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A b s t r a c t  
 
 I n t h i s  a r t i c l e  w e  f oc us  on i m a g e  r e pr e s e nt a t i on us i ng  C ont e nt  Ad a pt i v e  
M e s h  M od e l s  ( C AM M ) .  W e  d i s c us s  t h e  i d e a  of  i m a g e  r e pr e s e nt a t i on us i ng  
t h e  t r i a ng ul a r  m e s h  a nd  l i m i t a t i ons  of  t h i s  m e t h od .  T h e  pe r f or m a nc e  of  t h e  
m e t h od  i s  e v a l ua t e d  w i t h  t w o s a m pl e  i m a g e s  r e pr e s e nt a t i v e  f or  b i om e d i c a l  
a ppl i c a t i ons : b r a i n r e c ons t r uc t i on f r om  Pos i t r on E m i s s i on T om og r a ph y  
( PE T )  s c a nne r  a nd  S h e pp-L og a n h e a d  ph a nt om .  T h e  c onc l us i on i s  t h a t  t h e  
C AM M  a ppr oa c h  m a y  b e  v e r y  e f f e c t i v e  r e pr e s e nt a t i on f or  i m a g e  
r e c ons t r uc t i on,  b ut  t h e  c ur r e nt  v e r s i on of  t h e  a l g or i t h m  i s  i na ppr opr i a t e  f or  
v e r y  l ow  c ont r a s t  d a t a ,  s uc h  a s  t h e  S h e pp-L og a n ph a nt om .  T h e  m a i n 
c onc l us i on i s  t h a t  t h e  nod e  pl a c e m e nt  s c h e m e  s h oul d  b e  c or r e c t e d  t o 
pr e v e nt  e x c e s s  c onc e nt r a t i on of  nod e s  i n uni m por t a nt  r e g i ons  of  h i g h  
c ont r a s t  a nd  s h or t a g e  of  nod e s  i n l ow -c ont r a s t  pa r t s  of  t h e  i m a g e .  I t  i s  
pos t ul a t e d  t h a t  c ont r a s t  s t r e t c h i ng  c oul d  b e  a  pos s i b l e  s ol ut i on t o t h a t  
l i m i t a t i on.  

 
K e y w o r d s : i m a g e  r e pr e s e nt a t i on,  m e s h  g e ne r a t i on,  nonuni f or m  s a m pl i ng  
 
O  z a s t os ow a n iu  a d a p t a cy jn y ch m od el i 
s ia t k ow y ch d o r ep r ez en t a cji ob r a z u  
 

St r e s z c z e n i e  
 

W  a r t y k ul e  opi s a no z a s t os ow a ni e  r e pr e z e nt a c j i  ob r a z u w  pos t a c i  
a d a pt uj ą c e j  s i ę  d o j e g o z a w a r t oś c i  s i a t k i  e l e m e nt ó w  t r ó j k ą t ny c h  ( a ng .  
Content Adaptive Mesh Models – CAMM ) .  Pr z e a na l i z ow a no s k ut e c z noś ć  
t a k i e g o pod e j ś c i a  i  og r a ni c z e ni a  m e t od y  na  pr z y k ł a d z i e  d w ó c h  ob r a z ó w  
t e s t ow y c h ,  t y pow y c h  d l a  z a s t os ow a ń  b i om e d y c z ny c h : r e k ons t r uk c j i  s k a nu 
m ó z g u z  w y k or z y s t a ni e m  t om og r a f i i  e m i s y j ne j  ( PE T )  or a z  t z w .  f a nt om u 
S h e ppa -L og a na .   N a  pod s t a w i e  uz y s k a ny c h  w y ni k ó w  w ni os k uj e  s i ę ,  ż e  
w y k or z y s t a ni e  s i a t k i  e l e m e nt ó w  t r ó j k ą t ny c h  m oż e  b y ć  b a r d z o e f e k t y w ny m  
s pos ob e m  r e pr e z e nt a c j i  ob r a z u,  j e d na k  w  s w oj e j  ob e c ne j  w e r s j i  a l g or y t m  
ni e  s pr a w d z a  s i ę  w  pr z y pa d k a c h  w  k t ó r y c h  na j i s t ot ni e j s z a  c z ę ś ć  ob r a z u 
c e c h uj e  s i ę  ni s k i m  k ont r a s t e m .  Z a s ug e r ow a no z a s t os ow a ni e  k om pr e s j i  
k ont r a s t u w  c e l u pr z e z w y c i ę ż e ni a  t e g o og r a ni c z e ni a .  
 
