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Abstract
This thesis presents contributions in three topics in non-linear modeling of
deformation and shape with applications to medical imaging:
To obtain compact description of deformation while keeping the capacity of
the deformation model, we present two results on registration and deformation
modeling. We introduce the kernel bundle framework which extends the LDDMM
framework to represent deformation at multiple scales while preserving much of
the mathematical structure underlying the original framework. We explore the
mathematical properties of the multi-scale construction and derive evolution equations with the bundle. The kernel bundle in particular allows application of sparse
priors across scales, and we use this property to obtain compact representations
while keeping the capacity of the deformation model and its ability to generalize
to test data. The method is evaluated on annotated lung CT images and a fast
GPU optimized registration algorithm is developed and tested.
In addition, sparse deformation representation with LDDMM is restricted by
representing only translational motion. We introduce higher order kernels in the
framework to allow modeling of locally aﬃne deformation. The higher order kernels
ﬁt naturally into the mathematical construction of the LDDMM, and this enables
us to derive evolution equations and a matching algorithm using ﬁrst order information. We show how the increased description capacity allows registration with
very few parameters, and we apply the kernels to register MR scans of patients
suﬀering from Alzheimer’s disease.
Performing statistics in non-linear spaces, in particular on Riemannian manifolds, requires computational tools to compute directions, distances, and projections. We present algorithms for computing the diﬀerential of the Exponential map
and second order derivatives on Riemannian manifolds leading to an algorithm for
computing exact Principal Geodesic Analysis, a generalization of PCA to manifolds which is exact as it does not use the common tangent space linearization. We
evaluate the results obtained with the exact algorithm against the standard PGA
method and provide new insight into when modelling non-linearity is beneﬁcial.
To reduce annotation variation in point based models, we introduce the bicycle
chain shape model for 2D-shape representation. The model imposes constraints on
the pairwise point distances which leads to a non-linear shape space when keeping
the constraints consistently enforced. We develop tools for performing statistics
on the embedded Riemannian manifold comprising the model, and we apply the
method to represent and perform statistics on a dataset of human vertebrae X-rays.
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Resumé
Denne PhD-afhandling omhandler ikke-lineær modellering af deformation og
former med anvendelser i medicinsk billedbehandling. Nye resultater præsenteres
indenfor tre hovedområder:
For at kunne beskrive deformation kompakt samtidig med at deformationsmodellens beskrivelsesevne bibeholdes, præsenterer vi to resultater til deformationsbeskrivelse og registrering. Vi introducerer kerne-bundt (kernel bundle) udvidelsen af LDDMM, der giver muligheden for at repræsentere deformation på ﬂere
skalaer samtidig med at store dele af den matematiske struktur, der ligger til grund
for den oprindelige model, bibeholdes. Vi undersøger de matematiske egenskaber
med multi-skala konstruktionen og udleder ﬂow-ligninger. Kerne-bundtet tillader
specielt brug af sparse priors på de enkelte skalaer, og vi benytter denne egenskab
til at opnå kompakte repræsentationer, samtidig med kapaciteten af deformationsmodellen og dens evne til at generalisere til testdata bibeholdes. Metoden evalueres på annoterede lunge-CT scanninger, og en hurtig registreringsalgoritme til
graﬁkprocessorer bliver udviklet og testet.
Kompakt deformationsbeskrivelse med LDDMM er yderligere begrænset ved
kun at repræsentere translatering. Vi introducerer højereordenskerner (higher order kernels) i modellen for at kunne modellere lokalt aﬃne deformationer. Højereordenskerner passer på en naturlig måde i den matematiske konstruktion bag
LDDMM, og ved at udnytte dette udleder vi ﬂow-ligninger og en registreringsalgoritme, der inkluderer førsteordens information. Vi viser hvordan den øgede kapacitet af modellen tillader registrering med meget få parametre, og vi benytter
kernerne til at registrere MR scanninger af patienter med Alzheimers sygdom.
Statistik i ikke-lineære rum, specielt på Riemannske mangfoldigheder, kræver
algoritmer til at udregne retninger, afstande og projektioner. Vi udvikler algoritmer til beregning af diﬀerentialet af eksponentialafbildningen og andenordensaﬂedte på Riemannske mangfoldigheder. Dette fører til en algoritme til at beregne
eksakt PGA, som er en udvidelse af PCA til mangfoldigheder og som er eksakt,
idet den ikke bruger tangentrumslinearisering. Vi sammenligner resultater beregnet med den eksakte algoritme med resultater fra den gængse PGA metode. Dette
giver ny indsigt i hvornår det kan betale sig at modellere ikke-linearitet.
For at reducere variation ved manuel annotering til punkt-baserede 2D-kurvemodeller, introducerer vi cykelkæde form-modellen (bicycle chain shape model).
Modellen indfører krav til de parvise afstande mellem punkter, hvilket fører til
et ikke-lineært formrum, når kravene indføres konsistent. Vi udvikler algoritmer
til at udføre statistik på den indlejrede mangfoldighed, som udgør modellen, og
vi benytter metoden til at repræsentere og udføre statistik på et datasæt med
røntgenbilleder af vertebrae fra mennesker.

iii

Contents
Introduction
1. Overview
1
Non-linear Modeling . . . . . . . . . . .
2
Registration and Deformation Modeling
3
Non-linear Statistics and Algorithms . .
4
2D Shape Modeling . . . . . . . . . . . .

vii

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

1
1
3
5
8

2. Paper #1:
Sparse Multi-Scale Diﬀeomorphic Registration: the Kernel Bundle
Framework
13
1
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2
Registration: the LDDMM and Kernel Bundle Variational Formulation
17
3
Kernels Momentum and the Kernel Bundle . . . . . . . . . . . . . . . . 18
4
Evolution Equations: Kernel Bundle EPDiﬀ . . . . . . . . . . . . . . . . 20
5
Sparse Kernel Bundle Representation . . . . . . . . . . . . . . . . . . . . 22
6
Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
7
Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
8
Conclusion and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3. Paper #2:
Higher Order Kernels and Locally Aﬃne LDDMM Registration
1
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2
LDDMM Registration Kernels and Evolution Equations . . . . . . .
3
Higher Order Kernels . . . . . . . . . . . . . . . . . . . . . . . . . .
4
Variations of the Initial Conditions . . . . . . . . . . . . . . . . . . .
5
Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6
Conclusion and Outlook . . . . . . . . . . . . . . . . . . . . . . . . .
A Time Evolution of µt . . . . . . . . . . . . . . . . . . . . . . . . . . . .
B Variation of the Kernel and Derivatives . . . . . . . . . . . . . . . . . .
C The Transpose Derivative System . . . . . . . . . . . . . . . . . . . . .
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4. Paper #3:
Accelerating Multi-Scale Flows for LDDKBM Diﬀeomorphic
istration
1
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2
LDDKBM Diﬀeomorphic Registration . . . . . . . . . . . . . . .
3
Parallelization and GPU Implementation . . . . . . . . . . . . .
4
Benchmarks: Towards Faster Registration . . . . . . . . . . . . .
5
Conclusion and Outlook . . . . . . . . . . . . . . . . . . . . . . .
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

31
33
37
39
46
49
54
56
58
59
62

.
.
.
.
.
.
.

65
67
68
69
71
72
73
73

Reg.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

v

5. Paper #4:
The Diﬀerential of the Exponential Map, Jacobi
Principal Geodesic Analysis
1
Introduction . . . . . . . . . . . . . . . . . . . . . .
2
Geometry and Notation . . . . . . . . . . . . . . .
3
The Diﬀerentials . . . . . . . . . . . . . . . . . . .
4
Exact PGA . . . . . . . . . . . . . . . . . . . . . .
5
Experiments . . . . . . . . . . . . . . . . . . . . . .
6
Conclusion . . . . . . . . . . . . . . . . . . . . . .
Acknowledgements . . . . . . . . . . . . . . . . . . . . .
A Expressions for the Derivative ODEs . . . . . . . . .
B The Projection Gradient . . . . . . . . . . . . . . . .
References . . . . . . . . . . . . . . . . . . . . . . . . . .

Fields and Exact
.
.
.
.
.
.
.
.
.
.

75
78
80
86
89
93
96
96
97
100
102

6. Paper #5:
Manifold Valued Statistics, Exact Principal Geodesic Analysis and
the Eﬀect of Linear Approximations
1
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2
Manifolds and Manifold Valued Statistics . . . . . . . . . . . . . . . . .
3
Principal Geodesic Analysis . . . . . . . . . . . . . . . . . . . . . . . . .
4
Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5
Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

105
107
109
111
115
119
119

7. Paper #6:
Bicycle Chain Shape Models
1
Introduction . . . . . . . . . . . . . . . . . . . . . .
2
Preshape Manifolds . . . . . . . . . . . . . . . . . .
3
Geodesics on the Manifold; the Exp- and Log-map
4
Experiments . . . . . . . . . . . . . . . . . . . . . .
5
Conclusion . . . . . . . . . . . . . . . . . . . . . .
References . . . . . . . . . . . . . . . . . . . . . . . . . .

121
123
124
126
127
129
129

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

8. Conclusion
131
1
Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
2
Outlook and Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . 132
Bibliography

vi

133

Introduction
Vertebrae may fracture as a result of osteoporosis; Alzheimer’s disease can lead to brain
atrophy; a reduction in hippocampal size has been observed with patients suﬀering from
depression or schizophrenia. These examples and a number of additional diseases cause
anatomical changes in the human body that can be observed using medical imaging
techniques and that can be explored using computer algorithms.
The ability to perform statistics is fundamental for empirical research, and the
overall goal of the work presented in this thesis is to allow statistical exploration of
imaging data showing changes in human anatomy. For example, a precise characterization of the shape change of the hippocampus may lead to improved understanding of
schizophrenia; if wear in certain areas of vertebrae indicates osteoporosis, early diagnosis and assessment of the eﬀect of treatments may be possible; knowledge of Alzheimer’s
disease may be gained by a more detailed view of the brain atrophy.
Based on examples as the above, we wish to allow statistics to be performed on the
shape of organs, and, to pursue this goal, this thesis concerns modeling and statistical
methods on deformation and shape. Statistics on geometric objects is far from as well
established as performing statistics on numbers, and quantiﬁcation of change requires
models, metrics, non-linear statistical methods, computational representations, and numerical algorithms. In addition, domain speciﬁc knowledge is often needed, and diﬀerent objects to be studied require diﬀerent models and algorithms. The work presented
here constitutes steps for speciﬁc methods seeking to allow statistics on anatomical
changes, and the papers contribute to components in the entire pipeline from model to
algorithm.

Summary of Contributions
The results presented add to the state-of-the-art by the following contributions:
Multi-Scale Deformation Modeling
The LDDMM registration framework has many important mathematical and
modeling properties but sparse deformation description with LDDMM is limited
in representing deformation at only one scale. We introduce the kernel bundle
framework for multi-scale deformation representation and explore the underlying
mathematical structure. The kernel bundle in particular allows application of
sparse priors across scales, and we use this property to obtain compact representations while keeping the capacity of the deformation model and its ability to
generalize to test data. The method is evaluated on annotated lung CT scans,
and we present a GPU optimized registration algorithm.
Higher Order Kernels for LDDMM
Finite dimensional representations of LDDMM do not directly support all aﬃne
motions; only a combination of translations can approximate non-translational deformations. This limitation restricts the ability to represent deformation sparsely.
We show how higher order kernels through the partial derivative reproducing
property ﬁt naturally into the LDDMM framework and how the new kernels allow compact representation of locally aﬃne deformation such as local rotation
and dilation. Through experiments, we demonstrate how the increased descripvii

tion capacity allows registration with very few parameters, and we apply the
kernels to register MR scans of patients suﬀering from Alzheimer’s disease.
Numerical Algorithms and Non-linear Statistics
Performing statistics in non-linear spaces, in particular on Riemannian manifolds,
requires computational tools to compute directions, distances, and projections.
We present algorithms for computing the diﬀerential of the Exponential map
and second order derivatives on Riemannian manifolds. These results lead to an
algorithm for computing exact Principal Geodesic Analysis, a generalization of
PCA to manifolds which is exact as it does not use the common tangent space
linearization. We evaluate the results obtained with the exact algorithm against
the standard PGA method and provide new insight into when modelling nonlinearity is beneﬁcial.
2D-Shape Modeling
To reduce annotation variation in point based models, we introduce the bicycle
chain shape model for 2D-shape representation. The model imposes constraints
on the pairwise point distances which leads to a non-linear shape space when
keeping the constraints consistently enforced. We develop tools for performing
statistics on the embedded Riemannian manifold comprising the model, and we
apply the method to represent and perform statistics on a dataset of human
vertebrae X-rays.

Structure of the Thesis
The main body of this thesis consists of papers presenting the research in which I have
been involved during my PhD studies. The present introduction will be followed by a
brief discussion of the relation between the presented papers and the current state of the
research ﬁelds that the papers concern. Following this, each of the papers are included
as published or submitted for review. Only page numbers have been converted in order
to ﬁt the numbering of the thesis. The papers are ordered according to the topic they
concern: registration and deformation modeling; non-linear statistics and algorithms;
and 2D shape modeling. The thesis will end with a short summary, concluding remarks,
and outlook.

Papers
The thesis comprises the six papers listed below all of which I am the ﬁrst author.
Three of the papers have been peer-reviewed, presented at conferences and published
in conference proceedings. The remaining three papers are submitted for journals and
currently under review. Paper #1, ”Sparse Multi-Scale Diﬀeomorphic Registration: the
Kernel Bundle Framework”, is the result of an invitation to submit to the Scale-Space
and Variational Methods special issue in the Journal on Mathematical Imaging and
Vision, and it combines and extends the three conference papers [1, 2, 3]. These three
conference papers are not included in the thesis since the material presented in the
papers is largely covered in Paper #1.
Further, I have contributed to three additional papers where I am not the ﬁrst
author. The six papers that are not part of the thesis are listed below as not included
viii

papers. Combined, the six papers included and the six papers not included constitute
the result of my 3 years of PhD studies 2009-2011 at the Image Group, Department of
Computer Science, University of Copenhagen.
Included Papers:
Sparse Multi-Scale Diﬀeomorphic Registration: the Kernel Bundle Framework
Stefan Sommer, François Lauze, Mads Nielsen, and Xavier Pennec. Paper invited for submission to the Scale-Space and Variational Methods special issue in
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December 2011.
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1.

Overview
The purpose of this chapter is to lay out the context of the papers comprising the thesis
and discuss the problems they address. We will start with high level comments on nonlinear modeling and the diﬃculties arising when diverting from linearity. Next, we
will discuss the three main topics of the thesis: registration and deformation modeling;
non-linear statistics and algorithms; and 2D shape modeling. These parts will concern
the purposes and results of the papers and give overall comments on the current state
of the ﬁelds. The “related work” sections in the papers provide short reviews of the
ﬁelds, and the intention is not to repeat those reviews here.

1

Non-linear Modeling

We wish to model, measure, and do statistics on organs with concrete examples being
bones, lungs, and the human brain. It is often hard to ﬁnd accurate linear models for
the geometry of organs, and it turns out that, in many cases, representations of the
geometry as points in Euclidean space fail to be adequate for statistical purposes. For
example, in Section 4 we consider outlines of human vertebrae, and a vertebra may
be represented by N points in R2 lying on the outline of a lateral X-Ray of the spine,
confer Figure 1.5(a). The arithmetic mean in R2N between a collection of such points
may however not look like a vertebra at all.
Non-linear modeling appears in the search for meaningful and theoretically wellfounded models that are accurate and compact. Prior knowledge can be used to restrict
the modeling space to objects which are actually meaningful to represent. For example,
we may deﬁne a subset of R2N that we ﬁnd represents realistic vertebrae and restrict the
model to this subspace. Such a subspace will most likely be non-linear. Furthermore,
it is often hard to deﬁne e.g. distances and distributions directly in the global modeling
space. Instead, modeling can be performed inﬁnitesimally, and the inﬁnitesimal constructions can be integrated to provide global structures. The LDDMM deformation
model that we discuss in Section 2 provides an example of how this approach can lead
to theoretically well-founded models. Both restriction of the modeling space and inﬁnitesimal approaches can reduce the dimensionality of the model leading to increased
compactness without reducing the accuracy of the representation. Correspondingly,
the increased compactness for a given accuracy can lead to increased accuracy when
comparing against a linear representation with equivalent dimensionality.
Non-linearity does, however, come at a price. Figure 1.1 shows common steps
1

1. Overview

Figure 1.1: Sketch of a modeling pipeline with elements needed for each step of non-linear
modeling (left) and linear modeling (right). To summarize: for linear models, most of the
required elements can be taken straight oﬀ the shelf and used; for non-linear models, every step
is complicated.

needed to go from problem deﬁnition to working tools that allow analysis in non-linear
spaces. For each element of this pipeline, research in mathematics, statistics, and
computer science has already developed solid linear tools. In contrast, for non-linear
modeling, many of the elements comprise active research areas. Non-linear modeling is
hard because the mathematics of non-linearity is involved; because the added freedom
requires careful selection of metrics; because statistics in non-linear spaces is largely
undeﬁned; because non-linear constraints are hard to represent in computational representations; and because actual algorithms may drown in numerical errors, local minima,
and prohibitive need for computing resources. The left column of Figure 1.1 also shows
the need for interdisciplinarity when working with non-linear modeling. Geometry,
statistics, numerical analysis, and domain speciﬁc knowledge all constitute important
parts.
The work constituting this thesis spans from model to implemented algorithm touching several parts of the pipeline show in Figure 1.1. The papers concern data of varying
nature and address diﬀerent non-linear problems; they are therefore best considered
distinct but related contributions to non-linear modeling.
One important general observation has reappeared when performing the research
presented in the papers: curvature is relative to spread, or, with an equation which
should be interpreted informally,
non-linearity = curvature × spread .
2

Registration and Deformation Modeling

If either the curvature of the modeling space is low or the data is very localized, there is
a good chance that a linear model in practice will perform just as well as a more precise
but complicated non-linear equivalent. On the other hand, if both curvature and spread
is high, even the presently known non-linear statistical models become problematic. As
we will see, modeling vertebrae using the bicycle chain model described in Paper #6
and Section 4 constitutes an example of the former case; applying the PGA procedure
described in Section 3 on human motion data is arguably an example of the latter case.

2

Registration and Deformation Modeling

Finding correspondences between geometric objects, organs in particular, is often of
interest: if we acquire CT scans of lungs, there will be a natural variation caused
by the respiratory process. We can remove this variation by ﬁnding correspondences
between points in the scans. Similarly, if we acquire baseline and follow-up MR scans
of the brain of a patient suﬀering from Alzheimer’s disease, we can use correspondences
between the scans to see possible progressing atrophy.
Registering geometric objects, images in particular, has been the subject of a huge
amount of work over the last decades. In this thesis, we focus on the deformable template view and the LDDMM framework. The LDDMM framework provides a complete
deformation model with a Lie group structure on spaces of deformations and Riemannian metrics. The metrics measure the cost of inﬁnitesimal deformations, and large
deformations are generated by integrating inﬁnitesimal motions. The beneﬁts are the
ability to measure distances between points, lines, surfaces, distributions, and images;
explicit control of the smoothness enforced in the registration; and possibility of performing well-founded statistics on the registration results. For the latter property,
the explicit mathematical foundation of LDDMM promises statistics measuring real
patterns in the data instead of possible artifacts of the registration algorithm.
Paper #1 and Paper #2 provide short introductions to the key concepts in LDDMM: the Lie group formulation, the tangent space with reproducible kernel Hilbert
space (RKHS) structure, the metric, and the EPDiﬀ evolution equations. We refer to
the papers for description of these concepts, and provide here the main outline for our
approach to LDDMM.
The deformation model in LDDMM is inﬁnitely dimensional, and most implementations reﬂect this by seeking discretizations as ﬁne as possible. The deformation we
wish to obtain when registering images may be of signiﬁcantly lower dimensionality
than provided by dense discretizations, and the dimensionality may vary over diﬀerent
spatial locations in the images. For example, large-scale deformation may be needed
when registering brains from diﬀerent subjects while e.g. atrophy may occur at small
scales during the progression of Alzheimer’s disease.
We wish to depart from dense discretization by looking for sparser representations
of deformation that contain interpretable information. We denote the basis elements
of such representations deformation atoms. In LDDMM, the fundamental notion of
kernel parametrizes inﬁnitesimal deformations, and kernels at diﬀerent spatial locations
are used as deformation atoms. Since the kernel has a ﬁxed scale and since it only
encodes translation information, sparse representations should ideally be accompanied
by increased capacity of the deformation description provided by each atom. Our work
on deformation modeling revolves around this program of allowing sparsity through
3

1. Overview

(a) Registering lungs in inhale and exhale phases; 3D CT. In Paper #1, Paper #3,
and [1, 3], we use annotated scans for registration with our kernel bundle multi-scale
registration framework.
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(b) Registering baseline and follow up scans; 2D MRI of an Alzheimer’s patient. The baseline
image (left) contains deformation atoms in the form of ﬁrst order kernels, confer Paper #2.
The ventricle area to be registered is marked in the follow up image (right).

Figure 1.2: Registration, ﬁnding correspondences between geometric objects, is important for
a multitude of applications. CT and MR data from [4, 5].

increased capacity with the introduction of the multi-scale kernel bundle framework and
by developing higher order kernels. The former has the eﬀect of varying the spatial
range of each deformation atom; the latter has the eﬀect of locally increasing the
description capacity of the atoms.
In the conference paper [1], we present simple examples illustrating why sparse
description of deformation occurring at diﬀerent scales at diﬀerent spatial locations
will require multiple scales in the deformation model. Based on these observations,
we introduce the kernel bundle or LDDKBM extension of LDDMM. The aim is to
allow multi-scale representation while keeping much of the mathematical structure of
LDDMM intact. In [2], we continue exploring the mathematical properties of the
multi-scale model by deriving the KB-EPDiﬀ evolution equations.
Including multiple scales in LDDMM has also been treated by Risser et al. [6, 7]
4
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and Bruveris et al. [8]. While the approach of Bruveris et al. corresponds to the
kernel bundle method with two scales, the approach of Risser et al. is diﬀerent in not
representing the momentum ﬁeld at diﬀerent scales. In contrast, the kernel bundle is
designed speciﬁcally to represent deformation individually at diﬀerent scales. This in
particular allows the momentum ﬁeld to vanish at some scales while being non-zero at
others at the same spatial locations, a property we denote sparsity across scales. It has
been shown [9] that optimal deformations with the original kernel bundle formulation
will coincide with optimal deformations with the approach of Risser et al. Thus, though
the kernel bundle is able to represent sparsity across scales, the cross-scale sparsity will
not occur without adding more information to the system. In [3], we pursue this by
applying sparse priors to the individual scales in kernel bundle framework, and we
demonstrate in the experiments section that sparsity across scales is indeed achieved.
Scale information may also arise from the data term, and we are currently continuing
the multi-scale program by searching for the right way to combine both multi-scale
representation, multi-scale regularization and prior information, and multiple scales
present in the data.
We were invited to extend the work presented in [2] for the Scale-Space and Variational Methods special issue in the Journal on Mathematical Imaging and Vision. This
resulted in Paper #1 which combines and extends the three conference papers [1, 2, 3]
to one account of the kernel bundle framework.
Continuing with the goal of obtaining sparser representations through increased description capacity, we develop higher order kernels for LDDMM in Paper #2. With the
common LDDMM representations and even with multiple scales, sparse representations
are limited to represent translational movements at each deformation atom. Contractions, expansions, rotations and other aﬃne transformations must be approximated
using several atoms. This limits the range of deformation that sparse representations
can describe. With higher order kernels, we extend each deformation atom to locally
represent ﬁrst order information and thus describe locally aﬃne transformations. We
illustrate the application of the higher order kernels by registering images using low
numbers of deformation atoms, and we use the method to register MR scans of patients with progressing atrophy caused by Alzheimer’s disease.
Finally, in Paper #3, we take a more implementation speciﬁc focus and develop
a GPU implementation of the kernel bundle algorithm. The resulting two-orders of
magnitude speedup from a single-threaded CPU implementation shows that including
multiple-scales does not rule out fast computation of the registration results with large
amounts of landmarks. In the paper, the kernel bundle framework is referred to as
LDDKBM.

3
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When using non-linear models for geometric objects, we are confronted with the problem of performing non-linear statistical analysis. In non-linear statistics, we cannot
directly use the inner product that is present in Euclidean spaces; with inﬁnitesimal
models, this is reﬂected in the contrast between the global nature of the inner product and the local nature of inﬁnitesimal variations. In addition, we must often take
care of inﬁnite dimensionality and artifacts such as non-uniqueness or non-existence
of means. In this thesis, we apply non-linear statistical methods to shape analysis
5

1. Overview

and human motion models but the need for statistical methods outside the Euclidean
settings is not limited to these examples, and much work has gone into generalizing
well-known Euclidean concepts to diﬀerent non-linear spaces. The ﬁeld is however far
from completely explored.
Almost no concept from Euclidean statistics has a straightforward generalization to
non-linear spaces. Here, we discuss issues in generalizing three of the most important
concepts before relating them to the two papers in this thesis concerning non-linear
statistics. Confer [10] for a recent review of the ﬁeld.
Means
�
The common arithmetic mean m = N1 N
i=1 xi has for Euclidean data the property of minimizing the variance between the data points xi ∈ Rd and m, i.e.
m = argminx∈Rd

N
�
i=1

�xi − x�2 .

(1.1)

By deﬁnition, the arithmetic mean is unique and it always exists. In non-linear
spaces, addition is most often not well-deﬁned; even if addition is deﬁned, it will
not be compatible with the metric structure and the arithmetic mean will not
provide a distance minimizing property (1.1).
The most frequently used non-linear equivalent of the arithmetic mean is the
Fréchet [11] mean that on a metric space M with distance dM (·, ·) generalizes
(1.1) to
N
�
dM (xi , x)2 .
(1.2)
m = argminx∈M
i=1

Note that m here is a set of global minimizers of the variance. Looking only at
local minimizers of (1.2), Karcher [12] shows that existence and uniqueness is
ensured for suﬃciently local data when M is a Riemannian manifold. For slightly
less local data, uniqueness may fail even in simple cases. Local minimizers of
(1.2) will be used when discussing the PGA generalization of PCA below. In the
experiments presented in the papers on non-linear statistics, we observed that,
in rough terms, either the data is suﬃciently localized for the situation to be
essentially linear or the data is non-localized making analysis centered around
the mean problematic, confer also Figure 1.3.
Gaussian Distributions
Gaussian distributions can be generalized to manifolds in several ways: by using the Laplace-Beltrami operator to obtain solutions to the heat equation or
Brownian motion; by projecting Euclidean Gaussian distributions in the tangent
space of the mean to the manifold using the Exponential map; by projecting
embedding space Gaussians to the manifold; and by maximizing global entropy
[10]. An important point is that we do not have the Euclidean convenience of one
distribution that satisﬁes all of these properties at once.
Principal Component Analysis
The Euclidean Principal Component Analysis (PCA) procedure aims to ﬁnd low
dimensional subspaces capturing the variance of a dataset. This can equivalently
6
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Figure 1.3: Even when the mean (1.2) is unique, centering analysis can be problematic
for non-local data. Here, data points on a sphere lie on a great circle passing through the
mean. Nevertheless and non-intuitively, exact PGA computes the ﬁrst principal direction to
be orthogonal to the great circle. Observing such phenomena is possible using the algorithms
developed in Paper #4.

be formulated either as minimizing residual errors or maximizing captured variance.
Principal Geodesic Analysis (PGA, [13, 14]) and Geodesic PCA [15, 16] both
provide abstractions of PCA to manifolds. PGA centers the analysis to the tangent space of local minimizers of (1.2) and aims for maximizing variance in linear
subspaces of the tangent space. Projections are deﬁned using the manifold distance but in order to make the computations feasible, orthogonal projections in
the tangent space are used as approximations. Geodesic PCA minimizes residual
errors and uses the fact that the minimizing geodesics need not pass the means
in non-linear spaces. Therefore, the analysis is not centered like PGA. PGA was
ﬁrst applied to medial representations, confer Section 4.
In two papers, we consider algorithms and statistics on Riemannian manifolds: in Paper
#4, an algorithm for computing the derivative of the Exponential map on manifolds is
developed with the application of computing PGA without approximating projections
with orthogonal projections in the tangent space. This procedure is denoted exact
PGA. Approximating projections with orthogonal projections in the tangent space
corresponds to a linearization of the manifold, and, from an algorithmic point of view,
the exact PGA procedure shows how essential notions in non-linear statistics can be
computed without such linearization. From a modeling point of view, it is however an
interesting observation that for fairly localized data, the diﬀerence between PGA and
exact PGA can be negligible. In order to test this further, we compare in Paper #5 the
exact and non-exact algorithms on a dataset of vertebrae outlines represented using the
bicycle chain shape model of Paper #6 and on a non-linear model of human pose. The
results emphasize that, informally, non-linearity equals curvature times spread: for the
7
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Figure 1.4: In Paper #5, we compare approximated and exact PGA on a non-linear spatial
model of human poses. In addition, in [17, 18], we use diﬀerent Gaussian-like distributions on
the pose manifold to drive a particle-ﬁlter based tracking algorithm.

vertebra dataset, a linear model would be suﬃcient; for the human poses that show
great variation, a linear model would result in a poor approximation.
In our papers [17, 18], two of the papers that are not included in the thesis, we
continue exploring the non-linearity of the human pose representation by using several
of the diﬀerent non-linear generalizations of Gaussian distributions to estimate human
poses from video sequences using particle ﬁltering system. In [17], tangent space and
embedding space Gaussians projected to the manifold are used, and, in [18], we develop
a numerical scheme for simulating manifold valued Brownian motion and use that in
the particle ﬁlter.

4

2D Shape Modeling

A large class of images of organs are two dimensional and this makes 2D modeling of
curves and shapes in the plane important. Outlines of human vertebrae will here serve
as the main example of 2D shapes, confer Figure 1.5(a).
2D shapes can be modeled using only the curve surrounding the shape or using the
entire interior of the shape. Approaches to the latter include modeling deformation of
the domain containing the shape or using set distances such as the Hausdorﬀ distance.
In this section, we will focus on curve models; in contrast, the LDDMM framework
discussed in Section 2 models domain deformation. Curve models can further be categorized in approaches modeling correspondence and approaches seeking invariance of
point correspondences. Point distribution models (PDM) are examples from the former category, and parametrization invariant models are members of the latter category.
Besides the fundamental question of how the distance between two shapes should be
deﬁned, confer Figure 1.5(b), the debate between proponents of each approach touches
aspects such as the problem of actually determining correspondences, the implication
of noise in the measurements on invariant models, and analytical issues when removing
8
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(a) Vertebra outline represented using the bicycle
chain shape model (Paper #6). Notice the constant
pairwise distances between the points resembling the
constant distances between the pins in a bicycle chain.

(b) Shape modeling concerns in particular the deﬁnition of distances in the
shape space. For example, with the 2D shapes in the picture, the distance
between the left and right shapes can be interpreted as the work required to
(top) move the bulb from left to right or to (bottom) remove and recreate the
bulb.

