by:

L « = 3 ^ *  +  (L65  +  - | i ^ )G ’ (3 -3)

w here  i is the  in te rv a l num ber, and  Li is the  leng th  o f  in te rv a l /, m easu red  in  n u m b er o f  

g ray  levels. F o r in te rv a ls  n um bered  be tw een  (N + 5)/2  an d  IV, the  len g th  o f  a  qu an tiza 

tio n  in terval is  g iven  by:

Li = +  (0 .3 5 +  (3-4)

W ith  these  equ atio n s defined , q u an tiza tio n  th resho lds are  o b ta in ed  by  cen te rin g  th e  

m id d le  q u an tiza tio n  in te rv a ls  in  the  m idd le  o f  the  g ray  lev el ran g e  o f  the  in p u t im age. 

F o r  exam ple , fo r N  an d  M  even , se t the  qu an tiza tio n  th resh o ld  fo r  th e  lo w e r edge  o f  

q u an tiza tio n  in te rv a l n u m b er N /2 to  be  gray  level s +  (M/2) — /2 an d  th e  quan tiza tio n

th resh o ld  fo r  the  u p p e r edge  o f  th a t quan tiza tion  in te rv a l to  be  g ray  lev e l s +  (M /2)— I . 

S im ilarly , se t th e  q u an tiza tio n  th resh o ld  fo r  the  lo w er ed g e  o f  q u an tiza tio n  in te rva l 

n u m b er (N+2)/2 to  be g ray  lev el s +  (M /2) an d  the q u an tiza tio n  th re sh o ld  fo r  th e  u p p er 

edge  o f  th a t q u an tiza tio n  in terval to  be  g ray  lev el s +  (M /2 ) +  L(w+2)/2 — I- B y  w ork ing  

o u tw ard  an d  ad d in g  the quan tiza tion  in terval leng ths g iv en  by  E q u a tio n s  (3 .1 ) an d  (3 .2) 

(E quations (3 .3) an d  (3 .4) fo r N  odd ) to  the  quan tiza tio n  th resho lds th a t h ave  a lready  

been  d e term in ed , th e  rem ain d er o f  the  quan tiza tion  th resho lds can  be  specified . A ll that 

rem ain s  in  th e  d esig n  o f  the q u an tize r is  to  specify  an ou tp u t lev el fo r e ach  o f  the q u an t

iza tio n  in tervals . W e co n sid ered  tw o  o p tions fo r defin ing  th e  o u tp u t levels  o f  th e  q u an 

tizer: th e  m ean  g ray  lev e l o f  the  p ix e ls  in  each  qu an tiza tio n  in te rv a l, an d  the  m ed ian  

g ray  lev el o f  th e  p ix e ls  in  each  q u an tiza tio n  in terval. In  o u r ex p erien ce  the  m ean  and  

the  m ed ian  w ere  a lw ays w ith in  tw o  o r  th ree  g ray  levels o f  each  o th er, therefo re  there  

w as no  n o ticeab le  d ifferen ce  in  p erfo rm ance  be tw een  th e  tw o. W e chose  to  u se  the 

m ean  o f  th e  p ix e ls  in  each  o f  the  in te rv a ls  as o u tp u t the  levels fo r  th e  quan tizer. T ab le

3 . 1 show s th e  th resho lds, o u tp u t levels, an d  in te rv a l le n g th s  fo r  a  typ ica l q u an tize r 

d esig n ed  u s in g  the m e th o d  d esc rib ed  above. F ig u re  3 .4  show s a  p lo t o f  th is  H V S -b ased  

q u an tize r ch arac te ris tic .
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A  H V S -b ased  q u an tize r d esig n ed  fo r the  im age o f  F ig u re  3 .5 a  u sin g  the  

m e th o d  o u tlin ed  in  Section  3.1 (M  = 1 2 ,  N  =  225).

B in

N u m b er

B in

L ength

G ra y L e v e l

R ange

O u tp u t 

G ray  L ev e l

I 31 17-47 29

2 26 48-73 60

3 22 74-95 84

4 16 96-111 103

5 12 112-123 117

6 6 124-129 127

7 6 130-135 133

8 12 136-147 142

9 16 148-163 155

10 22 164-185 173

11 26 186-211 202

12 30 212-241 225
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H V S -based  

Q u an tize r

1 7 3 -

1 5 5 -

1 1 7 -

1 0 3 -

4 8 7 4  9 6  1 1 2 1 2 4 1 3 6 1 4 8  1 6 4  1 8 6  2 1 2

in p u t g ray  lev e l

F ig u r e  3.4 . T h e  c h a r a c te r is t ic s  o f  a  H V S - b a s e d  q u a n t iz e r  d e s ig n e d  fo r  th e  im a g e  o f

F ig u r e  3 .2 a  u s in g  th e  m e th o d  o u t l in e d  i n  S e c t io n  3 .1 .
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3 .2  E x p e r i m e n t a l  C o m p a r i s o n s  o f  Q u a n t i z e r s

T h e  q u an tize r p ro p o sed  above has been  co m p ared  ex p erim en ta lly  to  bo th  a  un i

fo rm  q u an tize r an d  a  h is tog ram -based  quan tizer. T o  fac ilita te  these  com parisons* the 

un ifo rm  quan tizers  an d  h is tog ram  based  q uan tizers  w ere  d esig n ed  fo r each  o f  the seg

m en ted  te s t im ages, fo r  several d iffe ren t n um bers  o f  quan tiza tion  levels. T h e  q u an tiza

tio n  in tervals  o f  th e  un ifo rm  quan tizers w ere  un ifo rm ly  sp aced  o v e r the  ran g e  o f  gray 

levels in  th e  segm en ted  im ages, an d  the  o u tp u t level fo r  each  in te rv a l w as th e  average  o f  

im age  p ixe ls  in  th a t in terva l. T he  h is to g ram -b ased  quan tizers  w ere  d e s ig n ed  based  on  

th e  shapes o f  th e  h istog ram s o f  the  segm en ted  im ages, an d  the  o u tp u t lev el fo r each  

in te rv a l w as the  average  o f  im age p ixels in  tha t in te rval. F o r  Af q u an tiza tio n  in te rvals , 

the  qu an tiza tio n  th resho lds w ere  chosen  by  m an u ally  in sp ec tin g  the  im age h istogram s 

an d  sub jec tive ly  find ing  the  A f - 1 m o st s ign ifican t "valleys" in  th e  h istogram . T he 

th resho lds w ere  p laced  in  these valleys. S ince these  q u an tizers  w ere  d esig n ed  by  

in sp ec tio n , th is  asp ec t o f  the  exp erim en t is no t p rec ise ly  rep roducib le . H ow ever, s ince  

h is to g ram -b ased  q u an tizer d esig n  a lgorithm s are  g enerally  h eu ris tic  in  natu re , th e  ex ac t 

specifications o f  th ese  quan tizers is no t c ritica l in  o u r  experim en t. E x am p les o f  a  u n i

fo rm  q u an tize r an d  a  h is tog ram -based  q u an tize r d esig n ed  fo r th e  im age  in  F ig u re  3 .2 a  

are  show n  in  F ig u res  3.5 an d  3.6.

T hese  com parisons w ere  accom plished  th rough  a  series o f  p sych o p h y sica l tests. 

A s w as th e  case  w ith  the  subjective  tests p e rfo rm ed  in  C h ap te r 2 , w e again  have th ree  

a lgorithm s w e w ish  to  evalua te  w ith  resp ec t to  h ow  w ell they  p reserv e  the  q u a lity  o f  a 

stan d ard  im age. T herefo re , the  design  o f  these  sub jec tive  te sts  w as iden tical to  th a t d is 

cu ssed  in  C h ap te r 2. T he  subjective  tests w ere  p e rfo rm ed  u sin g  e leven  test sub jects, 

an d  th e  five segm en ted  im ages show n in  F ig u re  3.2. A  test su b jec t w as p re sen ted  w ith  

one  test im age  set a t a  tim e. E ach  test im age se t co n sis ted  o f  fo u r im ages: an  o rig in a l 

segm en ted  im age (one o f  those  show n in  F ig u re  3 .2 ), an d  th ree  q u an tized  v ersio n s o f  

tha t im age. U sin g  the  te rm ino logy  o f  C h ap ter 2 , the  o rig in a l seg m en ted  im age  is  the  

"standard" im age, an d  the  th ree  quan tized  versions are  the  "stim u li” im ages to  be 

ranked . O n e  q u an tized  stim ulus im age w as g en era ted  u s in g  a  u n ifo rm  quan tizer, one 

w as g en era ted  usin g  a  h is to g ram -b ased  quan tizer, an d  the  la s t w as g en era ted  using  the 

H V S -b ased  q u an tize r d escrib ed  above. T he  fo u r im ages w ere  a rran g ed  in  a  square 

co n figu ra tion , w ith  the o rig inal segm en ted  "standard" im age  in  th e  u p p er le ft c o m e r o f  

the  square. E ach  test im age set w as p resen ted  to  a  te s t sub jec t tw ice , w ith  the  p lacem en t 

o f  th e  th ree  q u an tized  segm en ted  "stim uli"  im ages varied . A ll o f  the  q u an tized  seg 

m en ted  "stim uli" im ages in  any  o n e  te st im age se t w ere  q u an tized  to  the  sam e n u m b er 

o f  g ray  levels. F o r  each  o f  the  segm en ted  "standard" im ages sh o w n  in  F igu re  3 .2 , there  

w ere  severa l d iffe ren t test im age sets, each  co m p o sed  o f  im ages q u an tized  to  a  d ifferen t 

n u m b er o f  g ray  levels. F o r exam ple , tw o  test im age  sets w ere  co n stru c ted  fro m  the
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2 5 5  —

2 2 5 -

2 0 9 -

1 8 7  —

1 6 8 -  

1 5 3  -

Output 0 4  _  
gray

lev e l U6_

9 7 -

8 0 -

6 0 —  

4 3  -  

2 4 -

U n ifo rm

Q u an tize r

I  I T  I I I I T T  I T I
3 5  5 3  7 1  8 9  1 0 7  1 2 5  1 4 3  1 6 1  1 7 9  1 9 7  2 1 5  2 5 5

in p u t g ray  level

F ig u r e  3 .5 .  T h e  c h a r a c te r is t ic s  o f  a  u n ifo r m  q u a n t iz e r  d e s ig n e d  fo r  th e  im a g e  o f

F ig u r e  3 .2 a .



255 - ,

H istog ram -based

Q u an tize r

1 4 8 -

o u tp u t
g ray

lev e l

7 2 -

M i i

2 2 2 9 3 7 4 6  5 9  8 2  9 7  1 1 9  1 3 9  1 5 6

inpu t gray  level

2 5 5

F ig u r e  3 .6 .  T h e  c h a r a c te r is t ic s  o f  a  h is to g r a m -b a s e d  q u a n t iz e r  d e s ig n e d  fo r

im a g e  o f  F ig u r e  3 .2 a .
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"house" te s t im age. O n e  set w as com posed  o f  the segm en ted  "house" im age  an d  th ree  

q u an tized  v ersions o f  th e  segm en ted  "house," a ll h av ing  12 g ray  levels, an d  the o th er 

w as co m p o sed  o f  the  segm en ted  "house" im ag e  an d  th ree  q u an tized  v ersions o f  "house," 

a ll hav in g  8 g ray  levels. B o th  o f  these  test im age  sets w ere  p re sen ted  tw ice  to  each  test 

sub ject, w ith  the  loca tio n s o f  the  th ree  q u an tized  "stim uli" im ages varied . A n exam ple  

o f  a  te s t im age  set is  show n in  F igu re  3.7.

T h e  te s t im ag e  sets  w ere  p resen ted  to  the  test su b jec t on  a  D eA n za  C R T  m on ito r 

(m an u fac tu red  by  M itsu b ish i E lec tric , m odel C -3910), in  a  d ark en ed  ro o m . T his m o n i

to r  has  512  x  5 1 2  p ix e l reso lu tio n , w ith  2 5 6  p ossib le  g ray  levels. T he  m o n ito r w as ca li

b ra ted  fo r a  lin e a r re la tio n sh ip  be tw een  g ray  lev e l n u m eric  va lu e  an d  o u tp u t lum inance. 

T h e  ca lib ra tio n  p ro ced u re  is  describ ed  in  A ppend ix  E . E ach  test sub jec t w as g iven  

ap p ro x im ate ly  th ree  m inu tes fo r adap tion  to  the  ro o m ’s illu m in a tio n  (know n  as "dark  

adap tion"). T h e  te s t  sub jec t sa t a  d is tance  o f  app ro x im ate ly  six  tim es th e  im age  he igh t 

aw ay  fro m  the screen , a n d  Was in s tru c ted  to  ran k  the  th ree  q u an tized  seg m en ted  im ages 

in  each  te s t im ag e  set in  o rd e r from  the one  th a t m o st c lo se ly  re sem b le d /th e  o rig inal 

seg m en ted  im age, to  the  one  tha t leas t re sem b led  the  o rig in a l seg m en ted  im age. T he  

su b jec t w as g iven  30  seconds to  m ak e  th is  de term in a tio n  an d  an  en tire  tria l w ith  o n e  test 

su b jec t to o k  ap p ro x im ate ly  15 m inu tes. In  o rd e r  to  co m p en sa te  fo r  any  "learn ing" b y  a 

te s t su b jec t, o r  any  fa tig u e  in  a  te s t sub jec t d u rin g  th e  15 m inu te  testing  p ro cess , each  

su b jec t v iew ed  the  te st im age sets in  a  d ifferen t o rder. T h is varia tion  a lso  Com pensates 

fo r  any  add itio n a l d a rk  adap tion  by  the  test subjects  a fte r th e  in itia l th ree  m inutes 

a llow ed . •;

T he  raw  d a ta  fro m  the ex p erim en t d esc rib ed  above is  su m m arized  in  A p pend ix  B . 

T h e  m ed ian  ran k in g s o f  the  th ree  q u an tized  im ag es  in  each  te s t im ag e  set, o v e r bo th  

p resen ta tio n s  o f  th a t te s t im age set to  a ll the te s t sub jects, are  show n  in  T ab le  3.2. T he  

o v era ll m ed ia11 ran k in g s  (o v er bo th  p resen ta tions, fo r  a ll te st sub jec ts , fo r th e  various 

n u m b ers  o f  g ray  lev els) Of the  th ree  types o f  q u an tized  im ages a re  show n in  T ab le  3.3. 

O vera ll, th e  H V S -b ased  q u an tizer w as ran k ed  th ird  in  49  p e rcen t o f  th e  tria ls , the  

h is to g ram -b ased  q u an tize r w as ran k ed  first in  42  p e rcen t o f  the  tria ls , an d  the  un ifo rm  

q u an tize r w as ran k e d  second  in  47  p e rcen t o f  th e  trials . T he  s ligh t su perio rity  o f  the 

h is to g ram -b ased  q u an tize r o v e r the  o th e r tw o quan tizers  can  be  ex p la in ed  by  the  fac t 

th a t th e  h is to g ram -b ased  q u an tize r m akes use  o f  significant a  p rio ri in fo rm atio n  about 

the  im ag e  b e in g  q uan tized , n am ely  th e  h is to g ram  o f  the  im age. N e ith e r the  u n ifo rm  n o r 

the  H V S -b ased  q u an tize r m akes use  any  such  in fo rm ation . I h e  h is to g ram -b ased  q u an 

tize r is  s trong ly  im ag e  dependen t, w h ile  the  o th e r tw o  quan tizers  a re  not. T he  p e rfo r

m ance  o f  the H V S -b ased  q u an tize r co u ld  be im p ro v ed  b y  in co rp o ra tin g  in fo rm atio n  

fro m  th e  im age  h is tog ram , and  by  a llow ing  the  q u an tize r ch arac te ris tic  to  v ary  w ith  spa

tia l p o sitio n  in  the  im age.
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F igure  3 .7 . A n  exam ple  o f  a  test im age set u sed  in  the  sub jec tive  tests o f  the 
quantizers.



T ab le  3.2 . M ed ian  ran k in g s o f  the  th ree  q u an tized  im ages in  each  test im age  set, o v e r 

bo th  p resen ta tio n s  o f  tha t test im age set to  a ll the  te s t subjects .
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im age

n u m b er o f  

q u an tization  

levels

M e d ia n R an k in g s

H V S

q u an tize r

ran k in g

H isto g ram

q u an tize r

ran k in g

U nifo rm

q u an tize r

ran k in g

E ric 12 3 I 2

18 3 .1 : 2  • :

G irl 20 3 I 2

24 •'■3 ■ I 2

H ouse 8 I 2 3 .

12 2 I ■2 -

K rista 10 2 3 I

15 2 3 /■.'2':-:

20 2 3 I

N ata lie 12 3 I 2

20 3 I 2
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T able  3.3. O v era ll m ed ian  rank ings (o v er bo th  p resen ta tions, to  a ll test subjects , fo r 
a ll d ifferen t n u m b er o f  im age quan tiza tion  levels) o f  the  th ree  quan tizers 
fo r  each  test im age.

im age

M edian  R ankinj?s

H V S

q u an tize r

ran k in g

H isto g ram

q u an tize r

ran k in g

U n ifo rm

q u an tize r

ran k in g

E ric 3 I 2

G irl 3 I 2

H ouse 2 2 2

K rista 2 3 2

N atalie 3 I 2



3 .3  M a x i m u m  A l l o w a b l e  E x t e n t  o f  Q u a n t i z a t i o n

A  im p o rtan t q u estio n  in  re la tio n  to  segm en ted  im age  q u an tiza tio n  is  how  m any  

quan tiza tion  levels a re  necessary  to  av o id  v isib le  deg rad atio n  in  the  q u an tized  seg 

m en ted  im age. W e h ave  experim ented, w ith  quan tiz in g  seg m en ted  im ag es  co m p o sed  o f  

be tw een  200  an d  8000  segm ents . F ro m  these  exp erim en ts  w e h ave  fo u n d  th a t the  key  

fac to r in  d e te rm in in g  the  ex ten t o f  q u an tiza tio n  po ssib le  b efo re  no ticeab le  d eg rad atio n  

occurs in  a  seg m en ted  im age is the  p e rcen tag e  o f  segm ents th a t a re  m erg ed  d u rin g  

q uan tization . S ince  w e assum e tha t each  segm ent in  the  im ag e  b e in g  q u an tized  is v isu 

a lly  c ritica l, w e w o u ld  like  fo r as few  as p ossib le  segm ents to  be  m erg ed  d u rin g  q u an ti

zation . (TTiis id ea  w as d iscu ssed  in  the  b eg in n in g  com m ents  o f  th is  ch ap te r.) T here 

fo re , an  appropria te  in d ica tion  o f  w h e th er a  segm en ted  im age  has been  q u an tized  to  too  

few  gray  levels is  the  p ercen t reduc tion  tha t has o ccu rred  in  the  n u m b er o f  segm ents in  

the  im age.

F ig u res  3 .8 b -d  th rough  3 .12b-d  show  q u an tized  v ersions o f  the  seg m en ted  im ages 

o f  F ig u res  3 .8a-3 .12a. T he  qu an tiza tio n  w as p e rfo rm ed  usin g  the  H V S -b ased  a lgo rithm  

d esc rib ed  in  S ec tion  3 .2 . T he  n u m b er o f  segm ents  an d  g ray  levels in  each  im age  is 

g iven  in  T ab le  3.4. H istog ram s o f  the  segm en ted  im ages in  F ig u res  3 .8 a-3 .1 2 a  are 

g iv en  in  A p p en d ix  D . E xam in ing  F igu res 3 .8 -3 .12 , no tice  th a t as the  n u m b er o f  q u a n ti

za tion  in tervals  is  d ecreased , the  n u m b er o f  segm ents  in  the  im ag e  a lso  decreases. A s 

th e  n u m b er o f  im ag e  segm ents begins to  d ecrease  sign ifican tly , th e  d eg rad atio n  in  the  

q u an tized  im ag e  b ecom es no ticeab le . F o r  exam ple , in  the  case  o f  the  im ag e  in  F igu re  

3.8 , q u an tiza tio n  to  25 g ray  levels (ap p rox im ate ly  4 .5  b its) red u ces th e  n u m b er o f  seg

m en ts  in  th e  im ag e  o n ly  fro m  579  to  5 1 2 , a  change  o f  o n ly  12% . T h ere fo re  there  is  v ir

tua lly  no  d eg rad atio n  in  the  v isual q u a lity  o f  the seg m en ted  im age. H o w ev er, fu rth er 

quan tiza tio n  d o w n  to  10 g ray  levels (ap p rox im ate ly  3.5 b its) red u ces th e  n u m b er o f  seg

m en ts  by  ap p ro x im ate ly  53%  an d  the  segm en ted  im a g e ’s q u a lity  su ffers  no ticeab ly . A  

sim ila r p ro g ressio n  o ccu rs  in  the  im ages in  F ig u res  3 .9 -3 .1 2 . T h ese  im ages v erify  that 

th e  k ey  fac to r in  d e te rm in in g  the  ex ten t o f  qu an tiza tio n  p o ssib le  b efo re  no ticeab le  

deg rad atio n  o ccu rs  in  a  segm en ted  im age  is  the  p e rcen tag e  o f  segm en ts  th a t are  e lim 

in a ted  d u e  to  in ad v erten t m erg in g  o f  segm en ts  d u rin g  q u an tiza tio n .

3 .4  Q u a n t i z a t io n  v e r s u s  P o s t - S e g m e n t a t i o n  F i l t e r i n g

In  C h ap te r 2  w e p resen ted  an  a lgo rithm  fo r  segm en ta tipn  o f  a  g ray  lev e l im age. 

T h e  a lg o rith m  co n sis ted  o f  tw o  steps: an  in itia l segm en ta tion  step , an d  a  post- 

seg m en ta tio n  filte rin g  step. T he p u rpose  o f  the  filte ring  step  w as to  e lim in a te  v isually  

in sign ifican t segm en ts  in  the segm en ted  im age, so  th a t th e re  w ere  n o  unnecessary
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energy  th resho ld  =  20 , 

#  segm ents  =  579

(b) 25 quan t, levels, 

#  segm en ts  =  512

(c) 18 quant, levels, 

#  segm ents  =  412

(d) 10 quan t, levels, 

#  segm ents =  275

F ig u re  3.8. A  segm en ted  im age and  th ree  q u an tized  v ersions, (a) the  o rig in a l 
segm en ted  im age. T h is im age w as genera ted  u s in g  TTZ3 w ith  m =  .123 and  
w  =  0 .5 , and  post-segm en ta tion  filtered  using  E 2a. (b-d) Q u an tized  
versions o f  the segm en ted  im age in  (a). T hese  im ages w ere  q u an tized  
using  the H V S -based  q u an tizer d escrib ed  in  Section  3.1 . T he p aram eters  
u sed  in  segm entation , the energy  th resh o ld  used  in post-seg m en ta tio n  
filtering , the  n u m b er o f  segm ents  in  the  im ages, an d  the  n u m b er o f  
quan tiza tion  levels in  the  quan tized  im ages are  g iven  b e low  each  im age.



n o

(a) d  — 5, thmax — 12, 

en erg y  th resh o ld  =  20 , 

#  segm en ts  =  986

(b) 26  quant, levels, 

#  segm ents =  873

(c) 20  q uan t, levels, (d) 10 quant, levels,

#  segm en ts  =  800  #  segm en ts  =  47 6

F igure  3.9 . A  segm en ted  im age and  th ree  q u an tized  versions, (a) the  o rig inal 
seg m en ted  im age. T h is im age w as genera ted  usin g  TH w ith  m  =  .123 and  
w  =  0 .5 , and  post-segm en ta tion  filtered  u sin g  E^a- (b -d) Q u an tized  
v ersions o f  th e  segm en ted  im age in  (a). T h ese  im ages w ere  quan tized  
usin g  the  H V S -b ased  q u an tize r d escrib ed  in  Section  3.1 . T he  param eters 

u sed  in  segm entation , the  en erg y  th resh o ld  used  in  post-segm en ta tion  

filtering , the  n u m b er o f  segm ents  in  the  im ages, an d  th e  n u m b er o f  
quan tiza tio n  levels in  the  q u an tized  im ages are  g iven  b e lo w  each  im age.
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(a) d — 13, thmax — 20 , 

en erg y  th resho ld  =  20 , 

#  segm ents  =  1084

(c) 15 quant, levels, 

#  segm ents =  972

(b) 28 quan t, levels, 

#  segm en ts =  1041

(d) 8 quan t, levels, 

#  segm ents =  74 6

F ig u re  3 .10. A  segm en ted  im age  and  th ree  q u an tized  v ersions, (a) the  o rig in a l 
segm en ted  im age. T h is im age w as genera ted  u s in g  T H w ith  m =  .123 and  
w  =  0 .5 , and  p o st-segm en ta tion  filtered  using  E^a- (b-d) Q u an tized  
versions o f  the segm en ted  im age in  (a). T h ese  im ages w ere  q u an tized  
u sin g  the  H V S -b ased  q u an tizer describ ed  in  Section  3 .1 . T h e  param ete rs  
u sed  in  segm enta tion , the  energy  th resh o ld  u sed  in  po st-seg m en ta tio n  
filtering , the  n u m b er o f  segm ents  in  the  im ag es, an d  the  n u m b er o f  
quan tiza tion  levels in  the  q uan tized  im ages are  g iven  b e lo w  each  im age.
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(a) d — 3, th max — 40) 

en erg y  th resh o ld  = 1 5 ,  

#  segm en ts  =  632

(b) 25 quan t, levels, 

#  segm ents =  587

(c) 15 q uan t, levels, (d) 10 quan t, levels,

#  segm en ts =  514  #  segm ents =  350

F ig u re  3 .1 1. A  segm en ted  im age an d  th ree  q u an tized  versions, (a) th e  o rig inal 
segm en ted  im age. T h is im age  w as genera ted  u sin g  7 //3  w ith  m  =  .123 and 

W  =  LO, and  p o st-seg m en ta tio n  filtered  using  E 2a- (b -d) Q u an tized
versions o f  the segm en ted  im age  in  (a). T h ese  im ages w ere  quan tized  
usin g  the  H V S -b ased  q u an tize r d esc rib ed  in  Section  3 .1 . T h e  param eters 
u sed  in  segm entation , the  en erg y  th resh o ld  used  in  post-segm en ta tion  

filte ring , th e  n u m b er o f  segm en ts  in  th e  im ages, an d  the  n u m b er o f  

quan tiza tio n  lev e ls  in  the  q u an tized  im ages are  g iven  be low  each  im age.
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#  segm ents =  791 #  segm en ts =  758

(c) 18 quant, levels, (d) 10 quan t, levels,

#  segm ents  = 722  #  segm ents =  5 9 4

F ig u re  3 .12. A  segm en ted  im age  and  th ree  q u an tized  versions, (a) the  o rig in a l 

segm en ted  im age. T his im age w as genera ted  u sin g  TH3 w ith  m  = .  123 and  
w  =  0 .5 , and  post-segm en ta tion  filtered  u sin g  E 2a. (b-d) Q u an tized  
versions o f  the  segm ented  im age in  (a). T h ese  im ages w ere  q u an tized  
using  the  H V S -based  q u an tizer describ ed  in  Section  3 .1 . T he  p aram eters  
u sed  in  segm enta tion , the  energy  th resho ld  u sed  in  p o st-segm en ta tion  
filtering , the n u m b er o f  segm ents  in  the  im ages, an d  the  n u m b er o f

quan tization  levels in  the  quan tized  im ages are  g iven  b e lo w  each  im age.
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T a b le  3 .4 . S u m m a r y  o f  th e  n u m b ers  o f  s e g m e n ts  an d  g ra y  le v e ls  in  th e  im a g e s  in  F ig u r e s  3 .8  - 

3 .1 7 . ;  .

