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Goal of this Session

ÅProvide key concepts behind the 
demons algorithm

ïAlternate optimization

ÅShow that the demons is more of a 
framework than an algorithm

ïCan handle different application constraints

ÅIntuition on why demons is useful

ïLargely available, easy to code, decent 
accuracy and efficiency
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HISTORICAL 
BACKGROUND
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Yet Another Framework?

Optimization

Energy 
Model

Transformation 
Model

Transfor
mation

Source 
Image

Target 
Image

Difference 
Measure

Regularization 
Term

ÅWell -posed intensity -
based framework 
existed, did we need 
another one?

ÅDevil in optimization 
& numerics

ïN degrees of freedom 
on transformation 
N by N system to 
solve

ïHuge on 3D data
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Demons Rationale ca 1995

ÅTrade theory for efficiency

ÅTransformation: Each pixel has a 
displacement vector

ÅIntuitive image forces to 
compute independent pixel 
displacements

ÅRegularize displacements  by 
Gaussian smoothing

Å(Thirion , 1995)
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Optical flow as Image Forces

ÅView images to register as in motion
ïFixed image I(x,t)

ïMoving image I(x, t+dt)

ÅBrightness consistency constraint
ïI(x+dx, t+dt) = I(x,t)

ÅTaylor expansion
ïI(x+dx, t+dt) I(x,t) + ɳ xI.dx + ɳ tI.dt

ÅOptical flow equation (e.g. Horn and 
Schunk , 1981)
ï xɳI.dx = - tɳI.dt = - ( I(x, t+dt) - I(x,t) )
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Optical flow as Image Forces

ÅNo unique solution to optical flow 
equation
ïAperture problem
ï Rely on the minimum norm solution
ïdx = (I(x,t) - I(x, t+dt) ). ɳ xI / ||ɳ xI||²

ïStabilize it in a somewhat ad -hoc manner

ÅIntuition behind the image force
ïDemons push according to image gradient 

if pixel value is lower than target value
ïResp. opposite of the image gradient if 

pixel value is higher than target value
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Classical Demons Algorithm

ÅUsing more convenient notation
ïF, M resp. fixed and moving images

ÅDemons iterations
ïInitial displacement field s

ïCompute image forces u to push 
Mƺs towards F
i.e. make Mƺ(s+u) more similar to F

ïs  Gaussian smoothing on s+u
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Examples by Thirion ca 1995
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Original Affine Demons

Courtesy D. Vandermeulen

Segmentation through
Atlas registration

Pairwise registration problem

Demons result

Courtesy R. Kikinis



THEORETICAL INSIGHT
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Beyond Thirion sView

ÅDemons are efficient but have 
shortcomings

ïNo strong theoretical analysis

ÅE.g. Not presented as energy minimization

ï Difficult to generalize

ÅSimilarity measures, transformation 
constraints, etc.

ï No insight on convergence

ïWhy does it work?
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Alternate Optimization

ÅSeveral attempts to interpret the 
demons

ïModersitzki et al., Cathier & Pennec

ïRefer to Darko stalk for fluid demons

ÅFocus on Cathier & Pennec approach

ïHidden variable c demons as 
minimization of a global criterion

ïE(c,s) = Sim(F,Mƺc)+dist(c,s)²+Reg(s)
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1: Correspondence energy 2: Regularization term



Classical Demons Revisited

ÅDemons iterations
ïs (displacement field) given

ïSSD Forces u to optimize
Ecorr( u ) = || F - Mƺ(s+u) ||² + ||u||²

ïAdditive update: c Ŷ s + u

ïDiffusion -like regularization (Gaussian):
s Ŷ Id + K (z c - Id )
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INTRODUCING 
DIFFEOMORPHISMS

A geometric approach to extend the demons

2010 -09 -24MICCAI 2010 Tutorial: Intensity -based Deformable Registration14



What s with Diffeomorphisms ?