Figure 1.5: 2D shape modeling: the bicycle chain shape model and the deﬁnition of distances.

the reparametrization group.1
Before discussing properties of the bicycle chain shape model which we propose in
Paper #6, we discuss four diﬀerent approaches to 2D shape modeling. The bicycle chain
model refers directly to the ﬁrst two models, the PDM and L2 -models. Approaches
to performing statistics in the non-linear shape spaces of the elastic and medial models inspired the algorithms used in the bicycle chain model and the PGA algorithms
discussed in Section 3. A thorough review of 2D shape models can be found in the
monographs [19, 20, 21].
1

These issues were primary discussion topics at the “Geometry for Anatomy” workshop in Banﬀ,
Alberta, Canada, August 2011.
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Point Distribution Models (PDM)
Perhaps the most classical approach to shape modeling is to represent the curve
with a number of sample points or landmarks. In the Kendall shape space [22,
23], distances between curves represented by landmarks are measured using the
Euclidean distance between the landmarks but modulo the eﬀect of rotations,
translations, and scaling of the points. The Kendall shape spaces are non-linear
but linear models such as the active shape models [24] have been used with great
success. Importantly, the linearity allows the use of statistical tools such as PCA
for dimensionality reduction. The use of landmarks makes correspondences an
integral part of these methods. Correspondences can be found with e.g. MDL
approaches [25].
L2 -norm on Immersed Curves
In set Imm(S 1 , R2 ) of closed curves immersed in R2 [26, 27], a variation v of a
curve c ∈ Imm(S 1 , R2 ) gives a vector at each point of the curve. Elements of
the set C ∞ (S 1 , R2 ) of such variations can be considered tangent vectors on the
manifold of immersed curves, and a natural choice of metric on this space is
�
�v1 (t), v2 (t)�R2 �ċ(t)�R2 dt
�v1 , v2 �c =
S1

for variations v1 , v2 of the curve c.
The parametrization of curves in Imm(S 1 , R2 ) is often not considered a part of
the geometry of the curve. Since the above inner product is invariant of the choice
of parametrization, it induces an inner product on the quotient Imm(S 1 , R2 ) \
Diﬀ(S 1 ).
This metric is less natural than it seems [28]: the distance between any two curves
vanishes as a result of the parametrization invariance and inﬁnite dimensionality
of the spaces. Various other choices of metrics than the L2 -norm have been
proposed to prevent this degeneracy of the metric. These include penalizing the
length of the curves [29], penalizing the curvature of the curves [26], and Sobolevtype metrics [30, 27]. For the latter approach, derivatives of the tangent vectors
is included in metrics on the form
� �
�Dtα v1 (t), Dtα v2 (t)�R2 �ċ(t)�R2 dt .
�v1 , v2 �c =
S1

α

Elastic Models
Variations of curves can also be formulated in terms of variations in their angle function and parametrization speed. The elastic curve metric [31] is deﬁned
through an inner product on such variations. Various representations of curves
suitable for the elastic metric have been proposed [32, 33] each resulting in diﬀerent expressions for the metric. They all center around representing the velocity
vector c� (t) of the diﬀerentiable curve c by a pair of functions (ϕ, θ) such that
c� (t) = ϕ(t)eiθ(t)
in complex coordinates, and ϕ can for example be given in logarithmic form or as
the squared length of the curve derivative. Penalizing variations in ϕ corresponds
10
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to increasing the tension of the curve, and penalizing variations of θ increases the
rigidity. The review paper [27] provides an overview of the relation between the
elastic metric, the L2 - and Sobolev metrics.
Medial Representations
A diﬀerent approach to shape modeling is based on the medial axis of Blum
[34]. The medial axis of a 2D or 3D shape is the subset of the points enclosed
by the shape boundary that have more than one closest point on the boundary.
By describing the position of each such point together with the distance to the
boundary and vectors pointing to each of the closest points, one obtain the medial
representation of the shape. The m-rep representation has been very successful
in modeling shape variation in many medical applications [35, 36, 13, 14], and
the PGA procedure discussed in Section 3 was ﬁrst applied to m-reps.
In Paper #6, we propose the bicycle chain shape model. The analogy with bicycle
chains stems from the fact that curves are represented by points having ﬁxed pairwise
distances similar to the constant distances between the pins enforced by the links in a
bicycle chain. The model can be seen as a PDM with constraints on the point placements or as an L2 -like model with ﬁxed parametrization and ﬁnite discretization. The
rationale for the ﬁrst viewpoint arises from problems in establishing correspondences for
PDMs. In the paper, the outline of human vertebrae are manually annotated by medical experts but the annotations exhibit variation in the actual placement of the points.
Redistributing the points to have constant pairwise distances reduces this variation and
may lead to more robust statistics on the shapes. In addition, the pairwise-distance
constraint results in the dimension of the shape space being roughly halved, and the
model thus provides an example of how compactness can be increased by a non-linear
restriction of the modeling space. From the second viewpoint, the ﬁxed distances imply a constant speed parametrization, and distances are measured as length of paths
in the non-linear shape space with the induced Euclidean metric on the tangent space
measuring the cost of inﬁnitesimal deformations.
In the paper, we use a shooting algorithm to compute geodesics and distances in the
shape space. This approach is also used in some LDDMM algorithms [37] though path
straightening algorithms are commonly used for the elastic models [32] and LDDMM
[21]. The algorithms for computing optimal deformations with the kernel bundle and
the higher order kernels in Paper #1 and Paper #2 are also shooting methods, and
they are inspired by both [37] and the bicycle chain shooting algorithm. We use the
same shooting approach for computing distances on the human pose manifold in Paper
#5.
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Paper #1:
Sparse Multi-Scale
Diﬀeomorphic Registration: the
Kernel Bundle Framework
Paper invited for submission to the Scale-Space and Variational Methods special issue
in the Journal on Mathematical Imaging and Vision (JMIV). Submitted to JMIV,
December 2011.
The paper is based on and extends the three conference papers [1, 2, 3].
Authors:
Stefan Sommer, François Lauze, Mads Nielsen, and Xavier Pennec
Notes:
We introduce the kernel bundle framework, a multi-scale extension of the LDDMM registration framework. The goal is to represent deformation at multiple
scales and thus increase the capacity of sparse deformation representations while
allowing compact representations. The latter is possible by the ability of the
kernel bundle to represent sparsity across scales. We derive the KB-EPDiﬀ evolution equations and prove the momentum conservation property. By applying
sparse priors to the scale-momentum, we seek to represent deformation at the
relevant scales only. This combines the modeling capacity of the kernel bundle
with increased the compactness of the representation. The method is evaluated
on synthethic and real examples, and, on a dataset of manually annotated lung
CT images, we show that the increased capacity of the method does not impact
the ablity of the method to generalize to test data; that the method removes the
need for classical scale selection; and that the property of sparsity across scales
is achieved.
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Abstract In order to detect small-scale deformations during
disease propagation while allowing large-scale deformation
needed for inter-subject registration, we wish to model deformation at multiple scales and represent the deformation
compactly at the relevant scales only. This paper presents the
kernel bundle extension of the LDDMM framework allowing multiple kernels at multiple scales to be incorporated in
the registration while preserving much of the mathematical
structure underlying the single-scale method. We combine
sparsity priors with the kernel bundle resulting in compact
representations across scales, and we present the mathematical foundation of the framework with derivation of the KBEPDiff evolution equations. Through examples, we illustrate
the inﬂuence of the kernel scale and show that the method
achieves the important property of sparsity across scales.
In addition, we demonstrate on a dataset of annotated lung
CT images how the kernel bundle framework with a compact representation reach the same accuracy as the standard
method optimally tuned with respect to scale.
Keywords kernel bundle · LDDKBM · LDDMM ·
diffeomorphic registration · scale space · computational
anatomy

1 Introduction
Deformation captured in image registration occur at multiple scales: lungs deform at large scale during the respiratory phases while disease progression may only be detected
at small scales. Similarly, large-scale deformation is needed
when registering brains from different subjects while e.g.
atrophy in the hippocampus occur at small scales during
the progression of Alzheimer’s disease. Representing deformation at multiple scales is therefore useful when performing statistics on small-scale features over a population requiring large-scale inter-subject registration. In this paper,
we develop a method that represents deformation at multiple scales while seeking to represent the deformation at the
relevant scales only. The resulting sparse, multi-scale kernel bundle registration framework supports sparsity across
scales while extending the range of deformation expressed
by single-scale models. We derive and test the construction
to show that the across scale sparsity is indeed achieved; that
the extra capacity of the method does not hamper generalization to test data; and that the method removes the need
for classical scale selection.

1.1 Background
S. Sommer, F. Lauze, M. Nielsen
The Image Group, Department of Computer Science
University of Copenhagen, Denmark
Tel.: +4535321400
E-mail: sommer@diku.dk
M. Nielsen
BiomedIQ A/S
Copenhagen, Denmark
X. Pennec
Asclepios Project-Team
INRIA Sophia-Antipolis, France

The LDDMM framework is widely used in the ﬁeld of computational anatomy to model deformation and perform registration of geometric objects. It provides convenient parametrization of ﬂows of diffeomorphisms and a complete mathematical setting ensuring existence of optimal warps and allowing
meaningful statistics to be performed on the registration results. Recent work has shown that the inﬁnite dimensional
space of parameters for the registration can be successfully
approximated using sparse, ﬁnite dimensional representations [8, 16]. However, the notion of kernels, which lies at
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(a) Sparse, kernel bundle

(b) Non-sparse, kernel bundle

(c) Sparse LDDMM

(d) LDDMM

Fig. 1 Matching eleven landmarks (red) to eleven landmarks (black) and results (green) with four registration methods: (a) the proposed kernel
bundle multi-scale method with sparse prior; (b) the kernel bundle method without sparse prior; (c) LDDMM (single-scale) with sparse prior; and
(d) LDDMM (single-scale) without enforced sparsity. The arrows show the initial momentum with different colors for each of the three scales in
(a) and (b). Initially square grids are shown deformed by each diffeomorphism; the grids are colored with the log-trace of Cauchy-Green strain
tensor. (d) The inherent single-scale behaviour of LDDMM causes large deviation between the landmarks and results (black and green). (c) This
effect is increased when adding a sparse prior; the low number of non-zero momentum vectors indicate the sparsity. (b) With the kernel bundle and
multiple scales, the algorithm matches the points well through the increased capacity in the deformation description. (a) Adding a sparse prior to
the kernel bundle results in a compact representation (few non-zero momentum vectors) with sparsity across scales, and the sparser representation
continues to provide a good match between the landmarks and results (black and green). This happens without sacriﬁcing warp regularity: the
deformed grid with sparse prior (a) is similar to the deformed grid without the prior (b).

the heart of the framework, and the kernel shape and scale
impose restrictions on the sparse representations, and it limits the range of deformations the model is able to express.
The key to obtain sparse representations without limiting the range of the deformation model is to increase the
capacity of the deformation description. Locally, the capacity can be increased with higher order kernels [16] but varying the spatial extend of the deformation requires multiple
scales. Enabling LDDMM to model deformation occurring
at multiple scales has been the subject of several works [2,
12,13] resulting in improved registration results. Deformation at different scales may however occur at different spatial
locations, and we wish to represent deformation at different locations at the appropriate scales only. This requires a
multi-scale framework designed speciﬁcally to allow sparse
representations. Consider registering two images of fairly
uniform objects. The large-scale deformations can then be
expected to be located at the center of the object while lower
scale deformations occur close to the boundaries. The sum
of kernels approach [13] will represent deformation at all
scales at all spatial locations. In contrast, we aim for constructing a framework able to represent deformation at the
appropriate scales only.
In order to achieve this, we introduce the kernel bundle framework (LDDKBM) which is designed to represent
deformation individually at different scales. This in particular allows the momentum ﬁeld to vanish at some scales
while being non-zero at others at the same spatial locations,
a property we denote sparsity across scales. By applying
sparse priors on the momentum ﬁeld at the different scales
individually, we explicitly force the cross-scale sparsity, and
the method therefore allows sparse deformation description
across space and scales. The resulting framework greatly
extends the range of deformations expressed by the sparse
16

models while allowing compact representations of deformation occurring at multiple scales.
1.2 Deformation at Multiple Scales; An Example
Figure 1 shows a simple example of landmark matching. In
order to register the points, movement is needed at both large
and small scales, and the single-scale nature of the LDDMM
algorithm limits its ability to match the points well. This
fact becomes even more expressed when adding a sparsity
prior. With multiple-scales, the match improves as seen by
the reduced deviation between the landmarks and results.
When adding a sparse prior to the kernel bundle, equivalent
precision can be obtained with a compact description which
exhibits sparsity across scales.
1.3 Related Work
The deformable template model pioneered by Grenander [10]
and the ﬂow approach by Christensen et al. [6] together with
the theoretical contributions of Dupuis et al. and Trouvé [7,
19] started the development of the LDDMM deformation
model. Beg et al. [1] developed algorithms for computing
optimal diffeomorphisms in the framework, and the momentum representation has been used for statistics and for momentum based algorithms for the landmark matching problem [20]. The review paper [22] and the book [21] provide
excellent overviews of the theory and applications of LDDMM in medical imaging.
Multi-scale extensions of LDDMM have been treated in
several recent works. Bruveris et al. developed an extension
of LDDMM allowing two scales through the use of semidirect product groups [2] and Risser et al. [13] included scale
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in LDDMM by adding kernels of different scales. The approach of Risser et al. does not divide the deformation description across scales and enforced sparsity will occur at all
scales simultaneously. This is in direct contrast to the result
we seek to obtain: we search for a representation that can
handle both small and large scale features independently to
allow different deformation at different scales, and we wish
to allow the effect of enforced sparsity to occur at different
scales individually. A representation supporting this sparsity across scales property is the main contribution of this
paper, and the fact that the kernel bundle representation supports this property fundamentally differentiates it from the
approach of Risser et al. Outside the registration setting,
the effect on the underlying Hilbert spaces when scaling the
kernel have been treated in [9]. Increasing the capacity of
the deformation description locally can been obtained with
higher order kernels [16].
The literature on sparse representations and sparse penalty
functions is wide, and we will in this paper limit the discussion to a small set of such priors [4]. A control point
formulation of LDDMM template-based image registration
has been developed by Durrleman et al. [8]. Sparsity is enforced by a log −L1 penalty on the initial momenta, and the
prior guides a search towards low-dimensional representations of deformation for populations of images. The method
was developed for image registration but the sparse prior introduced apply to any ﬁnite dimensional LDDMM implementation. The ﬁxed size of the kernels does however limit
the expressiveness of the model. The fundamental idea behind the present paper is to remove this limitation by using
kernels of multiple scales.

1.4 Content and Outline
This paper combines the conference papers [17,15, 18] and
adds additional new material. We aim at presenting a full
account of the kernel bundle framework that in the previous papers is also denoted the LDDKBM method (KB for
kernel bundle). The new material comprises full derivation
of the forwards and backwards gradient transport equations
which are fundamental for computing optimal warps with
the framework; additional algorithm information; discussion
on the relation to other multi-scale approaches; and extended
experiments section showing the obtained effect of sparsity
across scales and using cross validation to tune the regularization weights for the method comparisons.
We start by discussing the variational formulation of LDDMM and the kernel bundle method before presenting the
theoretical construction allowing the multi-scale representation. We relate the method to other multi-scale approaches
before deriving the KB-EPDiff evolution equations. Next
follows the forwards and backwards transport equations with

implementation details and last the extended experiments
section. The paper thus contributes by
(1) combining the previous work on the LDDKBM method
[17], the evolution equations [15], and sparse and compact representations [18] to one account of the kernel
bundle framework,
(2) giving a complete derivation of the forwards and backwards gradient transport equations together with algorithm details,
(3) discussing the relation between the kernel bundle and
other LDDMM multi-scale approaches,
(4) providing extended experiments section showing in particular the ability to represent sparsity across scales.
2 Registration: the LDDMM and Kernel Bundle
Variational Formulation
The kernel bundle framework extends the single-scale LDDMM (Large Deformation Diffeomorphic Metric Mapping)
framework by allowing regularization at multiple-scales in
the registration. We here provide an overview of the registration problem and the variational formulation used in both
frameworks.
In the kernel bundle and LDDMM frameworks, registration is performed through the action of diffeomorphisms on
geometric objects. The approach is very general and allows
the frameworks to be applied to both landmarks, curves, surfaces, images, and tensors. In the case of landmarks, the
action of a diffeomorphism ϕ takes the form ϕ.x = ϕ(x),
and given landmarks x1 , . . . , xN and y1 , . . . , yN , the registration amounts to a search for ϕ such that ϕ.xi ∼ yi for all
i = 1, . . . , N. In exact matching, we wish ϕ.xi be exactly
equal to yi but, more frequently, we allow some amount of
inexactness to account for noise and give smoother diffeomorphisms. This is done by deﬁning a quality of match measure U and a regularization measure E1 to give a combined
energy
E(ϕ) = E1 (ϕ) + λU(ϕ) .

(1)

Here λ is a positive real representing the trade-off between
regularity and goodness of ﬁt and U is often the L2 -error
which in the landmark case takes the form U(ϕ) = ∑Ni=1 �ϕ(xi )−
yi �2 .
2.1 The Regularization Energy
The formulation of the regularization energy E1 in the kernel bundle framework is an extension of the LDDMM formulation. We here introduce notation which will lead to the
LDDMM formulation before describing the extension in the
next section. Let the domain Ω be a subset of of Rd with
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d = 2, 3 in applications, and let V denote a Hilbert space of
vector ﬁelds v : Ω → Rd such that V with associated norm
� · �V is included in L2 (Ω , Rd ) and admissible as deﬁned in
[21, Chap. 9]. Given a time-dependent vector ﬁeld t �→ vt
with
E1 (vt ) =

� 1
0

�vt �V2 dt < ∞

(2)

the associated differential equation ∂t ϕt = vt ◦ ϕt has with
initial condition ϕs = ϕ a diffeomorphism ϕstv as unique solution. The set GV of diffeomorphisms built from V by such
differential equations is a Lie group, and V is its tangent
space at each point. The inner product on V associated to
the norm �·�V makes GV a Riemannian manifold with rightv = Id , the map t �→ ϕ v is a path
invariant metric. Setting ϕ00
Ω
0t
from IdΩ to ϕ with energy given by (2). We will use this notation throughout the paper. A critical path for the energy is
a geodesic on GV , and the LDDMM regularization energy is
deﬁned by
E1 (ϕ) =

min
v

vt ∈V,ϕ01 =ϕ

E1 (vt ) =

min
v

� 1

vt ∈V,ϕ01 =ϕ 0

�vs �V2 ds ,

(3)

i.e., it measures the minimal energy necessary to pass from
IdΩ to ϕ. The energy penalizes highly varying paths and,
therefore, a low value of E1 (ϕ) implies that ϕ is regular.
The regularity is ultimately controlled by the norm on
V and this norm is associated to a reproducing kernel K :
Ω × Ω → Rd×d . The kernel is often chosen to ensure rotational and translational invariance [21] and the Gaussian
2
)Idd is a convenient and often
kernel K(x, y) = exp( �x−y�
σ2
used choice. The scaling factor σ is not limited to Gaussian
kernels and allows for many kernels to vary the amount of
regularization. Larger scales lead in general to higher regularization and smoother diffeomorphisms, whereas smaller
kernels penalize higher frequencies less and often gives better matches. This phenomenon is in particular apparent for
objects with sparse information and images with e.g. areas
of constant intensity.
3 Kernels, Momentum and the Kernel Bundle

and continuous for any x ∈ Ω . Thus, for any a ∈ Rd the
map a ⊗ δx : v �→ aT v(x) belongs to the topological dual
V ∗ consisting of the continuous linear maps of V . This in
turn implies the existence of spatially dependent matrices
K : Ω × Ω → Rd×d , the kernel, such that, for any constant
vector a ∈ Rd , the vector ﬁeld K(·, x)a ∈ V represents a ⊗ δx
and �K(·, x)a, v�V = a ⊗ δx (v) for any v ∈ V , point x ∈ Ω
and vector a ∈ Rd . This latter property is denoted the reproducing property and gives V the structure of a reproducing
kernel Hilbert space (RKHS). Tightly connected to the norm
and kernels is the notion of momentum given by the linear
momentum operator L : V → V ∗ ⊂ L2 (Ω , Rd ) which satisﬁes
� �
�T
�Lv, w�L2 (Ω ,Rd ) =
Lv(x) w(x)dx = �v, w�V
(4)
Ω

for all v, w ∈ V . The momentum operator connects the inner product on V with the inner product in L2 (Ω , Rd ), and
the image Lv of an element v ∈ V is denoted the momentum
� of v. The
� momentum Lv might be singular and in fact
L K(·, y)a (x) is the Dirac measure δy (x)a. Considering K
�
as the map a �→ Ω K(·, x)a(x)dx, L can be viewed as the inverse of K. Confer [21] for a thorough introduction to reproducing kernels, especially with a view towards the LDDMM
framework.
3.2 The Kernel Bundle

In order to describe deformation at different scales, we extend in the following the tangent vector space V to a family
of vector spaces W which will eventually lead to the bundle
construction. We consider a parameter set IW and subspaces
Vr , r ∈ IW of the tangent space V where each Vr is equipped
with a norm � · �r , corresponding kernel Kr , and momentum
operator Lr . Typically, IW will be a discrete set or a closed
and bounded interval of R+ representing different scales.
We then let W be the space of functions w : IW → V , wr ∈ Vr
such that
�

IW

The kernel bundle framework extends LDDMM by equipping the diffeomorphism manifold GV in LDDMM with vector bundles allowing deformation to be described at different
scales. We start this section by discussing the relation between kernels and momentum in LDDMM before deﬁning
the kernel bundle and discussing the mathematical foundation behind the framework.
3.1 Kernel and Momentum
As a consequence of the assumed admissibility of V , the
evaluation functionals δx : v �→ v(x) ∈ Rd is well-deﬁned
18

�wr �2r dr < ∞

and

�

IW

�wr �r dr < ∞ .

The vector space structures on Vr induce a vector space structure on W , and it can be shown that under reasonable assumptions, the inner product
�v, w�W =

�

IW

�vr , wr �r dr, v, w ∈ W

turns W into a Hilbert space. With this construction, we obtain a vector bundle GV × W , the kernel bundle, allowing
kernels of different sizes and shapes. A map Ψ : GV ×W →
T GV = GV ×V allows parts wr of a bundle vector w ∈ W at
each scale r to be combined to one derivative vector in V . Ψ
�
is deﬁned by integration, i.e. Ψ (w) = IW wr dr.

The Kernel Bundle Frame Framework

(a) In LDDMM, a path on the manifold GV ⊂
Diff(Ω ) is generated by integrating the time varying
vector ﬁeld vt in the tangent space V .

(b) Wit the kernel bundle, a path wt in the vector space W , here
constructed from Vr1 , Vr2 , and Vr3 , sum through the map Ψ to a
vector ﬁeld Ψ (wt ), which in turn generates a path on Diff(Ω ).

Fig. 2 The manifold view of LDDMM and the kernel bundle.

We note that the parameter space IW can be a compact
interval or ﬁnite set of scalars in which case the integral reduces to just a sum. Often, it will be an interval specifying
a scale range, and a practical implementation will discretize
the interval into a ﬁnite set of scalars.

3.3 Flows in the Bundle Setting
Similarly to the connection between paths in V and paths on
the manifold GV , we get using the map Ψ a relation between
paths wt = {wr,t }r in W and paths in GV by
Ψ (w)

wt �→ ϕ0t

Ψ (w)

i.e. ϕ0t

(5)

,

Ψ (w)

is the path starting at IdΩ with derivative ∂t ϕ0t

Ψ (w)

Ψ (wt ) ◦ ϕ0t
wt by
E1 (wt ) =

� 1
0

=

. We can measure the energy of a bundle path

2
�ws �W
ds ,

(6)

and, using this energy, we get a new deﬁnition of the regularization energy E1 :
E1 (ϕ) =

min

Ψ (w)=ϕ
wt ∈W,ϕ01

E1 (wt ) =

min

Ψ (w)=ϕ
wt ∈W,ϕ01

� 1
0

2
�ws �W
ds

(7)

Together with a quality of match measure U(ϕ), this deﬁnes
the registration problem in the kernel bundle framework as
the search for diffeomorphisms minimizing
E(ϕ) = E1 (ϕ) + λU(ϕ)

(8)

with E1 given by (7). By design, paths in the kernel bundle
generating the diffeomorphisms have components at each
scale, and this is precisely the property that will later allow
us to enforce sparsity at different scales individually. This
will be done by adding priors that affect the individual scale
components of bundle vectors to (8).
The above registration energy should be compared with
the LDDMM formulation (1) using the regularization (3). It
is immediately clear that the kernel bundle formulation is an
extension of the LDDMM regularization, since the original
regularization is the special case with only one scale and
hence W = V .
3.4 Structure of W
It is interesting to note that W possesses a structure very
similar to a RKHS. On V we have for each x ∈ Ω and a ∈
Rd the evaluation functionals a ⊗ δx (v) = aT v(x). Using the
integral map Ψ deﬁned above, we deﬁne the linear maps on
W
a⊗δxΨ (w) :=

�

IW

a⊗δx (wr )dr =

�

IW

aT wr (x)dr = a⊗δx (Ψ (w)) .
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As seen from the equation, the maps evaluate wr at each
scale and integrate the results using Ψ . These maps are continuous and hence in the dual W ∗ . For the elements K(·, x)a =
{K(·, x)r a}r ∈ W , we have
�K(·, x)a, K(·, y)b�W =
=

�

IW

�

IW

aT Kr (x, y)b dr = aT

�K(·, x)r a, K(·, y)r b�r dr

�

IW

Kr (x, y)b dr

= a ⊗ δxΨ (K(·, y)b) = aT Ψ (K(x, y)b)
which is similar to the reproducing property in V except for
the integration performed by Ψ on the right-hand side of the
equation. Also, close to the RKHS situation, we see that
�K(·, x)a, w�W =
=

�

IW

�

IW

�K(·, x)r a, wr �r dr

aT wr (x) dr = a ⊗ δxΨ (w) , w ∈ V

again with the integration of w occuring in a ⊗ δxΨ (w).
3.5 Multi-Scale Representation and Relation to other
Approaches
With the kernel bundle, the momentum components can vary
over scale, and any combination of small and large scale
features at each spatial location can be represented. In particular, the bundle allows sparse priors to force vanishing
momentum at one scale while allowing it to be non-zero at
other scales at the same position. The effect is to allow representing deformation compactly with non-zero components
only at the right scales.
In contrast to this, the simultaneous coarse and ﬁne method
developed by Risser et al. in [12,13] builds a kernel by summing Gaussians of different scale. This effectively changes
only the shape of the kernel and does not allow different
momentum at different scales. If momenta vanish, they will
vanish at all scales simultaneously, and, therefore, the ability to represent sparsity across scales that we search for here
is not possible.
When not using sparse priors and when the L2 -norm is
combined linearly across scales, Bruveris et al. [3] showed
that optimal deformations with the kernel bundle coincide
with results obtained with the sum of kernels approach. Thus,
though the kernel bundle is able to represent sparsity across
scales, the cross-scale sparsity will not occur without adding
more scale information to the system. This seems challenging with the approach of Risser et al. but adding such information becomes straightforward with the scale decoupled
bundle representation which illustrates the descriptive power
offered by the kernel bundle. Imposing sparse priors as we
pursue later in this paper constitutes an example of this, and,
as we will see in the experiments, optimal deformations with
20

a prior do indeed increase the compactness of the representation and exhibit sparsity across scales. Correspondingly, incorporating scale information from the data term can guide
the deformation model further towards the right mixture of
scales and allow momentum-based statistics [20] to be performed across scale. This is again possible with the decoupled bundle representation, and we are currently pursuing
this path.
4 Evolution Equations: Kernel Bundle EPDiff
In the single scale LDDMM case, the EPDiff equations describes the evolution of optimal paths for the registration
problem. They are most often formulated in the following
continuous form: let at = Lvt denote the momentum at time
t and assume that ϕt is a path minimizing E1 (ϕ) with ϕ1 = ϕ
minimizing E(ϕ) and vt is the derivative of ϕt . Then vt satisﬁes the system
vt =

�

K(·, x)at (x)dx ,

Ω

d
at = −Dat vt − at ∇ · vt − (Dvt )T at .
dt
The ﬁrst equation connects the momentum at with the velocity vt , and the second describes the evolution of the momentum. The EPDiff equations can be interpreted as geodesic
equations on the manifold GV , and they are important for
implementations since they limit the search for optimal paths
to paths satisfying the system.
As we will show in this section, there exists similar equations with the kernel bundle: if Ψ (wt ) is the derivative of
the path of diffeomorphisms ϕt minimizing (8) with ϕ = ϕ1
minimizing (8) then
wr,t =

�

Ω

d
ar,t =
dt

Kr (·, x)ar,t (x)dx ,

�

IW

−Dar,t ws,t − ar,t ∇ · ws,t − (Dws,t )T ar,t ds .

(9)

with ar,t being the momentum for the part wr,t of wt . In
essence, the standard EPDiff equations are integrated over
the parameter space IW to obtain the evolution of the momentum at each scale, and, in particular, the result will imply
that the momentum conservation property of LDDMM also
holds in kernel bundle case. We will derive the KB-EPDiff
equations in a more general form which implies the above
formulation, and, for doing this, we will follow the strategy
in [21] for the LDDMM case.
4.1 Euler-Lagrange equations
Ψ (w)

For any time varying path wt in W , we denote by ϕt1 t2 the
diffeomorphism obtained by integrating Ψ (wt ) from time t1

The Kernel Bundle Frame Framework
Ψ (w)

to time t2 . The end of the integrated path ϕ01 is the diffeomorphism used for the registration. For the energy E(wt ) =
Ψ (w)
E1 (wt ) + λU(ϕ01 ), we consider a variation ht ∈ W and
calculate
d
E(wt + εht ) = 2
dε

� 1
0

�wt , ht �W dt + λ

d
Ψ (w)+εΨ (h)
U(ϕ01
).
dε
(10)

Following [21], we deﬁne Adϕ v(x) = (Dϕ v) ◦ ϕ −1 (x) for
v ∈ V and get a functional Ad∗ϕ on the dual V ∗ of V by
(Ad∗ϕ ρ|v) = (ρ|Adϕ (v)). It is shown in [21] that a variation
h̃t in V of the match functional satisﬁes
� 1�
� �
d
v+ε h̃
v �h̃
¯
Ad∗ϕ v ∂U(ϕ
U(ϕ01 ) =
) t dt
01
t1
dε
0
¯ denoting the Eulerian differential of U (see [21,
with ∂U
Chap. 10]). Inserting into (10) gives
d
E(wt + εht ) =
dε
2

� 1
0

�wt , ht �W dt + λ

For each r,

� 1�
0

Ψ (w) ��
¯
) Ψ (ht )
Ad∗ Ψ (w) ∂U(ϕ
01
ϕ
t1

�

dt .