Im a g e G ra y  L e v e l  

R a n g e

N u m b e r o f

G r a y L e v e ls

N u m b e r o f

S e g m e n ts

3 .8 a 1 7 -2 4 1 1 8 0 5 7 9

b 2 4 -2 2 8 2 5 5 1 2

C 2 4 -2 2 8 18 4 1 2

b 3 0 -2 2 1 1 0 2 7 5

3 .9 a 4 -2 4 7 2 0 1 9 8 6

b 1 3 -2 3 7 2 6 8 7 3

C 1 4 -2 3 2 2 0 8 0 0

d 2 6 -2 1 5 1 0 4 7 6

3 .1 0 a 2 4 -2 2 8 1 8 9 1 0 8 4

b 3 1 -2 2 2 2 8 1 0 4 1

C 3 2 -2 1 4 15 9 7 2

d 4 4 -2 0 2 8 7 4 6

3 . l l a 2 7 -2 3 3 1 4 2 6 3 2

b 2 9 - 2 3 7 2 5 5 8 7

C 2 9 -2 3 0 15 5 1 4

d 3 1 -2 2 6 1 0 3 5 0

3 .1 2 a 1 6 -2 3 8 198 7 9 1

b 2 1 - 2 3 7 2 5 7 5 8

C 2 1 - 2 2 7 18 7 2 2

d 2 4 - 2 1 6 1 0 5 9 4

3 . l 3 a 1 6 -2 4 2 2 1 3 2 8 4 8

b 2 4 -2 2 8 2 2 2 4 3 9■
C 2 4 - 2 2 7 2 2 4 8 3

3 .1 4 a 3 -2 5 4 2 2 5 4 0 9 4

b 2 0 -2 3 1 15 3 0 2 1

C 1 9 -2 2 7 15 7 0 0

3 .1 5 a 2 1 -2 2 8 2 0 4 3 4 7 4

b 3 0 -2 1 7 2 0 3 3 9 8

C 3 2 -2 1 8 2 0 1 0 1 9

3 .1 6 a 2 6 -2 3 5 1 7 2 3 0 6 9

b 2 8 -2 3 5 2 0 2 5 2 7

C 2 9 -2 3 3 2 0 5 6 3

3 .1 7 a 1 5 -2 4 1 2 1 4 2 7 1 9

b 2 1 - 2 2 7 15 2 4 6 7

C 2 1 - 2 2 6 15 6 9 7
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segm en ts in  the  im age. In  th is  ch ap te r w e have d iscu ssed  quan tiza tio n  o f  segm en ted  

im ages such  as those  p ro d u ced  by  p o st-segm en ta tion  filte ring . S ince  ev ery  segm en t in  

the  im ag e  w as assu m ed  to  b e  c ritica l to  the q u a lity  o f  the seg m en ted  im age , the  g oal has 

been  to  quan tize  the  segm en ted  im age w ithou t red u c in g  the  n u m b er o f  segm en ts  in  the 

im age.

S uppose instead , w e app ly  the  q u an tizer d iscu ssed  above to  the  seg m en ted  im age 

before post-seg m en ta tio n  filtering. W e are  now  quan tiz in g  an  "O ver-segm ented" im age, 

tha t is , o n e  th a t co n tains  som e v isually  insign ifican t segm ents. S ince w e know  tha t 

quan tiza tio n  o f  a  segm ented  im age resu lts  in  the  e lim in a tio n  o f  som e im ag e  segm ents, it 

m ay  be  po ssib le  th a t quan tiza tion  o f  such an  "over-segm ented" im ag e  w o u ld  accom 

p lish  the  ta sk  o f  e lim in a tin g  in sign ifican t im age segm ents, m ak in g  po st-seg m en ta tio n  

filtering  unnecessary . F igu res 3 .13-3 .17  show  exam ples o f  im ages co m p ared  to  ex p lo re  

th is  possib ility . T he  im ages in  F igu re  3 .13a-3 .17a  have been  seg m en ted  u s in g  the a lgo 

rith m  o f  C h ap te r 2. T hese  im ages have not been  p o st-seg m en ta tio n  filtered . R efer to  

A p pend ix  D  fo r h istogram s o f  the  segm en ted  im ages in  F ig u res  3 .13a-3 .17a , T he  

im ages in  F ig u re  3 .13b-3 .17b are  quan tized  versions o f  the im ages in  F ig u re  3 .13a-17a 

(genera ted  using  the  H V S -b ased  q u an tizer d esc rib ed  in th is chap ter). T h e  im ages in  

F ig u re  3 .13c-17c  are  p o st-segm en ta tion  filte red  and q u an tized  versions o f  the im ages in 

F ig u re  3 .13a-17a . T hey  have been  filtered  using  the p o st-seg m en ta tio n  filtering  a lgo 

rith m  d esc rib ed  in  C hap ter 2 , an d  q uan tized  usin g  the sam e q u an tizers  as the im ages in  

F ig u re  3 .13b-17b. R efe r to  T ab le  3.4  fo r  the n u m b er o f  segm ents an d  g ray  lev els  in  

th e se  im ages. C om paring  F igu res 3 .13b-17b to  3 .13c-17c  w e see  tha t the seg m en ted  

im ages th a t h ave  been  filte red  and  quan tized  have m uch  few er segm en ts  w ith  th e  sam e 

sub jec tive  v isual q u a lity  as the  segm ented  im ages tha t h ave  on ly  been  quan tized .

T h is re su lt is  n o t su rp rising , w hen the  o pera tions o f  seg m en ted  im ag e  q u an tization  

and  p o st-seg m en ta tio n  filtering  are  com pared . W hen  an im age  segm en t is e lim in a te d  by 

b e in g  m erg ed  w ith  an o th er segm en t d u ring  quan tization , th is  m erg in g  h ap p en s w ith o u t 

any  co n sid era tio n  o f  the  seg m en t’s size, o r  the re la tionsh ips b e tw een  th a t segm en t and  

n e ig h b o rin g  segm ents . T he  m erg in g  is do n e  usin g  no  in fo rm atio n  abou t the s p a t i a l  

co nfigu ra tion  o f  th e  im age segm ents . In  con trast, w hen  an  im age  seg m en t is e lim in a ted  

d u rin g  p o st-seg m en ta tio n  filtering , it is on ly  a fte r co n sid era tio n  o f  the  size o f  the  seg 

m en t an d  the  co n trast o f  the  segm en t w ith  its n e ig h b o r segm ents. S ince m ore  co m p le te  

in fo rm atio n  is u sed  w hen e lim inating  segm ents d u rin g  p o st-seg m en ta tio n  filte ring , it is 

to  be ex p ec ted  th a t post-segm en ta tion  filte ring  p ro d u ces b e tte r decisions are  abou t w hat 

segm ents shou ld  be e lim inated . T he conclusion  o f  th is  inv estig a tio n  is  tha t q u an tization  

does n o t d o  a  g o o d  jo b  o f  e lim ina ting  v isually  in sign ifican t segm en ts in  a  segm en ted  

im age. Q u an tiz in g  a  segm en ted  im age can n o t take  the p lace  o f  p o st-seg m en ta tio n  filter

in g  the segm en ted  im age.
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(a) d  — 4 , thjnax — 8 , 

#  segm ents  =  2848

(b) 22 quan t, levels, 

#  s e g m e n ts - 2 4 3 9

(c) en erg y  th resh o ld  =  20 ,

22  quan t. 

#  segm ents

levels, 

483

F ig u re  3 .13. Im ages com paring  the  e ffec t o f  quan tiza tion  w ith  an d  w ith o u t p reced in g  
po st-seg m en ta tio n  filtering , (a) T he  o rig in a l segm en ted  im age; (generated  
using  TTZ3 w ith  m = . 123 and  w =  0 .5 ) (b) T he  segm en ted  im age  o f  (a), 
a fte r H V S -b ased  quan tiza tion . (c) T he  segm en ted  im age  o f  (a) a fte r post- 

segm en ta tion  filtering  (using  E 2a) and  H V S -b ased  quan tiza tion . T he  

p a ram ete rs  u sed  in  segm en ta tion , th e  en erg y  th resh o ld  u sed  in  p o s t
segm en ta tion  filtering , the  n u m b er o f  segm ents in  th e  im ages, an d  the 
n u m b er o f  q u an tiza tion  levels in  the  q u an tized  im ages are  g iven  below  
each  im age.
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(a) d  — 5, th max — 12, 

#  segm ents  =  4094

(b) 15 quant, levels, 

#  segm ents =  3021

(c) en erg y  th resh o ld  =  20 , 

15 quan t, levels,

#  segm ents  =  7 0 0

F ig m e  3 .14 . Im ages com paring  the  e ffec t o f  q u an tiza tion  w ith  an d  w ith o u t p reced in g  
p o st-segm en ta tion  filtering, (a) T he  o rig in a l seg m en ted  im age, 
(generated  using  77/3  w ith  m =  .123 an d  w  =  0 .5) (b) T he  segm en ted  
im age o f  (a), a fte r H V S -based  quan tization , c) T h e  seg m en ted  im age  o f  
(a) a fte r post-segm enta tion  filtering  (using  E 2a) an d  H V S -b ased  

quan tization . T h e  param eters u sed  in  segm en ta tion , the  en erg y  th resho ld  
u sed  in  p o st-segm en ta tion  filtering , th e  n u m b er o f  segm en ts  in  the  

im ages, an d  the n u m b er o f  q u an tiza tion  lev els  in  th e  q u an tized  im ages 
are  g iven  be low  each  im age.



n s

(a) 13, ^ max =  20,

#  segm ents =  3474

(b) 20  quant, levels, 

#  segm en ts  =  3398

(c) en e rg y  th resh o ld  =  20 , 

20  quan t, levels,

#  segm en ts  =  1019

F igure  3 .15. Im ag es com paring  the  e ffec t o f  qu an tiza tio n  w ith  a n d  w ith o u t p reced in g  
p o st-seg m en ta tio n  filtering , (a) T h e  o rig in a l seg m en ted  im age, (g enerated  
u sin g  TH 2 w ith  m =  .123 and  w =  0 .5 ) (b) T h e  segm en ted  im age  o f  (a), 
a fte r H V S -based  q uan tization , (c) T h e  segm en ted  im ag e  o f  (a) a f te r  post- 
segm enta tion  filtering  (using  E 2a) an d  H V S -b ased  quan tiza tion . T he  
param ete rs  used  in  segm enta tion , the  en erg y  th resh o ld  u sed  in  p o s t
segm en ta tion  filtering , the  n u m b er o f  segm ents in  th e  im ages, and  the 

n u m b er o f  q u an tiza tion  levels in  the  q u an tized  im ag es  a re  g iven  below  

each  im age.
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(a) d = 3, 

^m ax  = 4 0 ,

#  segm ents  =  3069

(b) 20  quan t, levels, 

#  segm ents  =  2527
20  quan t, levels,

#  segm en ts -  563

F ig u re  3 .16. Im ages com paring  the  effec t o f  q u an tiza tion  w ith  a n d  w ith o u t p reced in g  
post-segm en ta tion  filtering, (a) T he  o rig in a l seg m en ted  im age, (g en era ted  
usin g  TH 3 w ith  m  =  .123 and  w  =  1.0) (b) T h e  seg m en ted  im age  o f  (a), 
a fte r H V S -based  quan tization , (c) T he  seg m en ted  im age  o f  (a) a fte r p o s t
segm enta tion  filte ring  (u sing  E 2a) an d  H V S -b ased  q u an tiza tion . T h e  
param ete rs  u sed  in  segm entation , th e  en erg y  th resh o ld  u sed  in  p o st- 
segm entation  filtering , the  n u m b er o f  segm en ts in  th e  im ages, an d  the 

n u m b er o f  q u an tiza tion  levels in  the  q u an tized  im ages are  g iven  be lo w  
each  im age.
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(a) d  =  9 , thmax =  40 , 

#  segm ents =  2719

<b) 1 5  q u a n t, l e v e l s ,  ( c )  e n e r g y  th r e s h o ld  =  2 5 ,

#  s e g m e n ts  =  2 4 6 7  1 5  q u a n t, le v e l s ,

#  segm ents =  697

F ig u re  3 .17 . Im ages com paring  the  e ffec t o f  q u an tiza tion  w ith  a n d  w ith o u t p reced in g  

post-segm en ta tion  filtering , (a) T h e  o rig in a l seg m en ted  im age, (g enerated  
using  TH 2 w ith  m =  .123 an d  w =  0 .5 ) (b) T he  segm en ted  im age  o f  (a), 
a fte r H V S -b ased  quan tization , (c) T he  segm en ted  im ag e  o f  (a) a fte r p o st
segm enta tion  filtering  (using  E 2a) and  H V S -b ased  q uan tization . T he  

param ete rs  u sed  in  segm enta tion , the  en erg y  th resh o ld  u sed  in  p o st-. 

s e |m e n ta tio n  filtering , th e  n u m b er o f  segm en ts  in  th e  im ages, and  the 

n u m b er o f  quan tiza tio n  lev els  in  the q u an tized  im ages are  g iven  below  
each  im age.
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In  th is  ch ap te r w e p ro p o sed  a  H V S -b ased  q u an tize r fo r  segm ented  im ages and  

d esc rib ed  th e  p ro ced u re  fo r its design . W e co m p ared  the  p erfo rm an ce  o f  this q uan tizer 

th ro u g h  a  series o f  subjective  experim en ts to  a  u n ifo rm  q u an tize r an d  a  h is tog ram -based  

quan tizer. T h e  h is to g ram -b ased  quan tizer w as ran k ed  sligh tly  h ig h e r than  the o th e r tw o 

quan tizers. T h is  w as as expec ted , since the h is to g ram -b ased  q u an tize r takes advan tage 

o f  a  p rio ri in fo rm ation  abou t the im age  no t u sed  by  the  o th e r tw o  quan tizers. W e 

sh o w ed  tha t the  ex ten t o f  q uan tization  p ossib le  fo r a  segm ented  im age is lim ited  by the 

p ercen tage  o f  segm ents  the  q uan tization  opera tio n  e lim ina tes  from  the segm en ted  

im age. F in a lly , w e investiga ted  the in teraction  betw een  the  o pera tions o f  quan tiz in g  a 

segm en ted  im age, and  post-segm en ta tion  filtering  a  segm en ted  im age. T hese  ex p eri

m en ts  d em o n stra ted  the  im portance  o f  each  operation . B o th  p o st-seg m en ta tio n  filtering 

and  qu an tiza tio n  successfu lly  ex p lo it H V S p roperties  in  gen era tin g  v isu ally  p leasin g  

segm en ted  im ages w ith  the  m in im u m  num ber o f  segm ents  an d  g ray  levels.
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C H A P T E R  4

M A T H E M A T IC A L  M O R P H O L O G Y

M ath em atica l m orpho logy  is a  set theoretic  m e th o d  fo r the  quan tita tiv e  analysis  o f  

th e  geo m etrica l fo rm  o f  sets in  a  E u c lidean  space. T he  fo undations o f  m a th em atica l 

m o rp h o lo g y  w ere  d ev e lo p ed  in  1964-1968 by  G . M atheron  an d  J. S erra  a t the  P aris  

S choo l o f  M ines a t F o u n ta inb leu , F ran ce  [ 8 ,1 14]. T he  w ord  "m orpho logy" com es from  

the G reek  w o rd  m ean in g  "the study  o f  fo rm s" [9]. M o rpho logy  has its m a th em atica l 

ro o ts  in  th e  areas o f  in teg ra l g eom etry  an d  geom etrica l p ro b ab ilitie s  [8]. Specifically , 

m o rp h o lo g ica l transfo rm ations are  based  on  the  se t opera tio n s o f  Minkowski set 

addition an d  Minkowski set subtraction, w h ich  em erg ed  fro m  M in k o w sk i’s w o rk  in  the  

stu dy  o f  ill-b eh av ed  sets [115-117], B y  rep resen tin g  im ages as sets, M in k o w sk i set 

a lg eb ra  can  be  ap p lied  to  im ages.

In  o rd e r to  u se  m orpho logy , an  im age  is  trea ted  as a  set in  an  N -d im en sio n al 

E u c lid ean  space. T h is im age set in teracts w ith  a  structuring element, w h ich  is  a lso  a  set 

in  th e  sam e E u c lid ean  space. T he  goal o f  th is  in te rac tion  is  to  tran sfo rm  th e  im age  set 

in to  a  new  fo rm  w hich  is  m ore  expressive  o f  som e se lec ted  geo m etric  p ro p erty  o f  the  

im age. T h is new  fo rm  can  be  u sed  as a  sym bolic  rep resen ta tio n  o f  the  o rig in a l im age 

set. A lso , th is  new  fo rm  a llow s fo r  quan tifica tion  o f  the se lec ted  g eom etric  p roperty , 

an d  thus the  q u an tita tive  analysis  o f  the  geom etric  fo rm  o f  the  im age can  be 

accom plished . T h is tw o  step  approach  o f  m o rp h o lo g y  is illu s tra ted  in  F ig u re  4.1 . A  

significan t ch arac te ris tic  o f  th is  app roach  is th a t the  im age is  trea ted  as a  w ho le  en tity  

(the  im ag e  set) , ra th e r than  as a  co llection  o f  local details. T h is  id ea  o f  tran sfo rm in g  an  

im age  in to  a  m o re  m ean in g fu l fo rm  is basic  to th e  p h ilo so p h y  o f  m o rp h o lo g ica l im age 

p ro cess in g , an d  it stem s from  fundam en tal facts ab o u t im age p ercep tio n .

I n  th e  m i n d ’s  i m a g e  p e r c e p t io n  p r o c e s s ,  t r a n s fo r m a t io n  o f  a n  i m a g e  t o  m a k e  i t  

m o r e  m e a n in g f u l  in  s o m e  p a r t ic u la r  w a y  is  u s e d  e x t e n s i v e l y .  A c c o r d i n g  t o  S e r r a ,  "For 

any type o f perception, the mind remodels the stimulus, in order to assimilate it to its 

own patterns...To perceive an image is to transform it" [ 8 ] .  T h e  w o r k  o f  th e  g e s t a lt is t s  

in  th e  f i e l d  o f  p s y c h o l o g y ,  e s p e c i a l l y  W . K o h le r  [ 1 1 8 ] ,  h a s  f o u n d  th is  s t r u c tu r in g  

a c t iv i t y  o f  th e  m in d  in  e v e n  th e  m o s t  s im p le  p e r c e p t i v e  p h e n o m e n a  [ 8 ] .  T h e  

t r a n s f o r m a t io n a l  n a tu r e  o f  th e  m in d ’ s  v i s u a l  p e r c e p t io n  p r o c e s s  p r o v id e s  j u s t i f ic a t io n  f o r  

th e  t r a n s f o r m a t io n a l  a p p r o a c h  o f  m o r p h o lo g ic a l  i m a g e  p r o c e s s in g .
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(A)], 

a  num ber

M ea su re

structuring  
e le m e n t  
se t, B

m orp holog ica l

transform ation

m orp holog ica l

op eration

F ig u re  4.1 . T he  tw o  step m orpho log ica l operation .
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A n o th e r fu n d am en ta l fac t o f  im age p ercep tion  is  th a t it is  n o t pu re ly  ob jective; the 

im p o rtan t aspects o f  th e  geom etrica l structu re  o f  an  im ag e  v ary  from  o b serv er to  

o bserver. W h en  v iew ing  an  im age  "we see only what we want to look at" [8]. In  o rd e r 

to  ex trac t th e  in fo rm ation  fro m  an im age th a t is  o f  in te rest to  a  specific  observer, the 

m o rp h o lo g ica l transfo rm ation  p erfo rm ed  on  the  im age  m u st so m eh o w  be ad ap ted  fo r  

th e  observer. M o rpho logy  incorpora tes th is  req u irem en t th ro u g h  the  use  o f  the 

stru c tu rin g  e lem en t. Serra  sum m arizes th is  idea: "...(geometrical structure) does not 

exist in the phenomenon itself, nor in the observer, but somewhere in between the two. 

Mathematical morphology quantifies this intuition by introducing the concept o f  

structuring elements" [8]. T h e  structu ring  e lem en t se t is  genera lly  sm alle r an d  has a 

sim p ler shape than  the  im age set. I t acts  as a  k in d  o f  p ro b e  o f  the  im age; an d  the  

p a rticu la r p ro p erty  ex p ressed  th rough  a  m orpho log ica l tran sfo rm atio n  is  d e te rm in ed  by  

the  s trac tu rin g  e lem en t used . F o r exam ple , th rough  th e  use  o f  d iffe ren t s truc tu ring  

e lem en ts  in fo rm ation  can  be ex trac ted  abou t the  size, shape, o rien ta tio n , co n nectiv ity , 

o r  sm oo thness  o f  the  im age object.

T h e  basic  b u ild ing  b locks o f  any  m orpho log ica l tran sfo rm atio n  are  se t un io n  and  

se t in tersec tion . C erta in  restric tions m u st be p laced  on  the  a llo w ed  co m b in a tio n s o f  

these  se t o pera tions in  o rd e r fo r  the  resu lts  o f  a  m orpho log ica l tran sfo rm atio n , T ( ) ,  to 

be  m ean in g fu l fo r im age  analysis . L e t A rep resen t the  o rig ina l im age set. T hen  the 

re s tric tio n s  can  be  ex p ressed  by  the  fo llow ing  fo u r q u an tifica tion  constra in ts  [8, 9]:

( I .)  T (A )  m ust be transla tion -invarian t, i.e. T (A z ) =  [T (A )]Z.

(2 .) T (A )  m u st be scale-invarian t, i.e . fo r a  scale  p a ra m e te r  X>0, 

T(XX-) =  X T (X ).

(3.) T (A )  m u st be  a  fu nction  o f  on ly  a  b o u n d ed  lo ca l a rea, i.e. fo r  any 

b o u n d ed  m ask  X * w ith in  w hich  w e w an t to  k n o w  T (A ) , th e re  ex ists  a  

bou n d ed  m ask  X  such th a t T (A  )P iX  * =  [T (A  O X ) ] O X  *.

(4 .) T (A )  m u st be up p er-sem icontim uous, i.e . fo r  an  in c reas in g  set 

transfo rm ation  T (-) , and  a  d ecreasin g  sequence  o f  c lo sed  sets A n 

approach ing  the lim it A, the  sequence T (A  n) m u s t ap p ro ach  T ( A ).

E v ery  set transfo rm ation  w h ich  satisfies th ese  fo u r p rin c ip les  is  k n o w n  as a  quan tita tive  

m o rp h o lo g ica l transfo rm ation , o r ju s t  a  m orp h o lo g ica l tran sfo rm atio n  w h en  th e re  is no  

ch an ce  o f  confusion .

F o r  a  d e ta iled  theo re tica l d iscussion  o f  m ath em atica l m o rp h o lo g y , the  b o o k  by 

S e rra  is  an  ex ce llen t re fe ren ce  [8]. A  m ore  co m p ac t p resen ta tio n  o f  the  basics o f  

m o rp h o lo g y  c an  b e  fo u n d  in  [9 ,1 1 9 ]. A  sligh tly  d iffe ren t ap p ro ach  to  m o rp h o lo g y  is 

p re sen ted  in  [120]. A ll o f  th e  above re fe ren ces d iscuss  b o th  b in a ry  an d  g ray  scale  

m orpho logy . C oncise  p resen ta tions on  b inary  m o rp h o lo g y  are  co n ta in ed  in  [10] and  

[121], an d  S te rnberg  has w ritten  a  p a p er d ealing  w ith  o n ly  g ra y  scale  m o rp h o lo g y  [122].
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4 .1  B a s i c  M o r p h o lo g ic a l  S e t  T r a n s f o r m a t i o n s

M o rp h o lo g y  d eals  w ith  sets an d  set opera tio n s in  N -d im en sio n al E uc lid ean  space. 

T h is E u c lid ean  space  can  e ith e r be  con tin u o u s, R n , o r  d iscrete , Z n . E ro sio n , d ila tion , 

o p en ing , an d  c lo sin g  are  the  basic  q u an tita tive  m orp h o lo g ica l transfo rm ations. A ll o f  

these  transfo rm ations are  based  on  Minkowski set addition an d  Minkowski set 

subtraction. T h e  M in k o w sk i se t addition  (M SA ) o f  tw o  sets, A an d  A, d en o ted  A  ©  B i is 

defin ed  as

A Q B  =  {a + b: a e  A, b e  A )  = A J  Ab. (4 .1)

b e B  ,

M in k o w sk i se t sub trac tion  (M SS ), d en o ted  A Q B i is  the  dua l tran sfo rm atio n  w ith  

re sp ec t to  co m p lem en ta tio n  o f  M S A , and  is defined  as

A Q B  = (Ac Q B f =  n  Ab. (4.2)

b e B

E x am p les  o f  th ese  transfo rm ations in  Z 2 are  show n in  F ig u re  4 .2  [10].

U sin g  M $ A  and  M S S , the  m orp h o lo g ica l transfo rm ations o f  erosion an d  dilation 

can  be  defined . T h e  e ro sio n  o f  a  set A by  a  se t Bi d en o ted  A  e B i is

A e f l = A G B s , (4.3)

w here  B s =  {—b: b e B )  is the sym m etric  se t o f  B  w ith  re sp ec t to  th e  o rig in . E xp ressin g  

E q u a tio n  4 .3  an o th e r w ay,

A e B  = {z:Bz s  A } =  C \A b. (4 .4)

. b e B ’

T h e  d ila tio n  o f  A by  A, d en o ted  A d B i is

A d f l = A  Q B si

o r  eq u iv a len tly

(4.5)

A d f l  =  ( z : f l z O A  * 0 } =  U A * .  (4.6)

b e B ’

N o tice  th a t i f  A =  A s then  M S A  is eq u iv alen t to  d ila tio n  an d  M SS  is equ iv alen t to  

erosion . F ig u res  4.2  an d  4 .3  show  exam ples o f  e ro sio n  an d  d ila tio n  in  Z 2 an d  R 2 [10]. 

I t can  be seen  fro m  th ese  exam ples tha t e rosion  sh rinks a  set, w h ile  d ila tio n  expands a 

set. E ro sio n  an d  d ila tio n  are dua l transfo rm ations w ith  re sp ec t to  co m p lem en ta tio n , and  

th ese  tw o  tran sfo rm atio n s are  genera lly  n o n-invertib le . A lso , e ro s io n  an d  d ila tion  are 

tran sla tio n  in v arian t, an d  bo th  are  in creas in g  transfo rm ations w ith  re sp ec t to  th e  first 

operand . I f  the  seco n d  operand , B i con tains th e  o rig in , then  e ro s io n  is  an ti-ex tensive  

an d  d ila tio n  is  ex tensive . O th e r in te restin g  an d  u sefu l p ro p ertie s  o f  these  tw o
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F ig u re  4 .2 . M orph o lo g ica l transfo rm ations o f  d iscre te  sets in  Z 2 . (a) M in k o w sk i set 

sub traction , (b) ero sion , (c) M inkow sk i se t add ition , (d) d ila tion . 
(•  =  objectpoints, + = origin) (from  [9]).
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E ro s io n : A  @  B

F ig u re  4 .3 . (a) E ro sio n , (b) d ila tion , (c) open ing , an d  (d) c lo sin g  o f  A by  B in  R 2 .
ITie sh ad ed  areas co rresp o n d  to  the in te rio r o f  the sets , the  d ark  so lid  
cu rv e  to  the  boundary  o f  the  tran sfo rm ed  set, an d  the d a sh ed  cu rve  to  the 
b o u n d ary  o f  the o rig ina l set, A (from  [9]).
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m orp h o lo g ica l opera to rs  are  g iven  in  [ 1 0 ,119].

