
J »  

Europaisches  Patentamt 

European  Patent  Office 

Office  europeen  des  brevets (TT)  Publication  number  :  0  6 2 6   782   A 2  

EUROPEAN  PATENT  A P P L I C A T I O N  

(5?)  Int.  Cl.5  :  H 0 4 N 1 / 4 6  (2j)  Application  number  :  94420150.8 

(22)  Date  of  filing  :  25.05.94 

(30)  Priority  :  28.05.93  US  68823 

(43)  Date  of  publication  of  application  : 
30.11.94  Bulletin  94/48 

(S)  Designated  Contracting  States  : 
DE  FR  GB 

©  Applicant  :  EASTMAN  KODAK  COMPANY 
343  State  Street 
Rochester  New  York  14650-2201  (US) 

(72)  Inventor  :  Wan,  Shijie  J.,  c/o  EASTMAN  KODAK 
COMPANY 
Patent  Legal  Staff, 
343  State  Street 
Rochester,  New  York  14650-2201  (US) 
Inventor  :  Miller,  Rodney  L,  c/o  EASTMAN 
KODAK  COMPANY 
Patent  Legal  Staff, 
343  State  Street 
Rochester,  New  York  14650-2201  (US) 
Inventor  :  Sullivan,  James  R.,  c/o  EASTMAN 
KODAK  COMPANY 
Patent  Legal  Staff, 
343  State  Street 
Rochester,  New  York  14650-2201  (US) 

74)  Representative  :  Buff,  Michel  et  al 
Kodak-Pathe 
Departement  des  Brevets  et  Licences  CRT 
Centre  de  Recherches  et  de  Technologie 
Zone  Industrielle 
F-71102  Chalon  sur  Saone  Cedex  (FR) 

Method  and  apparatus  for  convex  interpolation  for  color  calibration. 

(57)  A  convex  interpolation  apparatus  and  method 
to  map  source  color  signals  in  a  n-dimensional 
color  space  to  target  color  signals  in  a  m- 
dimensional  color  space  includes  finding  a  set 
of  sample  signals  in  the  source  color  space 
whose  convex  hull  encloses  the  given  signal  ; 
determining  the  coefficients  needed  to  express 
the  given  signal  as  a  convex  combination  of  the 
set  of  sample  signals  ;  and  interpolating  the 
source  signal  to  obtain  a  target  signal  in  the 
target  color  space  by  using  the  coefficients  and 
the  sample  signals  is  the  target  color  space  that 
correspond  to  the  sample  signals  selected  in 
the  source  color  space.  The  sample  signals  in 
both  color  spaces  can  be  lattice  points  or  non- 
lattice  points.  A  method  and  apparatus  are  also 
provided  which  can  not  only  determine  if  a 
point  is  enclosed  by  a  convex  hull  of  a  set  of 
points  in  a  n-dimensional  space,  but  also  simul- 
taneously  derive  the  coefficients  needed  to  exp- 
ress  the  given  point  as  a  convex  combination  of 
the  set  of  points. 
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Cross  References  To  Related  Application 

This  application  is  related  to  the  concurrently  filed  applications  entitled  Method  And  Apparatus  For  Map- 
ping  Between  Color  Spaces  and  Creating  a  Three  Dimensional  Inverse  Lookup  Table  by  Wan,  Miller  and  Sul- 

5  livan  having  US  serial  number  068,941  and  Method  And  Apparatus  For  Determining  A  Gamut  Boundary  And 
A  Gamut  Descriptor  by  Wan  having  US  serial  number  068,887,  both  incorporated  by  reference  herein. 

BACKGROUND  OF  THE  INVENTION 

w  Field  of  the  Invention 

The  present  invention  is  directed  to  a  method  of  converting  color  data  from  one  color  space  or  coordinate 
system  to  another  color  space  or  coordinate  system  using  convex  interpolation  and,  more  particularly,  to  de- 
termining  whether  a  color  value,  point  or  signal  to  be  interpolated  is  within  a  convex  hull  of  the  color  values, 

15  points  or  signals  in  the  neighborhood  of  the  point  in  a  first  color  space  and,  if  so,  determining  the  interpolation 
weights  required  to  obtain  the  corresponding  target  color  value  in  the  second  space  using  the  points  in  the 
second  space  that  correspond  to  the  surrounding  points  in  the  first  space. 

Description  of  the  Related  Art 
20 

Interpolation  using  look-up  tables  (LUT)  is  an  approach  used  for  color  calibration  in  both  transforming  color 
signals  from  one  color  space  to  another  color  space  and  in  creating  tables  used  for  such  transformations.  A 
basic  goal  in  color  calibration  is  to  reproduce  color  images  generated  from  one  device  on  another  device  without 
loss  or  with  minimum  loss  of  color  fidelity.  Fig.  1  illustrates  a  color  calibration  process  to  reproduce  a  color 

25  image  for  device  I  on  device  II.  In  Fig.  1,  the  input  image  is  represented  in  a  device-dependent  color  space 
(DDCS1)  10,  the  output  image  is  represented  in  another  device-dependent  color  space  (DDCS2)  12,  the  trans- 
formation  between  DDCS1  and  DDCS2  is  performed  through  a  device-independent  color  space  (DICS)  14. 

The  relationship  between  a  DDCS  and  a  DICS  can  be  described  by  a  LUT  which  is  obtained  by  measuring 
a  number  of  color  patches  generated  from  the  specific  device.  For  convenience,  the  code  values  of  these  color 

30  patches  are  usually  chosen  to  be  lattice  points  spanning  the  full  range  of  the  DDCS,  while  their  corresponding 
points  in  the  DICS  may  be  spaced  irregularly.  An  interpolation  from  a  DDCS  to  a  DICS  is  a  called  forward  in- 
terpolation,  and  an  interpolation  from  a  DICS  to  a  DDCS  is  called  a  backward  interpolation  as  illustrated  in 
Fig.  2. 