Å Deformable registration not only about intensity 
differences
ïNeed to address the transformations

Å Diffeomorphic registration
ïOne to one, invertible, mapping
ïNo foldings
ïPreserves topology
ïEssential for computational anatomy
ïSound assumption if no privileged direction

Å Not all problems benefit from diffeomorphisms !
ïDifferent applications different constraints
ïE.g. topology changes from tumor resections

Å Should leverage a relevant representation of the 
transformation space
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Spatial Transformations

ÅSpatial transformations do not form vector 
spaces

ÅAddition: no geometric meaning
ïs1,s2 G s = s1+s2 G

ÅNatural operation: composition
ïs1,s2 G s = s1ƺs2 G,     s: p , s(p)=s1(s2(p))

ÅLie group structure
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Rigid body Projective Diffeomorphism

ƺ =

+                =    ??



Walking on Lie Groups

ÅInconsistency of additive 
optimization steps

ïAd-hoc or slow
s Ŷ s + u

ÅLie group Geometry

ïIntrinsic steps

ïNo constrain 
sŶ sƺexp( u )
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Exponential & Diffeomorphisms : 
Flows of Vector Fields
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exp( v/8 )

å Id + v/8

exp( v/4 )

= exp(v/8)²

exp( v/2 )

exp( v )



Diffeomorphic Demons

ÅVercauteren et al., NeuroImage 09

ÅDemons iterations
ïs (displacement field) given

ïSSD Forces u to optimize
Ecorr( u ) = || F - Mƺs ƺexp(u) ||² + ||u||²

ïDiffeomorphic update: c Ŷ s ƺexp( u )

ïDiffusion -like regularization (Gaussian):
s Ŷ Id + K ᶻ( c - Id )
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Synthetic Example
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Diffeomorphic
Demons

Additive
Demons

s



Brain Web Registration
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ÅSimilar visual appearance

ÅSimilar segmentation agreement 
ïDice index = 2 |X Y| / ( |X| + |Y| )

ÅSmoother and diffeomorphic transformations



WORKING ON DIFFERENT 
GEOMETRIES

When square lattices are just not enough
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First author
B.T. Thomas Yeo



Cortical Surfaces Registration

ÅHuman Cerebral Cortex 

ïHighly convoluted surface

ïFolding pattern correlated with 
cytoarchitectonics & function

ïFunctional organization largely 2D!

ÅModern MRI: Closed 2D mesh in 3D

ÅPopulation studies requires 
registration of these 2D meshes

2010 -09 -24MICCAI 2010 Tutorial: Intensity -based Deformable Registration23



Aligning Cortical Folds Directly 
in the Volume is Hard
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Affine transform of surfaces from one subject 

mapped to another. Courtesy L. Zollei.

Cortical surface 
extraction example



Spherical Demons Surface 
Registration Strategy

ÅLandmark -free

ÅIntrinsic use of the surface

ÅSpherical parameterization

ÅIntensities on surfaces are typically 
geometric attributes, e.g. curvature
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Extending the Diffeomorphic
Demons to the Sphere

ÅYeo et al., MICCAI 08

ÅSame diffeomorphism tools
ïExponential of velocity fields

ïScaling and squaring

ÅSame SSD -based objective function
ïE(c,s) = Sim( F , M ƺc ) + dist(c,s)² + Reg(s)

ÅRequires workable definitions of
ïTransformation distances: dist(c,s)

ïTransformation regularity: Reg(s)
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Choice of dist(s,c)

ÅRepresent deformations as tangent 
vectors

Å

Å

Å
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Spherical Demons: Step 1
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ÅInvert 2 x 2 
matrix per 
vertex
ÅIndependent 
of the chart

Chart



Spherical Demons: Step 2

ÅChoice of regularization

ÅApproximate optimum (Trouvé 98, Glaunès 04)

ïSpherical convolution

ïPractice: Iterated smoothing with close 
neighbors
ÅReduce parallel transport burden
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Parallel transport



Automatic Parcellation

Å39 cortical surface 
meshes

ÅSpherical Demons 
vs. FreeSurfer

ÅAtlas -based 
parcellation into 
sulci /gyri

ÅDice score, leave -n-
out

ÅStatistical test
ï24  better structures 

on 70
ïNo structure is worse
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Percentage of improvement on 
Dice score



USING OTHER SIMILARITY 
METRICS

Need more than SSD?
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DTI work with
B.T. Thomas Yeo