B ased  on  the defin itions o f  e rosion  and  d ila tion , the  q u an tita tiv e  m orpho log ica l 

transfo rm ations o f  opening an d  closing can be  specified. T h e  open in g  o f  A by  B, 

d en o ted  Ag, is  defined  as

Ab  = (A © 2 ? * )© f i  =  (A e 5 )  d B s. (4.7)

T he  dua l w ith  re sp ec t to  com p lem en ta tio n  o f  open ing  is c lo sing . T h e  c lo sin g  o f  A by  B,  

d en o ted  A 8 , is  defined  as

A 8 = ( A Q B s ) Q B  = ( A d B ) eB s. (4.8)

E q u iv a le n t  a l t e r n a t iv e  d e f in it io n s  o f  o p e n in g  a n d  c l o s i n g  a re:

Ab  = (a e  A : fo r so m e y  , a e  By C A )  (4.9)

and

A 8 = [z e  E : fo r a l ly  such  th a t z €  By, B sy O A  * 0 ). (4 .10)

E x am p les  o f  o p en in g  and  c lo sin g  in  R 2 are  g iven  in  F ig u re  4.3 . T he  exam ples illu stra te  

th a t open in g  o r  c lo sin g  A by  B suppresses all de ta ils  in  A th a t a re  sm aller than  B. 

O pen in g  A by  B e lim inates narrow  pen insu las an d  necks in  A; c lo sin g  A by  B fills in  th in  

rivers an d  bays, an d  e lim inates sm all ho les in  A. O pen in g  an d  c lo sin g  are  increasing , 

tran sla tio n  in v arian t transfo rm ations. O pen ing  an d  c lo sin g  a r e 'a ls o  bo th  idem p o ten t 

transfo rm ations, in  o th e r w ords (Ab )b =Ab , an d  likew ise  (A8 )8 = A 8 . O th e r usefu l 

p ro p erties  o f  th ese  transfo rm ations are  d iscussed  in  [8 , 10].

I t  is  im p o rtan t to  no te  here tha t the  defin itions fo r th e  basic  m o rpho log ica l 

transfo rm ations o ften  vary  sligh tly  fro m  au th o r to  au thor. T h e  defin itions g iven  above 

agree  w ith  those  o f  M aragos and  Serra  [ 9 ,1 0 ,11 9 ,1 2 0 ]. T he  m a in  d ifference  is in  

w here  B s is  used . D esp ite  the  d ifferences, the  defin itions o f  M aragos, Serra, and  

H ara lick  fo r  open in g  and  c lo sin g  a ll agree.

A ll o f  th e  above  d iscussion  applies to  bo th  b inary  an d  g ray  sca le  m orpho logy . T h e  

se t transfo rm ations defined  can  be ap p lied  to  sets in  a  E u c lid ean  space o f  any  fin ite 

d im ension . T h e  m ain  d istinc tion  be tw een  b inary  an d  g ray  sca le  o f  m o rp h o lo g y  is  the 

d im en sio n  o f  the  E uc lid ean  spaces in  w hich  the  sets reside . B in a ry  m o rp h o lo g y  d eals  

w ith  sets in  tw o-d im ensional E u c lidean  space, w h ile  g ray  scale  m o rp h o lo g y  deals w ith  

sets  in  th ree-d im en sio n al E u clidean  space. In  S ections 4 .2  an d  4 .3  w e w ill p re sen t the 

basics o f  b in ary  m orpho logy  and  g ray  scale  m orpho logy , resp ec tiv e ly .



4 .2  B in a r y  M o r p h o l o g y

B in ary  m o rp h o lo g y  applies the  basic  m orp h o lo g ica l se t transfo rm ations o u tlin ed  in  

S ection  4.1 to  sets  in  tw o -d im ensional E u c lid ean  space. In  o rd e r to  u se  b in a ry  m o rp h o l

o g y  to  analyze  a  tw o -d im en sio n a l b in ary  im age, the  im age  m u st be rep re sen ted  as a  set 

in  th is  space. T h e  tw o-d im ensiona l im age set is fo rm ed  by  assig n in g  a ll locations in  the 

im age w ith  o n e  b in ary  va lue  (e.g. ”0 ”) to be  in  the  im age set, and  a ll locations in  the 

im ag e  w ith  the  o th e r b inary  va lue  (in  th is  case , " I" )  to  be in  the  co m p lem en t o f  the  

im ag e  set. T o  m o rp h o lo g ica lly  p rocess a  b inary  im age, the basic  q u an tita tiv e  m o rp h o 

lo g ica l transfo rm ations are  ap p lied  to  die  im age  se t an d  the  stru c tu rin g  e lem en t se t in  

E u c lid ean  2 -sp ace . T he  first o p eran d  in  th ese  transfo rm ations is  th e  im age  set an d  the 

seco n d  o p e ran d  is  the  s truc tu ring  e lem en t set. T he  s truc tu ring  e lem en t is  ch o sen  by  the 

u se r  to  fit the  d e s ired  purpose. It can  be v irtua lly  an y  set in  the  sam e E u c lid ean  space as 

th e  im age  set. S in ce  the  im ages w e  d ea l w ith  are  u su ally  sam pled  a n d  therefo re  

d iscre te , n o rm ally  E  w ill be Z 2 (as o p p o sed  to  R ^).

G ray  sca le  m o rp h o lo g y  app lies the  basic  m orp h o lo g ica l se t tran sfo rm atio n s Out

lin ed  in  S ection  4.1 to  sets in  th ree-d im ensional E u c lid ean  space. In  o rd e r to  u se  gray 

scale  m orp h o lo g y  to  analyze  a  tw o-d im ensional g ray  scale  im age, th e  im age  m u st be 

rep resen ted  as a  se t in  th is  space. A s w as the  case  w ith  b in ary  im ages, a  tw o- 

d im en sio n a l g ray  scale  im age can  be  rep resen ted  as a  se t in  th is  space, though  the 

rep resen ta tio n  p ro cess  fo r  g ray  scale  im ages is  n o t as sim ple  as  fo r  b in ary  im ages. 

S ince  the  im ages w e d eal w ith  are  u su ally  sam pled  an d  there fo re  d iscrete , no rm ally  E  

w ill be  Z 3 ; h o w e v er the  d iscussion  be low  is ap p licab le  to  e ith e r Z 3 o r  R 3 .

In  o rd e r  to  specify  the  basic  quan tita tiv e  g ray  scale  m orp h o lo g ica l transfo rm ations, 

first som e m ath em atica l p re lim inaries  m u st be  understood . A  k ey  m a th em atica l p rin c i

p le  in  m o rp h o lo g y  is  th a t o f  the  um bra. T he  set F  in  Z 3 is  an  u m b ra  i f  i t  satisfies the  

fo llo w in g  p ro p erty :

U m b ra  can  a lso  re fe r  to  a  set operation . T he  u m bra  o f  a  se t F  in  Z 3 is  de fined  to  be

4 . 3  G r a y  S c a le  M o r p h o l o g y

(x,y,z) €  F  => (x,y,w) e  F  fo r  a ll w £ z. (4 .11)

U[F] == l(x,y,z): (x,y,a) e  F  an d  z < a ).

T h e  set opera tio n s un io n  and  in te rsec tio n  are  defined  fo r  um bras as fo llow s:

(4 .13)

(4 .12)



130

U[F] n  U[G] =  U ]^[(x,y,c): (x,y,a) e  F  a n d (x,y,b) ~e"G, c = m in (a ,6 ) } j  (4 .14)

O bv io u sly  th e  un io n  o r  in tersec tion  o f  tw o  um bras is  an  um bra. A lso  um bras rem ain  

um bras u n d e r translation .

A n o th e r u sefu l m athem atica l co n cep t is  tha t o f  the  top  o f  a  set, d en o ted  T[F], 

w hich  is  defin ed

T[Fl H (x,y, z): z m ax  a 
(x ,y ,a )e F (4 .15)

F u rd ie r ex p lanations o f  the concep ts o f  top  and  um bra  arc  g iven  in  [8,1 2 0 ,1 2 2 ] .

W ith  these  p re lim inaries  taken  care  o f, w e are  read y  to  d e ta il the  p rocess  o f  

rep resen tin g  a  g ray  scale  im age as a  set in  E uc lid ean  3-space. A  g ray  scale  im age is a  

f u n c t i o n / (x,y) on  the po in ts in  E u c lidean  2 -space. T h is func tion  on  E u c lid ean  2 -space  

can  a lso  be tho u g h t o f  as the set, F, in  E u clidean  3-space, w here  the  co o rd in a tes  in  the 

se t a re  [x, y, f  (x,y  J]. S ince /  (x,y) is  a  function , F  w ou ld  take  the  shape o f  a  th in  co n 

to u r in  E u c lid ean  3-space. U sing  o u r p rev ious defin ition  o f  um bra , the  um b ra  o f  F  is

U [ F ] ±{ ( x , y , z ) : z < f ( x , y ) } = U [ f ] .  (4 .161

N ote  tha t U[f] is a lso  a  se t in  E u clidean  3-space. G ray  scale  m o rp h o lo g ica l transfo rm a

tions on  an  im age  /  (x,y) are  exp ressed  as set o pera tions on  the  se t U[f] in  E uclidean  

3 -space  . S ince um bras rem ain  um bras u n d er un ion , in te rsec tio n , an d  transla tion , m o r

ph o lo g ica l transfo rm ations on  um bras alw ays p ro d u ce  um bras.

A s w as the  case  fo r  b inary  m orp ho logy , the  basic  q u an tita tiv e  g ray  scale  m o rp h o 

log ica l transfo rm ations o f  e rosion , d ila tion , open in g  an d  c lo sin g  are  o b ta in ed  by  app ly 

in g  th e  se t transfo rm ations specified  in  Section  4 .1 , th is  tim e to  sets in  E u c lid ean  3- 

space. T his ex ten sio n  to  th ree-d im ensional E uc lid ean  space is  ju s tif ied  by  a  p rinc ip le  

kn o w n  as the  umbra homomorphism theorem, w h ich  sta tes th a t the  o p era tio n  o f  tak ing  

an  u m bra  is  a  hom o m o rp h ism  fro m  gray  scale  functions to  b in a ry  se t transfo rm ations. 

B y  u sin g  th e  um b ra  o pera to r, g ray  scale  m orpho log ica l tran sfo rm atio n s can  be 

ex p ressed  in  te rm s o f  basic  m orpho log ica l se t transfo rm ations. T his id ea  can  be 

ex p ressed  in  equ atio n  fo rm  as fo llow s:

U \f ( i , j ) dg  (i,j)] = U\ f]dU[g],  (4 .17)

and

U [ f ( i , j ) e g ( i J ) ]  = U[f] e U [g ] .  (4 .18)

T h e  le ft h an d  sid es o f  these  equations specify  transfo rm ations on  the g ray  scale  

rep resen ta tio n  o f  the  im age, w hile  the  rig h t h an d  sides specify  transfo rm ations o n  the 

se t rep resen ta tio n  o f  the gray  scale  im age. F o r p ro o f  o f  th is  theorem , see [120]. I f



u m b ra  an d  top  are  n o t used , g ray  scale  m orp h o lo g ica l tran sfo rm atio n s can  be ex p ressed  

in  te rm s o f  th e  fu n c tio n , f  (x,y), w h ich  defines th e  im age. B o th  th ese  m odes o f  

defin ition  fo r  g ray  sca le  m orpho log ica l transfo rm ations w ill be g iven  below .

T h e  g ray  scale  m orp h o lo g ica l e ro sio n  o f  the  fu n c tio n  /  by  th e  fu n c tio n  g is  a  set 

opera tio n  in  E u c lid ean  3 -space  defined  as fo llow s:

f ( x , y ) e g ( x , y )  = T[ U[F]*U[G]  ]. (4 .19)

N ote  th a t the  e sym bol on  the  le ft h and  side o f  th is  equ atio n  rep resen ts  g ray  scale  e ro 

sion, w h ile  the  e sym bol on  the rig h t h an d  side  rep resen ts  basic  m o rp h o lo g ica l se t e ro 

sion. T h is eq u a tio n  d em onstra tes  how  the u m b ra  an d  top  functions en ab le  us to  express 

g ray  scale  m o rp h o lo g ica l transfo rm ations in  te rm s o f  the  basic  m o rp h o lo g ica l set 

transfo rm ations th a t h av e  a lready  been  defined . U sin g  the  fu n c tio n a l rep resen ta tio n  o f  

the  im age, an  a lte rn a tiv e  defin ition  o f  th e  e ro sio n  o f  /  (x,y) by  g (x,y), d en o ted  e (x,y), 

is  . '

e(x , y )=  m in  [f  ( x -a ,y -b )  -  g ( -x ,- y ) ] .  (4 .20)
; (dib)e E

T h e tw o a n a ld g o u s d e f in it io n s fo r d i la t io n a r e

f ( x , y ) d g ( x , y ) = T [  U[F]dU[G ] ] (4 ,21)

an d

d(x,y) =  m ax  (f  ( x -a ,y -b )  + g(x,y)].  (4 .22)
(a,b)e  E

F o llo w in g  th e  p a tte rn  o f  th e  basic  m orp h o lo g ica l se t tran sfo rm atio n s, g ray  sca le  o p en 

in g  and  c lo sin g  a re  defined  in  te rm s o f  g ray  scale  e rosion  an d  d ila tion :

/  (x,y)  op en ed  b y  g (x,y) =Fg  = ( F Q G ) Q G ,  (4 .23)

/  (x,y) c lo sed  by  g (x,y) = F g  = ( F © G )© G .  (4.24)

W ith  th is  b ack g ro u n d  in  the  basics o f  m orpho logy , w e are  p rep a red  to  app ly  m o r

p h o lo g y  to  ske le ton ize  a  b inary  im age. T h e  app lication  o f  m o rp h o lo g ica l ske le ton iza

tio n  in  im age  co m p ressio n  is  d esc rib ed  in  d e ta il in  the  fo llo w in g  ch ap te r.

131
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C H A P T E R S

A  N E W  S E G M E N T A T IO N -B A S E D  IM A G E  C O D IN G  A L G O R IT H M

In  segm en ta tion -based  im age com pression  [2 -4 ,6 ,8 0 ,8 2 ,8 7 -8 9 ] .  th e  im age  to  be 

co m p ressed  is  segm ented , and  in fo rm ation  is ex trac ted  describ ing , th e  shapes and  in te ri

o rs  o f  the  segm ents in  the  segm en ted  im age. T his in fo rm atio n  is  u sed  to  fo rm  the  co d ed  

versio n  o f  th e  im age. F o r segm en ta tion -based  com p ressio n  m ethods, die  segm en ted  

v ersion  o f  the  o rig ina l im age is reco n stru c ted  a t the  decoder. S egm en ta tion -based  

im age  co m p ressio n  is  o b v iously  n o t a  d isto rtion less co d in g  m ethod .

S ince  in  segm en ta tion -based  com pression , in fo rm ation  m u st be  co d ed  d escrib in g  

each  im age  segm en t, the n u m b er o f  segm ents  in  an  im age d e term in es, fo r the  m o st part,, 

th e  b it ra te  o f  th e  co d ed  im age. F o r th is reason , seg m en ta tio n -b ased  co m p ressio n  

m ethods are  b e s t su ited  fo r use  in  app lications w here  the  im ages can  be estim ated  w ith  

few , la rge  segm ents (fo r exam ple  sim ple  "head an d  shoulders" im ages like  those  typ i

ca lly  fo u n d  in  v ideo -te lephone  o r  v ideo-te lecO nferencing  ap p lications). S ince o u r  seg

m en ta tio n  techn ique  uses flat segm ents, th is im plies tha t o u r  co m p ressio n  m eth o d  is  no t 

w ell su ited  fo r  h igh ly  tex tu red  im ages, since  tex tu red  areas in  an  im age  w o u ld  p ro d u ce  

n u m erous segm ents in  the segm en ted  im age.

In  th is  ch ap te r w e p re sen t an  im age com p ressio n  m e th o d  w h ich  is  based  on  th is 

app roach , an d  em ploys the  im age segm enta tion  and  q u an tiza tio n  techn iques d iscu ssed  

in  C hap ters 2  an d  3. T he  com pression  m eth o d  w e  p ro p o se  d iffers  in  a  s ign ifican t w ay  

fro m  o th e r segm en ta tion -based  im age com pression  m ethods. In  th e  past, the  shapes o f  

the  im age  segm ents w ere  rep resen ted  by  the  segm en t bou n d aries  [6 ,8 0 ,8 7 ,8 9 ] .  W ith  

o u r  co m p ressio n  techn ique, an a lte rnative  rep resen ta tio n  o f  th e  seg m en ts ’ shapes is 

used . In s tead  o f  segm en t b oundaries, morphological skeletons a re  u sed  to  rep resen t the  

segm ents .

T he  p ro p o sed  com pression  techn ique is co m p o sed  o f  fo u r steps, show n  in F ig u re

5.1. T h e  first step  is p reprocessing . T his is d iscu ssed  in  d e ta il in  S ection  5.1. A fte r 

p rep ro cess in g , the  g ray  lev el im age is  segm en ted  an d  q u an tized  u sin g  the m ethods 

d e sc rib ed  in  C hap ters 2  an d  3. T h e  param eters necessary  as in p u t fo r  th is  stage o f  the  

co m p ressio n  a lgo rithm  are  d  and  thrnax, w hich  de term in e  the  n u m b er o f  segm ents  in  the  

seg m en ted  im age, the energy  th resho ld , w hich d e term ines the  n u m b er o f  segm ents 

rem o v ed  d u rin g  post-segm en ta tion  filtering, M, the  n u m b er o f  g ray  levels in  the ran g e
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F igure  5.1. A  block d iag ram  o f  the  en co d er fo r a  new  seg m en ta tio n -b ased  co m p ressio n , 

technique fo r  g ray  lev e l im ages. T he  im age a t p ro d u ced  a t is  the  im age 
that w ill be  d eco d ed . T h e  first tw o  b locks in  th is  d iag ram  are  show n in  
m ore de ta il in  F ig u re  2 .1 8  (" p s f ' re fe rs  to  p o st-seg m en ta tio n  filtering).



o f  the  seg m en ted  im ag e , andiV , the  n u m b er o f  g ray  levels d e s ired  in  the  q u an tized  seg

m en ted  im age. T h ese  m ethods are  brie fly  rev iew ed , an d  the  advan tages o f  quan tiza tio n  

are  d iscu ssed  in  Section  5.2. T he  th ird  step  in  o u r com p ressio n  a lg o rith m  is the  g enera

tion  o f  m o rp h o lo g ica l skele tons to  rep resen t the im age segm ents. A  skele ton  is  a  th in- 

lin ed  ca rica tu re  o f  the  segm en t th a t sum m arizes  its shape  an d  co n v ey s in fo rm atio n  

ab o u t its  size , o rien ta tion , and  connectiv ity . In  [10] a  sim ple  p ro ced u re  is  d esc rib ed  

u sin g  b in ary  m orpho logy  to  find  the  skele ton  o f  a  b inary  im age. S ection  5 .3  d escribes 

th is  sk ele ton iza tion  techn ique  an d  its app lication  to  sk ele ton ize  th e  im age  segm ents . 

T h e  final step  in  o u r com p ressio n  a lgo rithm  is the  ac tua l co d in g  o f  the  seg m en ts ’ skele

tons an d  in terio rs, T h ree  a lte rnatives fo r th is  p a rt o f  the  a lg o rith m  are  p re sen ted  in  S ec 

tion  5 .4 . O n e  o f  th ese  a lte rnatives invo lves an  id ea  w e re fe r  to  as the  "m in im al se t o f  

segm ents" to  red u ce  th e  b it ra te  req u ired  fo r the  co d ed  im age. T h e  p ro cess  fo r  deco d in g

a  co m p ressed  im age  is  d esc rib ed  in  S ection  5.5 .

E xp erim en ts  have  been  p erfo rm ed  to  evalua te  v arious aspects o f  the  com pression  

a lgo rithm , an d  to  co m p are  d ifferen t co d in g  op tions. T hese  ex p erim en ts  and  th e ir  resu lts  

a re  d e ta iled  in  Section  5 .6 . T he  advan tages and  d isadvan tages o f  o u r m o rp h o lo g ica l 

ske le ton  ap p ro ach  to  segm en ta tion -based  im age  com p ressio n  are  a lso  d iscussed . W e  

a lso  co m p are  seg m en ta tion -based  com pression  using  skele tons to  segm en ta tio n -b ased  

co m p ressio n  w here  segm en t boundaries are  coded .

5 .1 . P re p ro c e s s in g

In  an y  segm en ta tio n -b ased  com pression  a lgo rithm , a  d esc rip tio n  m u st be  en co d ed  

fo r  each  segm en t in  th e  segm en ted  im age. T hus, the  n u m b er o f  im age segm ents d e te r

m ines, fo r  the  m o st p a rt, the  b it ra te  o f  the  co d ed  im age. B ecau se  o f  th is , a  m in im u m  

n u m b er o f  im age  segm ents is  critica l. T he  m ain  p u rpose  o f  p rep ro cess in g  is  to  a lte r the 

im ag e  in  such  a  w ay  th a t few er segm ents  are  p ro d u ced  by  th e  segm enter, w ith o u t 

d eg rad in g  the  v isual q u ality  o f  the  segm en ted  im age.

O ne p o ssib le  p rep rocessing  o pera tion  p ro p o sed  in  [6] is  c lam ping . C lam ping  

red u ces th e  dy n am ic  ran g e  o f  the  im age by  setting  a ll p ixe ls  w ith  g ray  lev el above  a 

th resh o ld  to  th a t th resho ld , an d  setting  a ll p ixels be low  a  seco n d  th resh o ld  to  th e  seco n d  

th resho ld . T h is can  b e  expressed :

th \, P < th i ,

P

th2,

th \ <p <i th2 

p > t h 2,

(5 .1 )

w here  p  is  th e  g ray  lev el o f  a p ix e l in  the im age, an d  thy an d  th2 a re  the  tw o  c lam ping
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th resho lds. C lam ping  is  m o tiv a ted  by  the  co n trast sensitiv ity  o f  the eye , w h ich  is 

k n o w n  to  d ecrease  as th e  in tensity  o f  the v isu al s tim u lus m oves aw ay  fro m  the m idd le  

ran g e  o f  in ten sity  v a lues [45]. T h e  reaso n in g  is  th at, since  the  eye  has red u ced  sensi

tiv ity  to  d ifferences in  v e ry  h igh  g ray  levels an d  d ifferen ces in  v ery  lo w  g ray  lev els , 

v a rie ty  in  g ray  levels a t these  ex trem es o f  the g ray  level ran g e  is  unnecessary .

A  second  p o ssib le  p rep ro cess in g  o p era tio n  p ro p o sed  in  [6] is  m ed ian  filtering. 

S ince  the  M T F  o f  the  eye  ind ica tes  th a t the  eye  has red u ced  sensitiv ity  to  v e ry  h ig h  and  

v e ry  lo w  sp atia l freq u en cies , iso la ted  p ix e ls  m ay  n o t be p e rcep tu a lly  sign ifican t to  the 

hu m an  v iew er, an d  c o u ld  p o ssib ly  be rem o v ed  fro m  the im age  w ith o u t d eg rad in g  the  

sub jec tive  im ag e  quality . A  tw o-d im ensional, 3x3 , separab le  m ed ian  filte r [123] is  used  

to  rem o v e  these  supposed ly  in sign ifican t fluc tua tions in  th e  im age  d a ta . A  m ed ian  filter 

m oves a  w in d o w  a lo n g  th e  d a ta  to  be  filte red  an d  sets the  o u tp u t to  be  the  m ed ian  va lue  

o f  th e  d a ta  p o in ts  in  the  w indow . A  tw o-d im ensioha l separab le  3 x 3  m ed ian  filter 

app lies th is  p ro ced u re  seria lly , to  first the  ro w s, then  th e  co lum ns o f  the  im ag e , u sin g  a  3 

p ix e l w id e  w indow . T h is  filter has the  e ffec t o f  e lim in a tin g  a ll "sp ikes" in  th e  im age 

d a ta  w h ich  a re  o n e  p ix e l in  w id th  in  e ith e r the  vertical o r  th e  h o rizon ta l d irec tion . F o r 

exam ple , any  o n e  p ix e l w ide  line  in  the im age w ou ld  be rem o v ed  by  th is  filter.

T h e  re su lt o f  p rep ro cess in g  is  a  som ew hat sm oo ther im ag e  w ith  red u ced  dynam ic  

range; T h is sh o u ld  m ean  few er segm ents in  the segm en ted  im age, an d  thus a  lo w er b it 

ra te  code. T h e  effec tiv en ess  o f  these p rep ro cess in g  opera tio n s has b een  evalu a ted  

ex p erim en ta lly , an d  the  resu lts  o f  th ese  ex perim en ts  a re  d iscu ssed  in  S ection  5.6 .

A fte r th e  app ro p ria te  p rep rocessing  has been  p erfo rm ed , the  n ex t step  o f  the 

co m p ress io n  a lg o rith m  is segm en ta tion  an d  quan tiza tio n  o f  the  im age. Im age segm en

ta tio n  is  acco m p lish ed  in  tw o  steps, bo th  o f  w hich  w ere  d e ta iled  in  C h ap ter 2. F irst, a 

v aria tio n  o f  c en tro id -lin k ag e  reg ion  g ro w in g  [5] is  u sed  to  fo rm  an  in itia l segm en ta tion  

o f  the  im age. T h ere  a re  tw o  m ain  reaso n s  w hy  cen tro id -lin k ag e  reg io n  g ro w in g  w as 

ch o sen  to  p e rfo rm  the  segm enta tion  in  o u r  co m p ressio n  a lgo rithm . F irs t, H V S  p ro p er

ties can  be  read ily  in co rp o ra ted  in to  cen tro id -lin k ag e  reg io n  g ro w in g  v ia  the  segm en ta 

tion  th resho lds. T h is w as describ ed  in  C h ap te r 2. T h e  second  rea so n  is  th a t reg ion  

g ro w in g  segm en ta tion  techn iques are  g u a ran teed  to  p ro d u ce  d is jo in t segm ents w ith  

c lo sed  b oundaries. T h is is  im p o rtan t because  seg m en ta tio n -b ased  co m p ress io n  requ ires  

a  d esc rip tio n  o f  the  shape  and  in te rio r o f  each  im ag e  segm ent. Such  a  d escrip tion  

w o u ld  b e  im p o ssib le  i f  the  segm ents  o v erlap p ed  o r  d id  n o t have c lo se d  boundaries.

A fte r  in itia l segm enta tion , p o st-seg m en ta tio n  filtering  is  p e rfo rm ed  o n  the  seg

m en ted  im ag e  to  e lim in a te  v isu ally  in sign ifican t segm ents. B o th  o f  these  opera tions

5 .2 . Im a g e  S e g m e n ta tio n  a n d  Q u a n tiz a t io n



inco rpora te  H V S p roperties . T he  re su lt o f  th e  segm en ta tion  

p o sed  o f  a  n u m b er o f  reg ions, each  w ith  un ifo rm  gray  l e v e l .

is  a  g ray  lev e l im age  com -

A fte r th e  im age  has been  segm ented , i t  is  q u an tized  u s in g  th e  H V S -b ased  q u a n 

tize r describ ed  in  C h ap te r 4. B y qu an tiz in g  the segm en ted  im age, th e  n u m b er o f  d if

fe ren t g ray  levels u sed  to  describe  the  segm ent in te rio rs  is  reduced . T h ere fo re  few er 

b its  a re  req u ired  to  encode  the seg m en ts’ gray  levels. T h u s, quan tiza tio n  o f  a  seg

m en ted  im age  leads to  a  red u c tio n  in  the  n u m b er o f  b its req u ired  to  co d e  the d escrip tion  

o f  the  reg ions in  the segm en ted  im age.

T h e  d a ta  ra te  can  be red u ced  even  fu rth er by  u tiliz ing  q u an tiza tio n  in  an o th er w ay. 

W ith  the im age  segm ents assigned  o n e  o f  a  lim ited  n u m b er o f  g ray  lev els, it is  feasib le  

fo r  a ll segm en ts  w ith  the  sam e q u an tized  g ray  level to  be g ro u p ed  to g e th e r fo r  transm is

sion. In  th is  w ay , i t  is  necessary  to  transm it th e  g ray  lev el o n ly  o n ce  fo r each  la rge  

g roup  o f  segm en ts, ra th e r than  fo r  each  ind iv idua l segm ent. W e w ill u se  th is  approach  

in  co d in g  th e  segm en ted  im age. T h e  ac tua l co d in g  p ro ced u re  is  d iscu ssed  in  m ore  

d e ta il in  Section  5 .4 .