We  now  consider  the  following  general  interpolation  problem.  LetX  =  {x1,  x2  xs}  be  a  set  of  points  in  a 
35  n-dimensional  vector  space  Rn(s  >  n),  and  Y  =  {ŷ   y2,  ...  ys}  be  a  set  of  the  corresponding  points  in  a  m-di- 

mensional  vector  space  R".  The  sample  set  of  (x^y^  (xs,  ys)  is  called  a  look-up  table  (LUT).  Given  a  point 
x  s  Rn,  we  want  to  find  its  corresponding  point  y  s  r"  by  interpolation  based  on  the  LUT. 

Multi-dimensional  interpolation  is  a  common  problem  in  computational  geometry,  computer  graphics,  and 
color  calibration.  Most  of  the  existing  interpolation  methods  are  designated  for  the  cases  in  which  the  sample 
points  xl  x2  xs  are  lattice  points  in  Rn  and,  as  a  result,  cannot  be  used  for  backward  interpolation  since 
the  points  in  the  LUT  are  non-lattice  points  in  the  DICS.  Among  these  forward  interpolation  schemes  are  the 
4-point  tetrahedron  interpolation,  the  6-point  prism  interpolation,  and  the  8-point  cube  interpolation,  also  known 
as  the  trilinear  interpolation.  More  general  interpolation  methods  which  do  not  require  that  x1lx2  xs  be  lattice 
points  in  Rn  include  the  vector  interpolation,  the  distance-based  interpolation  and  the  tetrahedral  interpolation. 
In  the  vector  model,  a  linear  function  is  used  to  interpolate  a  point  x  =  (zh  z2,  z3)T  (  where  T  denotes  the  trans- 
pose  of  a  vector): 

y  =  f(x)  =  a^   +  a2z2  +  a3z3  +  a4  (1  ) 
where  the  coefficients  ah  a2,  a3,  a4  s  R3  are  determined  so  thatf(x)  satisfies  the  following  boundary  conditions: 

50  W  =//.'"=  1-2,3,4,  (2) 
where  x̂   x2,  x3,  x4  e  R3  are  the  four  points  closest  to  x  in  X,  ŷ   y2,  y3,  y4  are  the  corresponding  points  of  x^ 
x2,  x3,  X4.  A  problem  with  this  model  is  that  it  sometimes  gives  an  interpolated  point  y  which  is  far  from  all  the 
points  yu  y2,  y3,  y4.  A  distance-based  model  interpolates  a  point  x  based  on  the  distances  between  x  and  k 
points  xu  x2  xk  closest  to  x: 

55 
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y = f ( x )   =  £)  Wiyi'  X*Xi '  

(3 )  

i=l 

where  ŷ   y2,  ...  yk  are  the  corresponding  points  of  x̂   x2  xk,  and 

10 

i=i 
15 

( 4 )  

where  ||  -  1|  denotes  the  Euclidean  distance,  p  is  usually  set  to  be  2.  A  problem  with  this  interpolation  scheme 
20  is  that  when  x  is  close  to  a  sample  point  Xj,  the  weight  or  coefficient  Wj  becomes  dominant,  resulting  in  a  flat 

region  in  the  neighborhood  of  y;.  A  common  problem  with  both  the  vector  interpolation  and  the  distance-  based 
interpolation  schemes  is  that  the  sample  points  used  for  interpolation  are  selected  based  on  distance  only.  This 
could  lead  to  a  situation  in  which  the  interpolation  formulas  are  used  for  an  extrapolation  problem  as  indicated 
by  Figure  3.  This  can  happen  simply  because  k  points  closest  to  a  given  point  x  may  not  necessarily  surround 

25  x  as  illustrated  in  Figure  3.  Tetrahedral  interpolation  requires  using  surrounding  points  for  the  interpolation, 
but  restricts  use  to  only  n+1  points  during  interpolation  in  an  n-dimensional  interpolation  problem.  This  makes 
tetrahedral  interpolation  sensitive  to  noise  and  less  robust.  In  addition  tetrahedral  interpolation  requires  three 
steps  in  the  process.  The  first  step  is  to  find  a  tetrahedron  which  encloses  the  given  point,  the  second  step  is 
to  determine  the  interpolation  coefficients  and  the  third  step  is  to  interpolate.  The  overhead  computation  in- 

30  volved  reduces  the  efficiency  of  the  interpolation  scheme. 
What  is  needed  is  a  more  powerful  interpolation  method  to  map  color  signals  between  color  spaces. 

SUMMARY  OF  THE  INVENTION 

35  It  is  an  object  of  the  present  invention  to  provide  an  interpolation  method  which  does  not  require  that  the 
sample  signals  or  points,  in  the  two  spaces  between  which  interpolation  is  performed,  be  lattice  points  as  in 
the  trilinearand  prism  interpolations. 

It  is  another  object  of  the  present  invention  to  provide  an  interpolation  method  which  does  not  require  that 
the  dimensions  n  and  m  of  the  two  spaces  be  the  same  as  does  vector  interpolation. 

40  It  is  a  further  object  of  the  present  invention  to  provide  an  interpolation  method  that  does  not  require  that 
only  n+1  points  be  used  for  an  n-dimensional  interpolation  as  does  vector  and  tetrahedral  interpolation. 

It  is  also  an  object  of  the  present  invention  to  provide  an  interpolation  method  which  does  not  select  sample 
signals  for  use  in  the  interpolation  based  on  distance  alone  as  do  vector  and  distance  based  interpolation  but 
rather  selects  sample  signals  based  on  both  distance  and  the  concept  of  a  convex  hull. 

45  It  is  still  a  further  object  of  the  present  invention  to  provide  an  interpolation  method  that  does  not  require 
three  steps  for  interpolation  as  does  tetrahedral  interpolation  but  rather  determines  a  set  of  proper  sample  sig- 
nals  to  be  used  for  interpolation  and  the  interpolation  coefficients  at  the  same  time. 

It  is  still  another  object  of  the  present  invention  to  provide  a  general  method  to  solve  a  convex  inclusion 
problem  which  determines  not  only  if  a  given  signal  is  enclosed  by  a  convex  hull  but  also  determines  the  coef- 

50  f  icients  necessary  to  express  the  signal  as  a  convex  combination  of  the  vertices  of  the  convex  hull. 
The  above  objects  can  be  accomplished  by  a  convex  interpolation  method  and  apparatus  that,  in  the 

source  space,  selects  k  points  close  to  the  given  point  being  interpolated  that  produce  a  convex  hull  or  volume 
enclosing  the  given  point.  These  surrounding  points  are  used  to  determine  interpolation  weights  which  are  ap- 
plied  to  the  corresponding  points  in  the  target  space  to  obtain  the  target  point  in  the  target  space. 