Sł o w a  k l u c z o w e : r e pr e z e nt a c j a  ob r a z u,  g e ne r a c j a  s i a t e k ,  pr ó b k ow a ni e  
ni e r ó w nom i e r ne  
 
1 .  I n t r od u ct ion  
 
A n e f f e ct iv e  im ag e  re pre s e nt at io n pl ay s  an im po rt ant  ro l e  in 

m any  appl icat io ns  w h ich  pro ce s s  g raph ical  inf o rm at io n.  A  w ay  
t h e  im ag e  is  re pre s e nt e d  in t h e  co m put e rs  m e m o ry  g re at l y  
inf l ue nce s  t h e  pe rf o rm ance  o f  t h e  im ag e  pro ce s s ing  al g o rit h m .  I t  
al s o  d e t e rm ine s  t h e  am o unt  o f  m e m o ry  us e d  f o r s t o rag e  o f  t h e  
im ag e .  
I n im ag e  re co ns t ruct io n f ro m  pro j e ct io ns ,  w h ich  is  t h e  m ain 

f ie l d  o f  o ur inv e s t ig at io ns ,  t h e  im ag e  ( o r v o l um e )  can b e  s im pl y  
re pre s e nt e d  us ing  pix e l s  ( 2 D )  o r v o x e l s  ( 3 D )  [ 1 ] .  T h is  is  t h e  m o s t  
int uit iv e  appro ach  f o r im ag e  re pre s e nt at io n.  H o w e v e r,  it  d o e s  no t  
f ul f il l  t h e  re q uire m e nt s  o f  im ag e  re co ns t ruct io n al g o rit h m s  d ue  t o  
t h e  f o l l o w ing  re as o ns .  F irs t l y ,  t h e  pro j e ct io n v al ue  o f  t h e  
re ct ang ul ar ( cub ic)  im ag e  e l e m e nt  d e pe nd s  o n t h e  ang ul ar 
o rie nt at io n.   
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T h is  m ak e s  t h e  pix e l s  no t  s uit ab l e  f o r t h e  co ns id e re d  t as k  s ince  t h e  
pro j e ct io ns  are  o rie nt e d  aro und  t h e  o b j e ct  at  d if f e re nt  ang l e .  
S e co nd l y ,  t h e  f re q ue ncy  re s po ns e  o f  t h e  re ct ang ul ar w ind o w  h as  
w o rs e  pro pe rt ie s  co m pare d  t o  t h e  f re q ue ncy  re s po ns e s  o f  o t h e r 
int e rpo l at io n k e rne l s ,  s uch  as  b il ine ar o r G aus s ian [ 2 ] .  T h is  caus e s  
a h ig h  l e v e l  o f  no is e  in t h e  im ag e s  re co ns t ruct e d  w it h  pix e l  b as e d  
al g o rit h m s .  
M o re  s o ph is t icat e d  w ay  o f  re pre s e nt ing  t h e  im ag e  is  us ing  b as is  

f unct io ns  [ 2 ] .  T h e  b as is  f unct io ns  can b e  o f  t w o  d if f e re nt  k ind s  – 
rad ial l y  s y m m e t ric o r pie ce w is e  po l y no m ial .  T h e  g re at  ad v ant ag e  
o f  t h e  rad ial l y  s y m m e t ric b as is  f unct io ns  is  t h at  t h e ir pro j e ct io n 
v al ue  is  ind e pe nd e nt  o f  t h e  ang ul ar o rie nt at io n.  T h e  m o s t  po pul ar 
rad ial l y  s y m m e t ric b as is  f unct io n re ce nt l y  ut il iz e d  in t o m o g raph y  
is  b as e d  o n t h e  B e s s e l -K ais e r f unct io n [ 3 ] .  T h is  b as is  f unct io n is  
o f t e n cal l e d  b l o b .  U t il iz ing  b l o b s  h as  s h o w n t o  g iv e  m o re  accurat e  
re co ns t ruct io ns  w it h  l o w e r l e v e l  o f  no is e .  T h e  ad v ant ag e  o f  b l o b s  
is  t h at  t h e ir b and w id t h  can b e  e as il y  ch ang e d  b y  d e t e rm ining  o ne  
param e t e r.  A ppro priat e  s e t t ing  o f  t h is  param e t e r al l o w s  o pt im al  
re co ns t ruct io n in t e rm s  o f  no is e  s uppre s s io n - co nt ras t  re co v e ry  
t rad e  o f f  [ 4 ] .  
B l o b s ,  h o w e v e r,  h av e  o ne  d is ad v ant ag e .  I m ag e  re co ns t ruct io n 