(11)

which then
can now derive the fundamental results [21, Prop. 11.6/Cor.
11.7] in the bundle case:
Proposition 1 If wt is an optimal path for E then for almost
every r ∈ IW ,

wt,r = AdT,rΨ (w) w1,r
ϕt1

Ψ (w)

IW

ϕt1

r

�
1
Ψ (w) ��
¯
(Ad∗ Ψ (w) ∂U(ϕ
01 ) ht,r )dr
ϕ
2 IW
t1
1
Ψ (w) ��
¯
= �wt , ht � + (Ad∗ Ψ (w) ∂U(ϕ
01 ) Ψ (ht )) .
ϕt1
2

= �wt , ht � +

But the right hand side vanishes for all t and all ht by (11)
and the fact that wt is optimal for E, a contradiction.
Corollary 1 Under the same conditions, for almost every
r ∈ IW ,
wt,r = AdT,rΨ (w) w0,r .
ϕt0

In the kernel bundle, the momentum of a path may differ
across scales. For a path wt in W , we let at be the bundle
momentum deﬁned by at,r = Lr (wt,r ) recalling that Lr is the
momentum operator at scale r. For each t, we can consider
�
at to be in the dual W ∗ by (at |w̃) = IW (at,r |w̃r )dr which is
continuous since
�
� �
�
��
�
�� �� �
� � ��
� at |w̃ � ≤ �
� ≤ �wt ��w̃� .
�
�
�w
�
|
w̃
,
w̃
dr
a
dr
=
t,r r
t,r
r r
�
� �
�
IW

IW

�

�
� �
� �
T,r
�wt,r , w̃r �r dr =
Ad Ψ (w) w0 , w̃r dr
at |w̃ =
ϕt0
IW
IW
r
�
�
�
�
�
w0,r , Ad Ψ (w) w̃r dr = a0 |Ad Ψ (w) w̃
=
ϕt0

IW

where Ad
Ad

Ψ (w)

ϕt0

Ψ (w)

ϕt0

r

ϕt0

(13)

w̃ is the element of W obtained by applying

to each w̃r . The above equation shows that the mo-

mentum at time t is completely speciﬁed by the momentum
at time 0 and thus reproduces the momentum conservation
property for LDDMM. Note that since w̃ can be chosen arbitraly in (13), the momentum is conserved for each scale separately. By differentiating Ad Ψ (w) w̃, the momentum conserϕt0

).

Proof Assume instead that there exists a time varying ht in
W and t ∈ [0, 1] such that
�
� �
0<
wt,r − AdT,rΨ (w) w1,r , ht,r dr
ϕt1
IW
r
�
�
� �
T,r
Ad Ψ (w) w1,r , ht,r dr
= �wt,r , ht,r �r dr −
IW

4.2 Scale Conservation and KB-EPDiff

Suppose now wt satisﬁes the transport equation (12) for almost every r ∈ IW . Then for all w̃ ∈ W ,

∗
we deﬁne the operator AdT,r
ϕ v = Kr (Adϕ (Lr v))
�
�
satisﬁes AdT,r
= (Ad∗ϕ (Lr v)|w), and we
ϕ v, w
r

with w1,r = − 12 ∇Vr U(ϕ01

The proof of the corollary is identical to the proof of [21,
Cor. 11.7].

(12)

vation property directly implies the equation
�
�
�
�
∂t at |w̃ = − at |DΨ (wt ) w̃ − Dw̃Ψ (wt )

(14)

or, equivalently,

∗
∂t at + adΨ
(wt ) at = 0

� �
�
� ∗
with adΨ
(wt ) at |w̃ = at |DΨ (wt ) w̃−Dw̃Ψ (wt ) . Both equations imply the system (9) and extend the EPDiff equations
for LDDMM. We denote them KB-EPDiff.
An important difference from the single-scale framework
relates to the energy along optimal paths. The relation to
geodesics in LDDMM suggests that the norm �vt �V is constant in t when vt is optimal for E1 (ϕ). This is in fact the
case for LDDMM. With the kernel bundle, momentum is
conserved along optimal paths of E1 (ϕ) though �wt �W is
not constant. This occurs because the new energy is not directly related to a metric in the Riemannian sense.
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4.3 KB-EPDiff for Landmarks: An Example
To give a concrete application of the KB-EPDiff equations,
we redo the calculation for LDDMM landmark matching
with scalars kernels to arrive at the corresponding system
with the bundle. The initial momentum a0,r will in this case
be supported at the N landmarks xi , i = 1 . . . , N, i.e. a0,r =
∑Ni=1 a0,r,i ⊗ δxi with vectors a0,r,i ∈ Rd . We let xt,i denote the
Ψ (w)
trajectory of the ith landmark so that xt,i = ϕ0t (x0,i ).
Ψ (w) T
) a0,r,i ,

Letting at,r,i = (Dϕt0
�

�

at,r |w̃ =
=

�

Ad∗ Ψ (w)

�

ϕt0

�

N

∑ a0,r,i ⊗ δx0,i

i=1

t0

Ψ (w)

i=1

=

�
�
�
�w̃

�
�
�
∑ a0,r,i ⊗ δx0,i �AdϕΨ (w) (w̃)

= ∑ aT0,r,i (Dϕt0
�

�

N

i=1

N

we get from (13)

N

�
�

Ψ (w)

w̃) ◦ ϕ0t
�

∑ at,r,i ⊗ δxt,i �w̃

i=1

Ψ (w)

at the correct low-scale. Enforcing sparsity makes the lowscale representation more likely. This property is possible
with sparsity across scales as discussed below.
For group-wise registration, each pair of images may be
registered with a sparsely parameterized deformation. However, the non-zero momenta may have different spatial localization for the different pairs of images. Sparsity should
therefore in this case be applied on a group level. Intersubject registration may however emphasize the need for
multi-scale representation: if modeling inter-subject differences using only a single large-scale, small scale features
may be lost. If using only small-scale deformation, the representation will not be sparse.
Durrleman et al. [8] showed that the number of points
in a ﬁnite control point formulation of LDDMM can be controlled by a log −L1 like penalty term: a weight λsp and truncated log function

(x0,i )

flogc (x) = max(log(x), log(c)) − log(c)
is applied to the norms of the set of N single-scale momenta
resulting in the extension of (8) to the energy

.

N

Ψ (w) T
) , the deriva-

Since dtd (Dxt,i ϕt0 )T = −Dxt,iΨ (wt )T (Dx0,i ϕt0
tive of the momentum satisﬁes

E(ϕ) = E1 (ϕ) + λU(ϕ) + λsp ∑ flogc (�a0,l �) .

�
d�
d
Ψ (w)
at,r,i =
(Dϕt0 )T a0,r,i = −Dxt,iΨ (wt )T at,r,i .
dt
dt

The prior is added to all elements of a population of images,
and it is shown that a fairly large reduction in the number
of non-zero momenta does not affect the registration results
much.
In the multi-scale case, the connection (4) between the
momentum space and the kernel bundle can also be exploited
in order to deﬁne penalty functions. Sparsity is generally formulated via the L0 -norm which on the bundle momentum
take the form

The trajectories of the landmarks and momentum evolution
is therefore completely described by the system
�

∑Nl=1 Kr (·, xt,l )at,r,l dr
�
�
�T
d
N
∑l=1 D1 Ks (xt,i , xt,l )at,s,l ds at,r,i
dt at,r,i = −

Ψ (wt ) =

IW��

Ψ (w)

xt,i = ϕ0t

IW

(x0,i ) .

Note that the system is ﬁnite if IW is ﬁnite.

(16)

l=1

(15)

�w�L0 =

�

IW

Area{Lr wr �= 0}dr .

This reduces to the number of non-zero momentum vectors
�
�w�L0 = IW |{Lwr �= 0}|dr in the ﬁnite-dimensional case.
5 Sparse Kernel Bundle Representation
For sparse problems in general, optimization based on L0
penalty functions is a combinatorial problem and thus comIn a variety of applications, it is useful to obtain compact
putationally prohibitive. Instead, the L0 -norm is approximated
representations in the form of sparse solutions [4]. The stanby the L1 -norm or similar functions.
dard method of obtaining sparsity is to add a penalty funcIn the multi-scale, ﬁnite dimensional setting, we parametrize
tion to a variational formulation of the problem. The penalty
the bundle momentum in the same way as the momentum is
function is also denoted a sparse prior.
represented in the single-scale case: for N landmarks and R
Combining sparsity and multi-scale representations promisesscales or, equivalently, for N control points and R scales in
enhancements for both pairwise and group-wise registration:
image registration, N · R vectors a0,l,r will specify the initial
For statistics following pairwise registration with the aim of
momentum. We then formulate a multi-scale sparse registraretrieving scale information, it is paramount to represent the
tion functional extending (16) by
deformation at the right scale only. Low-scale deformation
N
R
may be represented by high-scale momenta but will require
E(ϕ) = E1 (ϕ) + λU(ϕ) + ∑ λsp,r ∑ f (a0,l,r )
(17)
a higher number of non-zero parameters than if represented
r=1
l=1
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4
L

0

L1

3.5

flog,ε
flogc

3

value of prior

and we require the evolution of at,l,r to follow the KB-EPDiff
equations. Here λsp,r denote scale-dependent weights on the
sparse prior f : Rd → R. As in the single-scale case, the idea
is to push small momentum vectors towards zero without
affecting large momenta much. We denote registration governed by (17) sparse kernel bundle registration.

2.5
2
1.5

5.1 Choice of Prior

1
0.5

Approximations of the L0 -norm aiming to ease the complexity of the combinatorial optimization has been considered in many applications [4]. Though a full discussion of
this subject out of scope of this paper, we will provide a
brief rationale for our choice of penalty function. We note
that ensuring convexity is not a major concern in this setting
because the non-linearity of the connection between initial
momenta and the match functional U makes the energy (8)
non-convex even before adding the prior.
The most widely used approximation is probably the L1 norm which provide sparse solutions but has the downside
of penalizing large momenta relatively hard, and it therefore
provides poor approximation of the L0 -norm in such cases.
The L1 -norm has been applied to LDDMM in addition to
flogc [11]. Candès et al. [4] proposes several penalty functions including the function
flog,ε (x) = log(1 + x/ε) .
Figure 3 illustrates the approximation of the L0 -norm provided by the L1 -norm, flogc , and flog,ε . Both flogc and flog,ε
suffer less from the poor approximation for large momenta.
Both necessitates a choice of parameter, c or ε. Though flog,ε
may seem more natural than flogc which is zero for small values, the gradient of flog,ε may cause numerical issues close
to zero. In the experiments section, we use flogc to get results
comparable with the single-scale algorithm in [8].
5.2 Sparsity Across Scales
An important quality of the sparse, multi-scale construction
is that a momentum vector a0,l,r at scale r may be zero while
a momentum vector a0,l,r� at scale r� for the same point may
be non-zero. Hence, a purely low-scale deformation may be
represented with momenta being non-zero at that particular
scale only. The kernel bundle construction is made explicitly
to allow independent velocity at the different scales, and the
behaviour of sparsity across scales is allowed by this fact. As
we will see in the experiments, optimal deformations computed with a sparse prior do indeed exhibit sparsity across
scales.
The weights λsp,r should ideally be chosen by crossvalidation in same way the weight λ in (8) and the weighting between scales in the bundle are determined. At this
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Fig. 3 The L0 -norm for real valued data, and the approximations L1 ,
flogc , and flog,ε with ε = 0.5 and c = 0.25. The L1 -norm provides poor
approximation for large values. The truncated log flogc is not non-zero
for small values.

point, we heuristically choose λsp,r either constant in r or
λsp,r = λsp /rα for a ﬁxed scalar λsp and exponent α ≥ 0 in
order to compensate for the often larger momenta at small
scales.

6 Implementation
We here describe how optimal registrations with the kernel
bundle can be computed in the case of landmark matching.
Extending the method to images using a control point formulation similar to [8] and [16] poses no conceptual problem.
The running time will primarily be dominated by the
backwards gradient transport described below. The system
parallelizes well and can be implemented on GPU hardware
[14]. The cost of adding a sparsity prior and computing its
gradient is insigniﬁcant compared to the cost of integrating
the ﬂow equations described below. We do not experience
any substantial differences in the number of iterations of the
optimization procedure with and without sparse priors. The
computation time is primarily a function of the number of
landmarks and the number of included scales.

6.1 Algorithm
Since the evolution of the bundle momentum and velocity are required to follow the KB-EPDiff equations, we can
optimize (17) using gradient based optimization strategies.
A simple gradient descent scheme will given an guess for
the initial momentum a0 calculate the gradient ∇E(w0 ) =
∇E1 (w0 )+λ ∇U(w0 ) using w0 = Ka0 , add the gradient from
the sparsity term if using sparse prior, and update a0 by
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adding a vector proportional to the gradient. In practice, we
use limited-memory BFGS updates1 .
The gradient ∇E(w0 ) can be computed using a two step
algorithm: the initial bundle velocity w0 is transported forward in time to obtain the diffeomorphism ϕ before ﬂowing
the gradient at time t = 1 backwards to obtain the gradient ∇E(w0 ) at t = 0. The gradient ∇U(w1 ) at t = 1 is provided by the similarity measure; if U measure the L2 -error,
the gradient is just the vector with the ith component being
2(x1,i − yi ) where yi are the target points.
The KB-EPDiff equations governing the forward integration and the backwards gradient transport constitute nonlinear ODEs which are ﬁnite if the set of scales IW is ﬁnite. In practice, IW is a discretization {s1 , . . . , sR } of an interval [s1 , sR ] using R scalars. The ODEs can be integrated
using standard Runge-Kutta integrators such as MATLAB’s
ode45 solver. The systems are described in detail below.
The sparse penalty functions considered here have gradients
∇ flogc (a0,l,r ) = λsp,r a0,l,r /�a0,l,r �2 ,

As in Section 4.3, we let xt,i denote the point positions at
time t and the set of time-dependent vectors at,r,i is the momentum of the ﬂow. These components are computed from
the forward integration of the KB-EPDiff equations (15).
Note that the momenta have components at each scale r. By
differentiating the KB-EPDiff equations we obtain the linear
ODE
ẏt = Bt yt .

The matrix Mt in the backwards equations (18) arises as
the transpose of the matrix Bt . Both systems (19) and (18)
have components coding the variation in point positions and
x
momentum, respectively. We denote these components bt,k
a
x and ma
and bt,k,r
for (19) and mt,k
t,k,r for (18). Here k =
1, . . . , N and we consider the case of a ﬁnite set of scales
R so that r = 1, . . . , R. We assume the kernel K is scalar
K(x, y) = γ(�x − y�2 )Idd with a real function γ and write
γt,kl for γ(�xt,k − xt,l �2 ). Differentiating (15) then provides
the components of (19):
bxk =

∇ flog,ε (a0,l,r ) = λsp,r a0,l,r /((e + �a0,l,r �)�a0,l,r �) .
If applying ∇ flogc , �a0,l,r � is considered zero if it is less than
c in which case we do not add the gradient to ∇E(w0 ). Pruning of small values a0,l,r may be done during the optimization process but does not seem to effect stability of the algorithm much.

(19)

R

N

R

N

∑ ∑ γklr bal,r + 2 ∑ ∑ γ̇klr (xk − xl )T (mxk − mxl )al,r

r=1 l=1
R N

bak,s = −2 ∑

r=1 l=1

∑

γ̇klr (aTk,r mal,r + aTl,r mak,s )(xk − xl )
r=1 l=1
R N
−2
γ̇klr aTk,s al,r (mxk − mxl )
r=1 l=1
R N
−4
γ̈klr aTk,s al,r (xk − xl )T (mxk − mxl )(xk − xl )
r=1 l=1

∑∑
∑∑

6.2 Forwards and Backwards Transport

where we omitted the time dependence of all terms to keep
The diffeomorphism ϕ is determined by w0 by the KB-EPDiff the notation compact. By transposing Bt , we get Mt and
equations, and the forward transports integrates the KB-EPDiff hence the linear parts of (18). This is in components
R N
system (15) to generate ϕ. The system is a non-linear ODE
mxk = −2 ∑ ∑ γ̇klr (aTk,r mxl + aTl,r mxk )(xk − xl )
with w0 and the point positions x1 , . . . , xN as initial values.
r=1 l=1
Because w0 through the evolution of wt is uniquely linked
N
R
�
to w1 , U(ϕ) can in addition be considered a function of
+ 2 ∑ ∑ γ̇klr (aTk,r al,r� mak,r − aTk,r� al,r mal,r )
w1 . The gradient ∇U(w0 ) can be obtained by differentiatr,r� =1 l=1
ing (15) and solving the transpose system backwards with
N
R
�
∇U(w1 ) as initial condition. This approach is described in
+ 4 ∑ ∑ γ̈klr (xk − xl )T (aTk,r al,r� mak,r − aTk,r� al,r mal,r )(xk − xl )
r,r� =1 l=1
the single-scale case in [21]. With multiple scales, the gradiN
R N
ent ∇E1 (w0 ) can be computed simultaneously with ∇U(w1 )
mak,s = − ∑ γkls mxl + 2 ∑ ∑ (xk − xl )T (γ̇klr mak,r − γ̇kls mal,r )l,r .
by adding it to the backwards ODE. Combined, the gradient
r=1 l=1
l=1
∇E(w0 ) can be found as the solution at t = 0 of an afﬁne,
The simpler afﬁne term has components
non-autonomous ODE
ẏt = vt + Mt yt

(18)

integrated from t = 1 to t = 0. The linear component transports ∇U(wt ) while the afﬁne component transport ∇E1 (wt ).
We provide explicit form of this system below.
1

See e.g. http://www.di.ens.fr/~mschmidt/Software/
minFunc.html.
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R

mxk = −4 ∑
mak,s =

N

∑ γ̇klr aTk,r al,r (xk − xl )

r=1 l=1
N
− 2γkls mal,s
l=1

∑

.

Letting mx1,k equal the kth component of U(w1 ) and setting
ma1,k,r to zero provides the initial conditions for the system.
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After backwards integration, the components ma0,k,r contain
∇E(a0 ) providing ∇E(w0 ) using w0 = Ka0 .
7 Experiments
We perform four sets of experiments to illustrate and test
the behaviour of the kernel bundle method and its ability to
support sparsity across scales. We start with a simple synthetic example to visually illustrate the differences between
the single and multi-scale, sparse and non-sparse methods.
In particular, will see that sparsity is achieved at the different
scales individually. We then present landmark based examples of matching hand outlines to test the methods ability to
represent both small and large scale features, and we illustrate the differences in the evolution in the diffeomorphism
manifold when matching with LDDMM and the kernel bundle with sparse prior. Finally, we apply the method to register annotated lung CT scans, and we show that the extra capacity of the method does not affect its ability to generalize
to test data; that manual scale selection is not necessary with
the multi-scale method; and that we can control the sparsity
across scales by varying the weight of the sparse prior.
7.1 Synthetic Example
Figure 1 presents a simple example which illustrates the effect of fusing sparsity and multiple scales. In the ﬁgure, we
show the results of matching two sets of 11 points using
the sparse kernel bundle method and the kernel bundle without sparse prior together with results when using sparse and
non-sparse LDDMM algorithms. In all cases, we search for
a diffeomorphism transporting the moving points (red) to the
ﬁxed points (black). The green points show the results of the
matchings, and the red dotted lines indicate the trajectory of
the moving points along the diffeomorphism path. The initial momenta a0,l,r , l = 1, . . . , 11 are shown with arrows. The
Gaussian kernels have scale σ = 6 for the single-scale LDDMM case and σ = 12, 6, 0.8 for the multi-scale methods in
grid units as indicated by the deformed grids,
The sparse prior on LDDMM forces vanishing momentum for 4 of the 11 points. However, the ﬁxed kernel scale
has serious effect on the registration quality: the points are
not quite well matched as seen by the large deviation between the landmarks and result points. The match is closer
with the kernel bundle algorithm without sparse prior but all
momenta at all scales are non-zero as shown by the non-zero
momentum vectors and the representation is far from compact. The kernel bundle method with sparse prior obtains
the best of both worlds: even with vanishing momenta for 6
of the 11 points, the match quality is comparable with nonsparse LDDMM. Of the 3 · 11 momenta, 23 vanishes. The
result shows that sparsity does indeed occur across scales:

point 3 and 9 from above has non-vanishing momenta at
only the smallest scale, and the central point (point 6 from
above) has vanishing momentum only at the midmost scale.
7.2 Hand Outlines
We consider the hand outlines shown in Figure 4. Using the
landmarks (red dots) on the moving hand image, we wish to
compute the kernel bundle match against the landmarks on
the ﬁxed image (black dots). The match is computed with
three scales of 8, 4, and 2 units of the grid overlayed the ﬁgures. Figure 4 shows the results of computing the match with
the kernel bundle together with results obtained with singlescale LDDMM with each of the three scales separately. For
LDDMM with the largest scale, the match is poor and the
sharp bend of the thumb is especially badly modelled. The
situation improves for the middle scale though the bend of
the thumb is still not sufﬁciently sharp and the match is bad
for the middle ﬁngers. For the smallest scales, the thumb is
correctly matched but now the smaller scale is not able to
model the even movement of the index ﬁnger. The kernel
bundle method is by including all scales able to correctly
register all the critical areas, and, at the same time, it gives
the best match of the landmarks.
7.3 KB-EPDiff Across Scales
To illustrate the difference in the evolution of critical paths
with the kernel bundle and LDDMM, we match in Figure 5
again eleven points (red) against eleven points (black) with
results (green) using both LDDMM and kernel bundle method
with two scales and enforced sparsity. In the ﬁgure, the results of the two registrations are visible in row 1 and 2 rightmost, and the evolution of the critical paths generated by the
EPDiff and KB-EPDiff equations are shown with time increasing across columns. The lower rows display the deformation obtained with the kernel bundle separated for each
scale. We see how most of the transport occurs at the largest
scale while the lowest scale perform almost no horizontal
movement but takes care of the ﬁne adjustment allowing the
kernel bundle method to obtain a good match. The sparse
prior forces compactness in the representation and spatial
locality of the ﬁne scale movement.
7.4 Annotated Lung CT Registration
We now test the sparse kernel bundle on the publicly available DIR [5] dataset of lung CT images and manually annotated landmarks. We aim to show that the extra capacity of the method does not affect its ability to generalize to
2

distance after match/distance before match.
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sharp bend lost

(a) LDDMM σ = 8

poor match

(b) LDDMM σ = 4

skewed index ﬁnger

(c) LDDMM σ = 2

mean stretch

Very Non−Rigid

good
matches

Very Rigid

(d) Moving hand (top), ﬁxed
hand (bottom)

(e) LDDKBM

Fig. 4 Matching hands with single- and multiple scales. (d) The moving and ﬁxed hands; (e) result of matching the hands with the kernel bundle
method; (a)-(c) results of matching the hands with the single-scale LDDMM method with three different scales separately. The red landmarks of
the moving hand are matched against the black landmarks of the ﬁxed hand. The outline of the moving hand (red line) is transported to the black
outline and should be compared with the outline of the ﬁxed image (black dashed). The kernel bundle method is by incorporating movement at the
multiple scales able to correctly match the critical areas on which LDDMM fails.

test data; that manual scale selection is not necessary with
the multi-scale method; and that we can control the sparsity across scales by varying the weight of the sparse prior.
We note important differences between the experiments performed in the conference papers [17,18]: we test with sparse
priors, and we use the fast algorithm with the backwards
gradient transport developed in this paper to allow crossvalidation tuning of the regularization term λ in the energies (1) and (8). Thus, we are able to remove the inﬂuence
of λ on the experiments. In addition, we use isotropic kernels and include more points in the experiments resulting in
markedly lower test errors and more robust evaluation.
The dataset consists of ﬁve cases of CT images for different stages of the inhale and exhale phases and annotated
landmarks for the maximum inhale and exhale phases, respectively. The images and landmarks are available on grids
with voxel size varying slightly between the cases but close
to 0.6×0.6×2.5 mm. Further details can be found in the reference. For each case, the 300 publicly available landmarks,
I
E
x1I , . . . , x300
for the maximum inhale phases and x1E , . . . , x300
for the maximum exhale phase, correspond pairwise. We
will drive the registration using random subsets of these land26

marks, and evaluate the computed match using the target
registration error (TRE) measured on the landmarks not used
to drive the registration.
To compare LDDMM and the sparse kernel bundle method,
we choose random subsets of 200 landmarks to drive the registration, and for each such choice of subset S and each of
the ﬁve patient cases, we compute the TRE (∑ j�∈S �ϕ(xIj ) −
xEj �2 )1/2 . We ﬁnd the relative size of the TRE against the
value before the match, and average over the patients and
different choices of subsets. This setup is performed for LDDMM with Gaussian kernels with scale ranging between
10mm and 170mm and with the kernel bundle method with
ﬁve scales in the same range.
For each choice of random subset S, we tune the regularization term λ used in the energies (1) and (8) using
cross-validation on further subsets of S. This ensures that
possible variation in the effect of λ on the single- and multiscale methods does not inﬂuence the presented results. For
the kernel bundle, we let each scale contribute with equal
weight. For this experiment, we let the sparsity weight be
λsp = 0.02, and we let the prior vary over scale by λsp,r =
λsp /r. The result of the experiment is not affected when λsp

The Kernel Bundle Frame Framework

σ = 3.2

σ = 12

sparse
lddmm
kernel bundle (single-scale)

bulk of transport

t = 0.25

t = 0.50

Very Non−Rigid

Very Rigid

mean stretch

t = 0.75

t = 1.00
ﬁne scale adjustment

Fig. 5 LDDMM and sparse kernel bundle match of landmarks (red) to landmarks (black) with results (green). The kernels are Gaussian with the
kernel bundle applying two scales. Time points of the critical paths are shown along the horizontal axis with the rightmost subﬁgures displaying
the ﬁnal deformation. (top row) Critical path determined by EPDiff equations with LDDMM (single scale); (row 2) critical path determined by
KB-EPDiff equations with the sparse kernel bundle method; (row 3-4) individual contribution of each of the bundle scales (scale σ in grid units).
Initially square grids are shown deformed by the diffeomorphism, and the grids are colored with the trace of Cauchy-Green strain tensor indicative
of the mean stretch (log-scale for each row individually). With the sparse kernel bundle method, the largest scale contribute to most of the transport
movement with smooth deformation while the smallest scale performs ﬁne adjustment of the trajectories to obtain a good match. The sparse prior
forces compactness in the representation and spatial locality of the ﬁne scale movement.

varies within a reasonable range of the chosen value, and we
further explore the choices of λsp and λsp,r below.
In Figure 6(a), we see that with single-scale LDDMM
the TRE decreases with increasing scale up to a scale of
70mm after which it starts increasing. This indicates that a
kernel scale of 70mm will be appropriate for LDDMM. As
displayed in Figure 6(b), the sparse kernel bundle method
attains an error lower than but within one standard deviation of the best LDDMM result. Without tuning for scale,
the sparse kernel bundle method is thus as good as LDDMM, and classical scale selection by cross validation is not
needed with the multi-scale method. Furthermore, the results indicate that the same quality of match can be reached
with less data since we potentially could use the entire dataset
to drive the registration with the kernel bundle. Manual scale
selection will allow only a part of the data as input for the
registration as the rest is needed to select the kernel scale.
The experiment shows in addition that the extra capacity
and additional degrees of freedom of the kernel bundle do
not reduce the ability of the method to generalize to the test
data.

To evaluate the effect of applying sparse priors with both
single and multiple scales, we compare LDDMM and the
kernel bundle both with sparse priors. We ﬁx the regularization term to λ = 8 and average over all 5 patients and several
randomly selected subsets of points to drive the match. We
provide LDDMM with the advantage by selecting an already
tuned best possible scale of σ = 50mm with these parameters, and we test against the kernel bundle method using
three scales, σ = 10, 50, 90. Again, we let the scale parameters for the sparse prior vary by λsp,r = λsp /r. The value of
λsp,50 = λsp /50 is used for LDDMM in accordance with the
choice scale.
With this setup, Figure 7 shows the connection between
relative TRE2 , the sparsity weight λsp , and the fraction of
momenta being non-zero after the match. As seen from the
top ﬁgure, a reduction in the number of non-zero momenta
of a factor 5 to 10 can be obtained for kernel bundle with
only slightly increasing TRE. The sparse kernel bundle method
obtains the largest reduction of non-zero parameters for a
given increase in relative TRE. Sparse LDDMM still provides the smallest number of total parameters but the gap
narrows as TRE increases. This fact should be viewed in the
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Fig. 6 LDDMM and the sparse kernel bundle method: (a) average relative TRE2 for different kernel scales (LDDMM) and the sparse kernel
bundle method (horizontal line and rightmost). Zero relative error indicates perfect match and a relative error of one indicates no error reduction. Labels on the horizontal axis are kernel scale in mm (9 different
scales for LDDMM and the interval [10 170] discretized in ﬁve scales
for the sparse kernel bundle). (b) relative TRE for LDDMM (scale in
mm on horizontal axis) subtracted the respective relative errors with the
sparse kernel bundle again matching with the scale interval [10 170]
discretized in ﬁve scales. Positive values show superior performance
of the kernel bundle method. Error bars show standard deviation of the
results.

light that the sparse LDDMM method is already tuned to
the best scale, and that the kernel bundle has more degrees
of freedom than LDDMM. The bottom ﬁgure shows the reduction in non-zero momenta leveling out while the relative
TRE increases, though at a relatively slow pace. The absence
of a sharp increase in relative TRE makes the method fairly
robust the actual choice of λsp .
The weighting of the sparsity parameter across scales
can be controlled by letting λsp,r = λsp /rα and varying α.
To explore this and the resulting cross-scale effects, we select λsp = 0.05, and plot the relative TRE against α in Figure 8. In addition, the ﬁgure shows how the distribution of
non-zero parameters at the different scales varies with α.
The increased penalty at small scales for α > 1 and cor28
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(b) Relative TRE and compactness as a function of the
sparsity weight γsp
Fig. 7 Sparse LDDMM and the sparse kernel bundle method: (a)
relative TRE2 (horizontal axis) versus relative compactness (vertical
axis) when the varying sparsity weight λsp ; (b) relative TRE increase
(left axis, blue) and relative decrease in non-zero momenta (right axis,
green) as function of λsp . Results averaged over 5 patients. With a factor 5 reduction in non-zero parameters (horizontal line, top), relative
TRE for sparse kernel bundle registration is 0.205 in contrast to 0.213
for sparse LDDMM.

responding increased penalty for large scales for α < 1 is
clearly visible. Indeed, the difference in the number of nonzero parameters at the different scales shows that sparsity
across scales is achieved.
To illustrate the result of one lung registration with the
sparse kernel bundle method, Figure 9 shows the energy of
the initial velocity ﬁeld for the three bundle scales separately. The uniform spread of the velocity provided by the
large scale kernels results in a smooth deformation even with
only 20% percent non-zero momenta at that scale. The localized deformation ﬁeld provided by the sparsity of the
smaller momenta is in addition clearly visible.

The Kernel Bundle Frame Framework

(b) energy, σ = 10

(a) Slices of 3D lung image

(c) energy, σ = 50

(d) energy, σ = 90

Fig. 9 Slices of 3D lung image and the multi-scale initial vector ﬁeld at three scales that when combined generate the sparse kernel bundle
registration. Left to right: (a) slices of CT image, (b)-(d) squared L2 -norm of the components at each of the three scales σ = 10, 50, 90 which in
combination make up the multi-scale bundle vector w0 generating ϕ at t = 0. The uniform spread of the velocity provided by the large scale kernels
results in a smooth ﬂow even with only 20% percent non-zero momenta for that scale. The localized deformation ﬁeld provided by the sparsity of
the smaller momenta is in addition clearly visible.
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Fig. 8 Sparsity across scales: relative TRE2 (left axis, blue) and relative decrease in non-zero momenta for each scale (right axis, red
(x)/green (o)/black (*)) as function of the scale weighting α averaged
over the 5 patients. The red (x) marked curve shows compactness for
the smallest scale (σ = 10), the green (o) marked curves for the midmost scale (σ = 50) and the black (*) marked curves for the largest
scale (σ = 90). The TRE and total number of non-zero parameters stay
relatively constant though the distribution of non-zero parameters over
scale varies. In particular, the ﬁgure shows that sparsity across scales
is achieved.

8 Conclusion and Outlook
The multi-scale kernel bundle framework extends the LDDMM framework by incorporating multiple kernels at multiple scales in the registration. The method allows representing deformation at multiple scales at different spatial locations and thereby increases the capacity of the deformation
description while supporting application of sparse priors that
ensures compact representation. Since the priors are applied
independently across the parts of the bundle, the algorithm
allows sparsity across scales, and the multiple scales extend
the range of deformation the algorithm is able to model signiﬁcantly. The method may as well be applied to images
in the ﬁnite dimensional setting promising similar results
and to group-wise registration extending the pairwise experiments presented here.