55  These  together  with  other  objects  and  advantages  which  will  be  subsequently  apparent,  reside  in  the  de- 
tails  of  construction  and  operation  as  more  fully  hereinafter  described  and  claimed,  reference  being  made  to 
the  accompanying  drawings  forming  a  part  hereof,  wherein  like  numerals  refer  to  like  parts  throughout. 
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BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

Figure  1  illustrates  a  transform  from  a  DDCS  to  another  DDCS  via  a  DICS  using  forward  and  backward 
interpolation; 

5  Figure  2  depicts  backward  and  forward  interpolation; 
Figure  3  illustrates  a  problem  of  distance-based  sample  interpolation; 
Figure  4  illustrates  the  hardware  components  of  the  present  invention; 
Figure  5  depicts  the  general  steps  of  the  present  invention; 
Figures  6  and  7  depict  the  method  of  determining  whether  a  point  is  enclosed  by  a  convex  hull  and  deter- 

w  mining  the  interpolation  coefficients; 
Figure  8  illustrates  a  calibration  process  from  a  scanner  to  a  printer;  and 
Figure  9  depicts  a  transfer  operation  from  scanner  RGB  code  values  to  CMY  code  values. 

DESCRIPTION  OF  THE  PREFERRED  EMBODIMENTS 
15 

The  present  invention  is  a  multidimensional  interpolation,  called  the  convex  interpolation,  for  color  calibra- 
tion.  The  convex  interpolation  is  a  smooth  mapping  from  a  n-dimensional  convex  hull  to  a  m-dimensional  con- 
vex  hull. 

As  illustrated  in  Figure  4,  the  present  invention  includes  a  computer,  such  as  a  Sun  Workstation  or  Apple 
20  Macintosh,  and  two  output  devices  22  and  24  which  can  be  printers  or  CRTs  or  film  writers.  Stored  in  the  com- 

puter  is  an  image  26,  that  is,  the  color  signals  which  are  used  to  create  the  image  on  the  first  device  22.  The 
color  signals  for  this  image  are  color  signals  in  the  first  device  dependent  color  space  12.  The  present  invention 
is  designed  to  allow  such  an  image  to  be  converted  into  device  dependent  color  space  signals  for  the  second 
device  24.  In  this  process  the  color  signals  28  for  first  device  22  are  converted  into  device  independent  color 

25  space  color  signals  30  using  a  conventional  forward  interpolation  and  a  look-up  table  32  for  the  first  device 
22.  The  color  signals  30  of  the  device  independent  color  space  can  be  converted  into  device  dependent  color 
signals  34  for  the  second  device  24  with  the  look-up  table  36,  normally  used  to  convert  color  signals  34  for 
device  2  into  the  independent  color  signals  30,  by  using  backward  interpolation.  This  is  a  very  time  consuming 
operation.  Instead  a  mapping  method  is  performed  using  the  look-up  table  36  and  a  gamut  descriptor  38  for 

30  the  second  device  24  to  create  an  inverse  look-up  table  40  as  described  in  the  related  application  previously 
mentioned.  This  inverse  look-up  table  can  then  be  used  to  rapidly  convert  the  color  signals  30  into  the  color 
signals  34.  The  convex  interpolation  and  convex  inclusion  determination  invention  described  herein  is  used  to 
determine  the  entries  in  the  inverse  look-up  table  and  then  can  be  used  to  convert  the  color  signals.  Of  course 
the  same  approach  can  be  taken  to  create  an  ILUT1  (41)  from  a  gamut  descriptor  42  and  the  LUT1  (32),  so 

35  that  ILUT1  can  be  used  to  convert  color  signals  34  in  DDCS2  into  color  signals  28  in  DDCS1  for  device  22. 
Figure  5  illustrates  the  general  procedure  used  by  the  present  invention  to  perform  the  interpolation  men- 

tioned  above.  The  first  step  60  is  to  select  k  points  which  are  nearest  the  point  x  to  be  interpolated  where  k^4 
since  four  points  is  the  minimum  necessary  to  form  a  convex  hull  which  encloses  a  point  in  a  three  dimensional 
space.  The  system  then  determines  62  whether  the  point  x  is  enclosed  by  the  k  points.  This  operation  will  be 

40  described  in  more  detail  with  respect  to  Figures  6  and  7.  As  the  step  62  is  performed  the  coefficients  necessary 
to  perform  the  interpolation  are  also  determined.  If  the  point  is  not  enclosed  by  the  set  of  points  selected,  the 
next  closest  point  is  added  to  the  set  and,  then  the  convex  inclusion  determination  is  performed  again.  The 
determination  of  the  nearest  points  in  both  step  60  and  66  is  performed  using  a  conventional  distance  formula 
such  as  the  square  root  of  the  sum  of  the  squares.  If  the  point  is  enclosed  by  the  set  of  points  selected  the 

45  present  invention  performs  the  interpolation  68  in  accordance  with  equations  6  and  7  set  forth  below. 
Let  us  consider  the  following  general  interpolation  problem.  Let  X  =  {xh  x2  xs}  be  a  set  of  irregularly 

distributed  points  in  a  first  n-dimensional  vector  space  Rn{s  >  n),  such  as  a  device  independent  color  space, 
and  Y  =  {ŷ   y2  ys}  be  the  set  of  the  corresponding  irregularly  distributed  points  in  a  m-dimensional  vector 

space  R"  ,  such  as  a  device  dependent  color  space.  Given  a  point  x  s  Rn  where  s  means  within  the  set,  we 
50 

p  want  to  find  its  corresponding  point  y  s  by  interpolation. 
Let  Xi  =  {xu  x2  xk}  be  a  subset  of  X.  The  convex  hull  formed  by: 

55 
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k  k 
CH(XX)  = ( x | x = £   wiXi.  £   ^ = 1 , ^   wk*0) 

(5 )  