f ro m  pro j e ct io ns  can b e  pe rce iv e d  as  s o l v ing  t h e  s y s t e m  o f  l ine ar 
e q uat io ns .  T h e  unk no w n are  t h e  im ag e  v al ue s  w h e re as  t h e  k no w n 
are  t h e  m e as ure d  pro j e ct io n v al ue s .  T h e  t rans ie nt  m at rix  o f  t h at  
s y s t e m  d e s crib e s  t h e  co nt rib ut io n o f  t h e  im ag e  e l e m e nt  t o  e ach  
part icul ar pro j e ct io n v al ue .  U s ing  b l o b s  incre as e s  t h e  
co m put at io nal  d e m and s  b e caus e  t h e  t rans ie nt  m at rix  is  l e s s  s pars e  
d ue  t o  o v e rl apping  nat ure  o f  b l o b s .  
T h e re  are  al t e rnat iv e  w ay s  o f  m ak ing  t h e  t rans ie nt  m at rix  

s pars e r,  w h ich  h av e  b e e n d e s crib e d  in t h e  l it e rat ure .  O ne  o f  t h e  
s o l ut io ns  is  us ing  co nt e nt  ad apt iv e  m e s h  m o d e l  [ 5 ]  ins t e ad  o f  
unif o rm  s am pl ing .  T h e  l o cal  f re q ue ncy  co nt e nt  in an im ag e  v arie s  
s pat ial l y  ( im ag e  s ig nal s  are  s pat ial l y  no ns t at io nary ) .  T ak ing  t h is  
int o  acco unt  t h e  e m pl o y m e nt  o f  no nunif o rm  s am pl ing  s e e m s  t o  b e  
an e f f icie nt  w ay  o f  re pre s e nt ing  t h e  im ag e .  T h e re f o re ,  t h e  s e co nd  
appro ach  s e e m s  t o  h av e  g re at  po t e nt ial  f o r t h e  d e v e l o pm e nt  o f  
e f f icie nt  im ag e  re co ns t ruct io n al g o rit h m s .  
T h e  m e s h  re pre s e nt at io n h as  b e e n s h o w n us e f ul  in o t h e r are as  

o f  im ag e  pro ce s s ing .  I t  h as  b e e n re ce nt l y  us e d  f o r t rack ing  o f  
im ag e  s e q ue nce s  [ 6 ] .  I t  h as  b e e n appl ie d  t o  im ag e  co m pre s s io n [ 7 ]  
as  w e l l  as  im ag e  int e rpo l at io n [ 8 ] .  E v e n t h o ug h ,  t h is  w o rk  is  
d e d icat e d  t o  t h e  anal y s is  o f  co nt e nt  ad apt iv e  m e s h  m o d e l  f ro m  t h e  
po int  o f  v ie w  o f  it s  us e f ul ne s s  in t o m o g raph ic re co ns t ruct io n t h e  
re s ul t s  pre s e nt e d  h e re  are  ( t o  s o m e  e x t e nt )  v al id  in o t h e r f ie l d s .  
 

2 .  M et hod s  
 
I n m e s h -b as e d  m o d e l  o f  t h e  im ag e ,  t h e  d at a are  re pre s e nt e d  as   