We visually illustrate the method on synthetic data and
show the obtained sparsity across scales. We show the multiscale effects and cross-scale evolution on additional examples. In addition, when applying the method to a dataset of
annotated lung CT images, we demonstrate that the method
removes the need for classical scale selection; that sparsity
across scales is achieved; that the sparsity may be achieved
with only minor increase in registration error; and that the
extra capacity of the algorithm does not affect generalization ability.
In addition to the applications demonstrated in this paper, we expect the sparse kernel bundle method to be particularly powerful when applied to population analysis of e.g.
atrophy during Alzheimer’s disease. From both a theoretical and a practical point of view, the sparse kernel bundle
framework provides a compact representation of deformation across scales.
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Notes:
The kernel bundle framework (Paper #1) paves some of the way towards sparse
representations of deformation by introducing scale in the framework. However,
sparse representations with LDDMM and the kernel bundle framework will only
represent translational movement at each deformation atom, and the modeling
capacity is therefore still limited. In this paper, we introduce higher order kernels
in the LDDMM framework. The new kernels allow modeling of non-translational
movement and compact description of locally aﬃne deformations. We show how
the singular momenta of the higher order kernels make them ﬁt nicely into the
LDDMM framework, and we derive the EPDiﬀ equations with higher order kernels. The kernels and their representation power is evaluated on several examples
including MR scans of patients suﬀering from Alzheimer’s disease.
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HIGHER ORDER KERNELS AND LOCALLY AFFINE LDDMM
REGISTRATION
STEFAN SOMMER∗ , MADS NIELSEN ∗,† , SUNE DARKNER ∗ , AND XAVIER PENNEC‡
Abstract. To achieve sparse description that allows intuitive analysis, we aim to represent
deformation with a basis containing interpretable elements, and we wish to use elements that have
the description capacity to represent the deformation compactly. We accomplish this by introducing
higher order kernels in the LDDMM registration framework. The kernels allow local description
of aﬃne transformations and subsequent compact description of non-translational movement and
of the entire non-rigid deformation. This is obtained with a representation that contains directly
interpretable information from both mathematical and modeling perspectives. We develop the mathematical construction behind the higher order kernels, we show the implications for sparse image
registration and deformation description, and we provide examples of how the capacity of the kernels
enables registration with a very low number of parameters. The capacity and interpretability of the
kernels lead to natural modeling of articulated movement, and the kernels promise to be useful for
quantifying ventricle expansion and progressing atrophy during Alzheimer’s disease.
Key words. LDDMM, diﬀeomorphic registration, RHKS, kernels, momentum, computational
anatomy
AMS subject classiﬁcations. 65D18, 65K10, 41A15

1. Introduction. Atrophy occurs in the human brain among patients suﬀering
from Alzheimer’s disease, and the progressing atrophy can be detected by the expansion of the ventricles [16, 13]. We wish to describe the deformation of the brain caused
by the progressing disease using as few parameters as possible and with a representation which allows intuitive analysis: we search for sparse representations with basis
elements that have the capacity to describe deformation with few parameters while
being directly interpretable.
Image registration algorithms often represent translational movement in a dense
sampling of the image domain. Such approaches fail to satisfy the above goals: low
dimensional deformations such as expansion of the ventricles will not be represented
sparsely; the registration algorithm must optimize a large number of parameters; and
the expansion cannot easily be interpreted from the registration result.
In this paper, we introduce higher order kernels in the LDDMM registration
framework to obtain a deformation representation promising sparsity, increased capacity, end interpretability. We show how higher order kernels allow local representation
of aﬃne transformations and that they increase the capacity of the representation at
each point. We use the compact deformation description to register points and images using very few parameters, and we illustrate how the deformation coded by the
kernels can be directly interpreted and that it represents information directly useful
in applications: with low numbers of control points, we can detect the expanding
ventricles of the patient shown in in Figure 1.1.
1.1. Background. Among the many methods for non-rigid registration in medical imaging, the majority model the displacement of each spatial position by either a
combination of suitable basis functions for the displacement itself or for the velocity of
the voxels. The number of control points vary between one for each voxel [2, 15, 7] and
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Fig. 1.1. Progressing Alzheimer’s disease cause atrophy and expansion of the ventricles. By
placing ﬁve deformation atoms in the 2D MRI slices [17] and by using higher order kernels, we can
register the expansion. (a) The position of the deformation atoms shown in the baseline scan; (b)
the follow up scan; (c) the log-Jacobian determinant of the generated deformation in the ventricle
area (red box in (b)); (d) the vector ﬁeld at t = 0 of the generated deformation. The logarithm of
the Jacobian determinant and the divergence at the deformation atoms are positive which is in line
with the expected ventricle expansion, confer also Figure 5.5.

fewer with larger basis functions [22, 5, 11]. For all methods, the inﬁnite-dimensional
space of deformations is approximated by the ﬁnite- but high-dimensional subspace
spanned by the parametrization of the individual method. The approximation will be
good if the underlying deformation is close to this subspace, and the representation
will be compact, if few basis functions describe the deformation well. The choice of
basis functions play a crucial role, and we will in the rest of the paper denote them
deformation atoms. Two main observations constitute the motivation for the work
presented in this paper:
Observation 1: Order of the Deformation Model. In the majority of registration
methods, the deformation atoms model the local translation of each point. We wish
a richer representation which is in particular able to model locally linear components
in addition to local translations. The Polyaﬃne and Log-Euclidean Polyaﬃne [3,
1] frameworks pursue this by representing the velocity of a path of deformations
locally by matrix logarithms. Ideas from the Polyaﬃne methods have recently been
incorporated in e.g. the Demons algorithm [29] but, to the best of our knowledge, not
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in the LDDMM registration framework. We wish to extend the set of deformation
atoms used in LDDMM to allow representation of ﬁrst and higher order structure and
hence incorporate the beneﬁts of the Polyaﬃne methods in the LDDMM framework.
Observation 2: Order of the Similarity Measure. When registering DT images,
the reorientation is a function of the derivative of the warp; curve normals also contain directional information which is dependent on the warp derivative and airway
trees contain directional information in the three structure which can be used for
measuring similarity. These are examples of similarity measures containing higher
order information. For the case of image registration, the warp derivative may also
enter the equation either directly in the similarity measure [21, 19] or to allow use of
more image information than provided by
� a sampling of the warp. Consider an image
similarity measure on the form U (ϕ) = Ω F (Im (ϕ−1 (x)), If (x))dx. A ﬁnite sampling
of the domain Ω can approximate this with
N
1 �
Ũ (ϕ) =
F (Im (ϕ−1 (xi )), If (xi )) .
N i=1
0

Letting {p1 , . . . , pP } be uniformly distributed points around 0, we can increase the
amount of image information used in Ũ 0 (ϕ) without additional sampling of the warp
by using a ﬁrst order approximation of ϕ−1 :
Ũ 1 (ϕ) =

N N
1 ��
F (Im (Dϕ−1 pj + ϕ−1 (xi )), If (pj + xi )) .
N P i=1 j=1

This can be considered an increase from zero to ﬁrst order in the approximation of
U . Besides including more image information than provided by the initial sampling
of the warp, the increase in order allows capture of non-translational information e.g. rotation and dilation - in the similarity measure. The approach can be seen as
a speciﬁc case of similarity smoothing and more examples of smoothing in intensity
based image registration can be found in [9]1 .
We focus on deformation modeling with the Large Deformation Diﬀeomorphic
Metric Mapping (LDDMM) registration framework which has the beneﬁt of both
providing good registrations and drawing strong theoretical links with Lie group theory and evolution equations in physical modeling [8, 32]. Most often, high-dimensional
voxel-wise representations are used for LDDMM although recent interest in compact
representations [11, 25] show that the number of parameters can be much reduced.
These methods use interpolation of the velocity ﬁeld by deformation atoms to represent translational movement but deformation by other parts of the aﬃne group cannot
be compactly represented.
The deformation atoms are in LDDMM called kernels. The kernels are centered
at diﬀerent spatial positions and parameters determine the contribution of each kernel. In this paper, we use the partial derivative reproducing property [33] to show
that partial derivatives of kernels - higher order kernels - ﬁt naturally in the LDDMM framework and constitute deformation atoms along with the original kernels.
In particular, the higher order kernels have a singular momentum and the momentum
stay singular when transported by the EPDiﬀ evolution equations. We show how the
1 An updated version of [9] is available at http://diku.dk/english/staff/?id=383640&f=3&vis=
medarbejder.
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higher order kernels allow modeling of locally aﬃne deformations and hence extend
the capacity of sparsely discretized LDDMM methods. In addition, they comprise the
natural vehicle for incorporating ﬁrst order similarity measures in the framework.
1.2. Related Work. A number of methods for non-rigid registration have been
developed during the last decades including non-linear elastic methods [18], parametrizations using static velocity ﬁelds [2, 15], the demons algorithm [26, 29], and spline-based
methods [22, 5]. For the particular case of LDDMM, the groundbreaking work appeared with the deformable template model by Grenander [14] and the ﬂow approach
by Christensen et al. [7] together with the theoretical contributions of Dupuis et
al. and Trouvé [10, 27]. Algorithms for computing optimal diﬀeomorphisms have
been developed in [4], and [28] uses the momentum representation for statistics and
develops a momentum based algorithm for the landmark matching problem.
Locally aﬃne deformations can be modeled using the Polyaﬃne and Log-Euclidean
Polyaﬃne [3, 1] frameworks. The velocity of a path of deformations is here computed
using matrix logarithms, and the resulting diﬀeomorphism ﬂowed forward by integrating the velocity. Ideas from the Polyaﬃne methods have recently been incorporated in
e.g. the Demons algorithm [29, 23]. In LDDMM, the deformation atoms, the kernels,
represent translational movement and the non-translational part of aﬃne transformations cannot directly be represented. We will show how higher order kernels constitute
deformation atoms which allow representing the linear parts of aﬃne transformations.
From a mathematical points of view, this is possible due to the partial derivative reproducing property (Zhou [33]). The partial derivative reproducing property has been
used in [6] to derive variations of ﬂow equations for LDDMM DTI registration but
higher order kernels are not used in the parametrization. Confer the monograph [32]
for information on RKHSs and their role in LDDMM.
In order to reduce the dimensionality of the parametrization used in LDDMM,
Durrleman et al. [11] introduced a control point formulation of the registration problem by choosing a ﬁnite set of control points and constraining the momentum to be
concentrated as Dirac measures at the point trajectories. As we will see, higher order
kernels make a ﬁnite control point formulation possible which is diﬀerent in important
aspects. Younes [31] in addition considers evolution in constrained subspaces.
Higher order kernels increase the capacity of the deformation parametrization, a
goal which is also treated in sparse multi-scale methods such as the kernel bundle
framework [25]. This method concerns the size of the kernel in contrast to the order
which we deal with here. As we will discuss in the experiments section, the size of the
kernel is important for higher order kernels as well, and higher order kernels and the
kernel bundle method will likely complement each other nicely if applied together.
1.3. Content and Outline. We start the paper with an overview of LDDMM
registration and the mathematical constructs behind the method. In the following section, we motivate the introduction of higher order kernels using zero- and ﬁrst-order
similarity measure approximations. We describe the derivative reproducing property,
and show how it implies singular momentum for the kernels. The evolution of the
momentum and velocity ﬁelds governed by the EPDiﬀ evolution equations are then
determined. To make actual registration possible, the next section describes the eﬀect
of varying the initial conditions and the backwards gradient transport before developing the actual matching algorithm. We give examples in the second last section,
and we show how the higher order kernels are particularly useful when registering
human brains with progressing atrophy. The paper ends with concluding remarks
and outlook. The paper thus contributes by
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(1) introducing higher order kernels in the LDDMM framework as the deformation atoms enabling locally aﬃne transformations,
(2) showing how the order of the similarity measure approximation relates to
higher order kernels,
(3) relating the derivative reproducing property to LDDMM and showing how it
implies a singular momentum for the higher order kernels,
(4) deriving the EPDiﬀ transport equations for higher order kernels,
(5) computing the forward variational equations and describing the backwards
gradient transport,
(6) developing an algorithm allowing matching with the higher order kernels,
(7) and demonstrating the application of the kernels with registration examples.
2. LDDMM Registration, Kernels, and Evolution Equations. We here
give a brief introduction to LDDMM registration. For further information, confer the
monograph [32] with extensive information on the method.
In the LDDMM framework, registration is performed through the action of diffeomorphisms on geometric objects. This approach is very general and allows the
framework to be applied to both landmarks, curves, surfaces, images, and tensors. In
the case of images, the action of a diﬀeomorphism ϕ on the image I : Ω → R takes the
form ϕ.I = I ◦ ϕ−1 , and given a ﬁxed image If and moving image Im , the registration
amounts to a search for ϕ such that ϕ.Im ∼ If . In exact matching, we wish ϕ.Im
be exactly equal to If but, more frequently, we allow some amount of inexactness to
account for noise in the images and allow for smoother diﬀeomorphisms. This is done
by deﬁning a similarity measure U (ϕ) = U (ϕ.Im , If ) on images and a regularization
measure E1 to give a combined energy
E(ϕ) = E1 (ϕ) + λU (ϕ.Im , If ) .

(2.1)

Here λ is a positive real representing the trade-oﬀ between regularity �and goodness
of ﬁt. The similarity measure U is in the simplest form the L2 -error Ω |ϕ.Im (x) −
If (x)|dx but more advanced measures can be used (e.g. [20, 30, 9]).
In order to deﬁne the regularization term E1 , we introduce some notations in the
following: Let the domain Ω be a subset of Rd with d = 2, 3, and let V denote a
Hilbert space of vector ﬁelds v : Ω → Rd such that V with associated norm � · �V is
included in L2 (Ω, Rd ) and admissible [32, Chap. 9], i.e. suﬃciently smooth. Given a
time-dependent vector ﬁeld t �→ vt with
�

1
0

�vt �2V dt < ∞

(2.2)

the associated diﬀerential equation ∂t ϕt = vt ◦ ϕt has with initial condition ϕs a
diﬀeomorphism ϕvst as unique solution at time t. The set GV of diﬀeomorphisms built
from V by such diﬀerential equations is a Lie group, and V is its tangent space at each
point. The inner product on V associated to a norm � · �V makes GV a Riemannian
manifold with right-invariant metric. Setting ϕv00 = IdΩ , the map t �→ ϕv0t is a path
from IdΩ to ϕ with energy given by (2.2) and generated by vt . We will use this
notation extensively in the following. A critical path for the energy (2.2) is a geodesic
on GV , and the regularization term E1 is deﬁned using the energy by
E1 (ϕ) =

minv

vt ∈V,ϕ01 =ϕ

�

1
0

2

�vs �V ds ,

(2.3)

37

i.e. it measures the minimal energy of diﬀeomorphism paths from IdΩ to ϕ. Since
the energy is high for paths with great variation, the term penalizes highly varying
paths, and a low value of E1 (ϕ) thus implies that ϕ is regular.
2.1. Kernel and Momentum. As a consequence of the assumed admissibility
of V , the evaluation functionals δx : v �→ v(x) ∈ Rd is well-deﬁned and continuous
for any x ∈ Ω. Thus, for any a ∈ Rd the map a ⊗ δx : v �→ aT v(x) belongs to
the topological dual V ∗ consisting of the continuous linear maps of V . This in turn
implies the existence of spatially dependent matrices K : Ω × Ω → Rd×d , the kernel,
such that, for any constant vector a ∈ Rd , the vector ﬁeld K(·, x)a ∈ V represents
a ⊗ δx and �K(·, x)a, v�V = a ⊗ δx (v) for any v ∈ V , point x ∈ Ω and vector a ∈ Rd .
This latter property is denoted the reproducing property and gives V the structure
of a reproducing kernel Hilbert space (RKHS). Tightly connected to the norm and
kernels is the notion of momentum given by the linear momentum operator L : V →
V ∗ ⊂ L2 (Ω, Rd ) which satisﬁes
�
�
�T
�Lv, w�L2 (Ω,Rd ) =
Lv(x) w(x)dx = �v, w�V
Ω

for all v, w ∈ V . The momentum operator connects the inner product on V with the
inner product in L2 (Ω, Rd ), and the image Lv of an element v ∈ V �is denoted
� the
momentum of v. The momentum Lv might be singular and in
fact
L
K(·,
y)a
(x) is
�
the Dirac measure δy (x)a. Considering K as the map a �→ Ω K(·, x)a(x)dx, L can
be viewed as the inverse of K. Confer [32] for a thorough introduction to reproducing
kernels, especially with a view towards the LDDMM framework.
Instead of deriving the kernel from V , the opposite approach can be used: build V
from a kernel, and hence impose the regularization in the framework from the kernel.
With this approach, the kernel is often chosen to ensure rotational and translational
2
)Idd is an often
invariance [32] and the scalar Gaussian kernel K(x, y) = exp( �x−y�
σ2
used choice. Confer [12] for details on the construction of V from Gaussian kernels.

2.2. Optimal Paths: The EPDiﬀ Evolution Equations. The relation between norm and momentum lead to convenient equations for minimizers of the energy
(2.1). In particular, the EPDiﬀ equations for the evolution of the momentum at for
optimal paths assert that if ϕt is a path minimizing E1 (ϕ) with ϕ1 = ϕ minimizing
E(ϕ) and vt is the derivative of ϕt then vt satisﬁes the system
�
K(·, x)at (x)dx ,
vt =
Ω

d
at = −Dat vt − at ∇ · vt − (Dvt )T at
dt

with Dat and Dvt denoting spatial diﬀerentiation of the momentum and velocity ﬁelds,
respectively. The ﬁrst equation connects the momentum at with the velocity vt , and
the second equation describes the time evolution of the momentum. In the most
general form, the EPDiﬀ equations describe the evolution of the momentum using the
adjoint map. Following [32], we deﬁne Adϕ v(x) = (Dϕ v) ◦ ϕ−1 (x) for v ∈ V and get
a functional Ad∗ϕ on the dual V ∗ of V by (Ad∗ϕ ρ|v) = (ρ|Adϕ (v)).2 Deﬁne in addition
�
�
AdTϕ v = K(Ad∗ϕ (Lv)) which then satisﬁes AdTϕ v, w = (Ad∗ϕ (Lv)|w), and let ∇ϕ U

2 Here and in the following, we will use the notation (p|v) := p(v) for evaluation of the functional
p ∈ V ∗ on the vector ﬁeld v ∈ V .
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denote the gradient of the similarity measure U with respect to the inner product
v
◦ ϕ) for any variation v ∈ V and diﬀeomorphism
on V so that �∇ϕ U, v�V = ∂� U (ψ0�
v
path ψ0� with derivative v. For optimal paths vt , the EPDiﬀ equations assert that
vt = AdTϕvt1 v1 with v1 = − 12 ∇ϕv01 U which leads to the conservation of momentum
property for optimal paths. Conversely, the EPDiﬀ equations reduce to simpler forms
for certain objects. For landmarks x1 , . . . , xN , the momentum will be concentrated
at point trajectories xt,i := ϕt (xi ) as Dirac measures at,i δxt,i leading to the ﬁnite
dimensional system of ODE’s
vt =

N
�

K(·, xt,l ))at,l ,

l=1

d
ϕt (xi ) = vt (xt,i ) ,
dt

N

�
d
D1 K(xt,i , xt,l )aTt,i at,l .
at,i = −
dt

(2.4)

l=1

3. Higher Order Kernels. We here introduce higher order kernels in the LDDMM registration framework. We start by motivating the construction by considering
the approximation used when computing the similarity measure. We then link the
kernels to the momentum using the derivative reproducing property, and derive the
path energy. We consider locally aﬃne transformations before deriving the EPDiﬀ
evolution equations for paths incorporating higher order kernels.
We will motivate the introduction of higher order kernels by considering a speciﬁc
case of image registration: we take on the goal of using a control point formulation
[11] when solving the registration problem (2.1) and hence aim for using a relatively
sparse sampling of the velocity or momentum ﬁeld. To achieve this, we will consider
the coupling between the transported control points {ϕ−1 (x1 ), . . . , ϕ−1 (xN )} and the
similarity measure in order to ensure the momentum stays singular and localized at
the point trajectories while removing the need for warping the entire image at every
iteration of the optimization process.
�
Considering a similarity measure U (ϕ) = Ω F (Im (ϕ−1 (x)), If (x))dx as discussed
�N
in the introduction, and a ﬁnite discretization Ũ 0 (ϕ) = 1/N i=1 F (ϕ.Im (xi ), If (xi ))
with a sparse set of control points {xi }. While using Ũ 0 (ϕ) to drive registration of
the images will be very eﬃcient in evaluating the warp in few points, it will suﬀer
correspondingly from only using image information present in those points. Apart
from not being robust under the presence of noise in the images, the discretization
implies that local dilation or rotation around the points ϕ−1 (xi ) cannot be detected:
any variation v ∈ V of ϕ keeping ϕ−1 (xi ) constant for all i = 1, . . . , N will not change
Ũ 0 (ϕ). Formally, if ψ0� is a diﬀeomorphism path that is equal to ϕ at t = 0 and has
derivative v at t = 0, i.e. ∂� ψ0� = v and ψ00 = ϕ, then
�
�T
∂� F (ψ0� .Im (xi ), If (xi )) = ∂1 F (ϕ.Im (xi ), If (xi )) · ∇ϕ−1 (xi ) Im v(ϕ−1 (xi ))
which vanishes if v(ϕ−1 (xi )) = 0. Here ∂1 F denotes the derivative of F : R2 → R
with respect to the ﬁrst variable.
A simple way to include more image in formation in the similarity measure is to
convolve with a kernel Ks , and thus extend Ũ 0 to
U 1 (ϕ) =

�
N
1 �
cKs
Ks (p + xi , xi )U (ϕ.Im (p + xi ), If (p + xi ))dp
N i=1
Ω
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with cKs a normalization constant. If Ks is a box kernel, this amounts to a ﬁner
sampling of both the image and warp, and hence a ﬁner discretization of the Riemann
integral. The kernel Ks should not be confused with the RKHS kernel connected to
the norm on V that is used when generating the V -gradient. A Gaussian kernel may
be used for Ks [9], and more information on using smoothing kernels for intensity
based image registration can be found in [9, 34].
The measure U 1 (ϕ) is problematic since a variation of ϕ would aﬀect not only
the point ϕ−1 (xi ) but also ϕ.Im (p + xi ), and U 1 (ϕ) will therefore be dependent on
ϕ.Im (p + xi ) for any p where Ks (p, xi ) is non-zero. In this situation, the momentum is
no longer concentrated in Dirac measures located at ϕ−1
t (xi ), and it will be necessary
to increase the sampling of the warp. However, a ﬁrst order expansion of ϕ−1 yields
the approximation
�
N
1 �
cK
Ks (p + xi , xi )U (Im (Dxi ϕ−1 p + ϕ−1 (xi )), If (p + xi ))dp . (3.1)
Ũ (ϕ) =
N i=1 s Ω
1

The measure Ũ 1 (ϕ) is now again local depending only on ϕ−1 (xi ) and the ﬁrst order
derivatives Dxi ϕ−1 . It oﬀers the stability provided by the convolution with Ks , and,
importantly, variations v of ϕ keeping ϕ−1 (xi ) constant but changing Dxi ϕ−1 do indeed aﬀect the similarity measure. This implies that Ũ 1 (ϕ) is able to catch rotations
and dilations and drive the search for optimal ϕ accordingly. Please note the diﬀerences with the approach of Durrleman et al. [11]: when using Ũ 1 (ϕ) as outlined here,
the need for ﬂowing the entire moving image forward is removed and the momentum
ﬁeld will stay singular directly thus removing the need for constraining the form of
the velocity ﬁeld.
This raises the question of how to represent variations of Dϕ in the LDDMM
framework. As we will see, higher order kernels appear as the natural choice of deformation atoms allowing singular momentum for variations of Dϕ and hence keeping
the beneﬁts of the ﬁnite control point formulation.
3.1. Derivative Reproducing Property. Recall the reproducing property of
the RKHS structure, i.e. �K(·, x)a, v�V = a ⊗ δx (v) for v ∈ V , x ∈ Ω and a ∈ Rd .
Zhou [33] shows that this property holds not only for the kernel but also for its partial
derivatives. Letting Dxα v denote the derivative of v ∈ V at x ∈ Ω with respect to the
multi-index α,
Dxα v =

∂ |α|
α v(x)
∂xα11 . . . ∂xqq

and deﬁning (Dxα Ka)(y) = Dxα (K(·, y)a) for a ∈ Rd , Zhou proves that Dxα Ka ∈ V
and that the partial derivative reproducing property
�Dxα Ka, v�V = aT Dxα (v)

(3.2)

holds when the maps in V are suﬃciently smooth for the derivatives to exist. In the
following, we denote the matrices Dxα K higher order kernels. Similarly, we denote the
maps a ⊗ Dxα : V → R deﬁned by a ⊗ Dxα (v) := aT Dxα v higher order Diracs. It follows
that
�
�
a ⊗ Dxα = v �→ �Dxα Ka, v�V ∈ V ∗ .
40

As a consequence of Zhous result, we can derive the momentum for the higher order
kernels. Recall that the momentum map L : V → V ∗ satisﬁes �Lv, w�L2 = �v, w�V .
With the higher order kernels,
�LDxα Ka, v�L2 = �Dxα Ka, v�V = a ⊗ Dxα (v) = �a ⊗ Dxα , v�L2 .
Thus LDxα Ka = a ⊗ Dxα or, shorter, LDxα K = Dxα . That is, the higher order kernels
and higher order Diracs corresponds just as the kernels and Diracs in the usual RKHS
sense.
Consider a map on diﬀeomorphisms U : GV → R e.g. an image similarity measure
dependent on ϕ. In a ﬁnite dimensional setting with N evaluation points xi , U would
decompose as U (ϕ) = P ◦ Q(ϕ) with Q(ϕ) = (ϕ(x1 ), . . . , ϕ(xN )) and P : RdN → R.
Introducing higher order kernels, we let Q(ϕ) = (Dxα11 (ϕ), . . . , DxαNJ (ϕ)) with J multiindices αj , and decompose U as U (ϕ) = P ◦Q(ϕ) with P : RdN J → R. We allow αj to
be empty and hence incorporate the standard zero-order case. The partial derivative
reproducing property now allows to compute the V -gradient of U as a sum of higher
order kernels.
Proposition 3.1. Let ∇ij P denote the gradient with respect to the variable
α
indexed by Dxij (ϕ) in the expression for Q. Then the gradient ∇ϕ U ∈ V of U with
�N �J
α
respect to the inner product in V is given by ∇ϕ U = i=1 j=1 Dxij K∇ij
Q(ϕ) P .
Proof. The gradient ∇ϕ U at ϕ is deﬁned by �∇ϕ U, v� = ∂� U (�v + ϕ) for all
variations v ∈ V . For such v, we get using (3.2) that
j

j

j

∂� U (�v + ϕ) = ∂� P ◦ Q(�v + ϕ) = ∂� P (Dxαi (�v + ϕ)) = ∂� P (�Dxαi v + Dxαi ϕ)
�N J
�
N �
J
�
�
�
j
j
T α
(∇ij
Dxαi ∇ij
.
=
Q(ϕ) P ) Dxi v =
Q(ϕ) P, v
i=1 j=1

i=1 j=1

V

3.2. Momentum and Energy.
3.1, the momentum
�N As�aJresultij of Proposition
αj
of the gradient of U is L∇ϕ U = i=1 j=1 ∇Q(ϕ) P ⊗ Dxi . In general, if v ∈ V
is a sum of higher order kernels, the energy �v�2V can be computed using (3.2) as a
sum of the diﬀerent order kernels evaluated at the points xi . To keep the notation
brief, we restrict to sums of zero- and ﬁrst order kernels in the following. If v(·) =
�N �
�d
j�
j
i=1 K(xi , ·)ai +
j=1 D K(xi , ·)ai , we get the energy
�v�2V

=

=

�

N
�
�
i=1

N
�

i,l=1

K(xi , ·)ai +

d �
N �
�

i,l=1 j=1
N
�

i,l=1

j=1

D

j

�
K(xi , ·)aji ,

�K(xl , ·)al , K(xi , ·)ai �V +

+2

=

d
�

N
�

N
�
�
i=1

d �
�

i,l=1 j,j �

Dj K(xl , ·)ajl , K(xi , ·)ai

aTl K(xl , xi )ai +

d
N �
�

i,l=1 j,j �

aji

�

,T

�

�

K(xi , ·)ai +

d
�
j=1

D

j

�
K(xi , ·)aji

�

Dj K(xl , ·)ajl , Dj K(xi , ·)aji

�
�

�

V

V

V

D2j D1j K(xl , xi )ajl + 2

d
N �
�

aTi D1j K(xl , xi )ajl

i,l=1 j=1

(3.3)
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with Dij K(·, ·) denoting diﬀerentiation with the respect to the ith variable, i = 1, 2,
and jth coordinate, j = 1, . . . , d. For scalar symmetric kernels such as Gaussians, this
expression reduces to
�v�2V =

N
�

aTl K(xl , xi )ai +

d
N �
�
�

i,l=1 j,j �

i,l=1
N
�

+2

d
�

D2 ∇1 K(xl , xi )

�j �
j

aij

�

,T j
al

(∇1 K(xl , xi ))j aTi ajl .

i,l=1 j=1

3.3. Locally Aﬃne Transformations. The Polyaﬃne and Log-Euclidean Polyaﬃne
[3, 1] frameworks model locally aﬃne transformations using matrix logarithms which
has limited range. Though the higher order kernels can be seen as the LDDMM
sibling of the Polyaﬃne methods, the methods diﬀer in that diﬀeomorphism paths
generated by higher order kernels, in particular, kernels of zero- and ﬁrst order, can
locally approximate all aﬃne transformation with linear component having positive
determinant. The approximation will depend only on how fast the kernel approaches
zero towards inﬁnity. The manifold structure of GV provides this result immediately.
Indeed, let ϕ(x) = Ax + b be an aﬃne transformation with det(A) > 0. We deﬁne
a path ϕt of ﬁnite energy such that ϕ1 ≈ ϕ which shows that ϕ1 ∈ GV and can be
reached in the framework. The matrices of positive determinant is path connected
so we can let ψt be a path from Idd to A and deﬁne ψ̃t (x) = ψt x + bt. Then with
ṽt (x) = (∂t ψt )ψ̃t−1 (x) + b, we have ∂t ψ̃t (x) = (∂t ψt )x + b = ṽt ◦ ψ̃t (x) and
x+

�

1
0

ṽt ◦ ψ̃t (x)dt = x +

�

1

(∂t ψt )x + bdt = ϕ(x) .
0

Now use that (∂t ψt )ψ̃t−1 (x) = (∂t ψt )(ψt )−1 (x − bt) and let the Mt = (m1,t . . . md,t ) be
the t-dependent matrix (∂t ψt )(ψt )−1 so that the ﬁrst term of ṽt (x) equals Mt (x − bt).
Then choose a radial kernel, e.g. a Gaussian Kσ , and deﬁne the approximation vt of
ṽt by
vt (x) =

d
�
j=1

j
Dψ̃

t (0)

Kσ (x)mj,t + Kσ (ψ̃t (0), x)b .