T h e  final re su lt o f  segm enta tion  and  qu an tiza tio n  is  a  g ray  lev e l im age  co m p o sed  

o f  m an y  segm ents, each  segm en t "pain ted  in" w ith  o n e  o f  a  lim ited  n u m b er o f  g ray  lev 

els. T h is  is  the im age th a t w ill be generated  a t the  o u tp u t o f  the  d ecoder.

S3. S e g m e n t  S k e le t o n iz a t io n

O nce  the  im age has been  segm ented , the  n ex t step  is  to  gen era te  rep resen ta tio n s 

fo r  the  shapes an d  in terio rs o f  the  segm ents  in  the im age. In  o u r  co m p ress io n  a lgorithm , 

the  shapes o f  the  im age segm ents are rep resen ted  by  m o rp h o lo g ica l skele tons. A  skele

ton  is  a  th in -lin ed  carica tu re  o f  the  segm en t tha t sum m arizes  its  shape  an d  conveys 

in fo rm atio n  ab o u t its  size, o rien ta tion , and  co nnec tiv ity . S eg m en t skele tons w ill be  

g en era ted  usin g  the  m orpho log ica l skele ton iza tion  a lg o rith m  o f  [10]. A  sum m ary  o f  

th is  sk e le ton iza tion  p rocess, and  a  descrip tion  o f  its app lica tion  to  the  im age  segm ents is 

g iven  below .

Ih  m a th em atica l m orpho logy , th e  fo rm  an d  struc tu re  o f  sets in  E u c lid ean  N -space  

are  s tud ied  [8], T h e  basics o f  m ath em atica l m o rp h o lo g y  w ere  p resen ted  in  C h ap te r 4. 

T h ro u g h  th e  app lica tio n  o f  m orpho log ica l o pera tions such  as d ila tio n , e rosion , o pen ing , 

an d  c lo sin g  to  a  b inary  im age, a  gray  level skele ton  o f  a  b inary  im ag e  can  be g en era ted  

[ 8 , 10 , 1 2 0 ] .

G iv en  a  b inary  im age  set, A,  the  skele ton  o f  A is  fo rm ally  defined  to  be the  se t o f  

cen te rs  o f  the  m ax im al d isks in scribab le  in side  A.  A  m ax im al d isk  is  one  th a t is no t 

co n ta in ed  in  any  o th e r d isk  to ta lly  in c luded  in  A.  T he  id ea  o f  th e  ske le ton  w as first



in tro d u ced  by  B lu m  [1 24], w ho  re fe rred  to  it  as a  medial axis, o r  symmetric axis [125]. 

T h e  defin ition  o f  a  skele ton  g iven  above is  th e  sam e as B lu m ’s defin ition  fo r  a  m edial 

ax is. F ig u re  5 .2  show s exam ples o f  m ax im al d isk s  an d  skele tons o f  b in ary  im ages [10]. 

I t  can  be  seen  fro m  th ese  exam ples th a t i f  w e d raw  th e  m ax im al d isk  a t each  p o in t o n  

the skele ton  o f  A , then  th e  u n ion  o f  th ese  m ax im al d isks w ill be  ex ac tly  eq u al to  A. T h e  

set o f  the cen te rs  o f  a ll m ax im al d isks in  A w ith  rad ius r  ( r> 0 ) , is  c a lled  the  r ’th  skele

ton subset o f  A, d en o ted  Sr(A). T he  skele ton  subsets  a re  m u tu a lly  ex clu s iv e . A n  ex am 

p le  o f  an  r ’th  skele ton  su b se t is  show n in  F ig u re  5 .2 . T h ese  skele ton  subsets can  be 

o b ta in ed  u sin g  the  m orp h o lo g ica l se t o pera tions o f  open in g  an d  e ro sio n . I t shou ld  be  

n o ted  tha t the  m o rp h o lo g ica l transfo rm ation  th a t m aps a  se t in to  its  skele ton  is  n o t u p p er 

sem i-con tinuous as defined  in  C hap ter 4 , an d  th ere fo re  is  n o t a  quan tita tiv e  m o rp h o lo g i

ca l o pera tion . A n  exam ple  dem onstra ting  th is  is  show n  in  F ig u re  5 .3 . T he  sk ele ton iz

in g  transfo rm ation  is  transla tion  an d  scale  invarian t, an d  lo w er sem i-con tinuous.

W e are  in te re s ted  in  app ly ing  m orp h o lo g y  to  sk ele ton ize  im age  segm ents. T hese  

segm en ts c an  be  v iew ed  as sets in  Z 2 ; th erefo re  w e n o w  lim it o u r  d iscu ssio n  to  m o rp h o 

lo g ica l ske le ton iza tion  in  Z 2. U sin g  the  n o ta tion  in tro d u ced  in  C h ap te r 4 , th e  sk e le to n  

o f  a  set, A e  Z 2 , can  be  o b ta in ed  as fo llow s:

Sn(A) = ( A Q n B s) - ( A Q n B s)B, n  = 0 ,  I ,  2 , ~ ,  AT (5 .2)

A T

SK(A)=  U  Sn(A), (5.3)
« = 0

w here  Sn(A) den o tes  the  n ’th  skele ton  subse t o f  A, SK(A)  deno tes  th e  b in ary  m o rp h o 

lo g ica l skele ton  o f  A, B is the  s truc tu ring  e lem en t u sed  to  p e rfo rm  the  skele to n iza tio n , 

an d  ■

nB = B Q B  ©  — Q B  (n t im e s ).

N  is  the  m ax im u m  n a fte r w hich  a  fu rth er e ro sio n  o f  A by  B resu lts  in  th e  em p ty  set. B  is 

the  s tru c tu rin g  e lem en t, an d  can  be  ch o sen  as desired . F o r  ske le ton iza tion  o f  th e  im age 

segm en ts, B  is  ch o sen  to  be  a  3x3  p ix e l square, w ith  th e  c en te r p f  B  in  the  m idd le  o f  the 

square. N o tice  th at, since  S 0(A ) =  (A © 0 B S) — (A Q 0 B s)b =A - A b , the  O’th  skele ton  

su b se t sim p ly  co n ta in s  a ll fea tu res o f  A tha t a re  sm aller than  B.

A n a lte rnate , m ore  co m p ac t rep resen ta tio n  o f  th e  in fo rm atio n  in  th e  skele ton  is  the  

g ray  lev el skeleton function, defined  as the  fo llo w in g  tw o -d im en sio n a l d iscre te  im age 

array:
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w here  i an d  j  index  the  row s an d  co lum ns o f  the  im age. T he g ray  lev el o f  a  p o in t on  the 

skele ton  fu n c tio n  ind ica tes  the skele ton  subse t to  w h ich  th a t skele ton  p o in t b e longs, i.e .

[Skf(AMJ)
Tl + I ,  (Uj)^Sn(A) 

0, (Uj)^ SK(A),
(5.4)



(a)

rad ius r

(C )

F ig u re  5.2. E xam ples o f  skele tons and  m ax im al d iscs o f  sets in  R 2 . (a) the  se t o f  

m ax im al d isks and  th e ir  cen te rs  fo r a  co n e-sh ap ed  set, A. S ince  the  
skele tons show n are  b inary , they  rep resen t S K (A) (fro m  [9]) (b) SK(A) fo r 
a  stickm an-shaped  set, A (from  [9]). (c) T h e  r ’th  skele ton  su b se t o f  the  
S K (A ) show n in  (b ) TTiese po in ts on  SK(A) w ou ld  have g ray  l e v e l r +1 on  
[S k f(A M J ).



win
K ---- M

F ig u re  5.3 . A  series o f  sets in  R 2 an d  th e ir  m o rp h o lo g ica l skele tons illu s tra tin g  th a t 
m orp h o lo g ica l sk ele ton iza tion  is n o t a  con tin u o u s tran sfo rm atio n  (from

v J.



rad iu s  o f  th e  m ax im al d isc  cen te red  a t that po in t. In  Section  5 .6  w e w ill g ive  exam ples 

o f  b in ary  im ages an d  th e ir  co rrespond ing  g ray  level ske le ton  functions. A n  im p o rtan t 

p ro p erty  o f  the  m orp h o lo g ica l skele ton  as defined  above, is  th a t it is  un iq u e ly  invertib le  

[10]. I f  the  S tractu ring  e lem en t is know n, a  b in ary  im age  can; be  perfec tly  an d  un iquely  

reco n stru c ted  fro m  its m orpho log ica l skele ton . T h e  in v e rs io n  p rocess  is  d esc rib ed  in  

S ection  5.5.

O nce  th e  skele ton  d esc rib ed  above has been  generated , fu rth e r p ro cess in g  o f  th is 

skele ton  y ie lds  the  globally minimal skele ton  [10]. T he  a im  o f  th e  p ro cess in g  is  to  

rem o v e  red u n d an t skele ton  po in ts fro m  the skele ton , an d  thus p ro d u ce  the  g lobally  

m in im al skele ton . T he  m otiva tion  fo r  th is  is that, s ince  the g lo b a lly  m in im a l  skele ton  

has few er p o in ts  i t  w ill req u ire  few er bits  to  encode. T h e  fo llo w in g  a lg o rith m  is u sed  to  

de term in e  w h at po in ts  sh o u ld  be rem o v ed  fro m  a  m orpho log ica l skele ton  in  o rd e r to  

g enerate  the  g lobally  m in im al skele ton  [10].

A ssu m e A e Z 2 is  the  o rig inal b inary  im age , an d  Sn(A), n = 0 , I , ..JV arc  the  skele 

ton  subsets o f  A  w ith  resp ec t to  the s truc tu ring  e lem en t B. T he  fo llo w in g  steps are  

rep ea ted  fo r  n =  0 , 1,..JV. D efine  kn(i, j )  to  be  the  b inary  ch arac te ris tic  func tion  o f  the 

se t n S e Z 2 . In  o th e r w ords, v

kn(i, j )
I ,  (i, j)e n B  

0 , (i, j)4  nB
(5.5)

T hen  genera te  a  pseudo-graytone function as fo llow s:

\p g f(A W ,j)=  £  I  kn( i-s , j - t ) .  (5 .6 )
n=o

T h e  reg io n  o f  support o f  \pgf(A)](i,j) is  the  sam e as the  reg io n  o f  support o f  A, and  

\P if(A)](i,j) £  I a t every  p o in t in  A. A n  exam ple  o f  a  b in ary  im ag e  an d  its p seu d o - 

g ray tone  fu n c tio n  is  g iven  in  F igu re  5.4.

W h eth e r o r  n o t a  p a rticu la r p o in t, (s,t)e Sn(A) can  be re m o v e d  fro m  the sk ele to n  is 

d e te rm in ed  as fo llow s. I f  \Pgf(Aj)(i,j) S  2  a t ev ery  p o in t in  th e  reg io n  o f  support o f  

kn(i-s> j - t ) ,  then  (s,t) can  be  rem o v ed  fro m  the skele ton . W h en  a  p o in t (s,t) is 

rem o v ed  fro m  the skele ton , then  the  sh ifted  ch arac te ris tic  fu n c tio n  kn( i - s , j - t )  is  a lge

b ra ically  sub trac ted  from  lpgf(A)](i,j) befo re  the  a lg o rith m  p ro ceed s  to  te s t the  nex t 

skele ton  p o in t fo r rem oval. I f  (s,t) is  n o t rem o v ed  fro m  th e  skele ton , \pgf(Aj](i,j) is 

n o t ch an g ed  an d  the a lgo rithm  proceeds to  test the  n ex t ske le ton  p o in t fo r  rem oval. 

T h is  a lg o rith m  is illu stra ted  w ith  the  flow chart in  F ig u re  5 .5 . A fte r a ll skele ton  po in ts in  

e v e r y  skele ton  su b se t h av e  been  tested , an d  th e  red u n d an t p o in ts  rem o v ed , the  skele ton  

p o in ts  th a t rem ain  fo rm  the g lobally  m in im al skele ton  function . F o r  fu rth e r d e ta ils  o n  

th is  m in im al ske le ton  a lgo rithm  and  fo r  a  d escrip tio n  o f  fa s t a lgo rithm s fo r  m o rp h o lo g i

ca l skele ton iza tion , re fe r  to  [10]. H ereafter; w h en  w e  re fe r  to  a  skele ton  function  w e



141

(a)

F ig u re  5 .4 . (a) A  b in ary  im age and , (b) its p seu d o -g ray to n e  function . T h e  g ray  level

v tdues o f  the  p seudo-g ray tone  fu nc tion  h av e  been  sca led  fo r  illu stra tive  
pu rposes.



p ick  new  (s,t)eSn(t) L —

^ / [ P g f ( A ) K i J )  > 2 \  
f o r  a l l  ( i , j )  in  r e g io n  o f  s u p p o r t  

\ .  o f  k „ ( i - s , j - t )  ?  y /

d e lete  (s,t) fro m  Sn(t)

A n o th e r(s ,t)e  Sn( t ) 7 > ^ -

H g u re  5 .5 . T he  a lg o rith n i to  generate  a  g lo b a lly  m in im al skele ton .
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w ill m ean  the  g lo b a lly  m in im al skele ton  function .

5 3 . 1 .  S k e l e t o n i z a t i o n  o f  t h e  I m a g e  S e g m e n t s

W e w ish  to  app ly  the  sk ele ton iza tion  an d  m in im al sk e le to n  p ro ced u res  d escrib ed  

above to  gen era te  m orpho log ica l skele tons fo r  the  segm en ts in  o u r segm en ted  q u an tized  

im age. In  o rd e r  to  d o  th is , the  segm en ted  q u an tized  g ray  lev el im age is  d eco m p o sed  

in to  a  series  o f  b in ary  im ages kn o w n  as b in ary  deco m p o sitio n  im ages ( B D I ) - I n  th is 

deco m p o sitio n , an y  p ix e l in  the  segm en ted  im age  be lo n g in g  to  a  reg io n  w ith  a  p a rticu la r 

g ray  lev el is  se t to  "one" in  the  co rresp o n d in g  B D I, w h ile  a ll o th e r p ix e ls  in  th a t B D I are  

se t to  "zero ." T h e  B D F s  are  analogous to  in d ica to r sets fo r  p a rticu la r g ray  lev el seg

m en ts  in  the  seg m en ted  im age. F o r  ex am p le , o n e  B D I m ay  co n sis t o f  a ll p ix e ls  from  

th e  segm en ted  im age  th a t w ere  co n ta in ed  in  a  segm en t w ith  g ray  lev e l 30. A  B D I is 

g en era ted  fo r  each  d iffe ren t gray  level in  the  seg m en ted  im age , so  the  n u m b er o f  B D F s  

is  eq u a l to  the  n u m b er o f  gray  levels in  the  segm en ted  q u an tized  im age. F o r  a  seg

m en ted  q u an tized  im ag e  w ith  M  g ray  levels, w e ob ta in  a  series  o f  B D F s , each  w ith  an  

asso c ia ted  g ray  lev el, P/:

( B D I/, P / ) ,  I = 0 , I ,  2 , - ,  A f - 1. (5 .7)

T h e  sk ele to n iza tio n  p rocedures  sum m arized  above are  u sed  to  gen era te  a  skele ton  

fo r  each  B D I, E q u a tio n s  5 .2  and  5 .4  a re  u sed  to  tran sfo rm  each  B D I in to  a  g ray  level 

sk e le to n  fu nction ; an d  th e  m in im al skele ton  a lg o rith m  is u sed  to  p ru n e  each  skele ton. 

S ince  a ll th e  im age  segm en ts  are  m u tua lly  exclusive , th e  n e t e ffe c t o f  skele ton iz ing  a 

B D I is  th e  skele to n iza tio n  o f  a ll the  im ag e  segm ents in  th a t B D I. F o r a  segm en ted  

q u an tized  im ag e  w ith  Af g ray  levels, the  en d  re su lt o f  skele to n iza tio n  is  a  set o f  gray  

lev el ske le ton  fu nc tions, each  rep resen tin g  o n e  B D I, an d  a  se t o f  a sso c ia ted  g ray  levels:

([Skf(BD IlM j ) t Pl ), /  =  0 , I ,  2, -  , A f - 1. (5.8)

T h ese  p a irs  o f  g ray  lev e l skele ton  functions an d  associa ted  g ray  lev e ls  fo rm  a  co m p ac t 

an d  un iq u e ly  rev e rsib le  rep resen ta tio n  o f  th e  segm en ted  im age  fo r co d in g  purp oses; 

N ote  th a t there  are  tw o  categories o f  g ray  levels in  the  rep resen ta tio n  o f  E qu a tio n  5.8 . 

F irs t a re  th t  associated gray levels, P /, I = 0 , I , ...A f-1 . T h ese  in d ica te  the  g ray  lev el o f  

the  segm ents rep re sen ted  by  the  p a rticu la r skele ton  function . S ince  there  is o n e  skele

to n  fo r  each  B D I, there  is  a lso  o n e  asso c ia ted  gray  lev el fo r  each  B D I, an d  thus one 

asso c ia ted  g ray  lev e l fo r  each  skele ton . T o  av o id  co nfusion , th is  first c lass  o f  g ray  lev 

e ls  w ill  a lw ays be  re fe rred  to  as asso c ia ted  g ray  levels. S eco n d  a re  th e  g ray  lev e ls  a long  

each  skele ton  function . E ach  B D I has a  skele ton , an d  each  o f  these  skele tons is  co m 

p o sed  o f  m an y  d iffe ren t gray  levels (recall th a t a  binary B D I p ro d u ces  a  gray level 

skele ton). T h e  g ray  levels a long  a  skele ton  sim ply  in d ica te  to  w h ich  skele ton  su b se t a



p a rticu la r ske le ton  p o in t be longs.
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5 .4 .  C o d in g  o f  t h e  S k e le t o n s  e n d  A s s o c ia t e d  G r a y  L e v e l s

T h e  la st s tep  in  the  com p ressio n  p rocess  is  to  ac tua lly  enco d e  the 

( [S^(BDIz)Kj ,y), P / ) pa irs  using  a  source  co d in g  techn ique. W e have co n sid ered  

th ree  p ossib le  schem es fo r  th is  encoding . In  the  first app roach , is co d ed

in  its en tire ty  fo r  M - I  o f  th e  B D F s, w here  M  is ’the to ta l n u m b er o f  B D F  s. T he  re su lt 

is  a  co m p le te  skele ton  en co d ed  fo r  a  subse t o f  die  im age  segm ents . In  th e  second  

approach , the  O’th  skele ton  subset o f  every  [s /^ (B D I/)](j,y ) is  d e le ted  b efo re  encod ing , 

an d  a  [S^r(B D Iz)K J,/) is  en co d ed  fo r  ev ery  B D I. In  o th e r w ords, re d u ced  form s o f  

[S^(BDIz)Kj ,/), 7 - 0 ,  I , . . .M - I  are  encoded . T h e  ne t e ffec t o f  th is  app roach  is  a  skele 

to n  co d ed  fo r  ev ery  im age  segm ent; h o w ev er w ith  the  O’th  sk ele to n  su b se t o f  each  

skele ton  om itted . In  the  th ird  approach , a  "m in im al se t o f  segm en ts"  is  se lec ted  from  

th e  im age, an d  on ly  skele tons fo r segm ents in  th is  g roup  are  encoded . A  

[s& f(B D Iz )](j’, / ‘)  is  encoded  fo r  every  B D I, h ow ever, as w ith  th e  second  ap proach , the 

[SJ^r(BD Iz)]( j‘,y) are  in  a  red u ced  form . In  th is  case , co m p le te  skele tons are  co d ed , bu t 

on ly  fo r  a  su b se t o f  the im age  segm ents . T h ese  approaches are  d esc rib ed  in  d e ta il in  the 

rem a in d er o f  th is  section , an d  each  is  ex p erim en ta lly  ev alu a ted  in  Section  5.6 .

A ll o f  the  en co d in g  techn iques w e have p ro p o sed  above req u ire  co d in g  o f  a  gray 

lev el ske le ton  fo r  each  B D I. In  [10] the  au thors in v estig a ted  sev era l d iffe ren t p o ssib le  

tech n iq u es fo r  en co d in g  a  g ray  level skele ton , u s in g  a  v arie ty  o f  sou rce  co d in g  tech 

n iques, T h ey  fo u n d  th a t the  b e s t com pression  w as ach iev ed  by  co d in g  the  shape  o f  the  

g ray  lev el ske le ton  (i.e. SAT (A ))in  the  fo rm  o f  a  b in ary  im age, an d  then  co d in g  the  g ray  

levels a long  the  skele ton  fu nc tion  ([skf (A )K /,/))  u s in g  a  H u ffm an  code . T hey  p ro p o sed  

using  a  fo rm  o f  ru n len g th  co d in g  p ro p o sed  by  E lias  [126] to  co d e  th e  b inary  im age 

describ in g  the skele ton  fu n c tio n ’s shape. W e w ill a lso  u se  th e se  m eth o d s  to  code  o u r 

skele ton  functions.

R un len g th  co d in g  is  a  techn ique  d esig n ed  to  w ork  w ell on  sparse  b inary  signals, 

fo r  ex am p le  an  im age  m ade up  o f  m ostly  zeros, w ith  a  few  o n es. T he  im age  ro w s are  

ca ten a ted  to g e th e r to  fo rm  a  vecto r, an d  a ll runs o f  co n secu tiv e  0 ’s are  found . T h e  

leng ths o f  these  runs, separa ted  by  a  sym bol (referred  to  as a  "com m a") to  m ark  the  en d  

o f  , a  ru n  (i.e ., th e  p resence  o f  a  I ) ,  com ple te ly  d escrib e  the  o rig in a l im ^ge. T h e  ru n - 

leng ths an d  com m as are  then  co d ed  using  a  source  co d in g  tech n iq u e  such  as th e  one 

d e sc rib ed  in  [1 26]. T h is  techn ique  invo lves u s in g  n sym bo ls in  an  n -a ry  arith m etic  sys

tem  to  rep resen t the  ru n len g th s, an d  an  n + l ’th  sym bo l to  rep resen t a  co m m a, an d  is

d e sc rib ed  in  d e ta il in  A ppend ix  C.



H u ffm an  co d in g  [127] is  a  variab le  leng th  co d in g  techn ique  w here  th e  codew ords 

a re  ch o sen  b ased  o n  the  p ro bab ility  d is trib u tio n  o f  the  source  sym bols. T h e  id ea  is  to  

assig n  sh o rt cod ew o rd s to  source  sym bo ls th a t o ccu r freq u en tly , an d  lo n g e r codew ords 

to  source  sym bo ls w h ich  o ccu r less frequen tly .

T h e  rem a in d er o f  th is  Section is  d ev o ted  to  d esc rib in g  th e  th ree  techn iques w e have  

p ro p o sed  fo r  co d in g  the se t o f  ( lskf(EDIi)](i, j) ,  P / )  pa irs  w hich  rep re sen t the  im age.

. ' ; '-.145 .

5 .4 .1 .  A p p r o a c h  I :  C o d i n g  C o m p l e t e  S k e le t o n s

T h e  o b v io u s  approach  to  co d in g  the  skele ton  functions an d  assoc ia ted  g ray  levels

is  to  s im p ly  ap p ly  th e  co d in g  techn iques d e sc rib ed  above to  code  the  skele ton  function

an d  asso c ia ted  g ray  lev el fo r e v e ry .B D L  H ow ever, s ince  the  B D F s  a re  m utually  
/ = M - I

ex clu s iv e , an d  B D I/ covers  th e  en tire  im age, i t  is  ac tua lly  on ly  n ecessary  to  code

th e  skele ton  fu n c tio n s  fo r  M - I  o f  th e  B D F s .. T h e  shape o f  th e  m issin g  B D I can  be 

im p lied  fro m  th e  c o d ed  B D F  s. So  w ith  th is  co d in g  tech n iq u e  the  ru n len g th  Elias_ 

m e th o d  m en tio n ed  above is  u sed  to  co d e  the  sh ap e  o f  each  o f  th e  M —I o f  th e  skele ton  

fu nc tions, an d  a  H u ffm an  code  is  u sed  to  code the  g ray  lev els  a lo n g  each  skele ton  fu n c 

tion.- '

In  C h ap te r 2  w e saw  th a t a  segm en ted  q u an tized  im age  ty p ica lly  has on  th e  o rd e r 

o f  20  g ray  lev els ; an d  fo r  the  im ages w e are  using  these  20  g ray  levels c o u ld  be  any  o f  

th e  256 . S ince  there  is  one  skele ton  fu n c tio n  an d  assoc ia ted  g ray  lev e l fo r  e ac h  gray 

lev el in  th e  seg m en ted  q u an tized  im age, there  are  a lso  ty p ica lly  o n  th e  o rd e r o f  o n ly  

tw en ty  a sso c ia ted  g ray  levels to  code  (one fo r  each  skele ton  function ). S ince no  tw o 

asso c ia ted  g ray  lev els  a re  the sam e, each  P / can  be  co d ed  d irec tly , u s in g  e ig h t b its  each. 

W ith  th is  co d in g  m ethod , an  exact d u p lica te  o f  the  seg m en ted  q u an tized  im age  is 

decoded . T he  d eco d in g  m eth o d  is  d esc rib ed  in  S ection  5 .5 .1 .

5 .4 .2 .  A p p r o a c h  2 :  C o d i n g  W i t h o u t  O’ th  S k e le t o n  S u b s e t s

In  th e  d iscu ss io n  in  Section  5.3 re la tiv e  to  m o rp h o lo g ica l ske le ton iza tion  w e saw  

th a t th e  O’th  skele ton  su b se t o f  a  B D F s  skele ton  consis ts  o f  a ll th e  fea tu res  o f  th e  61)1 

w h ich  a re  sm aller than  the  s truc tu ring  e lem en t. A n exam ple  o f  th e  O’th  skele ton  subse t 

o f  a  set is  show n in  F ig u re  5 .6  In  o u r  ex perim en ts  ap p ly ing  th e  skele ton iza tion  p ro 

ced u re  to  B D I’s w e  h ave  fo u n d  th a t ty p ica lly  there  are  nearly  as m an y  skele ton  pb in ts  in  

th e  O’th  su b se t o f  a  B D F s  skele ton  as th ere  are  in  a ll the o th e r sk e le to n  subsets o f  the  

B D I co m b in ed . T h is  m eans th a t the O’th  skele ton  subsets co n trib u te  a  d isp roportionate
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F ig u re  5 .6 . A  struc tu ring  e lem en t (o n  the  le ft), an  im ag e  se t (on  the  rig h t), an d  the 

se t’s O’th skele ton  su b se t (the  shaded  p o rtio n  o f  th e  se t on  the  righ t).



am oun t to  th e  to ta l co st o f  co d in g  a  skele ton . F o r th is  reaso n , w e p ro p o se  om itting  the  

O’th  skele ton  subsets fro m  the B D I skele ton  functions w h en  cod ing . W e  w ill sim ply  

d e le te  th e  O’th  skele ton  subsets  fro m  a ll [skf(RDli)](i,j), an d  then  th ese  red u ced  skele 

ton  fu nc tions, d en o ted  [sA /* (B D I/)]0 'j) , w ill be  co d ed  as d e sc rib ed  in  the  p rev io u s sec

tion . W e w ill s till use  a  ru n len g th  E lias code  fo r  the  red u ced  skele ton  fu n c tio n s’ shapes, 

an d  a  H u ffm an  code  fo r  the  g ray  levels a long  the  red u ced  skele ton  functions. T h e  P / ’s 

can  again  be  co d ed  d irec tly  w ith  e ig h t b its each .