a s e t  o f  int e ns it y  v al ue s  o f  k no w n po int s ,  cal l e d  no d e s .  T h e  no d e s  
are  co nne ct e d  t o g e t h e r f o rm ing  t h e  m e s h  o f  im ag e  e l e m e nt s .  T h e  
v al ue  o f  arb it raril y  ch o s e n im ag e  s am pl e  is  int e rpo l at e d  f ro m  t h e  
no d al  v al ue s  o f  it s  co rre s po nd ing  e l e m e nt  us ing  a s e t  o f  f unct io ns  
( cal l e d  s h ape  f unct io ns )  as s o ciat e d  w it h  t h e  e l e m e nt .  T h is  co nce pt  
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is taken directly from the numerical method of solving partial 
differential eq uations (P D E ’ s) called finite elements method 
(F E M ).  T herefore,  additional information concerning the mesh 
construction may b e found in appropriate popular F E M  literature,  
e. g.  [ 9 ] .  A nother loose analogy b etw een F E M  and C A M M  can b e 
made: in b oth methods partitioning of the prob lem domain allow s 
simplification of computations.  F or P D E ’ s it transforms  
a differential eq uation into the limited set of algeb raic eq uations.  
I n tomographic reconstruction tasks,  the use of C A M M  simplifies 
and speeds up the reconstruction algorithm [ 5 ] ,  since all the 
computations are performed only for nodal values.  
I n mesh model,  the sought function f(x) (w here x  denotes 2 -D  or 

3-D  vector) is interpolated over each element using the values of 
the relevant nodes [ 1 0 ] : 
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w here: N – numb er of nodes in the element,  φi – shape function 
associated w ith i-th node,  xi – value of  f  in i-th node.  
T he interpolating functions are called shape functions.  F or any 
point x (vector in tw o or three dimensional space): 
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T he shape functions values in the nodes fulfill the follow ing 
property: 
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F or 2 -D  triangular elements w ith linear interpolation (see figure 1 ) 
the shape functions are defined as follow s [ 9 ] : 
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w here ∆  denotes the area of the element.  F igure 1  presents the 
schematic view  of a single element and its mapping b ack into the 
pix el domain (used for displaying the interpolated solution).  T he 
q uality of the approx imation depends on a measure called element 
q uality.  I n general,  the closer to the eq uilateral is the triangle,  the 
b etter is the approx imation.  
 

  
F i g .  1 .  T h e  s c h e m a t i c  v i e w  o f  a  s i n g l e  e l e m e n t  a n d  i t s  m a p p i n g  b a c k  i n t o  t h e   

p i x e l  d o m a i n  
 
T he first step conducted during mesh construction is the 

determination of the feature map.  T he feature map is an image 
ob tained from the original image using a transformation w hich 
should detect significant features and surpass regions that contain 
less detail.  A s proposed b y Y ang et al [ 1 0 ]  the feature map serves 
as a measure of the high freq uency content in the particular area of 
the image.  S uch situation is further discussed using an ex ample of 
b iomedical imaging data,  i. e.  P E T  b rain scan.  T he most significant 

information in that image - the presence of a tumor may have 
much low er contrast values than ob j ect b oundaries and 
measurement noise.  A nother ex ample considered here w ill b e the 
S hepp-L ogan phantom,  in w hich most of the structures are of low  
contrast.  I n figure 3 the contrast has b een increased for 
presentation purposes.  I n terms of grayscale values,  the dots in the 
middle of the ellipse differ from the b ackground b y only 1 % .  

A ccording to [ 1 0 ]  the feature map σ(x) is computed as follow s:  
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w here the parameter γ > 0  is used to adj ust the sensitivity of the 
output image for edges in the input image.  I t is also claimed that 
the input image should b e initially filtered using low pass filter.  
C omputation of directional derivatives involves using digital 
approx imation of differentiation [ 1 0 ] .  
T he feature map ob tained in a w ay describ ed ab ove w as used 

for determining the location of the nodes of triangular mesh.  T he 
numb er of nodes may b e determined arb itrarily (considering the 
siz e of the image) or using statistical measure,  as presented in 
[ 1 0 ] .  I n this paper it w as assumed that the numb er of nodes should 
b e eq ual to 5 %  of the numb er of pix els in the image.  
T he nodes w ere placed using F loyd-S teinb erg (F S ) dithering 

algorithm [ 1 1 ]  w ith thresholding (to ensure given numb er of 
nodes).  T he algorithm originates from computer graphics.  I t is 
b ased on error dispersion.  F or any pix el in the image it finds the 
closest availab le color (e. g.  b lack or w hite for 2 -color dithering),  
and computes the difference b etw een found color and original 
image.  T his difference is dispersed among the neighb oring pix els 
according to given mask of w eights.  I n cited w orks on C A M M  it 
w as used to determine the placement of mesh nodes.  W hen the 
value of a pix el in the output image of F S  algorithm ex ceeded 
assumed threshold,  that pix el w as chosen to b e a mesh node.  
T he reconstruction accuracy w as assessed using P eak S ignal T o 

N oise R atio (P S N R ) [ 1 0 ] ,  defined as: 
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w here the denominator denotes vector norm of difference b etw een 
original and reconstructed image.  
 