(3.4)

The path ϕv01 generated by vt then has ﬁnite energy, and
ϕv01 (x) = x +

�

1
0

vt ◦ ϕv0t (x)dt ≈ ϕ(x)

with the approximation depending only on the kernel scale σ. Note that the aﬃne
transformations with linear components having negative determinant can in a similar
way be reached by starting the integrating at a diﬀeomorphism with negative Jacobian
determinant.
In the experiments section, we will illustrate the locally aﬃne transformations
encoded by zero and ﬁrst order kernels, and, therefore, it will be useful to introduce a
notation for these kernels. We encode the translational part of either the momentum
or velocity using the notation
Tslx (b) = Kσ (x, ·)b
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and the linear part by
Linx (M ) =

d
�

Dxj Kσ (·)mj

j=1

with m1 , mj being the columns of the matrix M . Equation (3.4) can then be written
vt (x) = Linψ̃t (0) (Mt ) + Tslψ̃t (0) (b) .

(3.5)

We emphasize that though we mainly focus on zero and ﬁrst order kernels, the mathematical construction allows any order kernel permitted by the smoothness of the
kernel at order zero.
3.4. EPDiﬀ Equations. It is important to note that the higher order kernels
oﬀer a convenient representation for the gradients of maps U incorporating derivative
information but since the kernels are members of V and their momentum in the
dual V ∗ , the analytical of structure of LDDMM is not changed. In particular, the
adjoint form of the EPDiﬀ equations, i.e. that optimal paths vt satisfy vt = AdTϕvt1 v1
with v1 = − 12 ∇ϕv01 U , is still valid. The momentum ρ1 = Lv1 is transported to the
momentum ρt by Ad∗ϕvt1 p1 . Because
(ρt |w) = (ρ1 |Adϕvt1 (w)) = (ρ1 |(Dϕvt1 w) ◦ (ϕvt1 )−1 ) ,
if ρ1 is a sum of higher order kernels, ρt will be sum of higher order kernels for
all t. However, since the time evolution of (ρt |w) with the above relation involves
derivatives of Dϕvt1 , this form is inconvenient for computing ρt . Instead, we make use
of the Hamiltonian form of the EPDiﬀ equations [32, P. 265]. Here, the momentum
ρt is pulled back to ρ0 but with a coordinate
� � � change
� � of the evaluation� vector ﬁeld:
the Hamiltonian form µt is deﬁned by µt �w := ρ0 �(Dϕv0t )−1 (y)w(y) y where the
subscript stresses that (Dϕv0t )−1 (y)w(y) is evaluated as a y-dependent vector ﬁeld.
Using this notation, the evolution equations become
∂t ϕv0t (y) =

d
�
�
� � k v
µt �K (ϕ0t (x), ϕv0t (y)) x ek

k=1

�

d
�
� �
� �
� �� �
�
∂ t µt w = −
µt � µt �D2 K k (ϕv0t (x), ϕv0t (y))w(y) x ek y .

(3.6)

k=1

For the case when (ρ0 |w) does not involve derivatives of w, these equations form an
ordinary diﬀerential equation describing the evolution of the path and momentum
[32]. For the higher order case, we will need to incorporate additional information in
the system.
Again we restrict to the zero- and ﬁrst order case, and we hence work with initial
momenta on the form
ρ0 =

N
�
i=1

a0,i ⊗ δx0,i +

d
N �
�
i=1 j=1

aj0,i ⊗ Dj δx0,i

(3.7)
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with xt,i as usual denoting the point positions ϕv0t (xi ) at time t. Then
� ��
N
N �
d
�
�
�
� � � � �
v
−1
�
�
a0,i ⊗ δx0,i +
aj0,i ⊗ Dj δx0,i Dϕv0t (y)−1 w(y)dy
µt w = ρ0 Dϕ0t (y) w(y) y =
Ω

=

N
�
i=1

+

�

�

i=1 j=1

=

i=1

+

i=1 j=1

�
�
a0,i ⊗ δx0,i �Dϕv0t (y)−1 w(y) y +

N �
d
�

N
�

i=1

��

d
�
j=1

�

��
�
aj0,i ⊗ δx0,i � Dj Dϕv0t (y)−1 )w(y) y

� �
Dϕv0t (x0,i )−1,T aj0,i ⊗ Dj δx0,i �w

Dϕv0t (x0,i )−1,T a0,i +

d
�
�

Dj Dϕv0t (x0,i )−1

j=1

N �
d
�
i=1 j=1

showing that µt =

�

� �
Dϕv0t (x0,i )−1,T aj0,i ⊗ Dj δx0,i �w

�N

i=1

µt,i ⊗ δx0,i +

�N �d
i=1

µt,i = Dϕv0t (x0,i )−1,T a0,i +

� �
�
aj0,i ⊗ δx0,i �w

µjt,i ⊗ Dj δx0,i with

j=1

d
�
�

�T

Dj Dϕv0t (x0,i )−1

j=1

µjt,i

=

Dϕv0t (x0,i )−1,T aj0,i

.

�T

aj0,i

(3.8)

The momentum ρt can the be recovered as
N
N �
d
�
� � � � �
� ��
�
µt,i ⊗ δx0,i +
µjt,i ⊗ Dj δx0,i w ◦ ϕv0t
ρt �w = µt �w ◦ ϕv0t =
i=1

=

N
�
i=1

=

N
�
i=1

µt,i ⊗ δxt,i w +
µt,i ⊗ δxt,i w +

i=1 j=1

N �
d
�

j v
µj,T
t,i Dw(D ϕ0t )(x0,i )

i=1 j=1

N �
d
d
�
��
i=1 j=1

�
(Dk ϕv0t )(x0,i )j µkt,i ⊗ Dj δxt,i w

k=1

and hence the coeﬃcients of the momentum at,i and ajt,i (confer (3.7)) are given by
�d
at,i = µt,i and ajt,i = k=1 (Dk ϕv0t )(x0,i )j µkt,i .

3.5. Time Evolution of the EPDiﬀ Equations. Even though µt,i in (3.8)
depend on the second order derivative of ϕ, we will show that the complete evolution
in the zero- and ﬁrst order case can be determined by solving for ϕv0t (xi,0 ), Dϕv0t (xi,0 ),
and µt,i . This will provide the computational representation we will use when implementing the systems. In order to simplify the notation, we will work mainly with
scalar kernels so that Klk (x, y) = K(x, y) if and only if k = l and 0 otherwise.
Using (3.6), ϕv0t evolves according to
d � �
d
N
�
�
� T
�
∂t ϕv0t (y) =
µjt,i ⊗ Dj δx0,i K k (ϕv0t (x), ϕv0t (y))dxek
µt,i ⊗ δx0,i +
k=1

=

Ω i=1

N
d �
�

k=1 i=1
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�

j=1

µTt,i K k (ϕv0t (x0,i ), ϕv0t (y)) +

d
�
j=1

�
k
v
v
j v
µj,T
t,i D1 K (ϕ0t (x0,i ), ϕ0t (y))D ϕ0t (x0,i ) ek .

With scalar kernels, the trajectories xt,i are given by
∂t ϕv0t (x0,n ) =

N
�
�

K(ϕv0t (x0,i ), ϕv0t (x0,n ))µt,i +

i=1

d
�
j=1

�
∇1 K(ϕv0t (x0,i ), ϕv0t (x0,n ))T Dj ϕv0t (x0,i )µjt,i .

It is shown in [32] that the evolution of Dϕv0t (xi,0 ) is given by
∂t Dϕv0t (y)a =

d
�
�
� �
µt �D2 K k (ϕv0t (x), ϕv0t (y))Dϕv0t (y)a x ek .

k=1

Inserting the Hamiltonian form of the higher order momentum, each component (l, k)
of the matrix Dϕv0t (y) thus evolves according to
�
� �
∂t Dϕv0t (y)lk = µt �D2 K k (ϕv0t (x), ϕv0t (y))Dϕv0t (y)el x
� �
d
N
�
�
�
=
µjt,i ⊗ Dj δx0,i D2 K k (ϕv0t (x), ϕv0t (y))Dϕv0t (y)el dx
µt,i ⊗ δx0,i +
Ω i=1

=

N
�

j=1

µTt,i D2 K k (ϕv0t (x0,i ), ϕv0t (x0,n ))Dϕv0t (x0,n )el

i=1

+

N �
d
�

µj,T
t,i

d
��
�
m=1

i=1 j=1

��
�m �
D1m D2 K k (ϕv0t (x0,i ), ϕv0t (x0,n )) Dj ϕv0t (x0,i )
Dϕv0t (x0,n )el .

With scalar kernels, the evolution at the trajectories is then
∂t Dϕv0t (x0,n )l =

N �
�
i=1

+

∇2 K(ϕv0t (x0,i ), ϕv0t (x0,n ))T Dl ϕv0t (x0,n )µt,i

d
�
�
j=1

D1 ∇2 K(ϕv0t (x0,i ), ϕv0t (x0,n ))Dj ϕv0t (x0,i )

�T

�
Dl ϕv0t (x0,n )µjt,i .

The complete derivation of the evolution of µt is notationally heavy and can be
found in Appendix A. Combining this derivation with the expressions above, we
arrive at the following result:
Proposition 3.2. The EPDiﬀ equations in the scalar case with zero- and ﬁrst
order kernels are given in Hamiltonian form by the system
∂t ϕv0t (x0,n ) =

N
�
�

K(xt,i , xt,n )µt,i +

i=1

∂t Dϕv0t (x0,n )l =

j=1

N �
�
i=1

+

d
�

∇1 K(xt,i , xt,n )T Dj ϕv0t (x0,i )µjt,i

�

∇2 K(xt,i , xt,n )T Dl ϕv0t (x0,n )µt,i

d
�
�
j=1

D1 ∇2 K(xt,i , xt,n )Dj ϕv0t (x0,i )

(3.9)
�T

Dl ϕv0t (x0,n )µjt,i

�

45

N �
�
�

∂t µt,n = −

i=1

+

d
�
�
j=1

j �
T
j v
µj,T
t,n µt,i − µt,n µt,i D2 ∇2 K(xt,i , xt,n )D ϕ0t (x0,n )

d
�
�

+

j,j � =1

�
µTt,n µt,i ∇2 K(xt,i , xt,n )

�
� �
� �
�
µjt,n,T µjt,i D2 D1 ∇2 K(xt,i , xt,n )Dj ϕv0t (x0,i ) Dj ϕv0t (x0,n )

µjt,i = Dϕv0t (x0,i )−1,T aj0,i .

Note that both x1,i = ϕv01 (x0,i ) and Dϕv01 (x0,i ) are provided by the equation, and
hence can be used to evaluate a similarity measure such as Ũ 1 which depend on these
entities. As in the zero-order case, the entire evolution can be recovered by the initial
conditions for the momentum.

4. Variations of the Initial Conditions. There exists various choices of optimization algorithms for LDDMM registration. Roughly, they can be divided into two
groups based on whether they represent the initial momentum/velocity or the entire
path ϕt . Here, we take the approach of incorporating higher order kernels with the
shooting method of e.g. Vaillant et al. [28]. The algorithm will take a guess for initial
momentum, integrate the EPDiﬀ equations forward, compute the similarity measure
gradient ∇U , and ﬂow the gradient backwards to provide an improved guess. For this
to work, we will need the variation of the EPDiﬀ equations when varying the initial
conditions. Following this, we discuss the backwards gradient transport and arrive at
a full matching algorithm.
A variation δρ0 of the initial momentum will induce a variation of the system
(3.9). By diﬀerentiating the system, we get the time evolution of the variation. To
ease notation, we assume the scalar kernel has the form K(x, y) = γ(|x − y|2 ) and
write γt,in = K(xt,i , xt,n ). Variations of the kernel and kernel derivatives such as the
entity δ∇1 K(xt,i , xt,n ) below depend only on the variation of point trajectories δxt,i .
The full expressions for these parts are provided in Appendix B. The evolution of the
derived system then takes the following form:

∂t δϕv0t (x0,n ) =

N
�
�

δK(xt,i , xt,n )µt,i + γt,in δµt,i

i=1

+

N �
d
�
�
i=1 j=1

δ∇1 K(xt,i , xt,n )T Dj ϕv0t (x0,i )µjt,i + ∇1 K(xt,i , xt,n )T δDj ϕv0t (x0,i )µjt,i

+ ∇1 K(xt,i , xt,n )T Dj ϕv0t (x0,i )δµjt,i
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�

�

(4.1)

∂t δDϕv0t (x0,n )l =

N
�
�
i=1

δ∇2 K(xt,i , xt,n )T Dl ϕv0t (x0,n )µt,i + ∇2 K(xt,i , xt,n )T δDl ϕv0t (x0,n )µt,i

+ ∇2 K(xt,i , xt,n )T Dl ϕv0t (x0,n )δµt,i

+

N �
d
�
��
i=1 j=1

�

δD1 ∇2 K(xt,i , xt,n )Dj ϕv0t (x0,i )

�T

Dl ϕv0t (x0,n )µjt,i

�
�T
+ D1 ∇2 K(xt,i , xt,n )δDj ϕv0t (x0,i ) Dl ϕv0t (x0,n )µjt,i
�
�T
+ D1 ∇2 K(xt,i , xt,n )Dj ϕv0t (x0,i ) δDl ϕv0t (x0,n )µjt,i
�
�T
�
+ D1 ∇2 K(xt,i , xt,n )Dj ϕv0t (x0,i ) Dl ϕv0t (x0,n )δµjt,i

∂t δµt,n = −
−

−

N
�
��
i=1

N �
d
�
��
i=1 j=1

�
�
�
�
δµTt,n µt,i + µTt,n δµt,i ∇2 K(xt,i , xt,n ) + µTt,n µt,i δ∇2 K(xt,i , xt,n )

j,T
j
j �
T
T
j v
δµj,T
t,n µt,i + µt,n δµt,i − δµt,n µt,i − µt,n δµt,i D2 ∇2 K(xt,i , xt,n )D ϕ0t (x0,n )

�
j �
T
j v
+ µj,T
t,n µt,i − µt,n µt,i δD2 ∇2 K(xt,i , xt,n )D ϕ0t (x0,n )
�
� j,T
�
+ µt,n µt,i − µTt,n µjt,i D2 ∇2 K(xt,i , xt,n )δDj ϕv0t (x0,n )

N �
d
�
��
i=1 j,j � =1

� �
� �
�
�
δµjt,n,T µjt,i + µjt,n,T δµjt,i D2 D1 ∇2 K(xt,i , xt,n )Dj ϕv0t (x0,i ) Dj ϕv0t (x0,n )

� j � ,T j �
� �
�
+ µt,n
µt,i δD2 D1 ∇2 K(xt,i , xt,n )Dj ϕv0t (x0,i ) Dj ϕv0t (x0,n )
� j � ,T j � �
�
�
�
+ µt,n
µt,i D2 D1 ∇2 K(xt,i , xt,n )Dj ϕv0t (x0,i ) δDj ϕv0t (x0,n ) .

The variation of µjt,i is available as

�T
�
δµjt,i = − Dϕv0t (x0,i )−1 δDϕv0t (x0,i )Dϕv0t (x0,i )−1 aj0,i + Dϕv0t (x0,i )−1,T δaj0,i .

However, when computing the backwards transport, we will need to remove the dependency on δaj0,i which is only available for forward integration. Instead, by writing
the evolution of µjt,i in the form
�
�T
∂t µjt,i = ∂t Dϕv0t (x0,i )−1,T aj0,i = − Dϕv0t (x0,i )−1 ∂t Dϕv0t (x0,i )Dϕv0t (x0,i )−1 aj0,i
= −Dϕv0t (x0,i )−1,T ∂t Dϕv0t (x0,i )T µjt,i ,

we get the variation
∂t δµjt,n = −δDϕv0t (x0,n )−1,T ∂t Dϕv0t (x0,n )T µjt,n − Dϕv0t (x0,n )−1,T ∂t δDϕv0t (x0,n )T µjt,n
− Dϕv0t (x0,n )−1,T ∂t Dϕv0t (x0,n )T δµjt,n .

4.1. Backwards Transport. The correspondence between initial momentum
ρ0 and end diﬀeomorphism ϕv01 asserted by the EPDiﬀ equations allows us to view the
similarity measure U (ϕv01 ) as a function of ρ0 . Let A denote the result of integrating
the system for the variation of the initial conditions from t = 0 to t = 1 such that
w = Aδρ0 ∈ V for a variation δρ0 . We then get a corresponding variation δU in the
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similarity measure. To compute the gradient of U as a function of ρ0 , we have
�
�
�
�
�
�
δU (ϕv01 ) = ∇ϕv01 U, w V = ∇ϕv01 U, Aδρ0 V = AT ∇ϕv01 U, δρ0 V ∗ .

Thus, the V ∗ -gradient of ∇ρ0 U is given by AT ∇ϕv01 U . The gradient can equivalently
be computed in momentum space at both endpoints of the diﬀeomorphism path using
the map P deﬁned in Proposition 3.1.
The complete system for the variation of the initial conditions is a linear ODE,
and, therefore, there exists a time-dependent matrix Mt such that the ODE
∂t yt = Mt yt
has the variation as a solution yt . It is shown in [32] that, in such cases, solving the
backwards transpose system
∂t wt = −MtT wt

(4.2)

from t = 1 to t = 0 provides the value of AT w. Therefore, we can obtain ∇ρ0 U by
solving the transpose system backwards. The components of Mt can be identiﬁed
by writing the evolution equations for the variation in matrix form. This provides
MtT and allows the backwards integration of the system 4.2. The components of the
transpose matrix Mt are provided in Appendix C.
4.2. Algorithm. The registration problem (2.1) consists of both the similarity
measure U and the minimal path energy E1 . For e.g. landmark based registration,
U (ϕ) is most often expressed in terms of ϕ directly whether as U is usually dependent
on the inverse ϕ−1 for image registration. In the ﬁrst case, the gradient ∇ϕ U is known,
and, given the initial momentum ρ0 , we can obtain the gradient ∇ρ0 U for a gradient
descent based optimisation procedure from the backwards transport equations (4.2)
discussed above. For the energy part, it is a fundamental result property of critical
paths in the LDDMM framework� that the energy stays constant along the path.
�
�2
�1
Thus, 0 �vt �2V dt = �v0 �2V = ρ0 �K(ρ0 ) and we can easily compute the gradient
from (3.3). Given this, the zero-order matching algorithm in the initial momentum is
generalized to zero- and ﬁrst order kernels in Algorithm 1.
Algorithm 1 Matching with Higher Order Kernels.
ρ0 ← initial guess
repeat
Solve EPDiﬀ equations forward
Compute U and ∇P
Solve backwards the transpose equations
Compute the energy gradient ∇�v0 �2
Update ρ0 from ∇�v0 �2 + ∇ρ0 U
until convergence
Traditionally, the similarity measure U (ϕ) is in image matching formulated using
the inverse of ϕ, and this approach was taken when formulating the approximation
(3.1). For this reason, at ﬁnite control point formulation is naturally expressed using
a sampling {x1 , . . . , xN } in the target image with the algorithm optimizing for the
momentum ρ1 at time t = 1. The evaluation points ϕ−1 (xi ) are then generated by
ﬂowing backwards from t = 1 to t = 0, the gradient of U (ϕ) can then be computed
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in ϕ−1 (xi ) and ﬂowed forwards to update ρ1 . This corresponds to switching the
role of the moving and target image combined with backwards integration of the
ﬂow equations. Algorithm 1 will accommodate this situation by just reversing the
integration directions. The control points can be chosen either at e.g. anatomically
important locations, at random, or on a regular grid. In the experiments, we will
register expanding ventricles using control points placed in the ventricles.
The integration of the ODEs can be performed with standard Runge-Kutta integrators such as Matlabs ode45 procedure. With zero order kernels only and N points,
the forward and backwards system consist of 2dN equations. With zero- and ﬁrst order kernels, the forward system is extended to N (2d + d2 ) and the backwards system
to 2N (d+d2 ). For d = 3, this implies an 2.5 time increase in the size of the system. In
addition to this should be considered the extra ﬂoating point operations necessary for
computing the somewhat more complicated evolution equations. This increase should,
however, be viewed against the fact that the ﬁnite dimensional system contain orders
of magnitude fewer control points, and the added capacity of deformation description
included in the derivative information. In addition and in contrast to previous approaches, we transport the similarity gradient only at the control point trajectories,
again an order of magnitude reduction of transported information. As we will see in
the following section, the inclusion of higher order kernels provides information with
very few control points.
5. Experiments. In order to demonstrate the eﬃciency and sparsity of representations using higher order kernels, we perform four sets of experiments. First, we
provide four examples illustrating the type of deformations produced by zero- and
ﬁrst order kernels and the relation to the Polyaﬃne framework. We then use point
based matching using ﬁrst order information to show how complicated warps that
would require many parameters with zero order deformation atoms can be generated
with very compact representations using higher order kernels. When then underline
the point that higher order kernels allow low-dimensional transformations to be registered using correspondingly low-dimensional representations: we show how synthetic
test images generated by a low-dimensional transformation can be registered using
only one deformation atom when representing using ﬁrst order kernels and using the
ﬁrst order similarity measure approximation (3.1). We further emphasize this point
by registering articulated movement using only one deformation atom per rigid part,
and thus exemplify a natural representation that reduces the number of deformation
atoms and the ambiguity in the placement of the atoms while also reducing the degrees of freedom in the representation. Finally, we illustrate how higher order kernels
in a natural way allow registration of human brains with progressing atrophy. We describe the deformation ﬁeld throughout the ventricles using few deformation atoms,
and we thereby suggest a method for detecting anatomical change using few degrees
of freedom. We start by brieﬂy describing the similarity measures used throughout
the experiments.
For the point examples below, we register moving points x1 , . . . , xN against ﬁxed
points y1 , . . . , yN . In addition, we match ﬁrst order information by specifying values
of Dxj i ϕ. This is done compactly by providing matrices Yi so that we seek Dxi ϕ = Yi
for all i = 1, . . . , N . The similarity measure is simple sum of squares, i.e.
U (ϕ) =

N
�
i=1

�ϕ(xi ) − yi �2 + �Dxi ϕ − Yi �2

using the matrix 2-norm. This amounts to ﬁtting ϕ against a locally aﬃne map with
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(a) Expansion

(c) Rotation (−π/2)

(b) Contraction

(d) Two rotations (π/2)

Fig. 5.1. The eﬀect of the generated deformation on an initially square grid for several initial
ﬁrst order momenta: Using the notation of Section 3.3, (a) expansion ρ0 = Lin0 (Id2 ); (b) contraction ρ0 = Lin0 (−Id2 ); (c) rotation ρ0 = Lin0 (Rot(v)), v = −π/2; (d) two rotations v = π/2. The
kernel is Gaussian with σ = 8 in grid units, and the grids are colored with the trace of CauchyGreen strain tensor (log-scale). Notice the locality of the deformation caused by the ﬁnite scale of
the kernel, and that the deformation stays diﬀeomorphic even when two rotations force conﬂicting
movements.

translational components yi and linear components Yi . For the image cases, we use
L1 -similarity to build the ﬁrst order approximation (3.1) with the smoothing kernel
Ks being Gaussian of the same scale as the LDDMM kernel.
5.1. First Order Illustrations. To visually illustrate the deformation generated by higher order kernels, we show in Figure 5.1 the generated deformations on
an initially square grid with four diﬀerent ﬁrst-order initial momenta. The deformation locally model the linear part of aﬃne transformations and the the locality
is determined by the Gaussian kernel that in the examples has scale σ = 8 in grid
units. Notice for the rotations that the deformation stays diﬀeomorphic in the presence of conﬂicting forces. The similarity between the examples and the deformations
generated in the Polyaﬃne framework [1] underlines the viewpoint that the registration using higher order kernels constitutes the LDDMM sibling of the Polyaﬃne
framework.
5.2. First Order Point Registration. Figure 5.2 presents simple point based
matching results with ﬁrst order information. The lower points (red) are matched
against the upper points (black) with match against expansion Dϕ (xi ) = 2Id2 and
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(a) Match with dilations (expansion)

(b) Match with rotations (−π/2 and π/2)

Fig. 5.2. Two moving points (red) are matched against two ﬁxed points (black) with results
(green) and with match against (a) expansion Dϕ (xi ) = 2Id2 , i = 1, 2; and (b) rotation Dϕ (xi ) =
Rot(v), v = ∓π/2, i = 1, 2. The kernel is Gaussian with σ = 8 in grid units, and the grids are
colored with the trace of Cauchy-Green strain tensor (log-scale).

�
cos(v), sin(v)
for v = ∓π/2. The optimal diﬀeo− sin(v), cos(v)
morphisms exhibit the expected expanding and turning eﬀect, respectively. We stress
that the deformations are generated using only two deformations atoms with combined 12 parameters. Representing equivalent deformation using zero order kernels
would require a signiﬁcantly increased number of atoms and a correspond increase in
the number of parameters.
rotation Dϕ (xi ) = Rot(v) =

�

5.3. Low Dimensional Image Registration. We now exemplify how higher
order kernels allow low-dimensional transformations to be registered using correspondingly low-dimensional representations. We generate two test images by applying two
linear transformations, an dilation and a rotation, to a binary image of a square, confer
the moving images (a) and (e) in Figure 5.3. By placing one deformation atom in the
center of each ﬁxed image and by using the similarity measure approximation (3.1),
we can successfully register the moving and ﬁxed images. The result and diﬀerence
plots are shown in Figure 5.3. The dimensionality of the linear transformations generating the moving images is equal to the number of parameters for the deformation
atom. A registration using zero order kernels would need more than one deformation
atom which would result in a number of parameters larger than the dimensionality.
The scale of the Gaussian kernel used for the registration is 50 pixels.
5.4. Articulated Motion. The articulated motion of the ﬁnger3 in Figure 5.4
(a) and (b) can be described by three locally linear transformations. With higher order
kernels, we can place deformation atoms at the center of the bones in the moving and
ﬁxed images, and use the point positions together with the direction of the bones to
drive a registration. This natural and low dimensional representation allows a fairly
good match of the images resembling the use of the Polyaﬃne aﬃne framework for
articulated registration [23]. A similar registration using zero order kernels would
3 X-ray

frames from http://www.archive.org/details/X-raystudiesofthejointmovements-wellcome
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Fig. 5.3. With linear transformations, the dimensionality of the higher order representation
matches the dimensionality of the transformation. A dilation (e) and rotation (d) is applied to the
ﬁxed binary images (b) and (f ), respectively. The registration results (c) and (g) subtracted from
the ﬁxed images are shown in the diﬀerence pictures (d) and (h). The registration is performed
with a single ﬁrst order kernel in the center of the pictures, and the number of parameters for the
registration thus matches the dimensionality of the linear representations. The slight diﬀerences
between results and ﬁxed images are caused by the ﬁrst order approximation in (3.1). Increasing the
kernel size, adding more control points, or using second order kernels would imply less diﬀerence.
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(c) Result, ﬁrst order

Fig. 5.4. Registering articulated movement using directional information of the bones: the
landmarks and bone orientations (red points and arrows) in the moving image (a) are matched
against the landmarks and bone orientations (green points and arrows) in the ﬁxed image (b). The
result using ﬁrst order kernels (c) can be obtained with a low number of deformation atoms that can
be consistently placed at the center of the bones. A corresponding zero order representation would
use a higher number of atoms with a corresponding increase in the number of parameters.

need two deformation atoms per bone and lacking a natural way to place such atoms,
the positions would need to be optimized. With higher order kernels, the deformation
atoms can be placed in a natural and consistent way, and the total number of free
parameters is lower than a zero order representation using two atoms per bone.
5.5. Registering Atrophy. Atrophy occurs in the human brain among patients
suﬀering from Alzheimer’s disease, and the progressing atrophy can be detected by the
expansion of the ventricles [16, 13]. Since ﬁrst order kernels oﬀer compact description
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of expansion, this makes a parametrization of the registration based on higher order
kernels suited for describing the expansion of the ventricles, and, in addition, the
deformation represented by the kernels will be easily interpretable. In this experiment,
we therefore suggest a registration method that using few degrees of freedom describes
the expansion of the ventricles, and does so in a way that can be interpreted when
doing further analysis of e.g. the volume change.
We will provide examples of 2D registration with the purpose of illustrating the
use of the higher order kernels and suggest a method which can be applied in 3D. We
do not aim at a quantitative evaluation but we plan to follow up on the experiment in
future work with 3D registration of more subjects and explore the connection between
ﬁrst order initial momentum and actual ventricle expansion in greater detail.
We use the publicly available Oasis dataset4 [17], and we select a small number
of patients from which two baseline scans are acquired at the same day together with
a later follow up scan. The patients are in various stages of dementia. We perform
rigid registration [9] before selecting vertical 2D slices where the ventricles are clearly
visible. The slice plane is the same for all three scans of each patient.
The expanding ventricles can be registered by placing deformation atoms in the
form of higher order kernels in the center of the ventricles of the ﬁxed image as
shown in Figure 1.1. We manually place ﬁve deformation atoms in the ventricle area
of each patient. It is important to note that though we localize the description of
the deformation to the deformation atoms, the atoms control the deformation ﬁeld
throughout the ventricle area. Based on the size of the ventricles, we use Gaussian
kernels with a scale of 15 voxels for the kernels, and we let the regularization weight
in (2.1) be λ = 16. The eﬀect of these choices is discussed below. Each deformation
atom consists of a zero- and ﬁrst order kernel, and, for each patient, we perform
two registrations: we register the two baseline scans acquired at the same day, and
we register one baseline scan against the follow up scan. Thus, the baseline-baseline
registration should indicate no ventricle expansion, and we expect the baseline-follow
up registration to indicate ventricle expansion. Figure 1.1 shows for one patient the
placement of the control points in the baseline image, the follow up image, the logJacobian determinant in the ventricle area of the generated deformation, and the
initial vector ﬁeld driving the registration.
The use of ﬁrst order kernels allows us to interpret the result of the registrations
and to relate the results to possible expansion of the ventricles. The volume change is
indicated by the Jacobian determinant of the generated deformation at the deformation atoms as well as by the divergence of the ﬁrst order kernels. The latter is available
directly from the registration parameters. We plot in Figure 5.5 the logarithm of the
Jacobian determinant and the divergence for both the same day baseline-baseline registrations and for the baseline-follow up registrations. Patient 1 − 4 are classiﬁed as
demented, patient 5 and 6 as non-demented, and all patient have constant clinical
dementia rating through the experiment. The time-span between baseline and follow
up scan is 1.5-2 years with the exception of 3 years for patient four. As expected, the
log-Jacobian is close to zero for the same day baseline-baseline scans but it increases
with the baseline-follow up registrations of the demented patients. In addition, the
correlation between the log-Jacobian and the divergence shows how the indicated
volume change is available directly from the registration parameters. This result suggests the usefulness of the approach and points to future experiments to validate the
method.
4 http://www.oasis-brains.org

53

12
baseline−baseline
baseline−follow up

baseline−baseline
baseline−follow up
10
average deformation atom divergence

average log−Jacobian determinant

0.1

0.08

0.06

0.04

0.02

0

−0.02

8

6

4

2

0

1

2

3

4

5

6

patient 1−6

(a) The average log-Jacobian of the ﬁnal deformation at the 5 deformation atoms for the
baseline-baseline and baseline-follow up registrations

−2

1

2

3

4

5

6

patient 1−6

(b) The average divergence at the deformation
atoms for the baseline-baseline and baselinefollow up registrations

Fig. 5.5. Indicated volume change: (a) The average log-Jacobian determinant of the generated deformation at the 5 deformation atoms for six patients (1-4 demented, 5-6 non-demented);
(b) divergence of the 5 higher order kernels representing the deformation. The divergence can be
extracted directly from the parameters of the higher order kernels, and the correlation between the
log-Jacobian and the divergence as seen by the similarity between (a) and (b) therefore shows the
interpretability of the deformation atoms.