T h e  co st o f  o m ittin g  the  O’th  skele ton  subsets is  in c reased  d is to rtio n  in  the  d eco d ed  

im age. W hen  the  O’th  skele ton  subse t is  d e le ted  fro m  [skf(BDlt)](i,j), th is  m ean s tha t 

certa in  p ix e ls  in  B D I/ have no  rep resen ta tiv es  in  the  skele ton  function . T here fo re , w hen 

B D Ij is  reco n stru c ted  fro m  the red u ced  skele ton  fu nc tion , th e se  p ix e ls  c an n o t be reco n 

structed . A ll th e  fea tu res  o f  B D I/ th a t w ere  sm aller than  th e  s truc tu ring  e lem en t used  

fo r  skele to n iza tio n  w ill be  lost. S pecifically , ra th e r  than  reco n stru c tin g  B D I/, w e  actu 

a lly  reco n stru c t (B D Ij)fl, the open ing  o f  B D I/ by  B.

In  S ec tio n  5 .6  w e show  exam ples illu s tra tin g  the  u n reco n stru c ted  p ix e l p ro b lem  

an d  th e  e ffec t o n  im age  reconstruc tion  o f  de le tin g  the  O’th  skele ton  subsets  fro m  the 

[>&f(BD I/)](i,y). In  Section  5 .5 .2  w e d escrib e  the p o st-p ro cess in g  tech n iq u e  w e p ro p o se  

to  "fill in" the  u n reco n stru c ted  p ixels .

5 .4 .3 .  A p p r o a c h  3 :  C o d in g  t h e  M in im a l  S e t  o f  S e g m e n t s

C o n sid e r the  in fo rm atio n  rep resen ted  w hen  a  skele ton  is co d ed  fo r every  segm en t 

in  a  seg m en ted  im age. G iven  skele tons fo r  tw o  neigh b o rin g  segm ents, in fo rm atio n  

ab o u t the  shape  o f  th e  seg m en ts’ co m m o n  boundary  is  rep re sen ted  in  bo th  skele tons. 

TWs m eans th a t w hen  bo th  o f  the  skele tons are  coded , red u n d an t in fo rm atio n  ab o u t the 

seg m en ted  im age  is  coded . T h is  observ atio n  is  the  m otiv a tio n  b eh in d  the  co d in g  tech

n ique  w e p ro p o se  in  th is  section .

C o n sid e r th e  sim plified  segm en ted  im age  show n  in  F igu re  5.7. I t is p o ssib le  to  

se lec t a  su b se t o f  the  segm ents in  th is  im age, fro m  w hich  the  shapes o f  a ll the  o th e r  

im ag e  segm en ts  can  be  im plied . T h e  set o f  segm en ts  A\= {a, g, i,j, & m, o, q) is

one  such  subset. T o g e th er, the segm ents in  A\ im p ly  co m p le te ly  the  shapes o f  the  seg

m en ts  in  the  se t S 1=  {d, e, h, t, n, p). W e re fe r to  th e  su b se t A1 as a  minimal set o f seg

ments fo r  the  im ag e  in  F ig u re  5.7. T he  m in im al se t o f  segm en ts  is  n o t necessarily  

un ique  . T h ere  is  usually  m ore  than  o n e  such  se t fo r  any  g iven  segm en ted  im age. 

A n o th e r m in im al se t o f  segm ents  fo r  the seg m en ted  im age  o f  F ig u re  5 .7  is  Aq =  

{a, c, (C e,/,M , i, k, C, m, n, n, q). T h ese  segm ents, together, co m p le te ly  im p ly  the 

shapes o f  the  segm en ts in  the  set iSq= [6, g, j, o}. B o th  these  m in im al sets  o f  segm ents



F igure  5.7. A  sim plified  segm en ted  im age.
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are  d em o n stra ted  in  F ig u re  5.8.

W e can  app ly  th is  id ea  o f  a  m in im al se t o f  segm en ts  to  the co d in g  o f  a. segm en ted  

im age. G en era te  a  m in im al se t o f  segm ents, ca ll i t  PL fo r  the  segm en ted  im age  be ing  

coded . S ince  the  shapes o f  a ll the segm ents n o t in  PL a re  im p lied  by  the  shapes o f  the 

segm ents in  PL i t  is  o n ly  necessary  to  code  skele ton  func tions fo r  th e  im ag e  segm en ts in  

PL T h ere fo re , b e fo re  sk ele ton iza tion  o f  the  B D I’s, a ll segm en ts n o t in  Pt can  be  d e le ted  

fro m  the B D I’s. W e  w ill re fe r to  th ese  re d u ced  B D F s  as B D It /. T h e  red u ced  Bd F s  

w ill b e  co m p o sed  o f  few er segm ents, an d  w h en  sk e le to n ized  w ill h ave  fe w er Skeleton 

p o in ts . T h u s the  n u m b er o f  skele ton  p o in ts  in  [S ^ (B D It J )K /,/) , I -  0 , I ,  • • - M - l ,  w ill 

b e  less th an  th e  n u m b er Of skele ton  p o in ts  in  [skf(BDIi)](iJ), I =  0 , I ,  • • * M - 1 ,  an d  

th ere fo re  [ s # (B D I+ /) ] ( / , / ) ,  / = 0 ,  I ,  - - - M - I ,  shou ld  req u ire  few er b its  to  code.

A  m in im al se t o f  segm ents is  fo u n d  fo r  a  segm en ted  im age  b y  ap p ly in g  th e  fo llo w 

in g  a lg o rith m  to  th e  segm en ted  im age. In  th e  d esc rip tio n  o f  th e  a lg o rith m  w e re fe r  to  

th e  m in im a l se t o f  segm en ts  as PL T h e  co m p lem en t o f  the  se t Pl is  S. T h en  PlKJ lB is 

eq u a l to  the  se t o f  a ll im ag e  segm ents. T h e  a lgo rithm  b eg ins a t th e  seg m en t a t th e  u p p e r 

le f t c o m e r o f  the  segm en ted  im age. T h is  im age  segm en t is  a ss ig n ed  to  « , an d  a ll im ag e  

segm en ts b o rd e rin g  the  segm en t are  a ss ig n ed  to  T he  a lg o rith m  p ro ceed s  to  scan  the  

im ag e  in  a  ra s te r  fa sh io n  u n til a  seg m en t w h ich  has n o t y e t been  a ss ig n ed  to  J^ Of » is 

en co u n te red , an d  th e  p ro cess  is  repeated . T he  u n assig n ed  segm en t is  a ss ig n ed  to  ® and  

a ll segm en ts b o rd e rin g  th a t segm en t are  a ss ig n ed  to  PL T h e  ra s te r  scan  o f  th e  im age  and  

th e  a ss ig n in g  o f  segm en ts  to  se t Pl o r  tB is  re p ea ted  until a ll im age  segm en ts  h ave  been  

assigned . T h is  a lg o rith m  is n o t necessarily  an  o p tim a l a lgorithm . I t  m ay b e  po ssib le  to  

ap p ly  g raph  th eo re tic  co ncep ts  to  d ev elo p  an  o p tim a l a lg o rith m  fo r  find ing  a  m in im al 

se t o f  segm ents.

F ig u re  5 .9  show s exam ples o f  ac tua l segm en ted  im ages, an d  b in ary  im ages show 

in g  th e  m in im al se t o f  segm en ts  fo u n d  fo r  these  im ages. T h e  n u m b ers  o f  segm ents in  

th e  im ages an d  in  th e  m in im al sets  o f  segm en ts  are  g iven  in  th e  figure. T h e  n u m b er o f  

segm en ts  in  a  m in im al se t can  be as little  as 60%  o f  the  segm en ts in  th e  o rig in a l seg

m en ted  im age. T h is  m ean s  tha t w e  can  red u ce  the n u m b er o f  seg m en t ske le ton  func

tions th a t a re  en co d ed  by  as m u ch  as 40%  by  on ly  co d in g  skele ton  fu n c tio n s fo r  a  

m in im al se t o f  segm ents.

S ince  the  segm ents in  eB a re  n o t in c lu d ed  in  any  B D I, in  o rd e r  to  re c o n stru c t these  

segm en ts  a t  th e  d eco d er, w e m u st enco d e  the  g ray  lev el o f  each  seg m en t in  1B. =IKe g ray  

lev els  o f  the  segm en ts  in  B w ill b e  co d ed  in  ra s te r  scan  o rder. S ince  there  w ill be  

n u m ero u s  segm en ts  in  S, w e p ro p o se  u s in g  a  H u ffm an  co d e  fo r the  g ray  lev els  o f  these  

segm ents. T h e  sam e H uffm an  code  can  a lso  be  u sed  fo r  co d in g  d ie  a sso c ia ted  g ray  lev 

e ls , P /, A s w ith  the  tw o  p rev ious co d in g  tech n iq u es , w e w ill a lso  use  a  H uffm M i code  

fo r  co d in g  the  g ray  levels a long  the  skele ton  fu nc tions. W ith  th is  co d in g  m ethod , an



(a)

iso--'

(b )

F ig u re  5 .8 . T w o  d ifferen t m in im al sets o f  segm ents  fo r  th e  seg m en ted  im age show n in 

F igu re  5.7. T h e  m in im al set o f  segm ents  co n sis ts  o f  a ll the  w h ite  

segm ents. T he shaded  seg m en ts’ shapes are  im p lied  by  the  m in im al se t o f  

segm ents .
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F ig u re  5 9  (a-b ) M in im al sets o f  segm ents  fo r  tw o  ac tua l seg m en ted  im ages. T he  
seg m en ted  im ages are  show n on  the  left, an d  th e  m in im a l se t o f  segm ents 

fo u n d  fo r  each  o f  the  segm en ted  im ages are  g iven  by  th e  b in ary  im ages on  
th e  righ t. T he  w h ite  p ixels are  in  segm ents in  th e  m in im al se t o f  segm ents
a n d  the  b la c k  p ix e ls  a re  in  segm ents  w hose  shapes a re  im p lied  by  the  
m in im a l  se t o f  segm ents . T h ere  are 4 7 3  segm ents  in  seg m en ted  quan tized

K ris ta  an d  275 segm ents  in  K ris ta ’s m in im al se t o f  segm en ts . T h ere  are 
7 6 9  segm ents in  segm en ted  q u an tized  H o u se  an d  4 8 0  segm en ts  in  H o u se ’s 

m in im al se t o f  segm ents .



exact d up lica te  o f  the segm en ted  im ag e  is  decoded . T he  d eco d in g  m e th o d  is d escrib ed  

in  S ec tion  5.5 .3 .

O n e  p o in t m u st be m ade abou t th is  app roach  to  the  co d in g  o f  the  skele ton  fu n c 

tions. W h en  o n ly  co d in g  skele ton  functions fo r  a  m in im al se t o f  segm ents, the  O’th 

skele ton  subsets o f  [ J tf (B D lt Z)K /,/), /  =  0 , I ,  • • - M - 1, cannot be de leted . I f  th ese  

skele ton  subsets  w ere  de leted , then  w hen  the  segm en ted  im age w as reco n stru c ted  a t the 

decoder, i t  w o u ld  be im possib le  to  d istingu ish  betw een  im age p ix e ls  n o t reco n stru c ted  

d u e  to  m issing  O’th  skele ton  subse t po in ts, and  im age  p ixe ls  n o t reco n stru c ted  because  

they  w ere  in  im p lied  im age segm ents . T h is am bigu ity  w ou ld  m ake reco n stru c tio n  o f  a  

reaso n ab le  ap p rox im ation  o f  the segm ented  im age im possib le .

5 .5 .  I m a g e  R e c o n s t r u c t io n

T h e  reco n stru c tio n  p rocess fo r each  o f  the  th ree  co d in g  m ethods d esc rib ed  above is 

sligh tly  d ifferen t. T he  basic  ou tline , how ever, is  the  sam e fo r  a ll th ree. T h e  first s tep  is 

to  rec rea te  the  skele ton  function  shapes from  th e ir E lias ru n len g th  code, an d  then  i l l  in  

th e  g ray  levels a long  each  skele ton  function  fro m  the H u ffm an  co d ed  versions. O nce 

th e  skele ton  functions are  know n , a  m orpho log ica l p rocess is  u sed  to  "grow " b ack  the 

B D F s  fro m  th e  skele ton  functions. F inally , each  B D I is then  "pain ted  in" w ith  its asso 

c ia ted  g ray  lev el v a lu e  and  the  B D F s  are co m b in ed  to  fo rm  the reco n stru c ted  seg 

m en ted  q u an tized  im age. T h e  basic  reconstruc tion  p ro cess  is  illu s tra ted  in  F ig u re  5 .10. 

T h e  de ta ils  o f  d ecod ing  fo r  each  o f  the th ree  co d in g  techn iques are  g iven  below .

1 5 2 '

5 .5 .1 .  A p p r o a c h  I :  R e c o n s t r u c t io n  F r o m  C o m p l e t e  S k e l e t o n s

T he  p rocess  by  w hich  the  o rig inal q u an tized  segm en ted  g ray  lev el im age is  re co n 

s tru c ted  fro m  the c o d ed  version  as defined  in  Section  5 .4 .1 is  d esc rib ed  here . T he  

reco n stru c tio n  p ro cess  b eg ins by  decod ing  the  shape o f  each  skele ton  function , 

|> //(B D Iz)](i,y ), fro m  its run len g th  code d escrip tion , an d  d eco d in g  th e  g ray  levels a long  

eac h  skele ton  fu nc tion  from  th e ir H uffm an  co d ed  versions. T h is in fo rm ation  is then  

co m b in ed  to  fo rm  the se t o f  skele ton  functions, [skf(BDl[)](i,j), I =  0 , I ,  • • • M - 1, 

w h ich  rep resen t the B D F s .

U sin g  E q u a tio n  5.4, each  skele ton  function , [ r^ (B D I/) ] ( i ,y ) , can  be  transfo rm ed  to  

a  se t o f  ske le ton  subsets , Sn (BDIz), «  =  0, l,..JVz, w here  N 1 + I  is  the n u m b er o f  skele

to n  subsets in  [J tf(B D Iz)K /,./). T h is transfo rm ation  is  p e rfo rm ed  fo r  I =  0 , I ,  • • • M - L  

N ext, th e  fo llow ing  m orpho log ica l o pera tion  is  u sed  to  p e rfec tly  reco n stru c t BDIz fro m  

its  ske le ton  subsets:



co m p ressed

d a ta

m o rp h o lo g ica lly

de-sk ele to n ize
R ecom bine

B D F  s

F o rm g ra y  

level skele tons

gray  levels P /.

associa ted

segm ented

quan tized

im age

F ig u re  5 .10 . T h e  general decod ing  process.



B D I ,=  U [ S rt(B D I,)© 7 jf i] . (5.9)
n = o .

T his reco n stru c tio n  is  a lso  p erfo rm ed  f o r /  =  0 , I ,  •• - M - I .

A fte r  B D Ii has  been  reco n stru c ted  fro m  [ ^ ( B D I i ) K iJ ) ,  B D Ii is  "pain ted  in" w ith  

its a sso c ia ted  g ray  level, P i. R ecall tha t the  P i ’s h ad  been  co d ed  d irec tly , u sin g  e igh t 

b its  each . A gain , th is  is  done  fo r 1 = 0 , I ,  • • • M —l. T he  re co n stru c ted  segm en ted  

q u an tized  g ray  level im age is  then  fo rm ed  by  s im p ly  tak in g  the  u n ion  o f  the  m u tually  

ex clu s iv e  reco n stru c ted  "pain ted  in" B D I’s. A n  ex ac t rep lica  o f  the  o rig ina l seg m en ted  

q u an tized  im age  is  reconstruc ted  by  th is p rocess.

5 .5 .2 .  A p p r o a c h  2 :  R e c o n s t r u c t io n  W it h o u t  O’t h  S k e le t o n  S u b s e t s

T h e  p rocess  fo r  reconstruc tion  o f  a  segm en ted  q u an tized  g ray  lev el im age fro m  the 

co d ed  v ersio n  d esc rib ed  in  Section  5 .4 .2  is very  s im ila r to  the  reco n stru c tio n  p ro cess  

d esc rib ed  in  S ection  5 .5 .1 . A s before , the reco n stru c tio n  p ro cess  beg ins by  d eco d in g  

th e  shape  o f  each  red u ced  skele ton  fu nc tion  fro m  its ru n len g th  co d e  descrip tio n , an d  

d eco d in g  th e  g ray  levels a long  each  red u ced  skele ton  fu n c tio n  fro m  its  H u ffm an  co d ed  

version . T h is in fo rm atio n  is then  com b in ed  to  fo rm  the  se t o f  red u ced  skele ton  fu n c 

tions, [ s l f * I = 0 , I , • • - M - 1, w h ich  rep resen t the  B D I’s. R ecall th a t w e 

re fe r  to  th ese  as red u ced  skele ton  functions b ecause  the  O’th  sk ele to n  su b se t is  m issing  

fro m  each  o f  them .

U sin g  E q u a tio n  5 .4 , each  red u ced  skele ton  fu nc tion , [ ^ * ( B D I / ) ] ( / ,y ) ,  can  be 

tran sfo rm ed  to  a  se t o f  skele ton  subsets , Srt(B D I,), n = I ,  I , ..J V ,, w here  N1 is the  n u m b er 

o f  skele ton  subsets  in  [ ^ ( B D I , ) ] ( / , ; ) .  T h is  tran sfo rm atio n  is  p e rfo rm ed  fo r 

I =  0 ,1 ,  • • -M - I .  N o tice  again , because w e d e le ted  the  O’th  skele ton  subsets  b efo re  

en co d in g  the  skele ton  functions, there  are  no  O’th  skele ton  subse ts. N ex t, the fo llow ing  

m o rp h o lo g ica l o pera tion  is  u sed  to  perfec tly  reco n stru c t ( B D I, )B fro m  the skele ton  

subsets:

N 1

( B D I, )5  =  k J  [Srt(B D I,) Q  nB]. (5 .10)
n = I

A s w as d iscu ssed  in  Section  5 .4 .2 , s ince the  O’th  skele ton  subsets w ere  d e le ted  fro m  the 

B D I skele ton  functions, a ll fea tu res  in  the  B D I’s th a t w ere  sm aller than  the  struc tu ring  

e lem en t u sed  in  skele ton iza tion  h ave  been  lo st. F ro m  a  re d u ced  skele ton  function , w e 

reco n stru c t ( B D I, )B ra th e r than B D I,. E q u a tio n  5 .1 0  is  ap p lied  fo r  /  =  0 , I ,  • • • M - 1.

A fte r  (BD I,)b  has been  reco n stru c ted  fro m  its  red u ced  skele ton  

fu n c tio n ,( B D I, )B is  "pain ted  in" w ith  its associa ted  g ray  level, P ,. R ecall tha t the  P , ’s



h ad  b een  co d ed  d irec tly , using  e ig h t b its  each . O n ce  m ore , th is  is  d one  fo r 

I =  0 , I ,  • • • M - 1. A s in  the  p rev io u s section , the reco n stru c ted  q u an tized  segm ented  

im age  is  fo rm ed  by  tak in g  the  u n ion  o v e r I =  0 , I ,  * • • M —I ,  o f  the  m u tu a lly  exclusive  

reco n stru c ted  "pain ted  in" ( B D I/ )g . H o w ev er, in  th is  case  , s ince som e B D I poin ts 

w ere  n o t reco n stru c ted  fro m  th e  red u ced  skele tons, there  w ill be  "holes" in  th e  reco n 

struc ted  im age. S o m e im ag e  p ix e ls  w ill n o t y e t have been  assigned  a  g ray  lev el in  the 

reco n stru c tio n  p rocess.

P o st-p ro cessin g  is  necessary  to  "fill in" th ese  u n reco n stru c ted  p ix e ls . W e propose  

an  averag in g  filter to  accom plish  th is. T h e  filte r scans th e  reco n stru c ted  segm en ted  

im ag e  in  a  ra s te r fa sh io n  u n til it enco u n te rs  an  un reco n stru c ted  p ixel. A t each  u n recon

s tru c ted  p ix e l the  filter ca lcu la tes  th e  average  o f  the  known p ixe ls  in  an  e ight- 

n e ig h b o rh o o d  o f  th e  u n k now n  p ixel. T h is  av erage  va lue  is  assig n ed  to  th e  un reco n 

s tru c ted  p ix e l. W h en  n o  p ixe ls  in  an  e ig h t-n e ig h b o rh o o d  o f  an  u n reco n stru c ted  p ixe l 

are  kn o w n , th a t p ix e l can n o t be filled  in . T h is  occurs w hen  b locks o f  s ize  3 x 3  p ixe ls  o r  

la rg e r  o f  u n reco n stru c ted  p ixe ls  ex is t in  the  im age. T h ere fo re , in  o rd e r  to  fill in  a ll the 

reco n stru c ted  p ix e ls , m u ltip le  passes  o f  the  averag in g  filte r a re  som etim es necessary . 

S ince  th e  filtering  o p era tio n  on ly  changes u n reco n stru c ted  p ix e ls , m u ltip le  passes  o f  the 

filte r d o  n o t e ffe c t th e  kn o w n  p ixels  in  the  im age. T h is  p o stp ro cess in g  opera tio n  co m 

p le tes th e  reco n stru c tio n  p rocess.

5 .5 .3 .  A p p r o a c h  3 :  R e c o n s t r u c t io n  F r o m  th e  M in im a l  S e t  o f  S e g m e n t s

T h e  p rocess  fo r  reconstruc tion  o f  a  segm en ted  q u an tized  g ray  lev el im age  from  the 

co d ed  versio n  d esc rib ed  in  Section  5 .4 .3  is very  s im ila r to  the reco n stru c tio n  p rocess  

a lready  d esc rib ed  in  Section  5 .5 .1 . T h e  reconstruc tion  p rocess  b eg in s  by  d eco d in g  the 

shape  o f  each  red u ced  skele ton  fu nc tion  fro m  its  ru n len g th  co d e  descrip tio n , an d  d eco d 

in g  th e  g ray  lev els  a long  each  red u ced  skele ton  fu n c tio n  fro m  its  H uffm an  co d ed  v e r

sion. T h is  in fo rm atio n  is  then  co m b in ed  to  fo rm  th e  set o f  skele ton  functions, 

[ ^ ( B D I ^ / ) ] ( j ,y ) ,  I =  0 , I , • ■ - M - l ,  w h ich  rep resen t th e  red u ced  B D I’s.

U sin g  E q u a tio n  5.4 , each  skele ton  fu nc tion , can  be  tran sfo rm ed  to  a  se t o f  skele to n  

subsets, Sn (B D I*/), n = 0 ,  I , ..JV/, w here  Ni is the  n u m b er o f  ske le ton  subsets  in  

[ j ^ ( B I j I ^ / ) ] ( / j ) .  T h is transfo rm ation  is  p e rfo rm ed  fo r  /  =  0 , I ,  * • • M - l .  N ex t, using  

E q u a tio n  5 .9 , B D It / can  be p e rfec tly  reco n stru c ted  fro m  th e  skele ton  subsets , 

Srt(B D It /), n =  0 , I , ..JV/. T his reconstruc tion  is  p erfo rm ed  fo r  /  =  0 , I ,  • • • M - l .

O nce  B D It / has been  reco n stru c ted  fro m  its skele ton  fu nction , i t  is  "pain ted  in" 

w ith  its asso c ia ted  g ray  level, P /. R eca ll th a t the  asso c ia ted  g ray  levels h a d  been  co d ed  

u sin g  a  H u ffm an  code. T h is  is  do n e  fo r  I =  0 , I ,  * • i M - I .  A s in  the  p rev io u s  section, 

th e  re c o n stru c te d  q u an tized  segm en ted  im age is  fo rm ed  by  tak in g  th e  u n ion  o v e r



/  =  0 , I ,  • • • M ~ I ,  o f  th e  m utua lly  exclu siv e  reco n stru c ted  "pain ted  in" B D I+/. In  th is  

case  w h en  th e  B D I’s a re  overlayed , since skele ton  functions w ere  o n ly  c o d ed  fo r im age 

segm en ts  in  Si, segm ents n o t in  Si w ill n o t h ave  been  a ss ig n ed  a  g ray  lev el yet. B u t the 

g ray  levels o f  th ese  segm ents w ere  coded . R ecall th a t th e  g ray  lev e ls  o f  a ll th e  Segi 

m en ts  n o t in  Si w ere  encoded  in  ra s te r scan  o rd e r u s in g  a  H u ffm an  code. T h ese  g ray  

levels can  be  d eco d ed  an d  u sed  to  fill in  the  unfin ished  im age segm ents . T h is  co m ple tes  

th e  d eco d in g  p rocess . A n  ex ac t rep lica  o f  the  o rig ina l segm en ted  im ag e  is  c rea ted  w ith  

th is  p rocess .

5 .6 .  E x p e r i m e n t a l  R e s u l t s

In  th is  sec tion  w e  d iscuss experim en ts p e rfo rm ed  to  ev alu a te  v arious aspects  o f  the  

co d in g  a lgo rithm s p resen ted  in  th is  chap ter. T he  ex perim en ts  w ere  p e rfo rm ed  usin g  the  

2 5 6 x 2 5 6  p ix e l, 2 5 6  g ray  lev el test im ages show n in  F ig u re  5 .1 1. In  th e  d iscu ss io n  in  

th is  sec tion , w e w ill r e f e r  to  the  im age on  th e  le ft in  F ig u re  5 .1 1 as K rista , an d  the  

im ag e  o n  th e  rig h t as H ouse . S egm en ted  versions o f  K ris ta  an d  H o u se  are  show n in  

F ig u re  5 .12 . T h ese  im ages w ere  segm ented  usin g  th e  techn ique  d escrib e  in  C h ap te r 2, 

an d  the  ex ac t param ete rs  u sed  in  the  segm enta tion  a lg o rith m  are  g iven  in  the  figures. 

In fo rm atio n  ab o u t the  n u m b er o f  gray  levels an d  n u m b er o f  segm ents in  tbe  im ages in  

F ig u res  5 .11 -5 .17  is  sum m arized  in  T ab le  5 .1 . In  the ex perim en ts  d iscu ssed  in  th is  sec 

tion , i t  w ill som etim es be  necessary  to  com pare  the  "quality" o f  im ages. S ince the  

im ag e  are  b e in g  genera ted  fo r  v iew in g  by  hum ans, w e w o u ld  like  a  q u a lity  m easu re  tha t 

has  g o o d  co rrespondence  w ith  hum an  ju d g em en t o f  im age  quality . H ow ever, as w as 

d iscu ssed  in  C h ap te r I ,  no  such quan tita tive  m easu re  is  know n. T here fo re , i t  becom es 

necessary  to  co m p are  im ages b ased  on  sub jec tive  v isual quality . In the  exp erim en ts  w e 

have p erfo rm ed , the  v isual q u a lity  o f  the  im ages w as d e te rm in ed  by  the  au th o rs ’ c a re 

fu l, b u t none th eless, sub jec tive  ev alua tions o f  the im ages.

: I n  S ec tion  5.6.1 w e exam ine  the  p rep ro cessin g  p ro ced u res  d e sc rib ed  in  S ection

5.1 . T h e  th ree  co d in g  approaches p ro p o sed  in  Section  5 .4  are  d em o n stra ted  in  Sections 

5 .6 .2  - 5 .6 .4 , an d  are  then  co m p ared  in  Section  5.6 .5 .

5 .6 .1 .  P r e p r o c e s s i n g

T w o  p rep ro cessin g  techn iques w ere  p resen ted  in  S ection  5 .1 . T h e  goal o f  th ese  

techn iques w as to  a lte r the  im age  so  tha t few er segm en ts  are  p ro d u ced  by  the  im age 

segm en ter, w ith o u t d eg rad ing  the sub jec tive  v isual q u a lity  o f  th e  segm en ted  im age. 

E x p erim en ts  to  evalua te  the  effectiveness o f  these  techn iques are  d iscu ssed  in  th is
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F ig u re  5 .1 1. T w o  test im ages to  b e  com pressed . E ach  im ag e  is  2 5 6 x 2 5 6  p ix e ls , w ith  
2 5 6  g ray  levels.
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m =  .123 , w =  0.5

d = 7 ,th max =  10, 

#  segm ents  =  1925

m  =  .123, w  = 0 .5  

d = 13, thmta =  16, 

#  segm ents  =  3806

F ig u re  5 .1 2  S egm en ted  versions o f  the  te s t im ages in  F ig u re  5 .11 . T he  p aram ete rs
u sed  in  segm entation  th resh o ld  TH$, an d  th e  n u m b er o f  segm ents in  the  

im ages are  g iven  be low  each  im age.
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section .