NMI work with
Marc Modat



Demons Similarity Metrics

ÅPrevious slides relied on SSD and focused 
on optimization strategy or transformation 
spaces

ÅOptimization strategy also dependent on 
the similarity metric
ïCan we extend the demons framework to 

something else than SSD?
ïYes, see e.g. the work by Cathier , Guimond or 

Stefanescu
ïIn this presentation, focus on DTI similarity
ÅNot presented in the previous talks
ÅHighlights the interdependence between similarity, 

transformation and optimization
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DTI vs. Scalar Registration

ÅDTI captures white matter fibers 
information

ïPixel: 3x3 positive matrix (tensors)

ÅTensors intrinsically linked to geometry

ïWarping changes the geometry

ïTensor reorientation required

ÅSimilarity metric

ïInfluenced by
reorientation
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DTI Similarity Criterion
ÅLocal rotation component (Finite 

Strain)

ïLocal linear approximation: s(p) å Jac(p) . p

ïClosest rotation:
R(p) = (Jac(p) Jac(p)T)-½ Jac(p)

ÅSimilarity using full tensor

ïSim(F, M, s) = × dist( F(p), R(p)T M(s(p)) R(p) )2

ïLog -Euclidean framework used
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Sim=||log(        ) - rot(log(         ))||²log



DTI Demons Forces

ÅYeo et al., ISBI 08

ÅRequires derivative of the similarity

ïFS uses matrix inverse square -root

ÅComplex closed -form

ïFinite difference: poor man s solution

ÅHappily we are in 3D!

ïUse 3D cross -product

ïdR=-R [ RT( tr((JJT)½)I - (JJT)½ )-1 × (RT)iṧ(dJT)i]ṥ
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DTI Results
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Sneak Peak at NMI Demons

ÅCollaboration with UCL
ïMarc Modat

ÅUses mutual 
information derivative
ïUnlike SSD -based 

metrics:
No 2 nd order info

ïConjugate gradient 
approach to control 
step size 

ÅNMI demons
ïBetter NMI than SSD 

demons
ïReverse 

holds
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Generate

Register

Multimodal Atlas



LOG -DOMAIN DEMONS

Ensuring diffeomorphism is not enough? You also need the 
inverse transformation?

2010 -09 -24MICCAI 2010 Tutorial: Intensity -based Deformable Registration38



Back to Spatial Constraints

ÅFrom previous slides: Demons is indeed a 
framework
ïAs such there is room for improvements and 

adaptations

ÅAs an example, we present a symmetric 
extension of the demons
ïSymmetry is sound for subject -subject registration

ÅOther extensions not presented in this tutorial
ïSubject template registration (with M. Sabuncu )
ÅSymmetry not advocated by probabilistic models

ïSpatio -temporal constraints
ÅCyclicity by J.M. Peyrat
ÅIncompressibility of heart muscle by T. Mansi
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Log -Domain Demons

ÅVercauteren et al., MICCAI 08

ÅLog -domain walking
ïReplace s sƺexp(u) by

ïexp(v) exp(v) ƺexp(u)

ïBut this may not exist

ÅApproximation with BCH formula
ïexp(v) ƺexp(Ůu) = 

exp( v + Ůu + [v,Ůu]/2 + [v,[v,Ůu]]/12 + é )

ÅLie bracket
[v,u](p) = Jac(v)(p).u(p) - Jac(u)(p).v(p)
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Symmetric Log -Domain 
Demons

ÅUse easy inverse: s-1 = exp(-v)

ÅIteration
ïImages I0, I1 and transformation s=exp(v)

given
ïForward demons forces uforw

ïBackward demons forces uback

ïUpdate
ÅvŶ İ ( Z(v,uforw) - Z(-v,uback))

ïRegularize (Gaussian)
ÅvŶ Kdiff vz
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Case Study: 3D+t Heart
ÅRegistration 

with initial time
ïForward: 

Propagation

ïBackward: 
Strain,
Stabilization
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Strain
dynamic

Courtesy Div. 
Imag . Sc., King s 
College London
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Nicolas Toussaint 
(INRIA) 