We chose two important parameters above: the kernel scale and the regularization
term. The choice of one scale for all patients works well if the ventricles to be registered
are of approximately the same size at the baseline scans. If the ventricles vary in size,
the scale can be chosen individually for each patient. Alternatively, a multi-scale
approach could do this automatically which suggests combining the method with e.g.
the kernel bundle framework [24]. Depending on the image forces, the regularization
term in (2.1) will aﬀect the amount of expansion captured in the registration. Because
of the low number of control points, we can in practice set the contribution of the
regularization term to zero without experiencing non-diﬀeomorphic results. It will be
interesting in the future to estimate the actual volume expansion directly using the
parameters of the deformation atoms with this less biased model.
6. Conclusion and Outlook. We have introduced higher order kernels in the
LDDMM registration framework. The kernels allow compact representation of locally
aﬃne transformations by increasing the capacity of the deformation description. Coupled with similarity measures incorporating ﬁrst order information, the higher order
kernels improve the range of deformations reached by sparsely discretized LDDMM
methods, and they allow direct capture of ﬁrst order information such as expansion
and contraction. In addition, the constitute deformation atoms for which the generated deformation is directly interpretable.
In the paper, we have shown how the partial derivative reproducing property
implies singular momentum for the higher order kernels, and we used this to derive
the EPDiﬀ evolution equations. By computing the forward and backward variational
equations, we are able to transport gradient information and derive a matching algorithm. We provide examples showing typical deformation coded by ﬁrst order kernels
and how images can be registered using a very few parameters, and we have applied
the method to register human brains with progressing atrophy.
The experiments included here show only a ﬁrst step in the application of higher
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order kernels: the kernels may be applied to register entire images; merging the
method with multi-scale approaches will increase the description capacity and may
lead to further reduction in the dimensionality of the representation. Combined with
eﬃcient implementations, higher order kernels promise to provide a step forward in
compact deformation description for image registration.
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Appendix A. Time Evolution of µt . Inserting the Hamiltonian form of the
momentum, we have
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∂t µt,n = −
+

d
�
j=1

+

d
�
j=1

+

d �
N �
�

k,l=1 i=1

(µjt,n )k (µt,i )l D2 ∇2 Klk (ϕv0t (x0,i ), ϕv0t (x0,n ))Dj ϕv0t (x0,n )
(µt,n )k (µjt,i )l D1 ∇2 Klk (ϕv0t (x0,i ), ϕv0t (x0,n ))Dj ϕv0t (x0,i )

d
�

j,j � =1

.

(µt,n )k (µt,i )l ∇2 Klk (ϕv0t (x0,i )), ϕv0t (x0,n ))

�
� �
�
�
(µjt,n )k (µjt,i )l D2 D1 ∇2 Klk (ϕv0t (x0,i ), ϕv0t (x0,n ))Dj ϕv0t (x0,i ) Dj ϕv0t (x0,n )

For scalar kernels Klk (x, y) = K(x, y) iﬀ k = l, and hence

∂t µt,n = −
+

N �
�
�
i=1

d
�
�
j=1

+

d
�
�
j=1

+

�
µTt,n µt,i ∇2 K(ϕv0t (x0,i )), ϕv0t (x0,n ))

�
v
v
j v
µj,T
t,n µt,i D2 ∇2 K(ϕ0t (x0,i ), ϕ0t (x0,n ))D ϕ0t (x0,n )
�
µTt,n µjt,i D1 ∇2 K(ϕv0t (x0,i ), ϕv0t (x0,n ))Dj ϕv0t (x0,i )

d
�
�

j,j � =1

�
�
� �
j � ,T j �
µt,n
µt,i D2 D1 ∇2 K(ϕv0t (x0,i ), ϕv0t (x0,n ))Dj ϕv0t (x0,i ) Dj ϕv0t (x0,n ) .

57

Using symmetry and rewriting,
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Appendix B. Variation of the Kernel and Derivatives. With K(x, y) =
γ(|x − y|2 ), we have the following expressions for the derivatives of the kernel:
∇1 K = 2γ̇(|x − y|2 )(x − y)

∇2 K = −2γ̇(|x − y|2 )(x − y)

D1 ∇1 K = 2γ̇(|x − y|2 )Idd + 4γ̈(|x − y|2 )(x − y)(x − y)T

D2 ∇1 K = −2γ̇(|x − y|2 )Idd − 4γ̈(|x − y|2 )(x − y)(x − y)T
D1 ∇2 K = −2γ̇(|x − y|2 )Idd − 4γ̈(|x − y|2 )(x − y)(x − y)T
D2 ∇2 K = 2γ̇(|x − y|2 )Idd + 4γ̈(|x − y|2 )(x − y)(x − y)T

D2 (D1 ∇2 Ka) = −D2 (2γ̇(|x − y|2 )a + 4γ̈(|x − y|2 )(x − y)T a(x − y))
˙
− y|2 )(x − y)T a(x − y)(x − y)T
= +4γ̈(|x − y|2 )a(x − y)T + 8γ̈(|x
+ 4γ̈(|x − y|2 )(x − y)aT + 4γ̈(|x − y|2 )(x − y)T aIdd
�
= 4 γ̈(|x − y|2 )a(x − y)T + γ̈(|x − y|2 )(x − y)aT

˙
+ γ̈(|x − y|2 )(x − y)T aIdd + 2γ̈(|x
− y|2 )(x − y)T a(x − y)(x − y)T

�

.

Variations of these expressions the take the form
δK(xt,i , xt,n ) = 2γ̇t,in (xt,i − xt,n )T (δxt,i − δxt,n )

δ∇1 K(xt,i , xt,n ) = 4γ̈t,in (xt,i − xt,n )T (δxt,i − δxt,n )(xt,i − xt,n ) + 2γ̇t,in (δxt,i − δxt,n )
δ∇2 K(xt,i , xt,n ) = −δ∇1 K(xt,i , xt,n )

δD1 ∇2 K(xt,i , xt,n ) = −4γ̈t,in (xt,i − xt,n )T (δxt,i − δxt,n )Idd
− 8γ̈˙ t,in (xt,i − xt,n )T (δxt,i − δxt,n )(xt,i − xt,n )(xt,i − xt,n )T
− 4γ̈t,in (δxt,i − δxt,n )(xt,i − xt,n )T
− 4γ̈t,in (xt,i − xt,n )(δxt,i − δxt,n )T

δD2 ∇2 K(xt,i , xt,n ) = −δD1 ∇2 K(xt,i , xt,n )
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�
�
�
�
δD2 D1 ∇2 K(xt,i , xt,n )a = D2 D1 ∇2 K(xt,i , xt,n )δa
+ 8γ̈˙ t,in (xt,i − xt,n )T (δxt,i − δxt,n )a(xt,i − xt,n )T + 4γ̈t,in a(δxt,i − δxt,n )T
+ 8γ̈˙ t,in (xt,i − xt,n )T (δxt,i − δxt,n )(xt,i − xt,n )aT + 4γ̈t,in (δxt,i − δxt,n )aT

+ 8γ̈˙ t,in (xt,i − xt,n )T (δxt,i − δxt,n )(xt,i − xt,n )T aIdd + 4γ̈t,in (δxt,i − δxt,n )T aIdd
+ 16γ̈¨t,in (xt,i − xt,n )T (δxt,i − δxt,n )(xt,i − xt,n )T a(xt,i − xt,n )(xt,i − xt,n )T
+ 8γ̈˙ t,in (δxt,i − δxt,n )T a(xt,i − xt,n )(xt,i − xt,n )T
+ 8γ̈˙ t,in (xt,i − xt,n )T a(δxt,i − δxt,n )(xt,i − xt,n )T

+ 8γ̈˙ t,in (xt,i − xt,n )T a(xt,i − xt,n )(δxt,i − δxt,n )T .

Appendix C. The Transpose Derivative System. We let M denote the timedependent matrix governing the linear ODE (4.1) for the evolution of the variation of
the initial conditions of the EPDiﬀ equations, and we write M as a block matrix



M ϕϕ
 Dϕϕ
M
M =
 µϕ
M
M

µj ϕ

M ϕDϕ
M

DϕDϕ

M µDϕ
M

µj Dϕ

M ϕµ
M Dϕµ
M µµ
Mµ

j

µ

 �
�
aϕϕ
ni
M ϕµ
�
�
 Dϕl ϕ
j� 
 ani
M ϕµ 
 
�
j�  =  �
M ϕµ   aµϕ
ni

�
�
j j�
j
Mϕ µ
aµni ϕ
j�



�

�

aϕD
ni

l

ϕ

�

�
l
Dϕk
aDϕ
ni
�
�
k
aµDϕ
� nij k �
aµni Dϕ

�

�

aϕµ
ni

�

�
Dϕl µ
ani
� µµ �
a
� nij �
µ µ
ani

� 
�
ϕµj
a
� ni � �
l j

µ

aDϕ
ni
.
�
�
j�

µµ

a
� ni � � 
µj µj
ani
�

In order to determine the transpose M T , we isolate the components of the submatrices
··
from the right-hand side of system (4.1). All components not listed below will
Mni
be zero.

T
mϕϕ
ni = 2γ̇t,in µt,i (xt,i − xt,n ) Idd

+

d
�

j � =1

�
�
�
�
µjt,i Dj ϕv0t (x0,i )T 4γ̈t,in (xt,i − xt,n )(xt,i − xt,n )T + 2γ̇t,in Idd

iﬀ i = n :
n
�

i� =1

−
l
mϕDϕ
ni
mϕµ
ni =

−2γ̇t,i� n µt,i� (xt,i� − xt,n )T Idd

n �
d
�

i� =1 j � =1

�
�
�
�
µjt,i� Dj ϕv0t (x0,i� )T 4γ̈t,i� n (xt,i� − xt,n )(xt,i� − xt,n )T + 2γ̇t,i� n Idd

= µlt,i ∇1 K(xt,i , xt,n )T
γt,in Idd

j

T
j v
mϕµ
ni = ∇1 K(xt,i , xt,n ) D ϕ0t (x0,i )Idd
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Dϕ
mni

l

ϕ

−

�
�
= −µt,i Dl ϕv0t (x0,n )T 4γ̈t,in (xt,i − xt,n )(xt,i − xt,n )T + 2γ̇t,in Idd
N
�

j � =1

�
�
�
µjt,i Dl ϕv0t (x0,n )T 4γ̈t,in Dj ϕv0t (x0,i )(xt,i − xt,n )T
�

+ 8γ̈˙ t,in (xt,i − xt,n )(xt,i − xt,n )T Dj ϕv0t (x0,i )(xt,i − xt,n )T
�

�

+ 4γ̈t,in (xt,i − xt,n )T Dj ϕv0t (x0,i )Idd + 4γ̈t,in (xt,i − xt,n )(Dj ϕv0t (x0,i ))T

iﬀ i = n :
n
�

i� =1

+

�
�
µt,i� Dl ϕv0t (x0,n )T 4γ̈t,i� n (xt,i� − xt,n )(xt,i� − xt,n )T + 2γ̇t,i� n Idd

n �
N
�

i� =1 j � =1

�
�
�
µjt,i� Dl ϕv0t (x0,n )T 4γ̈t,i� n Dj ϕv0t (x0,i� )(xt,i� − xt,n )T
�

+ 8γ̈˙ t,i� n (xt,i� − xt,n )(xt,i� − xt,n )T Dj ϕv0t (x0,i� )(xt,i� − xt,n )T
�

mDϕ
ni

l

�

Dϕk

�

+ 4γ̈t,i� n (xt,i� − xt,n )T Dj ϕv0t (x0,i� )Idd + 4γ̈t,i� n (xt,i� − xt,n )(Dj ϕv0t (x0,i� ))T
= µkt,i Dl ϕv0t (x0,n )T D1 ∇2 K(xt,i , xt,n )

iﬀ i = n, iﬀ l = k :
n
�

i� =1
Dϕ
mni

l

µt,i� ∇2 K(xt,i� , xt,n )T +

n �
d
�

i� =1 j � =1

µ

�T
� �
�
µjt,i� D1 ∇2 K(xt,i� , xt,n )Dj ϕv0t (x0,i� ) Idd

= ∇2 K(xt,i , xt,n )T Dl ϕv0t (x0,n )Idd
�
�T
l j
µ
mDϕ
= D1 ∇2 K(xt,i , xt,n )Dj ϕv0t (x0,i ) Dl ϕv0t (x0,n )Idd
ni

�
�
T
T
mµϕ
ni = (µt,n µt,i ) 4γ̈t,in (xt,i − xt,n )(xt,i − xt,n ) + 2γ̇t,in Idd
−

d
�
�

j � =1

�
� ��
�
µjt,n,T µt,i − µTt,n µjt,i 4γ̈t,in Dj ϕv0t (x0,n )(xt,i − xt,n )T
�

+ 8γ̈˙ t,in (xt,i − xt,n )(xt,i − xt,n )T Dj ϕv0t (x0,n )(xt,i − xt,n )T
�

�

+ 4γ̈t,in (xt,i − xt,n )T Dj ϕv0t (x0,n )Idd + 4γ̈t,in (xt,i − xt,n )(Dj ϕv0t (x0,n ))T

−

d
�
�

j,j � =1

��
�
�
µjt,n,T µjt,i 8γ̈˙ t,in Dj ϕv0t (x0,i )(xt,i − xt,n )T Dj ϕv0t (x0,n )(xt,i − xt,n )T
�

+ 8γ̈˙ t,in (xt,i − xt,n )Dj ϕv0t (x0,i )T Dj ϕv0t (x0,n )(xt,i − xt,n )T
�

�

+ 4γ̈t,in Dj ϕv0t (x0,i )Dj ϕv0t (x0,n )T + 4γ̈t,in Dj ϕv0t (x0,i )T Dj ϕv0t (x0,n )
�

+ 8γ̈˙ t,in (xt,i − xt,n )T Dj ϕv0t (x0,i )Dj ϕv0t (x0,n )(xt,i − xt,n )T
�

+ 4γ̈t,in Dj ϕv0t (x0,n )Dj ϕv0t (x0,i )T

+ 16γ̈¨t,in (xt,i − xt,n )T Dj ϕv0t (x0,i )(xt,i − xt,n )(xt,i − xt,n )T
�

Dj ϕv0t (x0,n )(xt,i − xt,n )T

�

+ 8γ̈˙ t,in (xt,i − xt,n )(xt,i − xt,n )T Dj ϕv0t (x0,n )Dj ϕv0t (x0,i )T
�

+ 8γ̈˙ t,in (xt,i − xt,n )T Dj ϕv0t (x0,i )(xt,i − xt,n )T Dj ϕv0t (x0,n )
�

+ 8γ̈˙ t,in (xt,i − xt,n )T Dj ϕv0t (x0,i )(xt,i − xt,n )Dj ϕv0t (x0,n )T
�
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�

�

iﬀ i = n :
−
+

N
�

i� =1

�
�
(µTt,n µt,i� ) 4γ̈t,i� n (xt,i� − xt,n )(xt,i� − xt,n )T + 2γ̇t,i� n Idd

N �
d
�
�

i� =1 j � =1

�

�

µjt,n,T µt,i� − µTt,n µjt,i�

��

�

4γ̈t,i� n Dj ϕv0t (x0,n )(xt,i� − xt,n )T
�

+ 8γ̈˙ t,i� n (xt,i� − xt,n )(xt,i� − xt,n )T Dj ϕv0t (x0,n )(xt,i� − xt,n )T
�

+

+ 4γ̈t,i� n (xt,i� − xt,n )T Dj ϕv0t (x0,n )Idd
�
�
+ 4γ̈t,i� n (xt,i� − xt,n )(Dj ϕv0t (x0,n ))T

N
d
�
�
�

i� =1 j,j � =1

�

µjt,n,T µjt,i�

��

�

8γ̈˙ t,i� n Dj ϕv0t (x0,i� )(xt,i� − xt,n )T Dj ϕv0t (x0,n )(xt,i� − xt,n )T
�

+ 4γ̈t,i� n Dj ϕv0t (x0,i� )Dj ϕv0t (x0,n )T

�

+ 8γ̈˙ t,i� n (xt,i� − xt,n )Dj ϕv0t (x0,i� )T Dj ϕv0t (x0,n )(xt,i� − xt,n )T
�

+ 4γ̈t,i� n Dj ϕv0t (x0,i� )T Dj ϕv0t (x0,n )

�

+ 8γ̈˙ t,i� n (xt,i� − xt,n )T Dj ϕv0t (x0,i� )Dj ϕv0t (x0,n )(xt,i� − xt,n )T
�

+ 4γ̈t,i� n Dj ϕv0t (x0,n )Dj ϕv0t (x0,i� )T

+ 16γ̈¨t,i� n (xt,i� − xt,n )T Dj ϕv0t (x0,i� )(xt,i� − xt,n )(xt,i� − xt,n )T
�

Dj ϕv0t (x0,n )(xt,i� − xt,n )T

�

+ 8γ̈˙ t,i� n (xt,i� − xt,n )(xt,i� − xt,n )T Dj ϕv0t (x0,n )Dj ϕv0t (x0,i� )T
�

+ 8γ̈˙ t,i� n (xt,i� − xt,n )T Dj ϕv0t (x0,i� )(xt,i� − xt,n )T Dj ϕv0t (x0,n )
�

l

+ 8γ̈˙ t,i� n (xt,i� − xt,n )T Dj ϕv0t (x0,i� )(xt,i� − xt,n )Dj ϕv0t (x0,n )T
�

=−
mµDϕ
ni

d
�
� �
��
�
4 µjt,n,T µlt,i γ̈t,in (xi,t − xn,t )T Dj ϕv0t (x0,n )Idd

j � =1

�

+ γ̈t,in (xi,t − xn,t )Dj ϕv0t (x0,n )T
�

+ γ̈t,in Dj ϕv0t (x0,n )(xi,t − xn,t )T

�

+ 2γ̈˙ t,in (xi,t − xn,t )(xi,t − xn,t )T Dj ϕv0t (x0,n )(xi,t − xn,t )T

iﬀ i = n :
−
−

N
�
�

i� =1

�

T
l �
µl,T
t,n µt,i� − µt,n µt,i� D2 ∇2 K(xt,i� , xt,n )

N �
d
�
�

i� =1 j � =1

�
�
j� �
j� v
µl,T
t,n µt,i� D2 D1 ∇2 K(xt,i� , xt,n )D ϕ0t (x0,i� )
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T
mµµ
ni = −∇2 K(xt,i , xt,n )µt,n −

iﬀ i = n :
−
j
mµµ
ni

N
�

i� =1

j � =1

∇2 K(xt,i� , xt,n )µTt,i� +

= +D2 ∇2 K(xt,i , xt,n )D
−

d
�

j

�

�

j ,T
D2 ∇2 K(xt,i , xt,n )Dj ϕv0t (x0,n )µt,n

d
N �
�

i� =1 j � =1

�

ϕv0t (x0,n )µTt,n

d
�

� �
�
�
D2 D1 ∇2 K(xt,i , xt,n )Dj ϕv0t (x0,i ) Dj ϕv0t (x0,n )µjt,n,T

N
�

D2 ∇2 K(xt,i� , xt,n )Dj ϕv0t (x0,n )µTt,i�

j � =1

�

D2 ∇2 K(xt,i� , xt,n )Dj ϕv0t (x0,n )µjt,i,T
�

iﬀ i = n :
−
−

i� =1

d
N �
�

i� =1 j � =1

�
�
�
j � ,T
D2 D1 ∇2 K(xt,i� , xt,n )Dj ϕv0t (x0,i� ) Dj ϕv0t (x0,n )µt,i
�

j

mµni ϕ = −
j

d
�

Dϕ
Dϕv0t (x0,i )−1,T ej � µj,T
t,n mni

j�

ϕ

j � =1

l

Dϕ
mµ
=−
ni

d
�

Dϕ
Dϕv0t (x0,i )−1,T ej � µj,T
t,n mni

j�

Dϕl

j � =1

iﬀ i = n :

j

�
�T
Dϕv0t (x0,n )−1,T el Dϕv0t (x0,n )−1,T ∂t Dϕv0t (x0,n )T µjt,n

mµni µ = −
j

j�

µ
mµ
ni

d
�

Dϕ
Dϕv0t (x0,i )−1,T ej � µj,T
t,n mni

j�

µ

j � =1

=−

d
�

Dϕ
Dϕv0t (x0,i )−1,T ej �� µj,T
t,n mni

j ��

µj

�

j �� =1

iﬀ i = n, j = j � :
− Dϕv0t (x0,n )−1,T ∂t Dϕv0t (x0,n )T .

As described in Section 4, the gradient at t = 0 can then be obtained by solving the
system
yt = MtT yt
backwards in time, confer also [32, p. 281].
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4.

Paper #3:
Accelerating Multi-Scale Flows
for LDDKBM Diﬀeomorphic
Registration
Peer-reviewed conference paper accepted for oral presentation at the GPUCV workshop
at ICCV 2011, Barcelona, Spain, 2011.
Authors:
Stefan Sommer
Notes:
With the goal of reducing computation time with multiple scales, we present a
GPU implementation of the kernel bundle landmark registration algorithm. The
structure of the algorithm and the massively parallel processors enable a two
orders of magnitude speedup over a single threaded CPU implementation. In
essence, this shows that mathematically well-founded and computationally heavy
algorithms can be used in practice. In the paper, we refer to the kernel bundle
framework by the abbreviation LDDKBM.
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Abstract
Registrations in medical imaging and computational
anatomy can be obtained using the Large Deformation
Diffeomorphic Kernel Bundle Mapping (LDDKBM) framework. This provides a registration algorithm with a solid
mathematical foundation while incorporating regularization of deformation at multiple scales. Because the variational formulation of LDDKBM implies a heavy computational burden in the search for optimal registrations, exploiting every possibility for faster computation will improve the usability of the algorithm. We present a parallelization strategy using the multi-scale structure and show
that the parallelized method constitutes an example of how
the processing power of GPUs can massively reduce the
running time: after moving the computation to the GPU, we
achieve a two order of magnitude speedup over a singlethreaded CPU implementation. Not only does this signiﬁcantly reduce the cost of using multiple scales, it also allows
the algorithm to be used on much larger datasets.

1. Introduction
Registration, ﬁnding smooth, one-to-one mappings between landmarks, images, surfaces, or tensors, constitute
an important task in medical imaging and computational
anatomy. Examples include using image intensity to register scanned brains to an already segmented reference brain,
or using sets of landmarks, manually or automatically annotated, to drive the registration of lungs in different phases
of the respiratory process.
Much research in registration thrives to create algorithms
which produce good matches in reasonable time while having a strong mathematical foundation and plausible model
of deformation. The latter properties are important to ensure
convergence and existence of optimal solutions as well as
allowing meaningful statistics to be performed on the registration results. This is in particular important when using

statistical techniques to search for patterns in the data and
developing biomarkers in order to ensure actual properties
of the data are measured instead of artifacts of the registration algorithm.
The LDDMM framework [16] and the multi-scale LDDKBM extension [12] provide the beneﬁt of having strong
mathematical foundations while performing well in applications. However, the well-founded and physically inspired
models comes with the cost of heavy computational requirements which necessitates exploiting every possibility for
faster computation. This paper presents a strategy for GPU
implementation of the multi-scale LDDKBM algorithm for
landmark registration. We show how the cost of multiple
scales can be eased by utilizing the decoupled structure of
the problem, and we present benchmarks evaluating the actual implementations. As we will show, the GPU implementation achieves two orders of magnitude speedup for
the computationally most intensive part of the algorithm allowing the LDDKBM method to be used on much larger
datasets with increased number of scales.

1.1. Related Work
Besides LDDMM and LDDKBM, many methods for
non-rigid registration are currently used for regularization.
Examples include elastic methods [10], parametrizations
using static velocity ﬁelds [1] and the demons algorithm
[13, 15]. The deformable template model pioneered by
Grenander in [7] and the ﬂow approach by Christensen et
al. [5] was paramount in the development of LDDMM together with the theoretical contributions of Dupuis et al.
and Trouvé [6, 14]. Algorithms for computing optimal diffeomorphisms have been developed in [2]. The LDDKBM
multi-scale extension of LDDMM was introduced in [12]
with the evolution equations for optimal registrations presented in [11]. The two-scale case was in addition developed in [3].
GPU implementation of algorithms for image registration in the LDDMM framework has been described in [9, 8]
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with freely available source code.1 The algorithm developed here differs in targeting the multi-scale LDDKBM
framework as well as being applicable to landmarks instead
of images. Dealing explicitly with the scale-structure is important in order to lessen the speed penalty of including
multiple scales. Moreover, the different structure of the
landmark algorithm results in a problem with greater focus on computational power than the memory bound image
case.

1.2. Content and Outline
We start by a brief introduction to the registration problem and the LDDKBM framework before describing the
ﬂow equations for the landmark case. The backwards ﬂow
constitute the computationally most intensive part of the optimization, and we describe the structure of the computation
of the time-step update before parallelizing the problem and
detailing a GPU implementation. We end the paper with
benchmarks and conclusion. The paper thus contributes by
(1) describing how registration of landmarks in the LDDKBM framework can be solved using the forwards and
backwards ﬂow equations,
(2) presenting a strategy for parallelizing the backwards
time-step update,
(3) providing a fast GPU implementation of the algorithm,
(4) and giving benchmarks showing how the problem
scales with input size and number of scales and how
well the GPU algorithm performs compared to a CPU
implementation.

2. LDDKBM Diffeomorphic Registration
The Large Deformation Diffeomorphic Kernel Bundle Mapping framework (LDDKBM) extends the singlescale LDDMM framework by allowing regularization at
multiple-scales to be used in the registration. We give a
brief overview of the registration problem and how it is
treated in LDDKBM. For further details, we refer to the
paper [12] introducing LDDKBM and the monograph [16]
with extensive details on LDDMM.
Registration of geometric objects is often performed by
deﬁning an action of diffeomorphisms on the objects before searching for diffeomorphisms matching the objects
through the action. For example, in order to register landmarks x1 , . . . , xN and y1 , . . . , yN in Rd , d = 2, 3, we
search for a diffeomorphism ϕ : Rd → Rd such that
ϕ(xi ) = yi . Equivalently, if we wish register images I0
and I1 , we search for ϕ such that I0 ◦ ϕ = I1 . Frequently, a
perfect match is not possible or even not desirable because
1 See

http://www.sci.utah.edu/software/
13/370-atlaswerks.html
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noisy data may force the diffeomorphism to be highly irregular. Instead, the problem is stated in a variational form as
a search for ϕ minimizing
E(ϕ) = E1 (ϕ) + λU (ϕ)

(1)

where E1 (ϕ) is a regularization measure, U (ϕ) a measure
of the quality of the match, and λ > 0 a weight. A simple
and often used �
choice for U is the L2 -error which takes the
N
form U (ϕ) = i=1 �ϕ(xi ) − yi �2 for landmarks. In the
LDDKBM framework, the regularization measure E1 (ϕ) is
deﬁned as the minimum energy of paths of diffeomorphisms
transporting the identity IdΩ to ϕ, i.e.
� 1
2
E1 (ϕ) =
min
�ws �W ds
(2)
Ψ(w)

wt ∈W,ϕ01

=ϕ

0

Ψ(w)

with ϕ0t
denoting the path starting at IdΩ with timeΨ(w)
derivative ∂t ϕ0t = Ψ(wt )◦ϕv0t . The space W is denoted
the kernel bundle and consist of a family of vector spaces Vr
parameterized by r, the scale. Each vector space Vr can be
considered a subset of a tangent space V of a suitable Lie
group of diffeomorphisms, and a map Ψ collects parts wr
of a bundle vector w ∈ W at each scale
� r to one derivative
vector in V by integration Ψ(w) = IW wr dr. The norm
� · �Vr on each Vr is allowed to vary with r, and the bundle
norm � · �W is deﬁned by
�
�w�2W =
�wr �2Vr dr ,
IW

i.e., the integral of the energy over all scales.
This bundle norm is chosen to penalize highly varying
paths while allowing variation at different scales to be penalized differently. In short, a low value of E1 (ϕ) implies
that the path to reach ϕ, and hence ϕ itself, is regular.

2.1. Optimization
Optimal paths for (2) are governed by the KB-EPDiff
equations which extends the EPDiff equations for LDDMM
[11]. These evolution equations assert that the bundle velocity w0 of the path at time t = 0 changes in a speciﬁc
way throughout the evolution of the path from t = 0 to its
end at t = 1. This property is denoted momentum conservation, and it allows a search for a ϕ minimizing (1) to be
phrased in terms of the initial bundle velocity: if we assume
Ψ(w)
ϕ = ϕ01 then the values of both E1 (ϕ) and U (ϕ) are
determined by w0 and we optimize
E(w0 ) = E1 (w0 ) + λU (w0 )

(3)

instead of (1). In practice, this can be done by giving an
initial guess for w0 , calculating the gradient ∇E(w0 ) =
∇E1 (w0 ) + λ∇U (w0 ), and updating w0 in a gradient descent or similar fashion.

2.2. The Gradient: Integrating the Flows
The gradient necessary for optimizing (3) can be computed using a two step algorithm: the initial bundle velocity
w0 is transported forward in time to obtain the diffeomorphism ϕ before ﬂowing the gradient at time t = 1 backwards to obtain the gradient ∇E(w0 ) at t = 0.
For N landmarks x1 , . . . , xN , the KB-EPDiff equations
governing the forward integration take the form
�
�N
Ψ(wt ) =
l=1 Kr (·, xt,l )at,r,l dr
IW��
�
�
�T
�N
d
a
=
−
D
(x
,
x
)a
ds
at,r,i
K
t,r,i
1
s
t,i
t,l
t,s,l
l=1
dt
Ψ(w)

xt,i = ϕ0t

IW

(x0,i ) .

(4)
The points xt,i denote the particle positions at time t and
the set of time-dependent vectors at,r,i is the momentum
of the ﬂow. The vectors have components at each scale
and are connected to the bundle velocity wt,i,r trough the
kernels Kr (·, ·) as expressed by the ﬁrst evolution equation. The choice of kernels affects the regularization of
the deformation; often used choices are Gaussian kernels
2
Kr (x, y) = exp( �x−y�
)Idd , which we will use in the rest
r2
of the paper. The system (4) is a non-linear ODE and ﬁnite if the set of scales IW is ﬁnite. In practice, IW is
a discretization {s1 , . . . , sR } of an interval [s1 , sR ] using
R scalars. The system can be integrated using standard
Runge-Kutta integrators such as matlabs ode45 solver.
Since ϕ is determined by w0 , which through the evolution of wt is uniquely linked to w1 , U (ϕ) is determined
by w1 . The gradient ∇U (w1 ) is usually known; if U measures the L2 -error, the gradient is just the vector with the ith
component being 2(x1,i − yi ) where yi are the target points.
To perform gradient descent using w0 , we need the gradient ∇U (w0 ) which can be obtained by differentiating (4)
and solving the transpose system backwards.2 The gradient
∇E1 (w0 ) can be solved simultaneously by adding it to the
backwards ODE. Combined, the gradient ∇E(w0 ) can be
found as the solution at t = 0 of an afﬁne, non-autonomous
ODE
ẏt = vt + Mt yt

(5)

integrated from t = 1 to t = 0. The linear component
transports ∇U (wt ) while the afﬁne component transport
∇E1 (wt ). A complete derivation of this system is out of
scope of this paper; it can be found in the upcoming journal
version of [12].
While computing the right-hand side of the system (4)
has complexity O(N 2 · R) with N the number of landmarks
and R the number of scales, computing the right hand side
2 Confer

[16] for a description of this method in the LDDMM case.

of the system (5) has complexity O(N 2 ·R2 ). This computation, we denote it the time-step update, makes the backward
integration the computationally most intensive parts of the
optimization process, and, therefore, we wish to parallelize
the time-step update and accelerate it using GPU hardware.