T h e  first ex p erim en t w as to  co m p are  the  resu lts  o f  seg m en tin g  an  im age  w ith  and  

w ith o u t th e  c lam p in g  o p era tio n  p ro p o sed  in  S ec tio n  5 .1 . T h e  te s t im ages show n  in  F ig 

u re  5.11  w ere  c lam p ed  acco rd ing  to  E q u a tio n  5 .1 . T he  c lam p ed  im ag es  are  show n in  

F ig u re  5 .13 . T h e  c lam p in g  th resho lds w ere  chosen  in  o rd e r  to  red u ce  th e  n u m b er o f  

g ray  levels in  th e  im ages by  a  fac to r o f  tw o , the reby  red u c in g  by  o n e  th e  n u m b er o f  bits 

re q u ired  to  rep re sen t the  g ray  levels. T h e  specific  th resh o ld  va lues w ere  sub jec tive ly  

ch o sen  fo r  each  im ag e  to  be  th e  b e s t to  ach iev e  th is , an d  a re  g iven  in  the  figure. T hese  

im ag es  w ere  th en  seg m en ted  usin g  the  sam e param ete rs  as those  u sed  to  gen era te  the  

im ag es  o f  F ig u re  5 .1 2 , an d  die  c lam p ed  an d  segm en ted  im ages are  show n in  F igu re  

5 .1 4 . In fo rm atio n  ab o u t the  n u m b er o f  segm ents  an d  g ray  levels in  a ll th e  im ages is  

su m m arized  in  T ab le  5.1 . C om paring  the  im ages in  F ig u re  5.11 to  th e  im ages in  F ig u re  

5 .13 , i t  c an  b e  seen  th a t th e  c lam p in g  o p era tio n  v ery  n o ticeab ly  d eg rades th e  sub jective  

q u a lity  o f  a ll th e  im ages, an d  h en ce  the  seg m en ted  an d  c lam p ed  im ages o f  F ig u re  5 .14  

a re  a lso  o f  lo w e r q u a lity  than  the  im ages th a t w ere  n o t c lam p ed  b efo re  segm en ting , 

show n  in  F ig u re  5 .12 . T h ese  exp erim en ts  in d ica te  tha t, w h ile  c lam p in g  d o es  red u ce  the  

n u m b er o f  segm en ts  in  the  segm en ted  im age  sligh tly , c lam p in g  a lso  red u ces  th e  v isual 

q u a lity  o f  th e  seg m en ted  im age  no ticeab ly . T h is re su lt is  co n tra ry  to  th e  goa ls  w e sta ted  

fo r  p rep ro cess in g . T h ere fo re , c lam p in g  is  n o t an  e ffective  p rep ro cess in g  o pera tion . A  

p o ssib le  ex p lan a tio n  fo r  the  seem ing  fa ilu re  o f  the  co n trast sensitiv ity  m o d el, is  th a t the  

m o d e l d o es  n o t h o ld  fo r  the  very h ig h est an d  very lo w est in tensities. H o w ev er, since  the  

co m p ress io n  a lg o rith m  w e h ave  p ro p o sed  inc ludes q u an tiza tio n  o f  the  segm en ted  

im age , i t  is  n o t im p o rtan t to  red u ce  the  n u m b er o f  b its  re q u ired  to  rep resen t the  g ray  

levels in  th e  im ag e  a t the  p rep rocessing  stage. T h is  w ill be  ach iev ed  w hen  th e  seg

m en ted  im age  is  req u an tized  an d  there fo re  c lam ping  is  n o t necessary .

T h e  seco n d  ex p erim en t p e rfo rm ed  in  re la tio n  to  p rep ro cess in g  w as to  ev a lu a te  the  

e ffec tiv en ess  o f  m ed ian  filte ring  an  im age b efo re  segm enta tion . T h e  test im ages show n 

in  F ig u re  5.11 w ere  m ed ian  filtered  using  the  tw o-d im en sio n a l, separab le  3x3  m ed ian  

filte r d e sc rib ed  in  Section  5.1. T he  m ed ian  filtered  im ages a re  show n  in  F ig u re  5 .15 , 

an d  th e  m ed ian  filtered  an d  segm en ted  im ages are  show n  in  F ig u re  5 .16 . A gain , the 

seg m en ted  im ag es  w ere  genera ted  usin g  the  sam e segm en ta tion  th resh o ld  param ete rs  

u se d  to  genera te  th e  im ages o f  F ig u re  5 .1 2 , an d  in fo rm atio n  ab o u t th e  n u m b er o f  seg

m en ts  an d  g ray  levels in  each  im age  is  sum m arized  in  T ab le  5 .1 . C o m p arin g  the 

im ages in  F ig u re  5 .1 1 to  the  im ages in  F igu re  5 .1 5 , it can  be  seen  th a t the  m ed ian  filter

in g  o p era tio n  rem o v es  som e im p o rtan t im age  fea tu res , fo r  ex am p le  a ro u n d  th e  ey es in  

th e  K ris ta  im age. T h is perfo rm an ce  is  n o t su rp ris ing , g iven  th e  m ed ian  filte r’s 

defin ition . M ed ian  filters are  ty p ica lly  u sed  to  rem o v e  "sp iky" n o ise  fro m  an  im age. 

W hen  such  no ise  is  p resen t in  an  im age, im age d e ta ils  ten d  to  be  so m ew h a t o b scu red  to  

beg in  w ith , an d  w hen  the filter rem o v es  the  no ise, the ap p aren t q u a lity  o f  th e  im age
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F ig u re  5 .13 . T h e  im ages in  F igure  5 .11 , c lam p ed  to  g ray  lev e ls  50-177  an d  66 -1 9 3 ,
respective ly . B o th  im ages have 128 g ray  levels a fte r c lam ping .



F ig u re  5 .14 . S eg m en ted  versions o f  the  c lam p ed  im ages in  F ig u re  5 .13 . T hese  

im ages w ere  segm en ted  usin g  the  sam e seg m en ta tio n  th resho lds as the  
im ages in  F igu re  5 .12 .
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F ig u re  5 .15 . M ed ian  filtered  versions o f  the  test im ages in  F ig u re  5 .11. T h ese  im ages 
w ere  filte red  using  a  tw o-d im ensional, 3x3 , separab le  m ed ian  filter.
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F ig u re  5 .1 6 . S eg m en ted  versions o f  the m edian  filtered  im ages in  F igu re  5 .15 . T hese  
im ages w ere  segm en ted  using  the  sam e seg m en ta tio n  th resho lds as the 

im ages in  F igu re  5 .12.



..164

im proves. S ince  o u r o rig inal im age d o es n o t h ave  m uch  o f  any  type  o f  noise, im age 

de ta ils  a re  v ery  v isib le  in  the  o rig inal im age. T h ere fo re , i t  is  o b jec tio n ab le  w h en  the  

filter rem oves these im age deta ils .

S ince  th e  m edian  filte red  im ages are  m issin g  im p o rtan t im ag e  fea tu res, the  seg

m en ted  v ersions in  F igu re  5 .16  o f  the  m ed ian  filtered  im ages are  a lso  m issin g  the  sam e 

im p o rtan t im age  fea tu res. T his is  n o t in  k eep in g  w ith  the  goal w e s ta ted  in  Section  5.1 

o f  o n ly  rem o v in g  insign ifican t im age fluctuations. T herefo re , m ed ian  filtering  is no t an 

effec tiv e  p rep ro cessin g  operation .

F ro m  th ese  experim en ts evalu a tin g  the  p rep ro cessin g  opera tio n s p ro p o sed  in  S ec 

tion  5 .1 , w e  h ave  d e term in ed  that n e ither o f  the  opera tions are  app ropria te  fo r  p rep ro 

cessin g  an  im ag e  b efo re  segm enta tion .

5 .6 .2 .  A p p r o a c h  I :  C o d in g  C o m p l e t e  S k e le t o n s

In  th is  section  w e p resen t the resu lts  o f  co m p ressin g  the  tw o  segm ented , p o s t

segm en ta tion  filtered , an d  q u an tized  test im ages show n  in  F ig u re  5 .17 , using  the  tech-, 

h iques o u tlin ed  in  S ections 5.4.1 an d  5 .5 .1 . T he  im ages in  F ig u re  5 .17 w ere  segm en ted  

u sin g  the  sam e th resho ld  param eters as the  im age in  F ig u re  5 .1 2 , post-seg m en ta tio n  

filtered  using  E 2a d escribed  in  C hap ter 2 , an d  q u an tized  using  th e  H V S -b ased  techn ique  

o u tlin ed  in  C h ap te r 3. In fo rm ation  abou t the  n u m b er o f  segm ents and  gray  levels in  the 

im ages is su m m arized  in  T ab le  5.1.

T h e  first step  in  th is  co d in g  m ethod  is  to  deco m p o se  the  seg m en ted  and  q u an tized  

im age in to  a  series o f  B D F s . E xam ples o f  B D F s  fro m  each  o f  the te s t im ages are  

show n  in  F ig u re  5 .18. S ince th e  K ris ta  im age  in  F igu re  5 .17 has 19 g ray  levels, there  

w ill be  a  to ta l o f  19 B D F s  fo r  K rista . U sing  s im ilar reaso n in g , H ouse  w ill have 17 

B D F s. In  the  second  step  o f  the  cod ing  alg orithm , M - 1 (M  is 19 fo r  K ris ta , and  17 fo r 

H o u se) o f  the  B D F s  are  skele ton ized  using  the  m o rp h o lo g ica l p ro ced u re  d escrib ed  in 

Section  5 .3 . F ig u re  5 .19  show s the  g lobally  m in im al g ray  lev el m orp h o lo g ica l skele ton  

fu nc tions, [skf(BDIi)](i,j), o f  the b inary  B D F s show n in  F ig u re  5 .18 . T he  final step in  

th e  co d in g  a lgo rithm  is to  g enerate  the  E lias ru n len g th  co d e  rep resen tin g  the  A f - I  

skele ton  fu nc tions, and  the  H uffm an  code fo r the  g ray  levels a long  th e  skele ton  func

tions. T ab le  5 .2  g ives, fo r K rista , the n u m b er o f  p o in ts  in  eac h  o f  the  19 B D F s , the 

n u m b er o f  po in ts  in  each  skele ton  function , an d  the  n u m b er o f  b its re q u ired  fo r  the  E lias 

ru n len g th  code  (w ith  m —3) fo r  each  [stf(EDIj)](i,j). T ab le  5 .2  a lso  g ives s im ilar in fo r

m atio n  fo r  H ouse . A dd in g  up  th e  bits  in  the  th ird  co lu m n  o f  T ab le  5 .2 , w e  see that 

K ris ta  req u ires  109,184 b its to  code  the shapes o f  18 skele ton  functions. T h is is  the  sum  

o f  th e  n u m b er o f  b its req u ired  to  code the 18 sm allest o f  the  19 skele tons d esc rib ed  in  

T ab le  5.2. R eca ll tha t w e o n ly  need  to  code  18 o f  the 19 skele tons, an d  th e  shape  o f  the
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en erg y  th resh o ld  =  15, en erg y  th resh o ld  =  30,

19 q uan tdeve ls , 17 q u a n tle v e ls ,

#  segm ents  =  473  #  segm en ts =  769

F ig u re  5.17 . P ost-seg m en ta tio n  filtered  and  q u an tized  v ersions o f  the segm en ted  
im ages in  F igu re  5 .12. B o th  im ages w ere  p o st-seg m en ta tio n  filtered  
using  E 2a , an d  the im ages w ere  q u an tized  u sin g  the  H V S -b ased  
q u an tize r d esc rib ed  in  C hap ter 3. T h e  en erg y  th resho lds u sed  in  p o st
segm en ta tion  filtering , the  n u m b er o f  q u an tiza tion  levels fo r  each  im age, 

an d  the  nu m b er o f  segm ents in  each  im age  are  g iven  be low  each  im age.



T ab le  5 ,1  Sum m ary  o f  the num bers  o f  segm ents  an d  g ray  lev els  in  the im ages in  
F igu res 5 .11-5 .17 .

1 6 6

Im age G ray  L ev e l 

R ange

I N u m b er o f  

G ray  L ev e ls

N u m b er o f  

Segm ents

5.11 K rista 14-249 2 3 4 NA.

H ouse 13-235 223 N A

5.12 K ris ta 19-239 193 1925

H ouse 19-228 209 3806

5.13 K rista 50-177 & OO Z >

H ouse 66-193 1 2 8 N A

5.14  K rista 50-177 122
1 5 7 3

H ouse 66-193 128 r  3125

5.15 K rista 15-245 2 3 0 N A

Ilo u se 17-233 217 N A

5.16  K ris ta 19-238 188 1192

H ouse 22-223 192 1438

5,17 K rista 25 -232 19 473

H ouse 32-217 17 769
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(a)

F ig u re  5 .18 . S am ple  B D F s  fro m  each  o f  the im ages in  F ig u re  5 .1 7 . (a) T w o  B D F s 
fro m  K rista , (b) T w o  B D F s  fro m  H ouse .



F ig u re  5.19.

m

(b)

(a-b ) G lo b a lly  m in im al m orpho log ica l skele tons co rresp o n d in g  to  the 
B D I’s o f  F ig u re  5 .18.
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Table 5.2. Summary o f BDI skeleton coding information for Krista and House images for the
coding method (Approach I) o f  Sections 5.4.1 and 5 .5 .1.

Krista House

#  o f #  o f #  o f #  o f #  o f #  o f
points in points in bits for Elias points in points in bits for Elias

/ B D I/ Skf(BDli) runlength code B D I/ sk f  (B D I/) runlength code

I 252 30 422 5165 980 6292
2 92 45 414 20477 1186 * 7978
3 192 89 804 6011 2283 13578
4 985 313 2436 4031 1588 9682

5 1794 543 3564 9063 2866 16716.
6 3297 1044 6888 3232 1540 9344
7 4169 1512 9798 2754 1642 9784
8 3969 934 6454 1655 1336 8022

9 7599 1725 11600 1693 1079 6784
10 3425 1307 8922 1737 1159 7178
11 8292 1634 10618 1158 859 5834
12 4506 1214 8258 1470 993 6408

13 1952 891 6390 1351 1036 7026
14 3190 1184 8542 1728 962 6672
15 1326 912 6912 1381 924 7130
16 2588 1166 8498 639 363 2680

17 1893 1094 8038 1991 433 3090
18 2832 973 7444 -

19 13183 534 4782 - - :



19’th  B D I is  im p lied  fro m  the shapes o f  the  o th e r 18. In  the  case  o f  K ris ta  w e do  no t 

code  a  ske le ton  fo r  B D I9 , arid fo r H ouse , w e d o  n o t code  a  skele ton  fo r B D I5 . T his 

n u m b er does n o t in c lude  a  nom inal n u m b er o f  o v erh ead  b its  to  s ign ify  the  en d  o f  the 

code  fo r  o n e  skele ton  fu n c tio n  and  the b eg inn ing  o f  the  code  fo r  th e  n ex t skele ton  fu n c 

tion. A d d in g  up  the  16 sm allest num bers o f  the  17 num bers  in  the  six th  co lu m n  o f  

T ab le  5 .2  w e see th a t 117,482 b its a re  req u ired  to  code the  shapes o f  the  skele ton  fu n c 

tions fo r  H ouse.

T h is co d in g  techn ique  a lso  requ ires  a  H u ffm an  code fo r  the  g ray  levels a lo n g  the 

skele ton  functions. T he  source  sym bol frequencies fo r  K ris ta , an d  th e  H u ffm an  code  

d esig n ed  b ased  on  th ese  frequencies is g iven  in  T a b le  5.3 . S im ila r in fo rm atio n  fo r 

H o u se  is  a lso  g iven  in  T ab le  5.3. T hese source  sym bo l frequencies  are  the  frequencies 

o f  the  g ray  levels a long  M - I  o f  the  skele ton  functions. M u ltip ly in g  the  len g th  o f  each  

H u ffm an  co d ew o rd  by  the  n u m b er o f  tim es the  source  sym bo l a sso c ia ted  w ith  that 

co d ew o rd  occurs and  sum m ing  the  resu lts, (e.g . (12292  x  I )  +  (1827  x  2) +  (536  x  3) + 

,„ )  w e  see  th a t fo r  K rista , th is p o rtio n  o f  the code  req u ires  22 ,232  b its. A  s im ila r ca lcu 

la tio n  resu lts  in  22 ,389  b its fo r  th is  po rtio n  o f  th e  code  fo r  H o u se . T hese  b it req u ire 

m en t calcu la tions d o  n o t inc lude  a  nom inal n u m b er o f  o v erh ead  b its  req u ired  to  tra n sm it 

th e  H uffm an  codebook .

F in a lly , the  co d in g  technique requires e ig h t b its  to  co d e  each  o f  the  M  asso c ia ted  

g ray  levels. F o r K ris ta  th is  req u ires  19x8 b its , o r  152 bits . S im ilarly , H o u se  requ ires  

17x8, o r  136 b its to  code its  associa ted  gray  levels. A dd in g  up  the  th ree  n u m b ers  ca lcu 

la ted  fo r each  o f  the  im ages, w e find  tha t K ris ta  req u ires  ap p ro x im ate ly  109 ,184  + 

2 2 ,232  +  152 =  131,568 bits , o r  2 .00  bpp fo r  th is  co d in g  m ethod . S im ilarly , H ouse  

req u ires  ap p rox im ate ly  117,482 +  22 .389  +  136 =  140,007 b its, o r  2 .1 4  bpp  fo r th is c o d 

in g  m ethod .

A s d e ta iled  in  Section  5 .5 .1 , the  d ecod ing  p rocess fo r  th is  co d in g  m eth o d  co n sis ts  

o f  p e rfec tly  reco n stru c tin g  the 18 B D F s  fro m  the skele ton  func tions and  then  c o m b in 

in g  th em  to  fo rm  the reco n stru c ted  im age. A  p e rfec t rep lica  o f  the  o rig in a l segmented 

quantized im age is reco n stru c ted  by  the  d ecod ing  p rocess. T he  d eco d in g  p rocess  is  the 

ex ac t in v erse  o f  the  co d in g  p ro cess  fo r th is  co d in g  m ethod .
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5 .6 .3 .  A p p r o a c h  2 :  C o d in g  W it h o u t  0 ’th  S k e le t o n  S u b s e t s

In  th is  sec tion  w e p resen t the resu lts  o f  co m p ress in g  the  tw o  seg m en ted  an d  q u an 

tized  te s t im ages show n  in  F igu re  5 .17 , using  the  techn iques o u tlin ed  in  S ection  5 .4 .2  

an d  5.5 .2 .
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Table 5.3. The source symbol frequencies and the Huffinan code designed for the gray levels 
along the skeleton functions for the Krista and House images, using the coding 

technique (Approach I) described in  Section 5.4.1.

Krista House

source symbol Huffman symbol Huffman

symbol frequency * codeword frequency ** codeword

I 12292 I 16028 I

2 1827 01 1612 01

3 536 000 361 000

4 266 00111 184 0011

5 140 00100 46 001010

6 69 0011011 29 0010111

7 36 0010101 18 0010011

8 35 0010100 16 0010001

9 27 00110100 I 00101100100

10 43 0011000 6 001001010

11 20 00101111 2 00101100111

12 17 00101110 2 00101100110

13 14 001101010 3 0010110001

14 44 0011001 3 0010110000

15 38 0010110 3 0010010111

16 10 0011010111 3 0010010110

17 3 00110101101 15 00101101

18 2 ooiiOioiiob 2 00101100101

25 0 - 9 00100001

27 0 - 9 00100000

28 0 - 11 00100100

* X 15149

* * X 18363



. i #

A s in  the p rev io u s sec tion , the  first step  in  th is  co d in g  m eth o d  is  to  deco m p o se  d ie  

seg m en ted  an d  q u an tized  im age in to  a  series o f  B D I’s. T hese  are  the  sam e B D F s  as in  

the  p rev io u s section , and  exam ples are  g iven  in  F ig u re  5 .18. T he n ex t step in  the cod ing  

a lg o rith m  is  to  skele ton ize  all the  B D F s  usin g  the m orpho log ica l p ro ced u re  described  in  

S ec tio n  5 .3 . A fte r the  B D F s  are  skele ton ized , the  O’th  skele ton  subsets o f  a ll the  B D I’s 

a re  d iscard ed , a s  d esc rib ed  in  Section  5 .4 .2 . F ig u re  5 .20  show s the  red u ced  g ray  level 

m o rp h o lo g ica l skele ton  functions, [ sk f  (B D I/)](j',/) , o f  the  b inary  B D F s  show n in  F ig 

u re  5 .18. B y  com paring  the  red u ced  skele tons o f  F igu re  5 .20  to  the  co m p le te  skele tons 

o f  F ig u re  5 .19 , one  can  see approx im ate ly  how  m any  skele ton  po in ts  are  e lim in a ted  

w hen  the  O’th  skele ton  subse t is om itted . T his in fo rm ation  can  a lso  be d ed u ced  by  c o m 

p arin g  the  n u m b er o f  p o in ts  in  [skf*(BDI{)](iJ), g iven  in  T ab le  5 .4 , to  the  n u m b er o f  

po in ts  in  [s ^ (B D I/) ]( / ,y ) , g iven  in  T ab le  5.2.

T h e  n ex t step in  the cod ing  a lgo rithm  is to  generate  the  E lias  ru n len g th  code  

rep resen tin g  each  o f  the  red u ced  skele ton  functions, an d  the  H u ffm an  code  fo r  the  g ray  

levels a long  th e  red u ced  skele ton  functions. T ab le  5 .4  g ives, fo r  K ris ta  an d  fo r  H ouse , 

the  n u m b er o f  po in ts in  [ ^ * ( B D I ;)](/,y ), an d  the n u m b er o f  b its re q u ired  to  E lias run- 

len g th  code  [skf (B D Iz)K i,/'), ,for 1 = 0, I ,  • • • A f - 1. A dd in g  up  th e  b its  in  the  second, 

co lu m n  o f  T ab le  5 .4 , w e see tha t K rista  requ ires  35 ,264  b its fo r  th is  p o rtio n  o f  the  code. 

A gain , th is n u m b er does n o t in c lu d e  a  nom inal n u m b er o f  o v e rh ead  bits to  s ign ify  the 

en d  o f  the  code  fo r o n e  red u ced  skele ton  function  and  the  b eg in n in g  o f  the  code  fo r the 

n ex t red u ced  skele ton  function . B y  a  s im ila r ca lcu la tion  on  the  fou rth  co lu m n  o f  T ab le

5 .4  w e see  th a t the  n u m b er o f  bits req u ired  fo r H o u se  fo r  th is  stage  o f  th e  co d in g  is

25 .768  bits.

A s in  the p rev io u s section , th is  cod ing  techn ique  a lso  req u ires  a  H u f fm a n  co d e  fo r 

the  g ray  levels a long  the  red u ced  skele ton  functions. T he so u rce  sym bo l frequencies  fo r 

K ris ta  an d  fo r H ouse , an d  H u ffm an  codes based  on  each  o f  th ese  d is trib u tio n s  are  g iven  

in  T ab le  5.5. M ultip ly in g  the leng th  o f  each  H uffm an  c o d ew o rd  by  th e  n u m b er o f  tim es 

the  source  sym bo l associa ted  w ith  tha t cod ew o rd  occurs an d  su m m in g  th e  resu lts , (e.g. 

(2084  x  I )  +  (6 13  x 2) +  (305 X 4) +  7 ,8 26  b its. A  s im ilar c a lcu la tio n  (e .g . (1902  x  I)  + 

(423 x  2) +  (205  x 3) +  ...) resu lts  in  4 ,857  bits fo r th is  p o rtio n  o f  the  code  fo r  H ouse . 

T h ese  b it req u irem en t calcu la tions do  n o t in c lude  a  no m in a l n u m b er o f  o v e rh ead  bits 

re q u ired  to  tran sm it the H uffm an  codebook .

F ina lly , the  co d in g  techn ique requ ires e ig h t b its  to  code  each  o f  the  M  a sso c ia ted  

g ray  levels. T h e  bit requ irem en ts fo r th is po rtio n  o f  the  co d e  are  id en tical to  the 

req u irem en ts  o f  the  p rev ious section. A dd ing  up th e  th ree  n u m b ers  o f  bits  ca lcu la ted  

fo r  each  o f  the  im ages, w e find th a t K ris ta  requ ires ap p ro x im ate ly  3 5 ,264  +  7 ,826  +  152 

=  4 3 ,2 4 2  b its, o r  0 .6 6  bpp fo r th is  cod ing  m ethod , an d  H ouse  req u ires  app rox im ate ly

25 .768  +  4 ,8 5 2  +  136 =  30 ,761  b its , o r  0.47 bpp fo r th is  co d in g  m ethod .
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(b)

(a-b) T he  red u ced  m orpho log ica l skele tons fo rm ed  by  d iscard in g  the 
O’th  skele ton  subsets  o f  the skele tons show n in  F ig u re  5 .19.
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Table 5.4. Summary o f BDI skeleton coding information for Krista and House images for the 

coding method (Approach 2) o f Sections 5.4.2 and 5.5.2.

Krista House

I

number o f 

points in 

:■ j# * C B D I/)

number o f 

bits for Elias 

runlength code

num ber o f 

points in

num ber o f 

bits for Elias 

runlength code

I 30 30 300 782
2 11 20 285 861
3 24 66 380 1874

4 89 88 227 1082

5 137 406 430 2529

6 270 915 164 1097
7 317 1190 153 1443

8 259 750 59 991

9 469 1167 92 784

10 255 1119 88 964

11 272 1077 50 575

12 203 y  9M 82 754

13 109 751 62 530

14 187 1059 117 729

15 78 682 60 776

16 200 986 53 94

17 105 691 163 395

18 175 597 - -

19 406 534 - -
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Table 5.5. The source symbol frequencies and the Huffinan code designed for the gray levels 
along the skeleton functions for the Krista and House images, using the coding 
technique (Approach 2) described in  Sections 5.4.2 and 5.5.2.

Krista House

source symbol Huffinan symbol , Huffinan

symbol ftequency * codeword frequency ** codeword

2 2084 I 1902 I

3 613 00 423 00

4 305 0111 205 010

5 168 0100 65 Oh i o

6 87 01011 39 011111

7 57 011001 26 011010

8 49 011000 22 011001

9 31 0110101 2 0110110111

10 43 010100 9 0110000

■■ 11 20 01101101 4 011110001

12 17 01101100 3 011011001

13 14 01101000 4 011110000

14 44 010101 9 01111011

15 38 0110111 3 011011000

16 10 011010011 3 011011010

17 3 0110100101 15 0110111

18 2 0110100100 2 0110110110

25 0 - 9 01111010

27 0 - 9 01111001

28 0 - 11 0110001

* X 3585 

* *  X  2765



T h e  first step  in  d eco d in g  th e  segm en ted  q u an tized  im age  fro m  the code  d escrib ed  

above is  to  reco n stru c t the  red u ced  skele ton  functions, [ s ^ * (B D I /) ] ( / , / ) ,  ats described  in  

S ection  5 .5 .2 . T hen  u s in g  the  m orpho log ica l p ro cess  o f  E q u a tio n  5 .10 , the set 

(BDIz)Si Z = O , I , . . J l f - 1 is  reconstructed . F igu re  5.21 show  these  v ersions o f  the  B D I’s 

fro m  F ig u re  5 .18. F ro m  a  c lose com parison  Of F ig u res  5 .21 an d  5 .1 8  the  "u n reco n 

struc ted  p ixel"  p ro b lem  is apparent. It can  be  seen  tha t the fine de ta ils  o f  the  B D F s  in  

F ig u te  5 .18  are  n o t rec rea ted  in  the  im ages in  F igu re  5 .2 1 . R eitera ting , th is  is due  to  the  

fa c t  th a t th e  O’th  skele ton  subsets  o f  the skele ton  functions w ere  n o t encoded .