3. R e s u l t s  
 
T he C A M M  models of tw o images typical for medical 

applications w ere created.  T he first one w as a reconstruction from 
an 1 8 F -fluoro deox yglucose b rain scan.  T he data w ere ob tained 
using E C A T  E X A C T  H R  (S iemens/ C T I ,  K nox ville,  T N ) P ositron 
E mission T omography (P E T ) scanner.  T he results are presented in 
figure 2 .  T he plot a) is the original image in the pix el domain.  P lot 
b ) contains the location of the mesh nodes,  ob tained using the 
F loyd-S teinb erg algorithm.  P lot c) presents the triangular mesh,  
w hereas the plot d) show s the image after conversion b ack into the 
pix el domain.  I t is clearly visib le,  that the mesh representation acts 
like a lossy compression – it suppresses small,  low -contrast 
details.  I f these are only the effects of measurement noise (like in 
case of  figure 2 ),  all the important data are preserved.   
F or the image presented in figure 2 ,  ob tained P S N R  eq ualed 

5 5 . 5 4  dB .  T his value represents only the distortion introduced b y 
the triangular representation.  A ny operations performed in 
triangular mesh domain w ould additionally decrease this value,  
introducing further errors.   
H ow ever,  there might b e some situations w hen the small,  low -

contrast ob j ects play crucial role during the diagnostic process.  
P opular artificial dataset representing such a case is called S hepp-
L ogan phantom.  F igure 3 show s the mesh model and 
reconstructions for S hepp-L ogan phantom,  ob tained analogously 
like in case of b rain image.  
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F i g . 2 .  R ep r es ent a t i o n o f  P E T  b r a i n r ec o ns t r u c t i o n u s i ng  t r i a ng u l a r  el em ent s  :   

a )  t o m o g r a p h i c  r ec o ns t r u c t i o n u s i ng  F i l t er ed  B a c k p r o j ec t i o n A l g o r i t h m ;   
b )  no d e p l a c em ent ;  c )  m es h  s t r u c t u r e;  d )  p i x el  r ec o ns t r u c t i o n f r o m  t h e 
C A M M  m o d el  

 

  
F i g . 3 .   R ep r es ent a t i o n o f  S h ep p -L o g a n p h a nt o m  u s i ng  t r i a ng u l a r  el em ent s  :   

a )  o r i g i na l  i m a g e;   b )  no d e p l a c em ent ;  c )  m es h  s t r u c t u r e;  d )  p i x el  
r ec o ns t r u c t i o n f r o m  t h e C A M M  m o d el  

 
I n b ot h  cases t h e num b er of  nod es eq ual ed  t o 5 %  of  t h e t ot al  

num b er of  pi x el s i n t h e i nput  i m ag e.  T h e rat i o of  P S N R  m easure 
f or b ot h  i m ag es w as sum m ari z ed  i n t ab l e 1 . T h e resul t s sug g est  
t h at  t h e al g ori t h m  perf orm ed  b et t er f or t h e S h epp-L og an ph ant om  
t h an f or t h e b rai n i m ag e. 
 

T a b . 1 .  C o m p a r i s o n o f  t h e P S N R  r a t i o  f o r  b o t h  i m a g es  
 

 w h o l e i m a g e a r ea  R O I  ( 3 1 x 3 1  p i x el s )  
P E T  b r a i n 5 5  d B  3 9  d B  