3. Parallelization and GPU Implementation
In order to accelerate the integration of the system (5),
we aim for producing fast procedures for the time-step update vt + Mt yt . We ﬁrst describe the CPU procedures in
order to identify options for parallelization before giving
details on the GPU implementation and thread grid layout.
Note that we avoid using the otherwise standard term kernel
for the GPU code units in order to avoid confusion with the
Gaussian kernels Kr (·, ·) in the LDDKBM framework.
The matrix Mt and the afﬁne component vt depend on
the momenta at,r,i and particle positions xt,i resulting in
the system being non-autonomous. The matrix Mt is not,
however, explicitly generated. Instead, the product Mt yt
is evaluated as a sequence of nested loops over particles
and scales saving the time to ﬁrst store and later retrieve
the large matrix. The main part of the computation in each
loop iteration consists of evaluating the Gaussian kernels
Kr (·, ·) and computing a sequence of simple ﬂoating point
operation (ﬂops).
The computation of the update is split into two procedures: the ﬁrst updates the differential of the particle positions requiring computation of N · d scalars in the output vector with d usually being 3 for 3D registration. The
second procedure updates the differential of the momenta.
Since the momentum is split over both particles and scales,
this procedure updates N · R · d scalars. The structure of the
procedures is shown in Algorithm 1 and 2. It is clear that
both procedures has complexity O(N 2 · R) in the computation of the kernels, and O(N 2 · R2 ) in the computation of
the additional ﬂops.

3.1. Bottlenecks and Parallelization Strategy
Matrix-vector products are usually memory-bound operations since every item of the matrix needs to be retrieved
from memory while a relatively small amount of calculation
is needed for each item. A stored matrix approach to the
current problem would imply a memory-access complexity
of O(N 2 · R2 ) which would dominate the execution time.
However, since the matrix is computed as needed as a function of the particle positions and momentum at the given
time, the computation need only refer to O(N · R) locations
in memory. Combined with the fact that the exponentials
needed to compute the Gaussian kernels are relatively expensive to compute and the quadratic scaling in R for the
additional ﬂops, the operation is instead primarily computationally bound. This property makes a parallelized implementation ideal for using the processing power provided by
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Algorithm 2 Update momenta, CPU
for i = 1 → N do
� updating momentum (i, si)
for si = 1 → R do
for l = 1 → N do
� loop, all particles
if si = 1 then
� loop, all scales once per l
for s = 1 → R do
compute and store kernels
end for
end if
for s = 1 → R do
� loop, all scales
retrieve kernels
compute additional ﬂops
sum results
end for
end for
update momentum (i, si) in output array
end for
end for
the large number of cores in GPUs.
The simplest GPU implementation would consist in creating a thread for each particle indexed by i in the ﬁrst outer
loop of the ﬁrst procedure resulting in N threads total. For
the second procedure, creating a thread for each pair (i, si)
would result in N · R threads total. However, with a number of particles of up to 300 for the lung dataset we later use
for benchmarks, such a strategy would result in poor utilization of the computational units in a fast GPU and would not
properly offset time spent on memory access.
For each particle, the procedures compute sums during
the loop iteration over particles and scales. Splitting these
sums over multiple threads and reducing afterwards constitutes an obvious optimization. We employ this standard
strategy to optimize both procedures reducing over both
particles and scales. In addition, we cache data in thread
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Thread groups

Threads

Scales (R), reduction

Particles (N)

Algorithm 1 Update particles, CPU
for i = 1 → N do
� updating particle i
for l = 1 → N do
� loop, all particles
for s = 1 → R do
� loop, all scales
compute and store kernels
end for
for s1 = 1 → R do
� loop, all scales twice
for s2 = 1 → R do
retrieve kernels
compute additional ﬂops
sum results
end for
end for
end for
update particle i in output array
end for

Figure 1. Thread grid layout for the GPU procedures.

group shared memory and split the task of loading data from
global memory to group shared memory among the threads.
This reduces the number of memory access stalls for the
slower global memory while allowing the threads to retrieve
data quickly from the faster shared memory.
The computation of the kernels over scale is the same
for all pairs of particles i and l. This allows for splitting the computation of the kernels over threads in a thread
group. After a within-group sync, the threads can retrieve
the computed values from memory. This decoupling of
scales offsets the lower number of compute cores for special
mathematical operations and allow a signiﬁcant speedup.
It should also be noted that thread group synchronization
within loops can lead to poor performance in some circumstances. This can be avoided by switching the order of the
loops though doing so would require reordering of the input
arrays in order to ensure coalesced memory access. However, for the problem at hand, the synchronization does not
signiﬁcantly affect performance.

3.2. GPU Implementation
In the optimized versions, a thread for each pair of integers (i, si, k), i = 1, . . . , N , si = 1, . . . , R, k =
1, . . . , NrRed, is created for both part of the updates, where
NrRed control the number of threads working in parallel on
the innermost loops. The resulting procedures are shown
in Algorithm 3 and 4. Storing in group local memory the
computed kernels and the results of each split of the inner
loops before reducing is paramount for the fast execution
of the GPU procedures. We take care in ordering the accesses to the local memory to ensure coalesced access and
use padding of the arrays in order to avoid bank conﬂicts.
We create a two-dimensional thread grid layout for both
kernels with scale and splits of the inner loops along the ﬁrst
dimension and particles along the second. Since the number
of scales is usually relatively small, we can cover the ﬁrst di-

Algorithm 3 Update particle i, GPU
for l = k → k + chunk size do
� loop, particles
compute kernel si
retrieve data from global memory
save kernel and data to thread group local memory
sync threads in thread group
for s = 1 → R do
� loop, all scales
retrieve kernel s and data from local memory
compute additional ﬂops
sum results
end for
end for
save to thread group local memory
sync threads in thread group
if selected threads then
reduce over saved results
update particle i in output array
end if
Algorithm 4 Update momentum (i, si), GPU
for l = k → k + chunk size do
� loop, particles
compute kernel si
retrieve data from global memory
save kernel and data to thread group local memory
sync threads in thread group
for s = 1 → R do
� loop, all scales
retrieve kernel s and data from local memory
compute additional ﬂops
sum results
end for
end for
save to thread group local memory
sync threads in thread group
if selected threads then
reduce over saved results
update momentum (i, si) in output array
end if
mension with one thread group. A number of thread groups
is then needed to cover the entire grid along the second dimension. Here we have some freedom in choosing the actual number of particles covered by each group with the upper limit determined by the maximum number of threads
per group and registers per multiprocessor supported by the
GPU. For a given number of scales, we experimentally determine the optimal value which is usually the maximum
allowed. The thread grid layout is illustrated in Figure 1.

4. Benchmarks: Towards Faster Registration
We perform benchmarks on the computation of the
backwards integration time-step update, the computation-

System 1
4 x Intel Xeon E5520 (quad core) @ 2.27GHz, 32Gb
2 x GeForce GTX 590, 3072Mb
4 x 512 cores @ 607Mhz
System 2
Intel Core 2 Quad Q9450 @ 2.66GHz, 8Gb
3 x Nvidia GeForce GTX 295, 2 x 895Mb
6 x 240 cores @ 576Mhz
Table 1. The two systems used for benchmarking.

ally most intensive part of the registration algorithm. The
dataset [4] consists of annotated landmarks on CT images
of different stages of the lung respiratory phases for ﬁve patient. Details on the setup can be found in [12]. For each
patient, 300 landmarks are available, which is close to the
maximum data size allowing registrations to ﬁnish within a
reasonable time on conventional hardware. In addition, in
order to simulate computations on larger datasets which the
faster algorithms now allow, we use artiﬁcially generated
particles.
The benchmarks will be performed on two systems, confer Table 1. System 1 contains two GeForce GTX590
cards each having two GPU units, while system 2 has three
GeForce GTX295 with a total of 6 GPU units. To keep the
timings comparable, we evaluate the algorithm running on a
single GPU unit against a single-threaded CPU implementation. It is straightforward to split the problem over multiple GPU units and multiple CPU cores with good scaling
for low number of units and cores. Thus, the reported timings can to some extend be translated to real performance
by dividing by the number of CPU cores and GPU units,
respectively. As an example with a higher number of cores,
when using all 16 CPU cores of System 1, an OpenMP parallelization resulted in a 10 times speedup for the CPU implementation. Using all available 4 GPU units of system 1
will similarly improve the GPU implementation.
The timings are reported for CUDA3 implementations
of Algorithm 3 and 4 though OpenCL4 versions have been
implemented as well with similar performance. In contrast
to the linear scaling of the size of the data needed to be
transfered to the GPU memory, the time-step update scales
quadratically in both number of particles and scales. Therefore, the time spent on host memory to GPU memory transfers plays an insigniﬁcant role compared to the time spent
on the actual computation. Optimizing the memory access
structure of the CPU implementation in order to improve
cache performance is not perceived here; in rough terms,
the CPU implementation follows Algorithm 1 and 2.
3 http://www.nvidia.com/object/

cuda_home_new.html

4 http://www.khronos.org/opencl/
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Figure 2. Running time (seconds) and speedup for both systems
with between 50 and 300 particles of the lung dataset. CPU running time is reported for system 1. Note the different axes for the
GPU and CPU timings. The running time increases quadratically
and the speedup of the GPU cores increases with data size.

Figure 3. Running time (seconds) and speedup with artiﬁcial data.
CPU running time is reported for system 1. The increase in running time is quadratic with the speedup curves leveling out (close
to 200 times speedup for system 1 and more than 100 times for
system 2).

In Figure 2, the time spent for each computation of the
time-step update with 5 scales is plotted against the number
of particles included from the lung dataset. The quadratic
scaling is clear for the CPU implementation. There is some
variance in the effectiveness of the GPU implementations as
expected from the different utilization of the computational
cores for different data sizes. The GPU vs. CPU speedup
plot shows increasing beneﬁt of using the GPUs with increasing data size.
Since the speedup curves with the lung data do not level
out, it is not clear that the computational power of the GPUs
are fully utilized for this dataset. We increase the data size
with randomly generated particles and plot the results, again
with 5 scales, in Figure 3. The speedup curves for both systems reach plateaus showing reduction in running time of
close to 200 for system 1 and slightly more than 100 for
system 2. Compared to the fact that the theoretical peak performance of one GTX590 unit is roughly 1.4 times the peak
performance of one GTX295 unit (1244 GFLOPS vs. 894
GFLOPS), this gives some indication that the running time
correlates with the hardware capability. With large number of particles, we achieve approximately 145 GFLOPS
for the simple ﬂoating point operations and approximately
0.7e9 evaluations of the Gaussian kernels per second.
Figure 4 shows how the number of scales correspond

to the running time with ﬁxed data size (1000 particles).
The graphs increase quadratically in the number of scales,
though with slower growth for the GPU for a low number
of scales. This is most likely a combination of increased
utilization of the hardware for the increasing computational
load and the fact that the computation of the Gaussian kernels scales linearly in the number of scales. It should be
noted that for practical purposes, including more than 16
scales in the registration is hardly useful.
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5. Conclusion and Outlook
We have implemented and tested a LDDKBM landmark
registration algorithm on GPU hardware and shown that a
two orders of magnitude speedup is achievable on the most
time intensive part of the algorithm. The result allows the
LDDKBM framework to be applied to much larger datasets
in practice, and it allows the beneﬁts of including scales
in the registration to coincide with fast computation of the
optimal registration. The benchmarks show the expected
quadratic increase in running time as a function of both
number of particles and number of scales. However, the linear complexity of the computation of the Gaussian kernels
will likely make the algorithm scale close to linearly in the
number of scales with the GPU implementation in practical
applications.
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1 Introduction

Manifolds, sets locally modeled by Euclidean spaces, have a long and intriguing
history in mathematics, and topological, diﬀerential geometric, and Riemannian
geometric properties of manifolds have been studied extensively with results extending far beyond the ﬁelds of manifolds themselves. The introduction of highperformance computing in applied ﬁelds has widened the use of manifolds, and
Riemannian manifolds, in particular, are now used for modeling a range of problems possessing non-linear structure. Applications include shape modeling (complex projective shape spaces [23] and medial representations of surfaces [1, 20]),
imaging (tensor manifolds in diﬀusion tensor imaging [9, 10, 31] and image segmentation and registration [4, 32]), and several other ﬁelds (forestry [18], human
motion modeling [37, 27, 40]).
To fully utilize the power of manifolds in modeling, it is essential to develop fast
and robust algorithms for computing various manifold constructions. Computing
intrinsic distances, Jacobi ﬁelds, curvatures, and injectivity radii poses important
problems [18] as well as solving optimization problems posed on manifolds or in
manifold tangent spaces and deﬁning and computing manifold generalizations of
common Euclidean space statistics. The papers [6, 22, 29, 24, 36, 39] address ﬁrstorder manifold problems, and certain second-order problems have been considered
but mainly on limited classes of manifolds [8]. Generalizing linear statistics has
been the focus of the papers [21, 30, 11, 13, 18].
In this article, we study the second-order problems arising from variations of
the initial velocity of geodesics. This will allow us to compute structures fundamental to geometry and to numerically solve certain optimization problems posed
in tangent spaces of manifolds. The developed methods apply to manifolds represented both parametrically and implicitly without preconditions such as knowledge
of explicit formulas for geodesics. Hence, in addition to being interesting from a
geometrical and computational point of view, the algorithms will be useful for
applications in several of the mentioned areas.
To exemplify this, we consider the problem of capturing the variation of a set
of manifold valued data. The well-known Principal Component Analysis procedure (PCA) has been generalized to manifold valued data with the introduction of
Principal Geodesic Analysis (PGA, [13]). The construction is the source of continuing interest from both application oriented authors and the statistical community,
most recently with the development of Geodesic PCA (GPCA, [18]). Both PGA
and GPCA have been used successfully for a number of applications [13, 9, 18, 41,
35, 39].
Until now, there were no algorithm for numerically computing PGA for general
manifolds. Linear approximations have been used instead except for special classes
of manifolds where geodesics have explicit analytical formulas [35, 18]. Because
PGA is posed as an optimization problem in the tangent space of the manifold,
the tools developed here apply to computing it without linearizing the manifold.
We will show how those tools allow us to compute exact PGA for a wide range of
manifolds under some assumptions on the optimization problems.
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1.1 Related Work
A vast body of mathematical literature describes manifolds and Riemannian structures, and [7, 26] provide excellent introductions to the ﬁeld. Diﬀerent aspects of
numerical computation on implicitly deﬁned manifolds are covered in [44, 34, 33].
Generalized inverses are important in the study of implicitly deﬁned manifolds,
and we will use a result of Decell [5].
An important starting point for our work is the paper of Dedieu and Nowicki
[6] where the authors develop an initial value problem (IVP) for the computation
of geodesics on implicitly deﬁned manifolds. This result, together with the IVP
deﬁning geodesics in the parametrized case [7], constitutes the basis for the IVPs
developed in the following sections. A similar approach is taken in [43] for computing Jacobi ﬁelds on the inﬁnite dimensional manifold of diﬀeomorphisms. Several
authors have studied the solution of the exponential map inverse problem, often
called the logarithm map: in [29, 24, 36], diﬀerent schemes are used to evolve an
initial path towards a geodesic, and [22, 25, 39] use shooting methods. We build
upon these works by assuming the logarithm problem is solved for the manifolds
in question.
An optimization problem can be posed on a manifold in the sense that the domain of the cost function is restricted to the manifold and the sought for optima
must reside on the manifold. Such problems are extensively covered in the literature (e.g. [28, 42]). The optimization problems we will solve involves the manifold
geometry in the cost functions, but the domains will be the linear tangent spaces
or subsets thereof with simple geometry. Therefore, the complexity will lie in the
cost functions and not the optimization domains, and we will not need to use the
optimization algorithms dealing with manifold domains.
The manifold generalization of linear PCA, PGA, was ﬁrst introduced in [12],
but it was formulated in the form most widely used in [13]. It has subsequently
been used for several applications. To mention a few, the authors in [13, 9] study
variations of medial atoms, [41] uses a variation of PGA for facial classiﬁcation,
[35] presents examples on motion capture data, and [39] applies PGA to vertebrae
outlines. In addition, ﬁnding principal modes in tangent spaces, the procedure labeled linearized PGA in this paper, has been used for analyzing spine deformation
modes and deformities in [2, 3]. The algorithm presented in [13] for computing
PGA with tangent space linearization is most widely used. In contrast to this, [35]
computes PGA as deﬁned in [12] without approximations, but only for a speciﬁc
manifold, the Lie group SO(3). Our recent paper [38] uses the methods presented
here to experimentally assess the eﬀect of tangent space linearization, and we show
that the algorithms work on high dimensional manifolds modelling real-life data.
A recent wave of interest in manifold valued statistics from the statistical community has lead to the development of Geodesic PCA (GPCA, [18, 19, 17]). GPCA
is in many respects close to PGA but optimizes for the placement of the center
point and minimizes projection residuals along geodesics instead of maximizing
variance in geodesic subspaces. GPCA uses no linear approximation, but it is currently only computed on spaces where explicit formulas for geodesics exist and on
quotients of such spaces.

79

S. Sommer et al.

1.2 Content and Outline
The paper will present the following main contributions:
(1) We construct initial value problems allowing the computation of the diﬀerential of the exponential map and Jacobi ﬁelds, and second derivative of the
exponential map on both parametric and implicitly represented manifolds of
ﬁnite dimension.
(2) We show how the tools developed allow for numerical computation of the sectional curvature and injectivity radius bounds for the manifolds.
(3) We present an algorithm allowing the computation of PGA without linearizing
the problem to the tangent space.
(4) We present examples showing the diﬀerences between exact PGA and the linearized PGA previously used, and how the diﬀerences depend on the curvature
of the manifold.
Due to the generality of the setup, the algorithm in (3) will work for many of the
applications using PGA as deﬁned in [13]. In particular, it will apply to those of
the above mentioned examples using ﬁnite dimensional manifolds with available
parametrization or implicit representation. We comment more on the classes of
manifolds covered in section 2.1. In addition, we will need some assumptions on
the manifold and dataset ensuring the optimization problems are well-behaved so
that true global optima are found.
The importance of curvature computations is noted in [18], which lists the
ability to compute sectional curvature as a high importance open problem. The
result of (2) can be seen as a partial solution to this problem; we are indeed able to
numerically compute the sectional curvature, although for the anomalous shapespaces [23] used in [18] no parametrization or implicit representation is directly
available, and hence the methods presented here do not apply.
In the experiments (4), we evaluate how the diﬀerence between the methods
vary as we increase the curvature of the manifold. This experiment, which to
the best of our knowledge has not been made before, is made possible by the
generality of the algorithms of (1), which frees us from previous restrictions to
speciﬁc manifolds such as SO(3) [35] or anomalous shape-spaces [18].
The paper will start by a brief discussion of the required notation and geometry
in section 2. We will touch upon the deﬁnition of PGA and how curvature and
injectivity radius bounds relate to Jacobi ﬁelds. The reader already familiar with
Riemannian geometry may wish to skip parts of this section. In section 3, we
present IVPs for the diﬀerential of the exponential map and Jacobi ﬁelds and for
the second derivative of the exponential map. The actual derivations are lengthy
and are, therefore, covered in the appendices. Following this, in section 4, we
develop the exact PGA algorithm. We end the paper with experiments in section 5
and concluding remarks.
2 Geometry and Notation

We give a brief discussion of some aspects of diﬀerential and Riemannian geometry
and, at the same time, introduce the notation used in the rest of the paper. The
reader is referred to [7] for an introduction to diﬀerential geometry and Riemannian
manifolds.
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2.1 Manifolds and Their Representations
We will in the paper work with diﬀerentiable manifolds of ﬁnite dimension, and,
in the sequel, M will denote such a manifold of dimension η . We will need M to
be suﬃciently smooth, i.e. of class C k for k = 3 or 4 depending on the application.
A chart of M is then a map ϕ ∈ C k (U, M ) from an open subset U of Rη to the
manifold, and, since a chart provides a coordinate representation of a part of the
manifold, it is often called a local parametrization.
Manifolds can be represented without local parameterizations. Let M be a level
set of a diﬀerentiable map F : Rm → Rn . If the Jacobian matrix Dx F has full rank
n for all x ∈ M , the level set is said to be regular. In that case, M will be an (m−n)dimensional manifold, and we say that M is implicitly deﬁned. The space Rm is
called the embedding space. Throughout this paper, when dealing with implicitly
deﬁned manifolds, m and n will denote the dimension of the domain and codomain
of F , respectively. We then have η = m − n for the dimension η of the manifold,
In addition to local parametrizations and implicit representations, other ways
of representing manifolds include discrete triangulations used for surfaces and quotients M̃ /G of a larger manifold M̃ by a group G. The latter is for example the
case for Kendall’s shape-spaces Σdk [23]. Kendall’s shape-spaces for planar points
are actually complex projective spaces CP k−2 for which parameterizations are
available, and, for points in 3-dimensional space and higher, the shape-spaces are
anomalous and not manifolds. The spaces studied in [18] belong to this class.
Our methods do not apply directly to cases where local parametrizations or
implicit representations are not available. We note, however, that for the quotients
used in [18], M̃ is a high-dimensional sphere and much of the optimization is
performed on M̃ instead of M/G. We are currently investigating how our methods
can complement this in extending the approach to quotients M̃ /G with M̃ not
restricted to being a sphere.

2.2 Curves and Diﬀerentiation
We will deal with parametrized entities, most notably curves on manifolds, and
we use subscripts for the parameter. For example, a curve on M dependent on t
will be denoted xt . As our curves will normally start at t = 0, the starting point
of curve xt will be the point x0 . The subscript notation should not be confused
with diﬀerentiation with respect to the parameter t. When a local parametrization
is available, we will often use it to represent the curve, and we will normally not
distinguish between the curve and its expression xt = (x1t , . . . , xηt ) in parameter
space.
The tangent space of M at a point p is, a vector space of dimension η , will be
d
xt of a curve xt evaluated at t̃ then belongs
denoted Tp M , and the derivative dt
d
d
xt |t=t̃ . In addition,
to Txt̃ M . We will often write just dt xt̃ for such vectors, i.e. dt
when diﬀerentiating curves with respect to t, we often use the shorthand ẋt . With
d
xt |t=0 , the initial velocity of the curve xt , will be written ẋ0 .
these conventions, dt
The diﬀerential of a map f : M → N will be denoted df and its evaluation at
p ∈ M will be denoted dp f . When bases for Tp M and Tf (p) M are speciﬁed, or when
M and N are Euclidean spaces, we will write Df instead of df . We will encounter
maps deﬁned on a product of manifolds, e.g. (v, w) �→ g (v, w) : M × M̃ → N , for
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which we will need to distinguish diﬀerentiation with respect to one of the variables
only. Letting one of the parameters have a ﬁxed value w0 , the diﬀerential of the
restricted function v �→ g (v, w0 ) from M to N evaluated at v0 is denoted dv(v0 ,w0 ) g .
Along the same lines, if V is a submanifold of M , the diﬀerential of f |V : V → N
will be denoted dv∈V f and its evaluation at v0 ∈ V will be written dv∈V
v0 f .

2.3 Riemannian Manifolds and Geodesics
We will work solely with Riemannian manifolds, i.e. diﬀerentiable manifolds endowed with a smooth family of inner products on their tangent spaces. More
precisely, a Riemannian metric on a manifold M is a smooth map g which associates to p ∈ M an inner product �·, ·�p on Tp M , and, in a local parametrization,
g will be a smooth map to the space of symmetric, positive deﬁnite matrices of
order η . The pair (M, g ) is then a Riemannian manifold. When M is a submanifold
of Rm , the tangent space Tp M of M at a point p can be identiﬁed with a linear
subspace of Rm of dimension η , and the inner product �·, ·�p will be chosen to be
the restriction of the standard inner product of Rm .
The Riemannian metric determines notions such as length of curves, diﬀerentation of vector ﬁelds, Christoﬀel
� symbols, and geodesics. If xt is a curve, the length
l(xt ) is given by the integral �ẋt �dt using the norm � · � on Txt M induced by the
metric. Computing directional derivatives of a vector ﬁeld is done by a connection
that associates to a pair (X, Y ) of vector ﬁelds on M a new vector ﬁeld denoted
∇Y X so that (∇Y X ) (p) will be a directional derivative of X at p in the direction
Y (p). A special connection, called the Levi-Cività connection, is associated to the
D
Riemannian metric, and the connection deﬁnes the covariant derivative dt
Vt of
D
a vector ﬁeld Vt along a curve. On implicitly deﬁned manifolds, dt Vt is simply
the projection of the usual derivative of vector ﬁelds onto Txt M , and, in a local
parametrization, the covariant derivative of the vector ﬁelds (∂x1 , . . . , ∂xη ) deﬁnes
�
k
k
of the metric by the relations ∇∂xi ∂xj = ηk=1 Γij
∂xk .
the Christoﬀel symbols Γij
3
k
k
k
The η functions Γij (x) satisfy the symmetry relation Γij = Γji .
Geodesic curves, manifold generalizations of straight lines, are characterized
by having vanishing intrinsic acceleration expressed by the covariant derivative of
D
the velocity ﬁeld, dt
ẋt being zero. Geodesics are locally length minimizing and
unique in the sense that given a point q and a velocity v ∈ Tp M , the geodesic
passing q with velocity v is unique. The map which constructs geodesics given q
and v is called the exponential map and denoted Exp. Thus, the unique geodesic
is the curve xt = Expp tv .
For points q̃ in a suﬃciently small neighborhood of q , the length minimizing
curve joining q and q̃ is unique as well. Given q and q̃ , the initial direction in
which to travel geodesically from q in order to reach q̃ is given by the result
of the logarithm map Logq (q̃ ). We get the corresponding geodesic as the curve
t �→ Expq (tLogq q̃ ), and hence Logq is the inverse of Expq . Subsets Expq Br (0) of
M with Br (0) being a ball in Tq M and with the radius r > 0 suﬃciently small are
examples of neighborhoods of q in which Logq (q̃ ) is deﬁned. Whenever we use the
Log-map, we will restrict to such neighborhoods without explicitly mentioning it.
The gradient grad h of a real valued function h : M → R is also deﬁned using
the metric: at p ∈ M , gradp h is the unique vector in Tp M which represents dp h in
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�
�
the sense that dp h(v ) = gradp h, v for all v ∈ Tp M . Whenever a basis of Tp M is
speciﬁed, or when M is Euclidean, we switch to the usual notation ∇h. Similarly,
the Hessian of h is deﬁned by the relation Hessian(h)X = ∇X grad h for all vector
ﬁelds X . Again, when a basis of Tp M is speciﬁed, or when M is Euclidean, we use
the usual notation H (h).
2.4 Geodesic Systems
When a manifold is represented by a parametrization, the value of exponential
map can be found as the solution of the IVP
ẍkt

=−

η
�

k
Γij
(xt )x˙t i x˙t j , k = 1, . . . , η

(1)

i,j

x0 = q, ẋ0 = v

in parameter space at time t = 1. Recall that η denotes the dimension of the
manifold and that a chart ϕ : Rη → M is used to connect the parameter space
and the manifold. This classical characterization of geodesics is not directly usable
when the manifold is represented implicitly and, therefore, neither parametrization
nor Christoﬀel symbols are directly available. To handle this situation, a ﬁrst
order IVP for the computation of the exponential map on implicitly represented
manifolds as developed in [6]. Here Expq v can be found as the x-part of the solution
of the following IVP at time t = 1:
� n
�
� k
k
ṗt = −
µ (xt , pt )Hxt (F ) ẋt ,
�

k=1

�

(2)

ẋt = I − Dxt F † Dxt F pt ,
x0 = q, p0 = v .

The map µ : Rm × Rm → Rn is deﬁned by (x, p) �→ −(Dx F T )† p, and the symbol
A† denotes the generalized inverse of the possibly non-square or singular matrix
A [5].
2.5 Jacobi Fields and Global Geometry
Studying variations of geodesics leads to the notion of Jacobi ﬁelds, which encode
important geometric information such as curvature and injectivity radius. In order
to deﬁne Jacobi ﬁelds, let xt,s be a family of geodesics parametrized by s, i.e. for
each s̃, the curve t �→ xt,s̃ is a geodesic. When ﬁxing the position t on the curves
d
xt,0 , and such a vector
but varying the parameter s, we obtain the vector ﬁeld ds
1
ﬁeld is called a Jacobi ﬁeld along the geodesic xt,0 . The Jacobi ﬁelds along a
D
J0 , the
given geodesic are uniquely determined by the initial conditions J0 and dt
variation of the initial points x0,s and the covariant derivative of the ﬁeld at t = 0,
d
d
D
v0 . If ds
q0 = J0 and w = dt
J0
respectively. Deﬁne qs = x0,s , vs = ẋ0,s , and w = ds
d
then ds Expq0 (tv0 ) is equal to Jt [7, Chap. 5]. Therefore, in cases when qs is constant
and J0 therefore 0, we have the following connection between Jt and dExp:
1

Recall that with the notation introduced in section 2.2,

d
x
ds t,0

equals

d
x |
.
ds t,s s=0

83

S. Sommer et al.

Fig. 1 The sphere S2 with a Jacobi ﬁeld along a geodesic connecting the poles. Each pole is
a conjugate point to the other since the non-zero Jacobi ﬁeld vanishes. The injectivity radius
is equal to the length of the geodesic, π.

dv0 Expq0 tw = Jt .

(3)

Jacobi ﬁelds can equivalently be deﬁned as solutions to the ODE
D2
Jt = −R(ẋt , Jt )ẋt
dt2

(4)

with R denoting the curvature endomorphism [7, Chap. 5]. For parametrized manifolds, the ODE can be written in parameter space and can, in principle, be used
for numerical computations of Jacobi ﬁelds. The expressions are somewhat complicated, though, and we will obtain a diﬀerent IVP by diﬀerentiating the system
(1). The curvature endomorphism is not easily computed when the manifold is
represented implicitly, and, therefore, the above ODE is not directly useful in this
case. By diﬀerentiating the system (2), we remedy this in the next section.
Besides allowing us to calculate dv0 Expq0 , Jacobi ﬁelds enable us to retrieve
various geometric information about the manifold. We can for example estimate
the sectional curvature of the manifold at q0 using a Jacobi ﬁeld Jt as deﬁned
above with J0 = 0 and v0 , w orthonormal. Performing a Taylor expansion of the
length �Jt �, we get
1
�Jt � = t − Kq0 (σ )t3 + O(t4 )
6
where Kq0 (σ ) is the sectional curvature of the plane span {v0 , w} in Tq0 M [7, Chap.
5]. For small t, the sectional curvature can then be estimated by
Kq0 ( σ ) ≈

6
t3

(t − �J (t)�) .

(5)

Furthermore, if Jt is a non-zero Jacobi ﬁeld with J0 = 0 along a geodesic xt and,
for some t̃ > 0, also Jt̃ = 0 then xt̃ is called a conjugate point to x0 . This implies
that for any r > t̃, the geodesic xt is not the shortest joining x0 and xr [7, Chap.
13]. In this way, we get an upper bound on the injectivity radius of M , which, in
general terms, speciﬁes the minimum length of non-minimizing geodesics. Figure 1
illustrates the situation on the sphere S2 .
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2.6 Geodesic Subspaces
Linear subspaces are of great importance when studying data in Euclidean spaces;
PCA, for example, can be formulated as an optimization problem on the set of linear subspaces. There is no obvious generalization of linear subspaces to manifolds,
but, if one accepts the choice of a center point, the notion of geodesic subspaces
becomes useful. A subset Expq V of M is called a geodesic subspace centered at q if
V is a linear subspace of Tq M . Geodesics between q and any point in the subspace
are contained in the subspace, a fact which, in general, is not true for geodesics
between arbitrary pairs of points in the subspace. The projection of a point x ∈ M
onto a geodesic subspace S = Expq V is deﬁned as
πS (x) = argminy∈S d(x, y )2 = argminy∈S �Logy x�2

= Expq (argminw∈V �LogExpq w x�2 ) .