The  points  in  X̂  are  close,  but  may  not  be  the  closest,  tox.  Let  Ŷ  =  {yi,  y2  yj  be  the  set  of  the  corresponding 
points  of  xu  x2  xk.  The  convex  interpolation  formula  is  given  by: 

10 

k 
y = f ( x ) = J ) w i y i .   k > n ,  

i=l 

15 
( 6 )  

where  the  coefficients  w  ̂ w2  wk  satisfy: 

k  k 

( 6 )  

20  V  ̂ V^ * = £   wixi  '  £   w+=1  -  wi  w^°   • 

(7)  

25 
Convex  interpolation  has  a  number  of  promising  properties.  It  requires  that  the  convex  hull  of  the  points 

used  to  interpolate  x  enclose  x,  as  implied  by  equation  (7).  This  is  of  fundamental  importance  in  concept  since 
it  makes  a  clear  distinction  between  interpolation  and  extrapolation.  The  interpolation  formula  given  by  equa- 
tion  (6)  satisfies  the  boundary  conditions: 

30  f  (xj  =  y;,  for  X;  e  X,  (8) 
Unlike  the  distance-based  schemes,  it  has  no  bias  on  region.  It  can  be  seen  from  equations  (6)  and  (7)  that 
when  x  moves  smoothly  within  the  convex  hull  CH(X1),  the  corresponding  point  y  also  moves  smoothly  in  the 
convex  hull  CH(Y1).  In  any  case,  the  interpolated  point  y  cannot  move  out  of  the  convex  hull  CH(Y1).  This  en- 
sures  good  performance  in  the  worst  case. 

35  The  convex  interpolation  scheme  described  above  does  not  specify  the  number  of  points-used  for  inter- 
polation,  nor  does  it  specify  how  to  select  these  points.  It  only  requires  that  the  convex  hull  of  the  points  used 
for  interpolating  a  point  x  enclose  x.  For  the  best  performance,  however,  points  used  for  interpolation  should 
be  chosen  to  be  as  close  as  possible  to  the  given  point.  The  following  procedure  may  be  used  to  find  these 
points. 

40  1)  Let  Z  =  {Xi,  x2  xn+1}  be  the  n+1  points  closest  to  x  in  X; 
2)  While  (x  $  CH  (Z))  { 

2.1)  find  the  closest  point  x'  to  x  in  X  -  Z; 
2.2)letZ  =  {x'}uZ; 

3)  Find  k  coefficients  w  ̂ w2  wk  satisfying  equation  (7),  where  k  is  the  number  of  elements  in  Z. 
45  4)  Compute  y  for  x  by  equation  (6). 

To  perform  the  convex  interpolation  scheme,  we  need  to  solve  the  following  convex  inclusion  problem:  Giv- 
en  a  point  x,  and  a  convex  hull  CH(x1,x2  xk)  in  Rn,  determine  ifxsCH(x1lx2  xk);  if  so,  find  k  coefficients 
W|,  w2  wk  satisfying  equation  (7). 

The  first  part  of  this  problem  can  be  solved  by  the  conventional  gift-wrapping  orthe  beneath-beyond  meth- 
50  od,  or  a  simpler  method  proposed  by  Kallay,  Convex  hull  made  easy,  Information  Processing  Letters,  vol.  22, 

1986,  161.  However,  these  methods  cannot  solve  the  second  part  of  the  problem.  In  what  follows,  we  present 
a  simple  method  to  solve  the  entire  convex  inclusion  problem. 

We  solve  the  above  problem  by  using  modified  conventional  linear  programming  techniques.  Linear  pro- 
gramming  is  a  general  method  used  to  solve  the  problem  of  minimizing  or  maximizing  a  linear  objective  function 

55  subject  to  a  set  of  linear  constraints.  The  convex  inclusion  problem  is  not  directly  related  to  linear  programming 
since  there  is  no  objective  function  involved.  However,  if  a  number  of  artificial  variables  are  introduced  and 
an  objective  function  based  on  these  variables  is  constructed,  the  convex  inclusion  problem  can  be  trans- 
formed  into  a  linear  programming  problem.  The  procedure  is  given  below: 
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1)Addxk+1  =  (1,0,...0)T  xk+d  =  (0,0,...1)T  10x^X2  xk  where  x1lx2  xk  are  the  candidates  for  forming 
a  convex  hull  enclosing  point  x.  This  step  adds  unit  vectors  to  the  list  of  points.  For  example  if  the  space 
in  which  x  is  found  is  RGB  space,  the  vectors  or  points  (1,0,0),  (0,1,0)  and  (0,0,1)  are  added  to  the  list  of 
points. 
2)  Solve  the  following  linear  programming  problem: 

k+n 
M i n i m i z e   V)  wi 

10  i=n+l 

( 9 )  

15  subject  to 

k+n  k+n 
J )   WiXi  =X'  Y,Wi=1 '   Wl  Wk+n>  0 

20  i*1  -i-i 

( 1 0 )  

25  where  the  objective  function  is  an  artificially  created  objective  function. 
3)  When  the  linear  programming  procedure  stops,  if  Minimize 

k+n 
30  £   Wi>0, 

i=k+l 

we  conclude  x  $  CH(x1,...xk),  otherwise,  we  conclude  x  s  CH(x1  xk)  and  in  this  case,  it  returns  k  coef- 
ficients  Wi  wk  satisfying  equation  (7).  Due  to  the  nature  of  linear  programming,  the  number  N  of  non- 

35  zero  coefficients  among  w  ̂ w2  wk  cannot  be  larger  than  n+1.  If  N  =  1  (assume  Wj  =  1),  then  x  =  Xjj  if 
N  =  2  (assume  Wj,  Wj  >  0),  then  x  lies  in  the  line  defined  by  Xj  and  Xjj  and  if  N  =  n+1  (assume  w  ̂ w2 
Wn+1  >  0),  then  x  is  enclosed  by  the  convex  hull  of  x̂   x2  xn+1.  Note  that  n+1  points  are  the  minimum 
number  of  points  required  to  form  a  solid  convex  hull  in  Rd. 
This  procedure  has  a  number  of  promising  properties.  First,  it  is  applicable  to  any  finite  dimensional  case. 