T he  n ex t step  in  d ecod ing  is to  "pain t in" each  reco n stru c ted  B D I w ith  its  a sso c i

a ted  g ray  level, P /, and  then com bine  th ese  im ages as d esc rib ed  in  S ec tion  5 .5 .2 , to  

b eg in  to  fo rm  th e  reco n stru c ted  im age. F igu re  5 .22  show s the  reco n stru c ted  im ages a t 

th is  p o in t in  the  a lgorithm . In  F igu re  5 .2 2  the un reco n stru c ted  p ix e l is again  apparent. 

W e  can  see in  bo th  im ages th a t m any  im age p ixe ls  h ave  n o t b een  ass ig n ed  a  g ray  level 

(these  p ix e ls  ap p ea r b lack  in  F igu re  5.22). In  o rd e r to  d em o n stra te  the  p ro b lem  m ore  

c learly , F igu re  5 .23 show s in  b lack  a ll the un reconstruc ted  p ix e ls  fo r  each  test im age. 

T h e  cap tio n  o f  F ig u re  5 .23 te lls exactly  how  m any  u n reco n stru c ted  p ix e ls  ap p ear in  

each  te s t im age. w

T h e  final step  to  com ple te  the d eco d in g  is p o st-p ro cess in g  to  "fill in" these  

un reco n stru c ted  p ixe ls . A n  averag ing  filter to  accom plish  th is  is  d esc rib ed  in  d e ta il in  

S ection  5 .5 .2 . F ig u re  5 .24  show s the  im ages resu ltin g  fro m  ap p ly in g  th is  filte r to  the  

im ages o f  F ig u re  5 .22 . C om paring  the  reco n stru c ted  im age o f  F ig u re  5 .24  the  the  o rig i

na l segm en ted  q u an tized  im ages o f  F igure  5 .17, d is to rtion  in  the  reco n stru c ted  im ages is 

q u ite  apparen t. T h is co d in g  techn ique does no t perfec tly  reco n stru c t the segm en ted  

q u an tized  im ages o f  F igu re  5 .17.

5 ,6 .4 .  A p p r o a c h  3 :  C o d in g  t h e  M in im a l  S e t  o f  S e g m e n t s

In  th is  sec tio n  w e p resen t d ie  resu lts  o f  com p ressin g  the  tw o  seg m en ted  an d  q u an 

tized  test im ages show n in  F igu re  5 .1 7 , using  the  techn iques o u tlin ed  in  S ec tion  5 .4 .3  

an d  5 .5 .3 .

W ith  th is  co d in g  m ethod , the first step a fte r segm en ting  an d  q u an tiz in g  the  im ag e  

is  to  find  a  m in im al se t o f  segm ents  fo r the segm en ted  an d  q u an tized  im age. U sin g  the 

a lg o rith m  d esc rib ed  in  Section  5 .4 .3 , th is  w as do n e  fo r  each  o f  th e  im ages in  F igu re

5.17. T h e  m in im al se t o f  segm ents  fo r  each  test im age  is illu s tra ted  in  F ig tu e  5 .25. T h e  

cap tio n  o f  F ig u re  5 .25  gives the  n u m b er o f  segm ents in  the  m in im al se t o f  segm ents 

fo u n d  fo r  each  o f  the  test im ages. T he  segm ents  in  w h ite  in  F ig u re  5 .25 are  th e  seg

m en ts  th a t w ill be  in  the  red u ced  B D F s, an d  even tu a lly  have th e ir  skele ton  functions 

encoded . T h e  im ag e  segm ents  in  b lack  in  F igu re  5 .25 w ill n o t h ave  skele ton  functions
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(b)

F ig u re  5 .2 1 . (a-b) T he B D I’s reco n stru c ted  fro m  th e  re d u ced  skele tons o f  F igu re

5.20.
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F ig u re  5 .22 . T h e  segm en ted  im ages reco n stru c ted  from  red u ced  m o rp h o lo g ica l 

skele tons like  those  show n in  F igure  5 .20  (tha t is , skele tons m issin g  th e ir 
O’th  skele ton  subsets). T he  b lack  p ixels a re  u n reco n stru c ted  p ixe ls.
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F ig u re  5 .23 . B in ary  im ages dem o n stra tin g  the  u n reco n stru c ted  p ix e ls  in  the  
seg m en ted  im ages o f  F ig u re  5 .2 2 . W hite  p ix e ls  w ill be reco n stru c ted  
fro m  red u ced  skele tons, b lack  p ixe ls  w ill not. T h ere  are  13,548 (21% ) 
u n reco n stru c ted  p ixe ls  in  K ris ta , an d  18 ,464  (28% ) u n reco n stru c ted  
p ix e ls  in  H ouse.
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F ig u re  5 .24. T h e  reco n stru c ted  segm ented  im ages o f  F igu re  5 .2 2  a fte r the  av erag in g  

filte r d esig n ed  to  fill in  the  un reco n stru c ted  p ixe ls . T he K ris ta  im age 
req u ired  five passes o f  the filter, the  H ouse  im age  req u ired  ten  p asses o f  
the  filter.



F ig u re  5 .25. M in im a l sets o f  segm ents fo r  the  segm en ted  q u an tized  im ages o f  F igu re
5 .17 . T h e  w h ite  p ix e ls  are  in  segm ents  in  th e  m in im al se t o f  segm ents 
an d  th e  b lack  p ixe ls  a re  in  segm ents w h o se  shapes are  im p lied  by  the  

m in im al set o f  segm ents . T here  are  473  segm en ts  in  seg m en ted  
q u an tized  K ris ta  and  275 segm ents in  K ris ta ’s m in im al se t o f  segm ents . 
T h ere  are  769  segm ents in  segm en ted  q u an tized  H o u se  an d  480  
segm ents in  H o u se ’s m in im al set o f  segm ents .
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After the  segm ents  n o t in  the  m in im al se t h ave  been  set to  zero  in  the  segm en ted  

q u an tized  im age, the  nex t step  is  to  g enerate  the  series o f  red u ced  o f  B D F  S, 

i D I 1-/, / =  0 , I , ..,A f--I. E xam ples o f  red u ced  B D F s  fo r  each  o f  the  test im ages M  

show n in  F igu re  5 .26 . T hese red u ced  B D F s  co rresp o n d  to the  co m p le te  B D F s  o f  F ig 

u re  5 .18 . N o tice  th a t the  red u ced  B D F s in  F igu re  5 .2 6  have m uch  fe w er segm ents than  

th e  co m p le te  B D F s  in  F ig u re  5 .18 . T able  5 .6  g ives, fo r  K ris ta  an d  H o u se , the  n u m b er 

o f  po in ts  in  B D It / fo r  1 = 0, 1 , . . .M -1 . T he  n ex t step  in  the  c o d i n g  a lg o r ith m  is to  

sk ele ton ize  the  red u ced  B D F s  using  the  m orpho log ica l p ro ced u re  d esc rib ed  in  Section  

5 .3 . F ig u re  5 .27  show s the  g ray  level m orpho log ica l skele tons, [ ^ ( B D I t /)] (/,y ), o f  the 

red u ced  B D F s  show n in  F igure  5 .26. C om paring  the  num bers  in  T ab le  5 .2  to  those  in 

T ab le  5 .6  it  can  be  seen  th a t the skele ton  fu n c tio n s fo r  the  re d u ced  B D F s  have 

sign ifican tly  few er po in ts  than  th e  skele ton  functions fo r the  co m p le te  B D F  s. T h is  can  

a lso  be seen  by  com paring  the  skele tons in  F igure  5 .27 to  those  In  F ig u re  5 .19.

T h e  n ex t step in  the  co d in g  a lgo rithm  is to  g en era te  the  E lias  ru n len g th  code  

rep resen tin g  each  o f  the  skele ton  functions, and  the  H u ffm an  code  fo r  the  gray  levels 

a long  the  skele ton  functions. Ifa b le  5 .6  g ives, fo r  K ris ta  an d  fo r  H o u se , the  n u m b er o f  

p o in ts  in  each  o f  th e  red u ced  B D F s, the n u m b er o f  p o in ts  in  each  skele ton  fu n c tio n , and  

th e  n u m b er o f  b its  req u ired  fo r  the E lias run len g th  co d e  fo r  each  [ ^ ( B D I t /)](/,y ). 

A d d in g  up  the  b its  in  the  th ird  co lum n o f  T ab le  5 .6 , w e  see  th a t K ris ta  req u ires  9 3 ,4 2 4  

b its fo r  th is  p o rtio n  o f  the  code. O nce  m ore, th is  n u m b er d o es  n o t in c lu d e  a  nom ina l 

n u m b er o f  o v erh ead  b its to  s ign ify  the en d  o f  the code  fo r  o n e  skele ton  fu n c tio n  an d  the  

b eg in n in g  o f  the code  fo r  the n ex t skele ton  function . T he  n u m b er o f  b its  req u ired  fo r  

H o u se  fo r  th is  stage  o f  the  co d in g  (the sum  o f  the n um bers  in  the  six th  co lu m n  o f  T ab le  

5 .6) is  1 0 4 ,922  bits.

A s With the  o th e r tw o  techn iques, th is co d in g  techn ique  req u ires  a  H u ffm an  co d e  

fo r  the  g ray  levels a lo n g  the skele ton  functions. T h e  source  sym bo l freq u en cies  fo r 

K ris ta  an d  fo r H ouse , an d  the  H uffm an  codes d esig n ed  based  on  th ese  d is trib u tio n s  are  

g iven  in  T ab le  5.7 . M u ltip ly ing  the  leng th  o f  each  H u ffm an  co d ew o rd  by  th e  n u m b er o f  

tim es th e  sou rce  sym bol assoc ia ted  w ith  tha t co d ew o rd  o ccu rs  an d  s u m m i n g  the  resu lts , 

(e.g . (10 ,064  x  I )  +  (1631 x  2) +  (521 x  3) +  19,969 b its. A  s im ila r ca lcu la tio n  (e .g . 

(13 ,969  x  I )  +  (1 ,477  x  2) +  (385 x  3) +  ...) resu lts  in  2 1 ,9 3 0  bits  fo r  th is  p o rtio n  o f  the 

code  fo r  H ouse . T hese  b it req u irem en t ca lcu la tions d o  n o t in c lu d e  a  no m in a l n u m b er o f  

o v e rh ead  b its req u ired  to  transm it the H uffm an  codebook .

F in a lly , th is  Coding techn ique  requ ires a  seco n d  H u ffm an  co d e  to  be used  fo r  the 

g ray  levels o f  the im age segm ents  n o t in  the  m in im al set o f  seg m en ts , a long  w ith  the  

assoc ia ted  g ray  levels. T he  frequencies o f  th ese  source  sym bo ls, an d  the H uffm an  code  

d esig n ed  fo r  K ris ta  is  show n in  T ab le  5.8. T he  sam e in fo rm atio n  fo r  H o u se  is  g iven  in
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(a)

(b)

(a-b ) T he  B D F s  o f  F ig u re  5 .1 8 , w ith  segm en ts  n o t in  th e  m in im al set 
rem oved .
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(a)

(b)

F ig u re  5.27. (a-b ) G loba lly  m in im al m orpho log ica l skele tons co rresp o n d in g  to  the

red u ced  B D F s  o f  F igure  5.26.



Table 5.6 Summary o f  BDI skeleton coding information for Krista and H ouse im ages for the 
coding method (Approach 3) o f  Sections 5 .4 .3  and 5.5 ,3 .

: ■ Krista House

number o f number o f number o f number o f number o f number o f

points in points in bits for Elias points in points in bits for Elias

I BDIt , slrfiBDIt ,) runlength code BDIt , SlrfQBDIt ,) runlength code

I 252 30 422 4646 782 5096

2 57 20 182 1 9 710 861 6008

3 130 66 616 5460 1874 11324

4 223 88 670 3161 1082 6872

5 1513 406 2716 8600 2529 14900

6 2926 915 5964 2570 1097 6800

7 3420 1190 7768 2509 1443 8566

8 3651 750 5216 1233 991 6106

9 5480 1167 8298 1333 784 5182

10 3054 1119 7706 1494 964 5968

11 7584 1077 7054 831 575 4118

12 3963 914 6246 1163 754 4854

13 1645 751 5410 719 530 4002

14 2849 1059 7794 1117 729 5278

15 1078 682 5426 1097 776 6252

16 2388 986 7294 129 94 720

17 1092 691 5206 1832 395 2876

18 2411 597 4664 -

19 13183 534 4782 . - - - • V



T ab le  5.7. T he  source  sym bol frequencies an d  th e  H uffm an  code  d esig n ed  fo r the
gray  levels a long  the  skele ton  functions fo r the  K ris ta  an d  H ouse  im ages,
usin g  the  co d in g  techn ique  (A pproach  3) d esc rib ed  in  S ections 5 .4 .3  and

5.5 .3 .

K ris ta H o u se

source sym bol H uffm an sym bol H u ffm an

sym bol freq u en cy  * co d ew o rd frequency  ** co d ew o rd

I 10064 I 13969 I
2 1631 01 1477 Ol

3 521 000 385 00 0

4 265 00111 197 0 0 1 0

5 156 0 0100 62 00 1 1 1 0

6 81 001010 39 0011111

7 53 0011001 26 0 0 1 1 0 1 0

8 49 0011000 22 0011001

9 31 00110101 2 00 1 1 0 1 1 0 1 1 0

10 43 0010110 9 0 0 1 1 0 0 0 0

11 2 0 001101101 4 0011110001

12 U x 0 0 1 101100 3 0011011001

13 14 001101000 4 00111 1 0 0 0 0
14 4 4 0010111 9 001111011

15 38 00110111 3 0 0 11011000

16 10 0011010011 3 0011 0 1 1 0 1 0

17 3 00110100101 15 00110111

18 2 00110100100 2 0011011011

25 0 - 9 001111011

27 0 - 9 001111001

28 0 - 11 00110001

* x 13042 

** X 16260
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T a b le  5 .8 . T h e  sou rce  sy m b o l freq u en cies and th e  H u ffm an  c o d e  d e s ig n e d  fo r  the gray le v e ls

o f  th e  seg m en ts  n o t in  th e  m in im a l se t  o f  seg m en ts  and th e  a sso c ia ted  gray le v e ls

fo r  th e  K rista im a g e , u s in g  th e  c o d in g  tech n iq u e  (A p p roach  3 ) d escr ib ed  in

S ec tio n s  5 .4 .3  and 5 .5 .3 .

Krista

source sym bol Huffinan

sym bol frequency * codeword

42 8 11011

59 18 1111

75 10 0000

86 13 1000

95 12 0101

104 8 11010

HO 14 1100

120 19 001

125 12 0110

132 25 101

139 12 0111

145 16 1110

156 5 01000

164 10 0001

175 13 1001

187 3 010010

202 5 010011

* x  186



T ab le  5.9. M u ltip ly in g  the  cod ew o rd  leng ths by  the n u m b er o f  tim es the source sym bol 

asso c ia ted  w ith  th a t co d ew o rd  occurs, and  sum m ing  the resu lts , w e calcu la te  th a t K ris ta  

req u ires  805 bits  fo r  th is  po rtion  o f  the code. A  sim ila r ca lcu la tio n  resu lts  in  1,211 bits 

fo r  th is  po rtio n  o f  the co d e  fo r  H ouse. A dd ing  up  the  th ree  n u m b ers  o f  b its ca lcu la ted  

fo r  each  o f  th e  im ages, w e find  th a t K ris ta  requ ires ap p ro x im ate ly  9 3 ,4 2 4  +  19.969 +  

805  =  1 14,125 bits  fo r  th is  cod ing  m ethod , an d  H ouse  req u ires  ap p ro x im ate ly  104,922 + 

21 ,9 3 0  +  1,211 =  127,451 b its fo r th is co d in g  m ethod . T hese  num bers  p ro v id e  a  b it 

ra te  o f  1.74 bpp  fo r  K ris ta  and  1.94 bpp  fo r H ouse. A ll the  b it ra tes  d iscu ssed  in  th is 

sec tion  and  the p reced in g  tw o sections are  sum m arized  in  T ab le  5 ,1 0 .

T h e  first s tep  in  d ecod ing  the  segm en ted  q u an tized  im age  fro m  the code  d escrib ed  

above is  to  reco n stru c t the  skele ton  functions, [SjfcftBDIt /)](/,/ ') , as describ ed  in  S ection

5 .5 .2 . T h en  usin g  the  m orpho log ica l p rocess o f  E q u a tio n  5 .10 , the  set 

B D It /, /  =  0 , I , . . .M - I  is  exactly  reconstructed . T hese red u ced  B D F s  w ill be  iden tical 

to  those  show n in  F igure  5 .26,

T he  n ex t step  in  d ecod ing  is  to  "paint in ” each  reco n stru c ted  red u ced  B D I w ith  its 

asso c ia ted  g ray  level, P /, an d  then  com bine  these im ages as d esc rib ed  in  S ection  5 .5 .2 , 

to  b eg in  to  fo rm  the  reco n stru c ted  im age. R ecall tha t the  P / va lues w ere  en co d ed  u s in g  

a  H u ffm an  code. F igu re  5 .28 show s the  reco n stru c ted  seg m en ted  q u an tized  im ag es  at 

th is  p o in t in  the  reconstruc tion  alg orithm . W e can  see in  b o th  im ages in  F ig u re  5.28 

th a t the  im ag e  segm ents  n o t in  the m in im al se t o f  segm ents  h ave  n o t been  ass ig n ed  a 

g ray  level y e t (these  segm ents  ap p ea r b lack  in  F ig u re  5 .28).

T he  final step  to  co m p le te  the  d ecod ing  is  p o st-p ro cess in g  to  "fill in" the  u n reco n 

struc ted  segm en ts  w ith  th e ir  g ray  level values, w h ich  w ere  e n co d ed  in  ra s te r scan  o rder, 

using  a  H u ffm an  code, as d escrib ed  p rev iously . A  p e rfec t re p lic a  o f  the  o rig in a l seg

m en ted  q u an tized  im age is  reco n stru c ted  by  th is  d ecod ing  p rocess.

5 .6 .5 . C o m p a r is o n s

W e have p ro p o sed  th ree  techn iques fo r co d in g  a  seg m en ted  q u an tized  g ray  level 

im age  u sin g  m orp h o lo g ica l skele tons. T he b its req u ired  an d  th e  re su ltin g  b it ra te s  fo r 

the  th ree  m ethods are  sum m arized  in  T ab le  5 .10. W e w ill re fe r  to  th e  m e th o d  fro m  S ec

tions 5 .4 .1  an d  5.5.1 as "A pproach  I ,"  the m eth o d  fro m  S ec tions 5 .4 .2  an d  5 .5 .2  as 

"A pproach  2 ," an d  the m eth o d  from  S ections 5 .4 .3  an d  5 .5 .3  as "A pproach  3," T hese  

resu lts  show  th a t the  lo w est b it ra te  is a tta ined  using  A pproach  2. H ow ever, th is  m eth o d  

in tro d u ced  substan tia l d is to rtion  in  the d eco d ed  segm en ted  im age.

A pp ro ach  I an d  A pproach  3 both  resu lted  in  p e rfec t re c rea tio n  o f  the segm en ted  

q u an tized  im age  a t the d eco d er output. O f  these tw o  m ethods, the  A pp ro ach  3 h ad  a

1 8 8
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Table 5.9. The source symbol frequencies and the Huffman code designed for the gray levels
o f  the segments not in  the minimal set o f segments and the associated gray levels
for the House image, using the coding technique (Approach 3) described in

Sections 5.4.3 and 5.5.3.

House

source

symbol

symbol 

frequency *

Huffinan

codeword

32 5 00010

52 19 1001

66 10 00011

82 13 11101

93 31 001

102 17 0000

111 19 1010

117 13 11110

122 13 11111

129 20 1011

135 12 11100

143 17 0110

153 17 0111

166 22 1100

177 24 1101

199 18 1000

217 32 OlO

* x  2 8 5



T able  5 .10. Sum m ary  o f  co d in g  requ irem en ts  fo r  K ris ta  (F igure  5 .17), H ouse  (F igure  

5 .1 7 ) ,  an d  K rista2  (F igure  5 .29).

im age

approach

n u m b er

bits fo r 

skele to n  

shapes

bits fo r 

skele ton  

g ray  levels

b its fo r 

asso c ia ted  

g ray  levels

to ta l

b its

b itra te

(bpp)

K rista I 109,184 22 ,232 152 131,568 2.00
2 35 ,264 7 ,826 152 4 ,3242 0 .66
3 93 ,424 19,969 8 0 5 * 114,198 1.74

H ouse I 117,482 22 ,389 136 140,007 2 .14
2 25,768 4 ,8 5 2 136 30,761 0.47

. 3 104,922 21 ,930 1 ,2 1 1 * 128,063 1.95

K ris ta2 3 32,630 10,678 1 6 1 * 43 ,469 0 .66

*  A l s o  i n c l u d e s  b i t s  to  c o d e  g r a y  l e v e l s  f o r  s e g m e n t s  n o t  i n  t h e  m in i m a l  s e t .
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T h e  segm en ted  q u an tized  im ages reco n stru c ted  fro m  red u ced  B D I’s like 
th o se  show n in  F igu re  5 .2 7  (tha t is , B D I’s w ith o u t segm ents n o t in  the 
m in im al set). T he  b lack  p ixe ls  are  in  segm en ts  w h ich  are  n o t in  the  
m in im al se t o f  segm ents .
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lo w er d a ta  ra te . R eca ll tha t A pproach  3  m ade use  o f  the  m in im a l  set o f  segm ents . B y  

usin g  th is  idea, w e ach iev ed  a  reduc tion  in  the  d a ta  ra te  o f  be tw een  n ine an d  th irteen  

percen t.

5 .6 .6 . A  L o w  B it R a te  E x a m p le

W e h ave  ap p lied  o u r new  com pression  m ethod , u s in g  A pp ro ach  3, to  co m p ress  a  

m o re  co arse ly  segm en ted  an d  q uan tized  im age. T h e  segm en ted  q u an tized  im age w e 

h ave  co m p ressed , re fe rred  to as K rista2 , is  show n in  F igu re  5 .29 . T h is  im ag e  is  co m 

p o sed  o f  79  segm ents, w ith  9 g ray  levels, an d  w as segm en ted  an d  q u an tized  using  the  

m ethods d e sc rib ed  in  C hap ters 2  and  3. T he  param ete rs  u sed  in  th o se  a lgorithm s are  

g iven  in  the  figure. F ig u re  5 .3 0  show s the m in im al set o f  segm en ts th a t w as fo u n d  fo r 

th is  im age. T h ere  are  35 segm ents in  the m in in ia l set, an d  45  segm en ts have th e ir 

shapes im p lied  by  the  m in im al set. T ab le  5.11 g ives the  co d in g  in fo rm atio n  fo r K ris ta2 . 

A d d in g  up  the  b its req u ired  fo r  each  skele ton  fu nc tion  w e see th a t th is  im ag e  req u ires  

32 ,630  b its  to  code  the  shapes o f  the  skele ton  functions. A  H u ffm an  code  w as d esig n ed  

fo r  the  g ray  levels a long  the  skele ton  functions, and  these  g ray  levels w ere  fo u n d  to  

req u ire  10,678 b its to  encode . F inally , a  second  H u ffm an  co d e  w as d esig n ed  fo r  the 

g ray  lev els  o f  th e  segm ents  n o t in  the  m in im al set, a long  w ith  th e  a sso c ia ted  g ray  levels. 

T h ese  w ere  fo u n d  to  req u ire  161 bits fo r coding . A d d in g  w e find  th a t the  im age  o f  F ig 

u re  5 .29  takes 43 ,4 6 9  b its to  code, fo r  a  b it ra te  o f  0 .66  bpp. T h e  b it req u irem en ts  fo r 

K ris ta2  a re  su m m arized  in  T ab le  5.10. T his exam ple  illu stra tes  th a t by  re lax in g  the  

v isu al q u a lity  req u irem en ts  on  the segm ented  q u an tized  im ag e , th e  b it ra te  can  be 

lo w ered  substan tia lly .

5 .7  C o m p a r is o n  to  B o u n d a ry  C o d in g

A s m en tio n ed  above, one  significant d ifference  be tw een  th e  co m p ressio n  m eth o d

w e p ro p o se  an d  o th e r segm en ta tion -based  im age  co m p ressio n  m eth o d s  is the  m eth o d  

fo r  co d in g  th e  segm en t shapes. W here  w e p ro p o se  co d in g  seg m en t skele tons, o th e r 

h ave  c o d ed  segm en t boundaries to  rep resen t the  seg m en t shapes. In  th is  section  w e w ill 

co m p are  the  b it ra tes  ach ievab le  w ith  both  these  m ethods ap p lied  to  the  sam e seg

m en ted  q u an tized  im ages. In  the  p rev ious section  w e ca lcu la ted  the  b it ra tes  fo r  the 

im ages in  F ig u re  5 .17  using  o u r new  com pression  techn ique. N o w  w e w ill estim ate  the 

b it ra te s  fo r  th ese  im ages using  a  boundary  co d in g  seg m en ta tio n -b ased  com pression  

techn ique.
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m  =  .123 , w  =  0 .5 , 
d  — 22 , thmax — 25 , 

en erg y  th resh o ld  =  20 , 
9  quant, levels,

#  segm ents =  7 9

F ig u re  5.29. T he  segm en ted  quan tized  im age  K ris ta2  to  be  com pressed . T he  im ag e  w as

seg m en ted  using  T/ /3  w ith  the  param eters g iven  b e lo w  the  im age, and  
q u an tized  to  n ine  g ray  levels u s in g  the  H V S -b ased  q u an tize r d esc rib ed  in  
C h a p te r s .
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F ig u re  5 .3 0 .  T he m in im al set o f  segm ents  fo r the  seg m en ted  q u an tized  im ag e  o f  
F ig u re  5 . 2 9 .  T he w h ite  p ixels a re  in  segm en ts in  th e  m in im a l  set o f  

segm ents  an d  the b lack  p ixe ls  are  in segm ents  w hose  shapes are  im p lied  
by  the  m in im al set o f  segm ents . T h ere  a re  82 segm en ts  in  seg m en ted  
q u an tized  K ris ta2  an d  3 5  segm ents  in  K rista2*s m in im al se t o f  segm ents.
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Table 5.11. Summary o f BDI skeleton coding information for Krista2 (Figure 5.29) for the 

coding m ethod (Approach 3) o f Sections 5.4.3 and 5.5.3.

I

number o f 

points in 

BDIt ,

num ber o f 

points in 

,skf{ BDIt ,)

num ber o f 

bits for Elias 

runlength code

I 324 43 474

2 412 115 816

3 2353 180 1462

4 3650 472 3442

5 21826 1011 6826

6 885 212 1518

7 5934 981 7140

8 4276 890 6320

9 16581 490 4632
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F o r bou n d ary  co d in g  m ethods, tw o p ieces o f  in fo rm ation  are  co d ed  to  describe  the 

seg m en ted  im age: a  b in a ry  im age o f  the  boundaries o f  the  im ag e  segm ents , an d  the 

g ray  level o f  ev ery  segm en t in  the im age. F igu re  5.31 show s the  b in ary  edge im ages fo r  

th e  seg m en ted  q u an tized  im ages o f  F igure  5 .17. T hese  im ages w ere  co d ed  using  the 

sam e run len g th  E lias m eth o d  as w as used  p rev io u sly  in  th is ch ap te r to  code skele tons. 

