
•  Graphical	  model	  factorizes	  as	  
"J ⇠ N (0,�2

J)
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Es1mate	  Interpola1on	  Uncertainty	  with	  Gaussian	  Processes	  
Image	  resampling	  as	  Bayesian	  predic3on	  
•  Gaussian	  process	  over	  images	  
•  Predict	  resampled	  image	  

Registra1on	  with	  Interpola1on	  Uncertainty	  Es1ma1on	  
Integrate	  uncertainty	  into	  similarity	  measure	  

Registra1on	  Experiments:	  
•  Three	  MR	  datasets:	  	  (i)	  BrainWeb,	  	  	  (ii)	  RIRE,	  	  	  	  (iii)	  Head	  
•  Comparison	  of	  registra3on	  errors	  for	  different	  interpola3on	  schemes:	  	  

nearest	  neighbor,	  linear,	  spline,	  cubic,	  GP	  (σ2I	  =	  σ2J	  =	  0.1)	  
•  Variance	  approxima3on	  indicated	  with	  ‘V’	  	  
•  Sta3s3cs	  over	  50	  runs	  from	  random	  ini3al	  transforma3ons	  

Introduc1on	  
•  Intensity-‐based	  registra3on	  requires	  interpola3on	  	  

for	  compu3ng	  the	  similarity	  of	  images	  
•  Uncertainty	  of	  interpola3on	  varies	  across	  the	  image	  
•  Problem:	  All	  loca3ons	  have	  same	  influence	  on	  similarity	  
•  Goal:	  Es3mate	  interpola3on	  uncertainty	  and	  	  

propagate	  uncertainty	  to	  similarity	  measure	  
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Comparison	  of	  interpola3on	  func3ons	  	  
in	  spa3al	  and	  frequency	  domain	  

•  Maximum	  likelihood	  es3ma3on	  to	  retrieve	  transforma3on	  

•  Marginalize	  over	  latent	  random	  variable	  	  

•  Log-‐likelihood	  func3on	  as	  similarity	  metric	  

Prac3cal	  considera3ons	  
•  Block-‐wise	  es3ma3on	  for	  3D	  images	  due	  to	  large	  kernel	  size	  
•  Approxima3on	  of	  the	  similarity	  measure	  by	  variances	  on	  the	  diagonal	  	  

(closely	  related	  to	  sum	  of	  squared	  differences)	  

•  Approxima3on	  of	  variance	  by	  weights	  from	  linear	  interpola3on	  	  
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V = ab + cd 

2D	  registra3on	  results	  
•  Full	  covariance	  matrix	  
•  Length	  scale:	  l=2.5	  

3D	  registra3on	  results	  
•  Diagonal	  entries	  of	  covariance	  matrix	  	  
•  Par33oning	  the	  image	  in	  8	  x	  8	  x	  8	  cubes,	  length	  scale	  l=2.5	  

p(I, J, J⇤;T,�J ,�I , l) = p(J⇤|J ;T,�J , l) · p(I|J⇤;�I)

= N (µJ ,⌃J) · N (J⇤,�2
II)

Interpola3on	  

Similarity	  Metric	  

Transforma3on	   Moving	  Image	  

Fixed	  Image	   Resampled	  Image	  

J ⇠ GP(0, k)

p(J⇤ | J ;X⇤, X) = N (µJ ,⌃J)

µJ = k(X⇤, X) · [k(X,X) + �2
JI]

�1 · J
⌃J = k(X⇤, X⇤)� k(X⇤, X) · [k(X,X) + �2

JI]
�1 · k(X,X⇤)

X = T (⌦J)

X⇤ = ⌦I

" ⇠ N (0,�J)

k(x,x0
) = exp
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Model	  details	  
	  
•  Observa3ons	  on	  transformed	  grid	  

•  Predic3on	  on	  fixed	  grid	  	  
	  
	  

•  Squared	  exponen3al	  kernel	  	  	  

	  
	  

•  Gaussian	  image	  noise	  
	  

Parameters	  
•  Length	  scale	  l	  in	  kernel	  determines	  smoothness	  of	  image,	  e.g.,	  	  

scale-‐space	  crea3on	  	  

•  Gaussian	  noise	  in	  both	  images	  	  

Blue:	  Approxima3on	  
Red:	  GP	  
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Uncertainty	  
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Head	  results	  
•  Diagonal	  entries	  of	  covariance	  matrix	  	  
•  Par33oning	  the	  image	  in	  8	  x	  8	  x	  8	  cubes	  	  
•  Length	  scale	  l=2.5	  
•  MR	  acquisi3ons	  on	  two	  different	  grids	  

Samples	  from	  Prior	   Samples	  from	  Posterior	   Posterior	  Mean	  and	  Cov	  

BrainWeb	   RIRE	  

BrainWeb	   RIRE	  