40  Secondly,  it  is  easy  to  implement.  Thirdly,  it  is  efficient  since  algorithms  with  the  expected  linear  time  com- 
plexity  are  available  for  solving  linear  programming  problems. 

The  above  discussed  procedure  is  illustrated  in  flowchart  form  in  Figures  6  and  7.  The  first  step  80  is  to 
read  in  the  points  or  vectors  to  be  processed  and  store  82  the  vectors  in  an  array.  The  system  then,  in  the  next 
step  84,  stores  initial  values  in  various  work  arrays.  The  system  then  tests  86  the  b  array  to  determine  if  it  con- 

45  tains  negative  components  and,  if  so  resets  88  the  array  contents.  The  system  then  enters  a  loop  in  which 
the  first  step  90  is  to  compute  the  sum  of  each  column  with  the  contents  of  the  slack  array.  If  all  the  sums  are 
non-positive  92,  the  system  outputs  94  a  message  indicating  that  the  x  is  not  enclosed  by  the  convex  hull  of 
the  set  of  vectors  read  in.  Otherwise  the  system  finds  96  the  pivot  element  and  then  sets  the  values  of  the 
basis  and  slack  array.  The  system  then  performs  100  a  conventional  gausiam  elimination  for  the  arrays  and 

50  computes  1  02  the  sum.  The  system  then  determines  1  04  whether  the  sum  is  greater  than  zero.  If  yes  the  system 
returns  for  another  loop.  If  not  the  coefficients  for  the  interpolation  are  computed  1  06  and  a  message  indicating 
enclosure  is  output  108. 

The  computing  step  106  of  Figure  6  is  illustrated  in  Figure  7.  The  weight  array  is  set  120  to  zero  and  then 
the  contents  of  the  b  array  are  loaded  122  into  the  weights  array  if  the  basis  and  the  array  are  equal  to  one. 

55  The  coefficients  are  then  stored  124  for  the  interpolation  operation. 
The  convex  interpolation  given  by  equations  (6)  and  (7)  is  a  very  general  interpolation  method.  The  linear 

programming  procedure  for  solving  the  convex  inclusion  problem  described  above  is  only  one  way  to  implement 
the  convex  interpolation. 

6 
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The  main  features  of  the  convex  interpolation  are  now  summarized  below.  It  is  a  smooth  mapping  from  a 
n-dimensional  convex  hull  to  a  m-dimensional  convex  hull  where  n  and  m  can  be  any  positive  integers  and 
they  do  not  have  to  be  equal.  It  does  not  require  that  the  sample  points  used  for  interpolation  be  lattice  points 
in  both  spaces.  It  makes  a  clear  distinction  between  interpolation  and  extrapolation  by  requiring  that  the  convex 

5  hull  of  the  points  used  to  interpolate  a  point  x  enclose  x.  This  is  superior  to  the  distance-based  point  selection 
strategy  because  sometimes,  the  convex  hull  of  k  points  closest  to  the  given  point  x  may  not  enclose  x  and  in 
this  case,  an  out-of-convex-hull  point  in  the  source  space  could  be  improperly  mapped  into  an  inside-convex- 
hull  point  in  the  target  space.  The  convex  interpolation  is  not  restricted  to  using  only  n+1  points  in  a  n-dimen- 
sional  source  space  for  interpolation.  More  than  n+1  points  can  be  used  for  interpolation  as  long  as  the  convex 

w  hull  of  these  points  encloses  the  given  point  x  and  the  interpolation  coefficients  satisfying  equation  (7)  can 
be  determined  by  using  whatever  method  is  appropriate.  Using  more  than  n+1  points  for  interpolation  can  im- 
prove  the  robustness  of  the  interpolation. 

To  demonstrate  the  usefulness  of  the  present  invention,  we  now  given  an  example  to  explain  how  to  use 
the  present  invention,  to  build  up  a  system  to  colorimetrically  reproduce  a  photographic  print  on  a  digit  thermal 

15  printer  via  a  scanner. 
Color  calibration  isa  process  used  to  establish  relationships  between  different  color  spaces,  so  that  colors 

can  be  reproduced  on  difference  devices  in  a  desired  manner.  Different  color  spaces  are  used  for  different 
devices  to  store  color  information.  Commonly,  RGB  color  space  is  used  for  scanners  and  CRTs,  and  CMY(K) 
color  space  is  used  for  printers.  Both  RGB  and  CMY(K)  are  device-dependent  color  spaces.  To  reproduce  a 

20  color  image  generated  from  one  device  on  another  device,  a  device-independent  color  space,  such  as  CIEXYZ 
or  CIEL*a*b*  is  introduced,  serving  as  a  bridge  to  link  different  device-dependent  color  spaces.  The  relation- 
ship  between  a  device-dependent  color  space  and  a  device-independent  color  space  may  be  established  by 
a  transfer  matrix  for  scanners  and  CRTs,  or  by  interpolation  using  LUTs  for  color  printers. 

Figure  8  illustrates  a  color  reproduction  system  which  consists  of  a  digital  color  scanner  130,  such  as  Per- 
25  kin-Elmer  PDS  1  01  0G,  and  a  thermal  color  printer  1  32,  such  as  a  Kodak  XL7700  printer.  The  input  to  the  system 

is  a  photographic  print  134.  The  output  of  the  system  is  reproduction  136  of  the  print.  A  Sun  Workstation  com- 
puter  138  is  used  for  the  conversion  calibration  processing.  The  goal  is  to  make  the  reproduction  colorimetri- 
cally  match  the  original. 