T he  K ris ta  im age req u ired  77 ,092  b its to  rep resen t the  seg m en t boundaries, an d  the 

H o u se  im age  req u ired  86 ,834  bits to  rep resen t the segm en t boundaries. A  H uffm an  

code  w as d esig n ed  to  code  the segm ent g ray  levels fo r  each  im age. T he  K ris ta  im age 

has 473  Segm ents an d  w as found  to  req u ire  a  to ta l o f  1,859 b its to  co d e  the gray  levels 

o f  those  segm ents. T he  H o u se  im age has 769  segm en ts  an d  w as fo u n d  to  req u ire  a  to ta l 

Of 3 ,068  b its to  code  the  g ray  levels o f  those  segm ents . A d d ing , K ris ta  requ ires  a  to ta l 

o f  78 ,951 b its, fo r  a  b it ra te  o f  1.20 bpp , an d  H o u se  requ ires a  to ta l o f  89 ,9 02  b its, fo r a  

b it ra te  o f  1.37 bpp. T hese b it ra tes are  app rox im ate ly  th irty  p e rcen t lo w er than  the  b it 

ra tes  w e ob ta in ed  usin g  skele ton  cod ing  segm en ta tion -based  co m p ressio n  (1 .74  bpp fo r 

K ris ta  an d  1.95 bpp  fo r  H ouse). T he  d a ta  ra tes  a re  sum m arized  in  T a b le  5.12.

T h ere  h av e  been  o th e r m ethods p ro p o sed  to co d e  the bou n d aries  u sin g  fe w er b its 

than  above. I t  has been  fo u n d lth a t by  estim atin g  the  seg m en t bo u n d aries  u sin g  line  seg-_ 

m en ts  an d  a rc s , b it ra tes  in  the  n e ig hborhood  o f  1.2 bits  p e r  co n to u r p o in t a re  ach iev ab le  

fo r  the  bou n d ary  im age [2]. U sin g  th is resu lt, s ince the  edge  im ag e  fo r  K ris ta  has 

16,566 p o in ts , i t  m ay  be possib le  to  code  the  segm en t b o undaries  w ith  as few  as 19,879 

b its , re su ltin g  in  an  o v era ll b it ra te  o f  0 .33 bpp. S im ilarly , the  ed g e  im ag e  fo r  H ouse  has 

19,850 p o in ts , req u irin g  23 ,820  bits , resu ltin g  in  an  overa ll b it ra te  o f  0.41 bpp. T he  

d a ta  ra te s  are  a lso  sum m arized  in  T ab le  5.12.

5 .8  C o n c lu s io n s

T hese  resu lts  ind icate  th at, using  the  p resen t m ethods, d a ta  ra tes  in  the ne ig h b o r

h o o d  o f  1.5 to  2 .0  bpp  are  a tta inab le  w ith  the com p ressio n  m e th o d  w e have p roposed . 

T hese  ra tes  a re  som ew hat h ig h er than  those  ach ieved  by  co d in g  bo u n d aries  ra th e r  than  

skele tons. T h is  re su lt m ay  be  d u e  in  p a rt to  th e  s ig n ifican t e ffo rts  th a t h ave  been 

d ev o ted  in  th e  p a s t to  e ffic ien t schem es fo r co d in g  bou n d ary  im ages. S im ila r lo n g  te rm  

effo rts  h av e  n o t been  spen t on  the p ro b lem  o f  co d in g  m o rp h o lo g ica l skele tons. Such  

e ffo rts  w o u ld  a lm o st certa in ly  lead  to  a m ore  effic ien t m e th o d  fo r  co d in g  o u r skele tons 

than  the  o n e  w e h ave  used.

T h o u g h  m orpho log ica l skele tons m ay  resu lt in  a  h ig h e r d a ta  ra te  in  a  

segm en ta tion -based  com pression  schem e, there  are  a lso  certa in  advan tages to  using  

m o rp h o lo g ica l skele tons. O ne advan tage  is tha t the ske le ton  m e th o d  fo r  segm enta tion- 

b ased  co m p ressio n  is a  m ore  para lle l app roach  than  bou n d ary  cod ing . T h is  a llow s fo r  a
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T he  b inary  edge im ages o f  the  segm en ted  q u an tized  im ages o f  F ig u re

5 .17 .
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Table 5.12. Summary o f  bit requirements for Krista (Figure 5.17), and House (Figure 5.17), for 

boundary segmentation-based compression.

image method

bits for 

boundary 

image

bits for 

segment 

gray levels

total

bits

bitrate

(bpp)

Krista runlength 77,092 1,859 78,951 1.20
line and arc 19,879 1,859 21,738 0.33

House runlength 86,834 3,068 89,902 1.37
line and arc 23,820 3,068 26,888 0.41

0



fa s te r im p lem en ta tio n  o f  the  co d in g  a lgo rithm . T h e  a lg o rith m  fo r  find ing  an d  cod ing  

th e  seg m en t bou n d aries  is n o t conducive  to  b e in g  d one  in  a  p a ra lle l fash ion . T h e  skele

ton iza tio n  o f  th e  B D F  s, and  the  co d in g  o f  each  skele ton  are  p erfec tly  su ited  fo r  p ara lle l

im p lem en ta tio n , bo th  a t th e  c o d er an d  a t the  decoder.

A n o th e r ad v an tag e  o f  the  skele ton  m e th o d  fo r  segm en ta tio n -b ased  co m p ressio n  is 

t h a t  i t  a llow s m ore  read ily  fo r d a ta  ra te /im ag e  q u a lity  trade-offs. A fte r an  im ag e  has 

been  segm en ted , the  d a ta  ra te  can  be  varied  by  v ary in g  th e  n u m b er o f  O’th  skele ton  sub

sets  th a t g e t coded . F o r  exam ple , to  g e t a  lo w  d a ta  ra te , d o  n o t co d e  any  O’th  skele ton  

subsets . O u r ex p erim en ts  have show n th e  d a ta  ra te  is  ty p ica lly  re d u ced  b y  a  fac to r o f  

th ree  to  fo u r b y  n o t co d in g  any  O’th  skele ton  subsets . T he  d a ta  ra te  can  b e  g radually  

in c reased  by  in creas in g  the  n u m b er o f  O’th  skele ton  su b se t po in ts en coded . T h e  da ta  

ra te  can  a lso  be  v a ried  to  a  le sse r ex ten t by  v ary in g  th e  n u m b er o f  q u an tiza tio n  levels in  

th e  seg m en ted  im ag e  quan tizer. T h is  w ill chan g e  sligh tly  the  n u m b er o f  segm en ts  in  

th e  im age, an d  th e  n u m b er o f  b its req u ired  to  code the  a sso c ia ted  g ray  levels. I t w ill 

a lso  e ffec t th e  n u m b er o f  b its n eed ed  to  code  the  g ray  levels  o f  the  segm en ts  n o t in  the  

m in im a l  set o f  segm ents. In  con trast, th e  on ly  p lau sib le  w ay  to  v a ry  th e  d a ta  ra te  fo r 

bou n d ary  seg m en ta tio n -b ased  im age  co m p ressio n  is  to  co m p le te ly  re -seg m en t ther 

im age.

O n e  m o te  advan tage  o f  skele ton  seg m en ta tio n -b ased  co m p ressio n  a lgo rithm s is 

th a t they  are  w e ll-su ited  to  a llow  p rogressive  reco n stru c tio n  o f  th e  im ag e  a t th e  decoder. 

W ith  skele ton  tech n iq u es , th e  im ag e  is  rep resen ted  in  a  h ie ra rch ica l fash ion . T he  

h ig h er-o rd er ske le ton  subsets  w ill to  reco n stru c t a  coarse  estim ate  o f  th e  im age, th a t is 

an  e stim a te  o f  th e  im age co m p o sed  o f  large, "blobby" segm ents . T h e  lo w e r the o rd e r o f  

the  ske le ton  subset, th e  finer the  im age  d e ta il rep resen ted  by  th a t subset. T h ere fo re , the  

lo w er o rd e r  sk e le to n  subsets  can  b e  gradually  inc lu d ed  in  the  im ag e  reco n stru c tio n  to  

p ro g ressiv e ly  ad d  finer d e ta il in  th e  im age. T h is type o f  p ro g ressio n  is  n o t p o ssib le  w ith

b o u n d ary  seg m en ta tio n -b ased  com p ressio n  techn iques.

In  th is  in v estig a tio n  in to  ske le ton  segm en ta tio n -b ased  im ag e  co m p ress io n  w e have 

fo u n d  th a t th e  d a ta  ra te  possib le  w ith  th ese  techn iques is  p resen tly  h ig h e r than  th a t fo r 

b o u n d ary  segm en ta tion - based  co m p ressio n  techn iques. H o w ev er, there  are  m any  

im p o rtan t ad v an tag es o f  skele ton  o v e r b o u ndary  co d in g  th a t m ay , fo r  som e app lications, 

o ffse t the d isad v an tag e  o f  a  som ew hat h ig h e r d a ta  ra te .
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C O N C L U S IO N S

In  th is  thesis  w e p ro p o sed  a  new  segm en ta tion -based  g ray  le v e l  im ag e  co m p res

sion techn ique, w h ich  ach ieves da ta  ra tes  in  the  n e ig h b o rh o o d  o f  1.5 tO 2 .0  bpp. T he 

fo rm ulation  o f  th is  techn ique  req u ired  investiga tions in to  im age Segm entation and  

q u an tiza tion , an d  in c lu d ed  the  app lication  o f  m ath em atica l m o rp h o lo g y  in  a  new  w ay to  

com press  g ray  lev el im ages.

O u r com pression  techn ique is d ifferen t in several k e y  w ays fro m  o th e r 

segm en ta tion -based  im age  com pression  schem es. F irst, w e em p lo y  an  im p ro v ed  v er

sion o f  a  p rev io u sly  p ro p o sed  im age segm enta tion  techn ique  (c e n tr o id - lin k a g e  reg io n  

g row ing). T h is im p ro v ed  segm en ta tion  m eth o d  takes ad v an tag e  o f  H V S p ro p erties  to  

ach ieve  v isually  p leasing  im age segm enta tion . A  second  d iffe ren ce  in  o u r c o m p ress io n 7 

techn ique  is  th a t w e p ropose  q uan tization  o f  the segm en ted  im age  to  red u ce  th e  n u m b er 

o f  g ray  levels in  the  segm en ted  im age. T his resu lts  in  red u c tio n  in  the  b it ra te  req u ired  

fo r  the  im age. O iu- com pression  techn ique  a lso  em ploys a  new  rep resen ta tio n  fo r  the  

im age  segm en t shapes. O th e r segm en ta tion -based  g ray  lev el im age  co m p ressio n  tech 

n iques h av e  ty p ica lly  rep resen ted  the im age  segm ents  by  en co d in g  the  seg m en t bou n 

daries. W e  use  skele tons generated  u sin g  m ath em atica l m o rp h o lo g y  to  re p re se n t the 

seg m en t shapes. T his app lication  o f  m orp h o lo g y  is  a lso  n ew  in  the  sense th a t w e  use 

m o rp h o lo g ica l skele tons in  the  com pression  o f  g ray  lev e l im ag es, w hile  o th ers  have  

o n ly  u sed  m orpho log ica l skele tons fo r b inary  im age  com pression .

Out  research  has re su lted  in  co n tribu tions in  the  areas o f  im age seg m en ta tion , 

q u an tiza tion , an d  com pression . W e system atically  d esig n ed  a  v ersio n  o f  the cen tro id - 

linkage  reg ion  g row ing  a lgo rithm  w hich  incorpora tes H V S p ro p ertie s  to  p ro d u ce  v isu 

a lly  p leas in g  segm en ted  im ages. T h is design  e n ta iled  in v estig a tio n s an d  com parisons o f  

severa l d iffe ren t segm enta tion  th resholds. W e a lso  in v estig a ted  a  m e th o d  fo r filtering  

seg m en ted  im ages to  rem o v e  v isually  insign ifican t segm ents. T h is  req u ired  co m p aris

ons an d  evalu a tio n s o f  num erous d ifferen t m easu res fo r  the  en erg y  in  an  im age  seg

m ent. W e then  ev alu a ted  the  in teractions betw een  the  steps in  o u r  a lgo rithm s th rough 

sub jec tive  tests.

W e p ro p o sed  the  quan tiza tio n  o f  segm ented  im ages, an d  sh o w ed  th a t q u an tization  

can  be  do n e  to  red u ce  by  a  fac to r o f  2  the n u m b er o f  b its re q u ired  to  code  the g ray  lev 

e ls  in  the  segm en ted  im age, w ith  little  o r  no  d eg radation  in  the q u a lity  o f  the  segm en ted



im age. W e p ro p o sed  a  H V S -b ased  q uan tizer, an d  co m p ared  th is  q u an tize r th rough  sub

je c tiv e  tests to  severa l o th e r quan tizers. W e a lso  in v estig a ted  th e  in teractions b e tw een  

o u r Segm enta tion  an d  q u an tiza tion  a lgorithm s.

F in a lly , w e ap p lied  o u r resu lts  in  segm en ta tion  an d  q u an tiza tio n  to  a  new  im age 

co m p ress io n  techn ique. T h is techn ique  em p lo y ed  m orp h o lo g ica l skele tons in  a  new  

w ay  fo r  g ray  le v e l im age  com pression . W e  in v estig a ted  the  ap p ro p ria ten ess  o f  tw o  

p rep ro cess in g  steps w h ich  h ad  been  p rev io u sly  p ro p o sed  by  o th e r research ers. W e p ro 

p o sed  the  id ea  o f  th e  "m in im al set o f  segm ents,"  w h ich  red u ced  the  d a ta  ra te s  ach ieved  

by  o u r co m p ressio n  techn ique  by  ap p rox im ate ly  13% . F in a lly , w e co m p ared  o u r 

co m p ress io n  techn ique  to  o th e r segm en ta tio n -b ased  im age co m p ress io n  m ethods.

T h ere  a re  m an y  aspects o f  the w o rk  p resen ted  here  tha t o ffe r avenues fo r  fu rth er 

resea rch . In  re la tio n  to  im age  segm enta tion , investiga tions in to  d iffe ren t c rite ria  fo r  

seg m en ta tio n  are  p ossib le . F o r  exam ple , o thers  have u sed  p o ly n o m ia l m odels fo r the 

im ag e  segm en ts. I t  m ay  be  p ossib le  to  use  th is  type  o f  segm en ta tion  c rite ria  w h ile  a lso  

cap ita liz in g  on  H V S  p roperties . F u rth e r w o rk  needs to  be d o n e  to  v erify  an d  calib ra te  

the  m easu re  p ro p o sed  in  Section  2 .4  fo r the  n u m b er o f  segm ents  req u ired  by  an  in iage, 

T h is w o u ld  req u ire  the  use  o f  som e type o f  q u an tita tive  m easu re  fo r  segm en ted  im age, 

quality .

T h e  p e rfo rm an ce  o f  the H V S -b ased  q u an tize r p ro p o sed  in  C h ap te r 3 co u ld  p o ss i

b ly  be im p ro v ed  by  in co rpora ting  a  p rio ri in fo rm ation  re la tiv e  to  th e  im age  b e in g  .-.quan

tized ;/p erh ap s  in  the  fo rm  o f  the  im age h is tog ram . I t  m ay  a lso  be ap p ro p ria te  to  spa

tia lly  v ary  th e  q u an tize r ch arac teris tics, acco rd ing  to  som e local im ag e  charac te ris tic .

F u rth e r  w o rk  is a lso  po ssib le  to  im p ro v e  the d a ta  ra te  ach ieved  by  the  com pression  

tech n iq u e  p ro p o sed . F o r exam ple , p erhaps a  be tte r techn ique  fo r  co d in g  th e  skele tons 

o f  the im ag e  segm ents  co u ld  be  found. In  re la tio n  to  th is , o n e  p o ssib le  im p ro v em en t 

has to  do  w ith  th e  m an n er in  w hich  the  skele tons fo r  the B D F s  are  generated . S u p p o se  

th e  B D F s  w ere  g iven  labels fro m  0  to  M -1. U sin g  the  b in ary  rep resen ta tio n  fo r  th ese  

lab els, the  B D F s  co u ld  be g ro u p ed  in  a  b it-p lane  fash ion . F o r exam ple , a ll B D F s  h av 

in g  labels w ith  th e  m o st sign ifican t b it a  " I"  w ou ld  be lo g ica lly  O R ’ed  to  fo rm  a  b inary  

im ag e , an d  a  m o rp h o k g ic a l skele ton  co u ld  be  g en era ted  fo r th is  b in a ry  im age. T his 

m e th o d  w o u ld  re su lt in  lc g 2M  m orp h o lo g ica l skele tons (one fo r e ach  b it req u ired  tp  

rep re sen t the  lab els), ra th e r than M  skele tons (one fo r  each  B D I). S ince few er skele tons 

w o u ld  n eed  to  be  co d ed , the b it ra te  req u ired  m ay  a lso  be reduced .

T h e  co m p ress io n  techn ique w e p ro p o sed  m akes use o f  the  id ea  o f  a  m in im al se t o f  

segm ents. R eca ll th a t th is  m in im al se t is  n o t un ique. S ince  a  skele ton  is  c o d ed  fo r  each  

seg m en t in  the  m in im al set, an d  each  seg m en t skele ton  req u ires  a  d iffe ren t n u m b er o f  

b its  to  code , w e  w o u ld  like to  ch co se  th e  m in im al se t o f  segm en ts  w h ich  req u ires  the 

o v era ll few est b its to  code , i.e. the optimal m in im al se t o f  segm ents . F u rth e r re sea rch

2 0 1
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co u ld  le ad  to  a  techn ique to  fin d  the  o p tim al m in im al set o f  segm ents.

R esearch  such  as tha t describ ed  above w o u ld  certa in ly  red u ce  th e  d a ta  ra te  

ach iev ed  by  o u r com p ressio n  m ethod . W e feel tha t by  im p lem en tin g  the  im provem en ts  

d iscu ssed  above, d a ta  ra tes  in  the n e ighborhood  o f  0 .4  to  0 .6  bpp  co u ld  be ach ieved . 

Such  a  d a ta  fa te  w o u ld  m ake o u r com pression  techn ique  co m p arab le  w ith  o th e r 

seg m en ta tio n -b ased  im age com pression  schem es.

A n o th e r a rea  fo r research  to  im prove  the p ro p o sed  co m p ressio n  techn ique  is  in 

p o st-p rocessing . T he  d eco d ed  im age is  a segm en ted  q u an tized  v ersion  o f  the  o rig in a l 

im age. S uch  im ages h av e  certa in  types o f  d is to rtion , the  m o st sign ifican t b e ing  fa lse  

co n to u rin g  in  areas o f  g radual change  in  gray  level. T he  v isu al q u a lity  o f  the  d eco d ed  

im age  co u ld  a lm o st certa in ly  be  im p ro v ed  w ith  som e type  o f  p o st-p ro cess in g  filte ring  

o pera tion . T h e  p o st-p ro cess in g  o pera tion  shou ld  p reserv e  u n ch an g ed  h igh  co n trast 

edges, an d  sm oo th  low  co n trast edges.

'■■I-:-.
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A P P E N D I X  A .

T ab le  A l .  N u m b er o f  tim es each  test im age  set rece iv ed  e a c h  ra n k in g  in  th e  experim en t 

d esc rib ed  in  C hap ter 2. T here  w ere  ten  test sub jects, each  o f  w h o m  ran k ed  

each  test im age set tw ice, fo r a  to ta l o f  20  ran k in g s fo r  each  test im age  set. 

( " p s f ' re fers to  post-segm en ta tion  filtering).

coarse  segm enta

tion , no  p s f

m ed iu m  seg m en ta 

tion , m o d era te  p s f

fine segm en ta

tion , ex tensive  p s f

im age appx. no. ran k ran k ran k ran k ran k ran k ran k rank rank

segm ents I 2 3 . I . 2 . 3-.... I 2 3

A irp l 2688 I " ' 0 19 ■ 0 '" ' 19 : I " 19 ' ■ I 0

2911 0 0 2 0 3 17 0 : 17 3 0

2 6 8 4 I I 18 . Q 19 " 'I 19 0 I

■Eric ' '  1916 4 4 4 2 . :* 4 " 1 0  ' 6 ■ 12 6 2

2301 I 0 19 5 ' ; i 4  . I 14 6 0

1434 0 0  .. 20 6 14 0 14 6 0

G irl 1273 0 O'. 20 4 ; 16 ' 0 ; '  16 4 0

1652 Q 0 20 ■' 4 16 0 16 4 0

1064 0 0 : 2 0 . : 0 . 2 0 : 0 2 0 o 0

H o u se 3504 ' I. 7 ' 12 - I 12 7 18 0 2

2 774 I . 2 17 11 7 2 8 11 I

2834 I 2 17 5 14 I ■ 14 4 2

2314 2 I . 17 3 16 I 15 3 2

K rista 685 0 5 15 15 3 2 5 12 3

948 o 0 20 14 6 0 6 14 0

N ata lie 71 4 0 0 20 2 ' 18 0 18 2 . 0

855 0 0 20 4 "  16 0 16 4 0

I 1076 0 0 20 2 18 0 18 2 0
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A P P E N D IX  B.

T ab le  B I .  N u m b er o f  tim es each  test im age set rece iv ed  each  ran k in g  in  the experim en t 

d e sc rib ed  in  C h ap ter 3. T here  w ere  e lev en  test sub jects, each  o f  w hom  

v iew ed  e a c h  test im age s e t  tw ic e , fo r  a  to ta l o f  22  ran k in g s  fo r  each  test 

im age  set.

im age n u m b er o f  

q u an t levels

H V S -b ased

qu an tizer

H is to g ram

q u an tize r

U n ifo rm

q u an tize r

ran k

I

ran k  

2  ;

ra n k  

3 V

ra n k  ; 

I

ran k

2

ran k  

3 *

ra n k

I

ra n k  

2 ’

rank

3

E ric 12 0 5 W " ! 22
—

..  o ...i 17 ' 5

18 0 8 14 ; 21 0 : i . vv V  I .  . ; W 7

G irl 20 1 8 13 12 7 ... : "" 3 9 7 ... ; 6

"'V  '2 1 ' I 5 : 16 12 " 8 '  I "■ %* ■; 9  I 9  ' 5 4

H o u se  ; 8 12 8
2  ,,

. 5 9 8 5 5 12

12 4 9 9 13 5 4 5 8 9

K ris ta  ' 10 .... 3 '" fV I .. :'j
' '--y"..

/'I* ■ 12 '! 5 5

; '  i s " 10 ■; 5 ' Vj 7 ; 7 3 ■; 12 5 14 3

2 0 10 ' 12 / : o : 0 3 ; 19 i 12 7 ; 3 :

N atalie 12 I 3 : 18 18 ; 3 I 3 16 " 3 ■

20 I 2 19 14 8 0 7 12 3
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A P P E N D IX  C .

In  th is  append ix  w e .describe a  techn ique  p ro p o sed  by  E lias fo r cod ing  a  sparse  

b inary  im age. S uppose  a  b inary  im age is  m o stly  O’s w ith  on ly  a  few  l ’s. T he  row s o f  

the  N xN  im age  are  conca ten ated  to g e th er to  fo rm  a  v ec to r o f  N 2 p a y  lev el va lues, and  

a ll runs o f  consecu tiv e  0 ’s in  th is v ecto r are  fo und . T he  leng ths o f  these  runs, separa ted  

by  a  sym bol (referred  to  as a "com m a") to  m ark  the en d  o f  a  ru n  (i.e ., the  p resen ce  o f  a 

I ) ,  co m p le te ly  describe  the  o rig inal b inary  im age. E lias  has p ro p o sed  co d in g  these  

ru n len g th s (v iew ed  as d ec im al num bers) using  an  n -ary  a rithm etic  system , an d  u sin g  an  

n + l ’th sym bol to  rep resen t a  com m a. F o r exam ple , fo r  n = 3  the  ru n len g th s  are 

rep resen ted  in  a  te rn ary  system . T he co m m a requ ires  an  add itio n a l sym bol, fo r  a  to ta l o f  

fo u r sym bols. T h ese  fo u r sym bols  are  rep resen ted  using  a  tw o  b it code. O ne p o ssib le  

cho ice  to  rep resen t the fo u r sym bols is: OO=Comma, 01=0, 10=1, 11=2.

C o n sid er the  fo llow ing  40  b it b inary  sequence:

ooooiioooooooooooioooioooooooooioooooooo

T h e  ru n len g th s fo r  th is sequence acre: 4 , 0 , 11, 3, 9 , 8, and  the  te rn a ry  rep resen ta tio n s  fo r 

these  ru n len g th s  are: 11, 0 , 102, 10, 100, 22. F ina lly , u sin g  the  rep resen ta tio n  described  

above, the  E lias code rep resen ta tion  fo r  the  o rig inal b inary  sequence  is:

1010 00  01 0 0  1 0 0 1 11 00  1001 00  100101 0 0  1111 

W e h ave  rep resen ted  the o rig ina l 4 0  b it sequence usin g  36  bits.
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H istog ram s fo r  the im ages in  F igu res  2 .3  a n d  3.2,
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1600-1

1 2 0 0 -

8 0 0 -

4 0 0 -

F igu re  D l .  H is to g ram  fo r the G irl im age  in  F igu re  2 .3b .
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2 0 0 0

1 5 0 0 -

1000 -

5 0 0 -

i
63

T  T
95 127 159

gray  level

I

191
f

2 2 3

F igure  D 2 . H isto g ram  fo r the  E ric  im age in  F ig u re  2 .3e.

"H
255
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2 0 0 0

1500

1 0 0 0 -

5 0 0 -

I

31 63 95  127 159 191 223  255

gray  level

F ig u re  D 3 . H is to g ram  fo r the N a ta lie  im age  in  F ig u re  2 .3a.
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1 2 0 0  •

900  •

600-

300>

31 63 95 127 159  191 223  1 5 5

gray  level

F igu re  D 4 . H is to g ram  fo r the K ris ta  im age in  F igu re  2 .3d.
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2 0 0 0 -

1 5 0 0 -

127

gray  level

F ig u re  D 5 . H is to g ram  fo r the H o u se  im age  in  F ig u re  2 .3c.



2 2 2

1000-1

7 5 0 -

SQG-

2 5 0 -

liJliiiMiii

127 159

gray  level

223 255

F ig u re  D 6. H isto g ram  fo r the  A irp l im age in  F ig u re  2 .3f.



223

2 0 0 0 0 -

5 0 0 0 -

2 5 0 0 -  

1 2 5 0 -  

0 J l  I .I [ j i t  l .L  i t i i l . f a l l  i Jj L.. . I. I  -.
\

0 31 63 95 127 159 191

gray  level
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F igu re  D 8 . H is to g ram  fo r the  E rio im ago i O F ig u re  3.2.
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F ig u re  D l l .  H is to g ram  fo r the  H o u se  im age in  F igu re  3.2.
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A P P E N D IX  E .

F o r  a ll the  w ork  in  th is thesis, the im ages w ere  o b serv ed  on  a  D eA n za  C R T  

m onito r, m an u fac tu red  by  M itsub ish i E lec tric , m o d e l C -3910. T h is m o n ito r has 512  x  

512  p ix e l reso lu tio n , w ith  256  possib le  g ray  levels. T he  m o n ito r w as ca lib ra ted  so th a t 

lu m inance  w as linearly  re la ted  to  the gray  level n u m eric  value. In  the  first step o f  the 

ca lib ra tio n  p ro cess  a  M ino lta  C hrom a M eter (m odel C L -100) w as u sed  to  m easu re  the 

lu m inance  o f  the  screen  fo r  a  varie ty  o f  gray  level values. A  p lo t o f  the lu m inance  

versus g ray  level value before  calib ration  is  show n by  the  d o tted  line  in  F ig u re  D I. A  

m ap p in g  w as then  defined  to  reassign  the g ray  level va lues to  ach ieve  the d esired  lin ear 

re la tio n sh ip . T h is m app ing  is g iven  in  T ab le  D l . T he p lo t o f  lu m inance  versus g ray

■>-- . r
level va lu e  a fte r the  re-m ap p in g  is  show n by  the  so lid  line  in  F ig u re  D I. T h is p lo t 

show s th a t w e have ach ieved  the  d esired  lin e a i re la tionsh ip .
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