S h ep p -L o g a n P h a nt o m  6 7  d B  8 4  d B  
 
H ow ev er,  t h e v i sual  anal y si s of  t h e i m ag e sug g est s cont rary  

concl usi on. A nal y si s of  t h e pl ot  3 c)  ex pl ai ned  t h e f act  of  t h e 
suppressi on of  t h e d et ai l s. T h e nod e-pl acem ent  al g ori t h m  h as put  
al l  t h e nod es on t h e b ound ary  of  t h e out er el l i pse,  si nce i t  prod uces 
t h e l arg est  v al ue of  t h e f eat ure m ap ( d ue t o h i g h  cont rast ) . 
R el at i v el y  f ew  nod es w ere pl aced  i n t h e i nt eri or area. T h i s 
h appened  b ecause of  t h e l ow  cont rast  v al ues of  t h e i ncl usi ons. T h e 
m ost  si g ni f i cant  reg i ons of  t h e i m ag e l i e i nsi d e t h e t ri ang l es,  and  
are t h eref ore approx i m at ed  b y  t h e l i near f unct i ons. T h ey  l oose 
t h ei r l ocal  ch aract er,  b ei ng  “ sm eared ”  al l  ov er t h e area of  such   
a t ri ang l e. O n t h e ot h er h and ,  t h e P S N R  m easure i s i m m une t o t h e 
real  si g ni f i cance of  t h e i m ag e reg i ons. L oosi ng  t h e l ow  cont rast  

v al ues ( d i ag nost i cal l y  i m port ant )  d oes not  l ow er t h e P S N R  resul t s 
as m uch  as l osi ng  t h e h i g h  cont rast  part s ( ev en i f  t h ey  are onl y  t h e 
ef f ect  of  noi se) . T h eref ore,  anot h er q ual i t y  m easure sh oul d  b e 
const ruct ed  f or t h e i m ag es h av i ng  si m i l ar ch aract er.  A not h er 
prob l em  i s t h e t ri ang l e q ual i t y . T h e approx i m at i on of  t h e i nner 
v al ues i s t h e b et t er;  t h e m ore eq ui l at eral  i s t h e t ri ang l e [ 9 ] . T h e 
al g ori t h m  proposed  b y  Y ang  et  al  [ 1 0 ]  d oes not  cont rol  t h i s 
f eat ure. C ert ai n i m ag es m ay  resul t  i n accept ab l e m esh es,  w h ereas 
t h e ot h ers m ay  appear anal og ous t o t h e S h epp-L og an case – 
cont ai n m any  l ow  q ual i t y  el em ent s. T h i s error of  approx i m at i on i s 
ad d ed  t o t h e ov eral l  represent at i on error. I t  w oul d  b e ad v i sab l e,  i f  
t h e al g ori t h m  coul d  i nsert  ad d i t i onal  nod es w h en necessary  and  
cont rol  t h e m esh  q ual i t y . 
 
4. C o n c l u s i o n s  a n d  f u t u r e  w o r k  
 
T h e C A M M  m od el  w as anal y z ed  i n t h e paper. F or b ot h  b rai n 

reconst ruct i on and  S h epp-L og an ph ant om  t h ei r f eat ure m aps and  
C ont ent  A d apt i v e M esh  M od el s w ere creat ed . T h en t h e i m ag es 
w ere conv ert ed  b ack  i nt o t h e pi x el  d om ai n. T h e resul t s w ere 
assessed  usi ng  b ot h  num eri cal  m easure ( P S N R )  and  v i sual  
i nspect i on. T h e C A M M  approach  appeared  successf ul  f or t h e 
b rai n i m ag e,  d ue t o t h e f act  t h at  i t  d oes not  cont ai n v ery  l ow -
cont rast  cont ent  of  g reat  si g ni f i cance. O n t h e ot h er h and ,  t h e m esh  
represent at i on of  t h e S h epp-L og an ph ant om  l ooses cruci al  i m ag e 
el em ent s. A d d i t i onal l y ,  i t  i s not  ref l ect ed  i n t h e num eri cal  q ual i t y  
m easure. T h e m ai n concl usi on i s t h at  t h e ei t h er C A M M  approach  
sh oul d  not  b e used  f or i m ag es w i t h  l ow -cont rast  reg i ons of  
i nt erest ,  or t h e nod e pl acem ent  sch em e sh oul d  b e correct ed  t o 
prev ent  ex cess concent rat i on of  nod es i n uni m port ant  reg i ons of  
h i g h  cont rast  and  sh ort ag e of  nod es i n l ow -cont rast  part s of  t h e 
i m ag e. I t  i s post ul at ed  t h at  cont rast  st ret ch i ng  coul d  b e a possi b l e 
prob l em  t o t h at  l i m i t at i on. T h i s i s a m at t er of  f ut ure st ud i es. 
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