The  first  step  in  calibration  is  to  calibrate  the  scanner.  The  objective  is  to  derive  a  transfer  matrix  which 
30  describes  the  relationship  between  the  scanner  RGB  color  space  and  the  CIEXYZ  color  space.  To  do  this  a 

set  of  64  Munsell  test  color  patches  is  first  scanned  by  the  Perkins-Elmer  PDS  1  01  0G  scanner  1  30.  The  spectral 
reflectance  P(X)  of  each  color  patch  is  measured  by  a  Photo  Research  PC-703  spectroradiometerat  31  equally- 
spaced  wavelengths^,  X2,  ...  X31  from  400  nmto  700  nm.  The  CIEXYZ  tristimulus  values  for  each  color  patch 
are  calculated  by: 

35 

; r = A ] £ s ' U i ) p U 1 ) x U i )  

40 

31 

45 

Z = - X ) S ' t t i ) p { A i ) ^ ( A i )  

50 

31 
i C = ^ 5 ( X i ) y ( A . i )  

i=l 

55 
( 1 1 )  

where  s(X)  is  the  spectral  power  distribution  of  the  CIE  standard  illuminant  D65,  and  x(X),y(X),z(X)  are  the  CIE 
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standard  color  matching  functions.  Assume  that  the  relationship  between  the  scanner  RGB  and  CIEXYZ  is  lin- 
ear: 

X  R 
Y=M  G 

( 1 2 )  10 

where  M  is  a  3x3  matrix.  Let  Rj,  Gj,  Bj  and  Xj,  Yj,  Zj  (i  =  1  ,  2  64)  be  the  scanner  RGB  values  and  the  tristimulus 
values  for  the  64  color  patches.  They  are  normalized  so  that  0   ̂ Rj,  Gj,  Bj   ̂ 1,  and  0   ̂ Y   ̂ 1.  Substituting 
these  data  into  equation  (11)  yields: 

15 

@̂l  •  •  -  -̂ 64 

Gl'  •  -G6i 

- X  

Z±. 

64 
=M l64 64 

.B. "64 64 20 

( 1 3 )  

25  or 
U=MV.  (14) 

The  least-square  solution  to  equation  (13)  is  given  by: 
M=(UVT)(WT)-\  (15) 

At  this  point,  the  correlation  between  the  scanner  RGB  and  the  CIEXYZ  is  established  by  the  transfer  matrix 
30  M. 

The  second  step  is  to  calibrate  the  printer.  The  objective  is  to  find  a  LUT  from  the  printer  CMY  color  space 
to  the  CIEL*a*b*  color  space.  Kodak  XL7700  printer  132  is  a  thermal  printer  with  a  spatial  resolution  of  200 
DPI,  and  a  color  resolution  of  24  bits,  8  bits  for  each  of  the  C(cyan),  M(magenta),  and  Y(yellow)  channels.  A 
set  of  512  color  patches  is  produced  from  the  printer.  The  code  values  of  the  color  patches  are  chosen  to  be 

35  evenly  spaced,  covering  a  full  range  of  the  CMY  space.  The  spectral  reflectance  of  each  color  patch  is  meas- 
ured  by  the  same  Photo  Research  PC-703  spectroradiometer,  and  transformed  to  the  CIEXYZ  tristimulus  val- 
ues  by  equation  (11).  The  tristimulus  values  are  then  converted  to  CIEL*a*b*  by: 

L*  =116(Y/Y0)1/3-16 
a  *  =  5OO[p<ZKo)1/3  -  (V/Yo)1'3] 

40  b*  =  200[(  Y/Y0)1/3  -  (Z/Zq)1'3]  (16) 
At  this  point,  a  LUT  of  512  points  from  the  printer  CMY  color  space  to  the  CIEL*a*b*  color  space  is  obtained. 

Once  a  LUT  is  given,  mapping  from  the  CIEL*a*b*  color  space  to  the  printer  CMY  color  space  can  be  done 
by  the  convex  interpolation  method. 

Having  calibrated  the  scanner  and  the  printer,  we  are  now  ready  to  calibrate  the  system.  As  depicted  in 
45  Fig.  9,  the  original  photographic  prints  are  scanned  by  the  scanner  130.  The  scanner  RGB  signals  are  trans- 

ferred  to  the  CIEXYZ  tristimulus  values  using  the  matrix  M  given  by  equation  (12).  The  CIEXYZ  tristimulus 
values  are  then  converted  140  to  the  CIEL*a*b*  values  by  equation  (16).  Transformation  from  CIEL*a*b*  to 
the  printer  CMY  is  done  by  interpolation  142  as  follows. 

If  a  given  color  is  in  the  printer's  gamut,  as  determined  in  accordance  with  the  procedure  described  in  the 
so  related  application,  the  convex  interpolation  is  used  to  compute  its  corresponding  CMY  values  based  on  the 

LUT.  For  simplicity,  the  convex  interpolation  scheme  may  be  implemented  as  follows:  The  83  lattice  points  div- 
ide  the  CMY  space  into  73  cubes.  Each  cube  in  the  CMY  space  corresponds  to  a  convex  hull  of  8  points  in  the 
CIEL*a*b*  space.  To  interpolate  a  point  x  in  CIEL*a*b*,  we  use  the  approach  previously  described  to  find  a 
convex  hull  from  the  73  convex  hulls  which  encloses  x  (in  this  case,  k  =  8  and  n  =  m  =3).  Interpolation  at  x  is 

55  then  done  by  using  not  more  than  4  points  selected  from  the  8  points  of  the  convex  hull.  If  the  given  color  is 
out  of  the  printer's  gamut,  it  is  mapped  to  a  gamut  boundary  point  without  changing  its  hue  and  lightness  as 
described  in  the  related  application.  This  gamut  clipping  strategy  works  well  for  images  with  a  small  percentage 
of  out-of-gamut  colors  scattered  over  the  image.  Other  gamut  mapping  strategies  can  be  used. 

8 
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The  problem  with  the  calibration  scheme  described  in  Figure  9  is  the  efficiency.  Transformation  from 
CIEL*a*b*  to  CMY  is  a  slow  process  because  of  the  cost  to  determine  if  a  color  is  in  gamut,  the  cost  to  map 
an  out-of-gamut  color  to  an  in-gamut  color,  and  the  cost  to  search  for  a  proper  set  of  points  to  interpolate  an 
in-gamut  color.  Experiments  show  that  this  scheme  requires  a  long  time  to  calibrate  an  image  on  a  personal 

5  workstation. 
The  efficiency  of  calibration  as  illustrated  in  Fig.  9  can  be  significantly  improved  if  the  LUT  is  replaced  by 

an  inverse  look-up  table  (ILUT).  In  the  ILUT,  the  entry  points  are  lattice  points  in  CIEL*a*b*.  Interpolation  from 
CIEL*a*b*  to  CMY  can  be  done  by  the  timewise  inexpensive  trilinear  forward  interpolation.  The  ILUT  can  be 
constructed  from  a  LUT  by  using  the  convex  interpolation  in  a  similar  way  as  described  above.  Fora  lattice 

w  point  in  CIEL*a*b*  which  is  out  of  the  printer's  gamut,  we  map  it  to  a  point  inside  the  gamut;  if  it  is  in  the  printer's 
gamut,  we  compute  its  corresponding  point  in  CMY  by  convex  interpolation.  Since  only  a  small  percentage  (1  5- 
25%)  of  the  lattice  points  in  the  CIEL*a*b*  space  are  inside  the  printer's  gamut,  the  size  of  ILUT  should  be 
chosen  to  be  much  larger  than  the  size  of  LUT.  In  our  implementation,  the  ILUT  includes  21x41x45  points,  cov- 
ering  a  gamut  range  from  0  to  100  for  L*,  -100  to  100  for  a*,  and  -110  to  110  for  b*.  Construction  of  an  ILUT 

15  from  a  LUT  can  be  timewise  expensive,  but  it  needs  to  be  done  only  once  (off-line).  Once  an  ILUT  is  obtained, 
calibrating  an  image  of  1024x1024  can  be  done  in  less  than  a  minute  on  a  personal  workstation. 

The  many  features  and  advantages  of  the  invention  are  apparent  from  the  detailed  specification  and  thus 
it  is  intended  by  the  appended  claims  to  coverall  such  features  and  advantages  of  the  invention  which  fall  within 
the  true  spirit  and  scope  of  the  invention.  Further,  since  numerous  modifications  and  changes  will  readily  occur 

20  to  those  skilled  in  the  art,  it  is  not  desired  to  limit  the  invention  to  the  exact  construction  and  operation  illustrated 
and  described,  and  accordingly  all  suitable  modifications  and  equivalents  may  be  resorted  to,  falling  within 
the  scope  of  the  invention.  The  invention  is  summarized  as  follows  : 

1.  A  method  of  converting  a  color  signal  from  a  device  independent  color  space  to  a  device  dependent 
color  space  for  an  output  device,  comprising  the  steps  of: 

25  (a)  performing  a  convex  interpolation  of  the  color  signal  in  the  device  independent  color  space  to  pro- 
duce  a  converted  color  signal  in  the  device  dependent  color  space;  and 
(b)  displaying  the  converted  color  signal  using  the  output  device. 

2.  A  method  as  recited  in  1,  wherein  step  (a)  comprises  the  steps  of: 
(a1)  determining  whether  a  set  of  color  signals  in  the  independent  color  space,  which  have  a  known 

30  relationship  to  corresponding  signals  in  the  dependent  color  space,  form  a  convex  hull  that  encloses 
the  color  signal; 
(a2)  determining  interpolation  coefficients  if  the  convex  hull  encloses  the  color  signal;  and 
(a3)  performing  a  convex  interpolation  using  the  coefficients  and  the  corresponding  color  signals  to 
produce  the  converted  color  signal. 

35  3.  A  method  as  recited  in  2,  wherein  step  (a1)  comprises  the  steps  of: 
(i)  performing  a  convex  inclusion  procedure  on  the  set  of  signals;  and 
(ii)  adding  a  next  nearest  signal  to  the  set  if  the  convex  hull  does  not  enclose  the  color  signal  performing 
step  (i)  again. 

4.  A  method  as  recited  in  3,  wherein  step  (i)  comprises  the  steps  of: 
40  (A)  adding  unit  vector  signals  to  the  set;  and 

(B)  minimizing  a  sum  of  dimensional  weights  subject  to  signal  weight  times  the  corresponding  signal 
summing  to  the  color  signal,  the  sum  of  the  dimensional  weights  and  signal  weights  equaling  one  and 
the  dimensional  and  signal  weights  all  being  greater  than  or  equal  to  zero. 

5.  A  method  of  performing  a  conversion,  comprising  the  steps  of: 
45  (a)  determining  nearest  signals  in  the  first  space  whose  convex  hull  encloses  a  signal  to  be  interpolated; 

and 
(b)  performing  a  convex  interpolation  with  second  space  signals  corresponding  to  the  first  space  sig- 
nals. 

6.  A  method  of  converting  a  color  signal  from  a  device  independent  color  space  to  a  device  dependent 
so  color  space,  comprising: 

(a)  creating  an  inverse  look-up  table  using  a  look-up  table  and  backward  convex  interpolation;  and 
(b)  converting  the  color  signal  from  the  device  independent  space  to  the  device  dependent  space:  by 
forward  interpolation  using  the  inverse  look-up  table. 

7.  A  method  of  converting  a  first  signal,  comprising: 
55  (a)  performing  an  interpolation  of  the  first  signal  from  an  n  dimensional  vector  space  to  an  m  dimen- 

sional  vector  space  to  produce  an  interpolated  second  signal,  where  n  and  m  are  positive  integers  that 
need  not  be  equal;  and 
(b)  using  the  interpolated  signal  to  drive  an  output  device. 

9 
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8.  A  method  as  recited  in  7,  wherein  step  (a)  uses  sample  signals  in  the  n  and  m  dimensional  vectors  spaces 
and  the  sample  signals  in  the  two  spaces  can  be  lattice  or  non-lattice  signals. 
9.  A  method  as  recited  in  8,  wherein  step  (a)  uses  at  least  n+1  sample  signals. 
10.  A  method  as  recited  in  8,  wherein  step  (a)  selects  sample  signals  for  the  interpolation  by  determining 

5  whether  the  sample  signals  enclose  the  first  signal  in  a  convex  hull  and  responsive  to  distances  between 
the  sample  signals  and  the  first  signal. 
11.  A  method  as  recited  in  10,  wherein  the  sample  selecting  step  simultaneously  produces  interpolation 
coefficients  for  determining  the  second  signal. 
12.  A  method  as  recited  in  8,  wherein  step  (a)  determines  whether  the  first  signal  is  enclosed  by  a  convex 

w  hull  of  a  set  of  sample  signals  and  determines  coefficients  necessary  to  express  the  first  signal  as  a  convex 
combination  of  the  sample  points  forming  the  convex  hull. 
13.  A  method  of  interpolation  a  color  signal,  comprising  the  steps  of: 

(a)  finding  a  first  set  of  sample  signals  in  a  source  color  space  whose  convex  hull  encloses  the  color 
signal; 

15  (b)  determining  coefficients  which  express  the  color  signal  as  a  convex  combination  of  the  first  set  of 
sample  signals;  and 
(c)  interpolating  the  color  signal  to  obtain  a  target  signal  in  a  target  color  space  using  the  coefficients 
and  a  second  set  of  sample  signals  in  the  target  color  space  corresponding  to  the  first  set  of  sample 
signals. 

20  14.  An  apparatus,  comprising: 
an  output  device  for  reproducing  a  color  image  responsive  to  image  data  in  an  output  device  color 

space;  and 
a  computer  connected  to  said  output  device  and  performing  a  convex  interpolation  conversion  of 

the  image  data  from  a  device  independent  space  to  the  output  device  color  space  and  driving  said  output 
25  device. 

15.  An  apparatus  as  recited  in  14,  wherein  said  computer  comprises: 
enclosure  means  for  determining  whether  a  set  of  signals  in  the  device  independent  space  form  a 

convex  hull  enclosing  the  image  data; 
determination  means  for  determining  interpolation  coefficients  when  the  convex  hull  encloses  the 

30  image  data;  and 
interpolation  means  for  performing  an  interpolation  using  the  coefficients  and  second  signals  in  the 

device  color  space  corresponding  to  the  set. 

35  Claims 

1  .  A  method  of  converting  a  color  signal  from  a  device  independent  color  space  to  a  device  dependent  color 
space  for  an  output  device,  comprising  the  steps  of: 

(a)  performing  a  convex  interpolation  of  the  color  signal  in  the  device  independent  color  space  to  pro- 
40  duce  a  converted  color  signal  in  the  device  dependent  color  space;  and 

(b)  displaying  the  converted  color  signal  using  the  output  device. 

2.  A  method  as  recited  in  claim  1  ,  wherein  step  (a)  comprises  the  steps  of: 
(a1)  determining  whether  a  set  of  color  signals  in  the  independent  color  space,  which  have  a  known 

45  relationship  to  corresponding  signals  in  the  dependent  color  space,  form  a  convex  hull  that  encloses 
the  color  signal; 
(a2)  determining  interpolation  coefficients  if  the  convex  hull  encloses  the  color  signal;  and 
(a3)  performing  a  convex  interpolation  using  the  coefficients  and  the  corresponding  color  signals  to 
produce  the  converted  color  signal. 

50 
3.  A  method  as  recited  in  claim  2,  wherein  step  (a1)  comprises  the  steps  of: 

(i)  performing  a  convex  inclusion  procedure  on  the  set  of  signals;  and 
(ii)  adding  a  next  nearest  signal  to  the  set  if  the  convex  hull  does  not  enclose  the  color  signal  performing 
step  (i)  again. 

55 4.  A  method  as  recited  in  claim  3,  wherein  step  (i)  comprises  the  steps  of: 
(A)  adding  unit  vector  signals  to  the  set;  and 
(B)  minimizing  a  sum  of  dimensional  weights  subject  to  signal  weight  times  the  corresponding  signal 

10 
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summing  to  the  color  signal,  the  sum  of  the  dimensional  weights  and  signal  weights  equaling  one  and 
the  dimensional  and  signal  weights  all  being  greater  than  or  equal  to  zero. 

5.  A  method  of  performing  a  conversion,  comprising  the  steps  of: 
5  (a)  determining  nearest  signals  in  the  first  space  whose  convex  hull  encloses  a  signal  to  be  interpolated; 

and 
(b)  performing  a  convex  interpolation  with  second  space  signals  corresponding  to  the  first  space  sig- 
nals. 

10  6.  A  method  of  converting  a  color  signal  from  a  device  independent  color  space  to  a  device  dependent  color 
space,  comprising: 

(a)  creating  an  inverse  look-up  table  using  a  look-up  table  and  backward  convex  interpolation;  and 
(b)  converting  the  color  signal  from  the  device  independent  space  to  the  device  dependent  space  by 
forward  interpolation  using  the  inverse  look-up  table. 

15 7.  A  method  of  converting  a  first  signal,  comprising: 
(a)  performing  an  interpolation  of  the  first  signal  from  an  n  dimensional  vector  space  to  an  m  dimen- 
sional  vector  space  to  produce  an  interpolated  second  signal,  where  n  and  m  are  positive  integers  that 
need  not  be  equal;  and 
(b)  using  the  interpolated  signal  to  drive  an  output  device. 

8.  A  method  of  interpolation  a  color  signal,  comprising  the  steps  of: 
(a)  finding  a  first  set  of  sample  signals  in  a  source  color  space  whose  convex  hull  encloses  the  color 
signal; 
(b)  determining  coefficients  which  express  the  color  signal  as  a  convex  combination  of  the  first  set  of 

25  sample  signals;  and 
(c)  interpolating  the  color  signal  to  obtain  a  target  signal  in  a  target  color  space  using  the  coefficients 
and  a  second  set  of  sample  signals  in  the  target  color  space  corresponding  to  the  first  set  of  sample 
signals. 

30  9.  An  apparatus,  comprising: 
an  output  device  for  reproducing  a  color  image  responsive  to  image  data  in  an  output  device  color 

space;  and 
a  computer  connected  to  said  output  device  and  performing  a  convex  interpolation  conversion  of 

the  image  data  from  a  device  independent  space  to  the  output  device  color  space  and  driving  said  output 
35  device. 

10.  An  apparatus  as  recited  in  claim  9,  wherein  said  computer  comprises: 
enclosure  means  for  determining  whether  a  set  of  signals  in  the  device  independent  space  form  a 

convex  hull  enclosing  the  image  data; 
40  determination  means  for  determining  interpolation  coefficients  when  the  convex  hull  encloses  the 

image  data;  and 
interpolation  means  for  performing  an  interpolation  using  the  coefficients  and  second  signals  in 

the  device  color  space  corresponding  to  the  set. 

45 
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