(6)

Neither existence or uniqueness of the projection is in general ensured, although,
for each geodesic subspace S , the set of points for which uniqueness fail has zero
measure in M [18]. Existence of the projection is ensured if S is compact, which,
for example, is the case if M is compact and S an embedded submanifold.
2.7 Principal Geodesic Analysis
Principal Component Analysis (PCA) is widely used to model the variability of
data in Euclidean spaces. The procedure provides linear dimensionality reduction
by deﬁning a sequence of linear subspaces maximizing the variance of the projection of the data to the subspaces or, equivalently, minimizing the reconstruction
errors. The kth subspace is spanned by an orthogonal basis {v 1 , . . . , v k } of principal components v 1 , . . . , v k , and the ith principal component is deﬁned recursively
by
�
�
N
i−1 �
�2
�2 �
1 � �
i
l
(7)
v = argmax�v�=1
xj , v +
xj , v
N

j =1

l=1

when formulated as to maximize the variance of the projection of the dataset
{x1 , . . . , xN } to the subspaces span {v 1 , . . . , v i−1 }.
PCA is dependent on the vector space structure of the Euclidean space and
hence cannot be performed on manifold valued datasets. Principal Geodesic Analysis was developed to overcome this limitation. PGA ﬁnds geodesic subspaces
centered a point µ ∈ M with µ usually being an intrinsic mean2 of the dataset
{x1 , . . . , xN }, xj ∈ M . The kth geodesic subspace Sk of Tµ M is deﬁned as Expµ (Vk )
with Vk = span {v 1 , . . . , v k } being the span of the principal directions v 1 , . . . , v k
deﬁned recursively by
v i = argmax�v�=1,v∈V ⊥

i−1

N
1 �

N

j =1

d(µ, πSv (xj ))2 ,

(8∗)

Sv = Expµ (span {Vi−1 , v}) .

2 The notion of intrinsic mean goes back to Fréchet [14] and Karcher [21]. As in [13], we
�
2
deﬁne it as argminµ∈M N
j=1 d(µ, xj ) . Uniqueness issues are treated in [21].
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⊥
The notation Vi−
1 denotes the orthogonal complement of Vi−1 in Tµ M . The term
being maximized is the sample variance of the projected data, the expected value
of the squared distance to µ, and PGA therefore extends PCA by ﬁnding geodesic
subspaces in which variance is maximized.
Since a method for computing the projection πSk (x) has not been available
for general manifolds, PGA has traditionally been computed using the orthogonal
projection in the tangent space of µ to approximate the true projection. With this
approximation, equation (8∗) simpliﬁes to
i

v ≈ argmax�v�=1

�
N
1 � �

N

Logµ xj , v

j =1

�2

+

i−1 �
�

Logµ xj , v

l=1

l

�2

�

which is equivalent to (7), and, therefore, the procedure amounts to performing
regular PCA on the vectors Logµ xj . We will refer to PGA with the approximation
as linearized PGA, and PGA as deﬁned by (8∗) will be referred to as exact PGA.
The above and prevalent deﬁnition of PGA is developed in [13], but a slightly
diﬀerent deﬁnition was introduced in [12]. The latter deﬁnition involves only onedimensional subspaces and uses Lie group structure. In [35], the fact that πS has
a closed form solution on the sphere S3 when S is a one-dimensional geodesic
subspace is used to compute exact PGA with the [12] deﬁnition by performing
a steepest descent using the gradient of the cost function equivalent to the cost
function of (8∗).
Replacing maximization of sample variance by minimization of reconstruction
error, we obtain another manifold extension of PCA and thus an alternate deﬁnition of PGA:
v i = argmin�v�=1,v∈V ⊥

i−1

N
1 �

N

j =1

d(xj , πSv (xj ))2 .

(8∗∗)

In contrast to vector space PCA, the two PGA deﬁnitions are not equivalent, a
fact showing that the Euclidean and curved situations diﬀer fundamentally. The
latter formulation is chosen for Geodesic PCA to avoid instabilities of variance
maximization [18], but the optimization algorithms developed in this paper work
for both formulations. We will use the variance formulation for the experiments,
but we will collectively refer to deﬁnitions by (8).
In general, PGA might not be well-deﬁned as the mean might not be unique and
both existence and uniqueness may fail for the projections (6) and the optimization
problems (8). The convexity bounds of Karcher [21] ensures uniquesness of the
mean for suﬃciently local data, but setting up suﬃcient conditions to ensure wellposedness of (6) and (8) is a diﬃcult issue, and here we will just assume wellposedness for the given manifold and dataset.

3 The Diﬀerentials

In this section, we aim at developing an initial value problem (IVPs) describing
the diﬀerential of the exponential map and Jacobi ﬁelds, and, in addition, we will
diﬀerentiate the IVPs a second time and thereby create the tools needed for the
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PGA algorithms presented in the next section. The basic strategy is simple: we
diﬀerentiate the systems of section 2.4 and use the resulting IVPs.
It is a well-known fact that IVPs satisfying natural properties are diﬀerentiable
with respect to their initial values [16, Chap. I.14]. The important contribution
of this section is the explicit expressions for the diﬀerentiated systems that allow numerical integration and, in particular for the case of implicitly represented
manifolds, are not straightforward to derive. To the best of our knowledge, no IVP
describing the diﬀerential of the exponential map and Jacobi ﬁelds has previously
been available in the implicit case; the IVP (11) remedies this situation. As previously noted, the ODE (4) describes Jacobi ﬁelds in the parameterized case but
the expressions in parameter space are complicated. Therefore, we derive the IVP
(10) below, which we ﬁnd simpler to work with for the applications of this paper.
The presence of the generalized inverse in system (2) proves to be the main
source of complexity for the implicit case. We handle the diﬀerentiation of this
system using the following result of Decell:
Theorem 1 ([5]) Let As and its generalized inverse A†s be diﬀerentiable s-dependent
d
d
(A†s ) = Λ(As , ds
As ) where
matrices. Then ds

�

Λ(A, B ) = − A† BA† + B T (A† )T A† + A† (A† )T B T

�

�

�

− A† A B T (A† )T A† + A† (A† )T B T AA† .

(9)

We will apply the result with As = Dxt,s F with xt,s an s dependent family of
geodesics and t ﬁxed. To see that Dxt,s F † is diﬀerentiable with respect to s when
xt,s depends smoothly on s, take a frame of the normal space to M in a neighborhood of xt,s , and note that Dxt,s F † is a composition of a invertible map onto the
frame depending smoothly on s and the frame itself.
The remaining computations for deriving the systems are lengthy and notationally heavy. At this point, we only state the results and postpone the derivations
and the proof of the following theorem to Appendix A.
Theorem 2 Let xt be a geodesic in the C 3 manifold M with x0 = q and ẋ0 = v, and
let u, w be vectors in Tx0 M . Assume xt is contained in a parametrized subset of M .
D
Then the Jacobi ﬁeld Jt along xt with J0 = u and dt
J0 = w can be found as the z-part
of the solution of the IVP

� �
ẏt
żt

� �
y0
z0

� � ��

=

P
Fq,v

=

� �
w
u

t,

yt
zt

,

(10)

,

P
with Fq,v
the map given in explicit form in Appendix A.
Now, let instead M ⊂ Rm be deﬁned as a regular zero level set of a C 3 map
D
F : Rm → Rn . Then the Jacobi ﬁeld Jt along xt with J0 = u and dt
J0 = w can be
found as the z-part of the solution of the IVP

� �
ẏt
żt

� �
y0
z0

� � ��

=

I
Fq,v

=

� �
w
u

t,

yt
zt

,

(11)

,
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I
with Fq,v
the map given in explicit form in Appendix A.
P
I
The maps Fq,v
and Fq,v
and consequently the systems (10) and (11) are linear in
the initial values (w u)T as expected of systems describing diﬀerentials. They are
non-autonomous due to the dependence on the position on the curve xt .
The following corollary allows the computation of the derivative of the exponential map:

Corollary 1 With the assumptions of Theorem 2, let (yt , zt ) satisfy (10) or (11) with
IVs (w, 0)T . Then dv Expq w is equal to z1 .
Proof Let Jt be the Jacobi ﬁeld along xt with J0 = 0 and
z1 = J1 , which, by (3), is equal to dv Expq w.

D
dt J0

= w. By Theorem 2,

The result enables us to compute the entire diﬀerential dv Expq by applying the
corollary to each element of a basis {w1 , . . . , wη } for Tq M . The matrix having
the results in its columns then equals Dv Expq . Note that Expq Logq y = y implies
that dy Logq = (dLogq y Expq )−1 , a fact that allows the corollary to be used for
computing dy Logq as well.
We can diﬀerentiate the systems (10) and (11) once more if the manifold is
suﬃciently smooth. The main diﬃculty here is performing the algebra of the alP
I
and Fq,v
. For the implicit case, we will
ready complicated expressions for Fq,v
†
need to ﬁnd the second derivative of Dxt,s F and hence extend Decell’s result. For
simplicity, we consider a family of geodesics xt,s with the start point x0,s constant
in s. The derivations and the proof are again postponed to Appendix A.
Theorem 3 Let w ∈ Tq M with M of class C 4 , and let xt,s be a family
� of geodesics
�
d
d
with x0,s = q and vs = ẋ0,s . Deﬁne u = ds
v0 , and let Vq,v0 ,w,u = ds
dvs Expq w =
d
ds

�

d
dr

�

Expq vs + rw

��

. Assume xt,s is contained in a parametrized subset of M . Then

Vq,v0 ,w,u can be found as the r-part of the solution of the IVP

� �
q̇t
ṙt

=

GP
q,v0 ,w,u

q0
r0

=

� �
0
,
0

� �

� � ��
t,

qt
rt

,

(12)

with GP
q,v0 ,w,u the map given in explicit form in Appendix A.
Now, let instead M ⊂ Rm be deﬁned as a regular zero level set of a C 4 map
F : Rm → Rn . Then Vq,v0 ,w,u can be found as the r-part of the solution of the IVP

� �
q̇t
ṙt

=

GIq,v0 ,w,u

q0
r0

=

� �
0
,
0

� �

� � ��
t,

qt
rt

,

(13)

with GIq,v0 ,w,u the map given in explicit form in Appendix A.

We note that solutions to (12) and (13) depend linearly on u even though the
systems are not linear.
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3.1 Numerical Considerations
The geodesic systems (1) and (2) can in both the parametrized and implicit case
be expressed in Hamiltonian forms. In [6], the authors use this property along
with symplectic numerical integrators to ensure the computed curves will be close
to actual geodesics. This is possible since the Hamiltonian encodes the Riemannian metric. Derivatives of Hamiltonian systems can be expressed in Hamiltonian
form, and, therefore, the systems of Theorem 2 and Theorem 3 have Hamiltonian
formulations. Using symplectic integrators, we can preserve the Hamiltonians, but
the usefulness of this is limited since the Hamiltonians do not have directly interpretable forms in contrast to the case of geodesic systems.
Along the same lines, we would like to use the preservation of quadratic forms
for symplectic integrators [15] to preserve quadratic properties of the diﬀerential of
the exponential map, e.g. the Gauss Lemma [7]. At this point, we have, however,
not been able to establish this for the implicit case.
4 Exact PGA

We will provide algorithms for iteratively solving the optimization problems (8)
and hence compute exact PGA as deﬁned in [13] without the traditional linear
approximation. The algorithms will work for parametrized and implicitly represented manifolds under the following assumptions. First, we require that the PGA
problem is well-deﬁned as discussed in section 2.7. Second, the logarithm map
must be computable. As noted in the introduction, good implementations exist
for both parametric and implicitly represented manifolds. Third, we will need to
assume non-existence of local optima for the cost functions of (6) and (8) to ensure
the optimization algorithms ﬁnd the true global solutions. Forth, a local convexity assumption of the residual function, which is satisﬁed for local data, will be
needed. We note that, if the third assumption is left out, it is indeed possible to
ﬁnd examples of manifolds and datasets where the algorithms will get stuck in
local optima.
Solving the optimization problems (8) requires the ability to compute the projection operator πS . We start by ﬁnding expressions for the gradients of the cost
functions of the optimization problems using the IVPs derived in section 3, and,
thereafter, we present the actual algorithms for solving the problems. The overall approach of solving (8) is similar to the approach of [35]. Our solution diﬀers
in that we are able to compute πS and its diﬀerential without restricting to the
manifold SO(3) and in that we optimize (8) instead of the simpler3 cost function
of [12].
The optimization problems (6) and (8) are posed in the tangent space of the
manifold at the sample mean and the unit sphere of that tangent space, respectively. These domains have relatively simple geometry, and, therefore, the complexity of the problems is contained in the cost functions. Because of this, we will not
need algorithms for optimizing problems with domains of complicated geometry.
As we are able to compute the gradient of the cost function of the problems, we can use approaches such as steepest descent. Yet, because both prob3

Simpler in the sense that projections in [12] involve only one-dimensional subspaces. The
cost function of (8) uses i-dimensional subspaces for i = 1, . . . , η.
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lems are quadratic, optimization algorithms such as Gauss-Newton or LevenbergMarquardt are also applicable if the Jacobians are present. For simplicity, we compute gradients and present steepest descent algorithms, but it is straightforward
to compute Jacobians instead and use more advanced optimization algorithms.
4.1 The Projection
We consider the projection πS (x) of a point x ∈ M on a geodesic subspace S .
Assume S is centered at µ ∈ M , let V be a k-dimensional subspace of Tµ M such that
S = Expµ V , and deﬁne a residual function Rx,µ : V → R by w �→ �LogExpµ w x�2
measuring distances between x and points in S . Computing πS (x) by solving (6)
is then equivalent to ﬁnding w ∈ V minimizing Rx,µ . To ﬁnd the gradient of Rx,µ ,
choose an orthonormal basis for V and extend it to a basis for Tµ M . Furthermore,
let w0 ∈ V and choose an orthonormal basis for the tangent space TExpµ w0 M .
Karcher showed in [21] that the gradient grady �Logy x�2 equals −2Logy x, and,
using this, we get the gradient of the residual function as
T
∇w∈V
w0 Rx,µ = −2(Dw0 Expµ )1,...,k (LogExpµ w0 x)

(14)

with (Dw0 Expµ )1,...,k denoting the ﬁrst k columns of Dw0 Expµ when expressed
using the chosen bases.
4.2 The Gradient of the Projection
In order to optimize (8), we will need to compute gradients of the form
v∈Vv⊥
0

gradv0

d(y, πSv (x))2

(15)

with Vv0 = span {v 1 , . . . , v k , v0 }, Sv = Exp(Vv0 ), and y ∈ M being either the
intrinsic mean µ for (8∗) or x for (8∗∗).4 This will involve the gradient of πSv (x)
with respect to v . To derive this, we extend the domain of residual function Rx,µ
deﬁned in the previous subsection from V to Tµ M . We will choose bases for Tµ M
and Vv0 , and we let H (Rx,µ ) denote the Hessian of Rx,µ and H (Rx,µ |Vv0 ) denote
the Hessian of Rx,µ restricted to Vv0 with respect to the bases. Using this notation,
we get the following result:
Theorem 4 Let {v 1 , . . . , v k } be a basis for a subspace V ⊂ Tµ M . For each v ∈ V ⊥ ,
let Vv be the subspace span {V, v}, and let Sv = Expµ Vv be the corresponding geodesic
subspace. Fix v0 ∈ V ⊥ and deﬁne w0 = Logµ πSv0 (x) for an x ∈ M . Suppose the matrix
Hv0 (Rx,µ |Vv0 ) has full rank k + 1. Extend the orthonormal basis {v 1 , . . . , v k , v0 /�v0 �}
for Vv0 to an orthonormal basis for Tµ M . Then
v∈Vv⊥
0

D v0

πSv (x) = −(Dw0 Expµ )v̄x,µ,v0 ,Sv0
k+1

+ w0
4

�

w∈Vv⊥
0

∇w0

Rx,µ

�T

(16)

(Dw0 Expµ )Ex,µ,v0 ,Sv0 .

Since v in (8) is restricted to the unit sphere, we will not need the gradient in the direction
of v0 , and, therefore, we ﬁnd the gradient in the subspace Vv⊥0 instead of in the larger space
span {v 1 , . . . , v k }⊥ .
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The coordinates of the vector v̄x,µ,v0 ,Sv0 in the basis for Vv0 are contained in the (k +
1)st column of the matrix Hv0 (Rx,µ |Vv0 )−1 , the scalar w0k+1 is the (k + 1)st coordinate
of w0 in the basis, and Ex,µ,v0 ,Sv0 is the matrix

�

�

�− 1

−Hw0 Rx,µ |Vv0
Iη−(k+1)

Bw0 ,v0

�

with Bw0 ,v0 the last η − (k + 1) columns of the matrix (Hw0 (Rx,µ ) (V v0 ))T and
Iη−(k+1) the identity matrix.

The proof of the theorem is presented in Appendix B. The assumption that
the Hessian of the restricted residual Rx,µ |Vv0 must have full rank is equivalent
to the residual Rx,µ having only non-degenerate critical points when restricted to
Vv0 . It is shown in [21] that Rx,µ is convex at points suﬃciently close to x and the
assumption is therefore satisﬁed in such cases. In order to compute the right hand
side of (16), it is necessary to compute parts of the Hessian of the non-restricted
residual Rx,µ . The expression for computing Hv0 (Rx,µ ) is given in Appendix B.
Because d(y, πSv (x))2 = �Logy πSv (x)�2 , we have
�
�T
v∈V ⊥
v∈V ⊥
(Logy πSv0 (x)) ,
∇v0 v0 d(y, πSv (x))2 = 2 (DπSv (x) Logy )(Dv0 v0 πSv (x))
0

(17)

which, combined with (16), gives (15).
4.3 Exact PGA Algorithm
The expressions for the gradients of the cost functions enable us to iteratively
solve the optimization problems (6) and (8) under the mentioned assumptions.
We let µ be the intrinsic mean of a dataset {x1 , . . . , xN } of points in M . The
actual algorithms listed below are essentially steepest descent methods.
Algorithm 1 for computing πS (x) updates w ∈ V instead of the actual point
y ∈ S that we are interested in. The vector w is related to y by y = Expµ w.
Algorithm 1 Calculate πS (x)
Require: x ∈ M , S = Expµ V geodesic subspace.
w ⇐ orthogonal projection of Logµ x onto V {initial guess}
repeat
y ⇐ Expµ w {vector to point}
g ⇐ −2(Dw0 Expµ )T
1,...,k Logy x {gradient}
w̃ ⇐ w {previous w}
w ⇐ w − g {update w}
until �w̃ − w� is suﬃciently small.

For solving (8), we use that


N
N
⊥
�
v∈V
1
1 � v∈Vv⊥0
∇ v 0 v0 
d(y, πSv (xj ))2  =
∇v0
d(y, πSv (xj ))2 .
N

j =1

N

(18)

j =1
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Since v in (8) is required to be on the unit sphere, the optimization will take
place on a manifold, and a natural approach to compute iteration updates will use
the exponential map. Yet, because of the symmetric geometry of the sphere, we
approximate this using the simpler method of adding the gradient to the previous
guess and normalizing. When computing the (k +1)st principal direction, we choose
the initial guess as the ﬁrst regular PCA vector of the data projected to Vk⊥ in
Tµ M . The algorithm for solving (8∗) is listed in Algorithm 2, but by exchanging
µ with xj in the gradient computations and updating by subtracting the gradient,
the algorithm will solve (8∗∗) instead. See Figure 2 for an illustration of an iteration
of the algorithm.

Fig. 2 An iteration of Algorithm 2. The ﬁgure shows data points x1 and x2 (red points) with
projections (blue points) to the geodesic subspace S (green line). The vector v deﬁning S is
updated to the new guess by adding the gradient g.

Algorithm 2 Calculate the (k + 1)st principal direction of (8∗).

Require: µ, x1 , . . . , xN ∈ M , {v 1 , . . . , v k } orthogonal basis for Vk ⊂ Tµ M .
v ⇐ ﬁrst PCA vector of {xj } projected ﬁrst to Tµ M
using Logµ and then to Vk⊥ {initial guess}
repeat
v∈V ⊥

gj ⇐ ∇v v d(µ, πSv (xj ))2 {for each j using (17)}
1 �N
g⇐ N
j=1 gj {gradient using (18)}
ṽ ⇐ v {previous v}
v ⇐ v + g {update v}
v ⇐ v/�v� {normalize}
until �ṽ − v� is suﬃciently small.
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5 Experiments

We will perform experiments exemplifying the diﬀerences between exact PGA
and linearized PGA with synthetic data projected onto low dimensional manifolds
on which it is possible to visually identify the diﬀerences between the methods.
We vary the curvature of the manifolds in order to show how curvature aﬀects
the diﬀerences, and we compare the curvature approximation (5) and injectivity
radius bound with the true values. For a comparison between the methods on high
dimensional manifolds modelling real-life data, we refer the reader to [38]. In that
paper, we compute and compare exact and linearized PGA on a 50 dimensional
manifold containing outlines of human vertebrae captured with lateral X-rays and
on a 23 dimensional manifold containing human pose data acquired with tracking
software.
The PGA algorithm is implemented in Matlab using Runge-Kutta ODE solvers.
For the logarithm map, we use the shooting algorithm developed in [39]. All tolerances used for the integration and logarithm calculations are set at or lower than
an order of magnitude of the precision used for the displayed results.

5.1 Synthetic Low-dimensional Data
We consider ﬁrst surfaces embedded in R3 and deﬁned by the equation
Sc = {(x1 , x2 , x3 )|cx21 + x22 + x23 = 1}

for diﬀerent values of the scalar c. For c > 0, Sc is an ellipsoid and it is equal to
S2 in the case c = 1. The surface S0 is a cylinder and, for c < 0, Sc is hyperboloid.
Consider the point p = (0, 0, 1) and note that p ∈ Sc for all c. The curvature of Sc
at p is equal to c. Note in particular that for the cylinder case the curvature is zero;
the cylinder locally has the geometry of the plane R2 even though it informally
seems to curve.
We evenly distribute 20 points along two straight lines through the origin of the
tangent space Tp Sc , project the points from Tp Sc to the surface Sc , and perform
linearized and exact PGA using the variance formulation (8∗). Figure 3 illustrates
the situation in Tp S−1 and on S−1 embedded in R3 , respectively.
Since linearized PCA amounts to Euclidean PCA in Tp Sc , the ﬁrst principal
direction found using linearized PGA divides the angle between the lines for all c.
In contrast to this, the variance and the ﬁrst principal direction found using exact
PGA are dependent on c. Table 1 shows the angle between the principal directions
found using the two methods, the variances and variance diﬀerences for diﬀerent
values of c.
c:
angle (◦ ):
linearized var.:
exact var.:
diﬀerence:
diﬀerence (%):

1
0.0
0.899
0.899
0.000
0.0

0.5
0.1
0.785
0.785
0.000
0.0

0
0.0
0.601
0.601
0.000
0.0

-0.5
22.3
0.504
0.525
0.212
4.2

-1
29.2
0.459
0.517
0.058
12.5

-1.5
31.5
0.435
0.512
0.077
17.6

-2
32.6
0.423
0.510
0.087
20.6

-3
33.8
0.413
0.508
0.095
23.0

-4
34.2
0.413
0.507
0.094
22.7

-5
34.5
0.417
0.506
0.089
21.4

Table 1 Diﬀerences between methods for diﬀerent values of c.
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(a) Tp S−1 with sampled points and ﬁrst (b) S−1 with projected points and ﬁrst prinprincipal components (blue exact PGA, cipal components (blue exact PGA (8), green
green linearized PGA).
linearized PGA).

Fig. 3

Let us give a brief explanation of the result. The symmetry of the sphere and
the dataset cause the eﬀect of curvature to even out in the spherical case S1 . The
cylinder S0 has local geometry equal to R2 which causes the equality between the
methods in the c = 0 case. The hyperboloids with c < 0, which can be constructed
by revolving a hyperbola around its semi-minor axis, are non-symmetric causing
an increase in variance as the ﬁrst principal direction approaches the hyperbolic
axis. The eﬀect increases with the curvature causing the ﬁrst principal direction
to align with the hyperbolic axis for large negative values of c. We see that, for all
negative values of c, exact PGA is able to capture more variance in the subspace
spanned by the ﬁrst principal direction than linearized PGA.
Using (5), we can approximate the sectional curvature Kp of Sc at p. The
approximation is dependent on the value of the positive scalar t with increasing
precision as t decreases to zero. Table 2 shows the result of the sectional curvature
approximation for two values of t compared to the real curvature.
c:
Kp :
Kp est., t = 0.01:
Kp est., t = 0.1:

1

0

1
1.000
1.000

0
0.000
0.000

-1
-1
-1.000
-1.001

-2
-2
-2.000
-2.002

-3
-3
-3.000
-3.005

Table 2 Sectional curvature at p for diﬀerent values of c.

D
Now let Jt be the Jacobi ﬁeld with J0 = 0 and dt
J0 = (1, 0, 0)T along the
geodesic xt = Expp t(0, 1, 0)T . Figure 4 shows �Jt � for diﬀerent values of c. We
see that �Jπ � = 0 for the spherical case S1 showing that x1 is a conjugate point
and hence giving the upper bound π on the injectivity radius. The situation is
illustrated in Figure 1. The local geometric equivalence between the cylinder S0
and R2 causes the straight line for c = 0. For all c ≤ 1, the injectivity radius of Sc
is π , but for c < 1, the point xπ not a conjugate point5 . By looking at �Jt �, we
are only able to detect conjugate points and hence, with this experiment, we only
5
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0.9

0.8
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Fig. 4 �Jt � for c = 2, 1, 0, −1 when J0 = 0,

D
J
dt 0

= (1, 0, 0)T , and xt = Expp t(0, 1, 0)T .

get the bound on the injectivity radius for c ≥ 1. For c > 1 the injectivity
radius
√
decreases below 1 as seen in the case S2 with �Jt̃ � = 0 for t̃ ≈ π/ 2.
To investigate the diﬀerence with more than one principal direction, we consider a four dimensional manifold embedded in R5 and deﬁned by
M4 = {(x1 , x2 , x3 , x4 , x5 )|x21 − 2x22 + x23 − 2x4 + x5 = 1} .

We make the situation more realistic than in the previous experiment by sampling
32 random points in the tangent space Tp M4 , p = (0, 0, 0, 0, 1). Since Tp M4 is
an aﬃne subspace of R5 orthogonal to the x5 axis, we can identify it with R4
by the map (x1 , x2 , x3 , x4 ) �→ (x1 , x2 , x3 , x4 , 1). We use this identiﬁcation when
sampling by deﬁning a normal distribution in R4 , sampling the 32 points from
the distribution, and mapping the results to Tp M4 . The covariance is set to Σ =
diag(2, 1, 2/3, 1/3) to get non-spherical distribution and to increase the probability
of data spreading over high-curvature parts of the manifold. Table 3 lists the
variances and variance diﬀerences for the four principal directions for both methods
along with angular diﬀerences. The lower variance for exact PGA compared to the
linearized method for the 2nd principal direction is due to the greedy deﬁnition of
PGA; when maximizing variance for the 2nd principal direction, we keep the ﬁrst
principal direction ﬁxed. Hence we may get lower variance than what is obtainable
if we were to maximize for both principal directions together.
Princ. comp.:
angle (◦ ):
linearized var.:
exact var.:
diﬀerence:
diﬀerence (%):

1
10.1
1.58
1.93
0.35
21.9

2
10.6
3.86
3.85
-0.01
-0.3

3
12.0
4.13
4.24
0.11
2.6

4
12.2
4.35
4.35
0.00
0.0

Table 3 Diﬀerences between the methods on M4 . The variances of the data projected to the
subspaces spanned by the ﬁrst k principal directions and the percentage and angular diﬀerences
are shown for k = 1, . . . , 4.

95

S. Sommer et al.

We clearly see angular diﬀerences between the principal directions. In addition,
there is signiﬁcant diﬀerence in accumulated variance in the ﬁrst and third principal direction. We note that the percentage diﬀerence is calculated from what corresponds to the accumulated spectrum. The percentage diﬀerence of the increase
between the second and third principal direction, corresponding to the squared
length of the third eigenvalue in regular PCA, is greater.

6 Conclusion

We have developed initial value problems allowing the computation of several
important geometric structures on both parametrized and implicitly represented
manifolds. We show how the constructed IVPs allow for numerical computation of
injectivity radius bounds and sectional curvatures, which partially solves an open
problem stated in [18]. Furthermore, the IVPs make possible computation of exact
Principal Geodesic Analysis eliminating the need for the traditionally used linear
approximations.
The experimental section presents examples of manifold valued datasets where
exact PGA improves linearized PGA, and we show how the diﬀerences between
the methods are dependent on the curvature of the manifolds. The diﬀerences are
signiﬁcant and clearly visually identiﬁable.
We are currently in the process of extending the methods to work for quotient
manifolds M/G and thereby allowing the computations to be performed on practically all commonly occurring non-triangulated manifolds. We expect this would
allow Geodesic PCA to be computed on general quotient manifolds as well. In
addition, we are working on giving a theoretical treatment of the diﬀerences between the two formulations (8) of PGA. Finally, we expect to use the automatic
computation of sectional curvatures to investigate further the eﬀect of curvature
on exact PGA and other statistical methods for manifold valued data.
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A Expressions for the Derivative ODEs
We will use tensors on Rη and Rm for the proofs of Theorem 2 and Theorem 3, and we will use
k r
the common identiﬁcation between tensors and multilinear
� maps, i.e. the tensor
� T : (R ) → R

deﬁnes a map multilinear map T̃ : (Rk )r−1 → Rk by T̃ (y1 , . . . , yr−1 ), yr = T (y1 , . . . , yr ).
We will not distinguish between a tensor and its corresponding multilinear map, and hence, in
the above case, write T for both maps.
For s-dependent vector ﬁelds vs,1 , . . . , vs,r and tensor ﬁeld Ts , we will use the equality
d
T (v , . . . , v0,r )
ds 0 0,1

=

�

d
T
ds 0

�

d
v0,1 , . . . , v0,r ) + · · · + T0 (y0,1 , . . . ,
(v0,1 , . . . , v0,r ) + T0 ( ds

(19)

d
v )
ds 0,r

for the derivative with respect to s. If Txs is a composition of an z-dependent tensor ﬁeld Tz and
d
an s-dependent curve xs , the derivative ds
Txs equals the covariant tensor derivative ∇ d xs Txs
ds

[7, Chap. 4]. Since we will only use tensors on Euclidean spaces, such tensor derivatives will
consist of component-wise derivatives.
In the following, we let TzP be the z-dependent 3-tensor on Rη deﬁned by
TzP (v1 , v2 , v3 ) = −

η
�

k
Γij
(z)v1i v2j v3k

i,j,k

such that the kth component of TxPt (ẋt , ẋt ) equals the right hand side of (1). Note that Tzp is
symmetric in the ﬁrst two components since the Christoﬀel symbols are symmetric in i and j.
Similarly, we let the z-dependent 3-tensor TzI,p and 2-tensor TzI,x equal the right hand side of
the p and x parts of (2), respectively:
� n
�
�
µk (z, v1 )Hz (F k ) v2 ,
TzI,p (v1 , v2 ) = −
TzI,x (v)

k=1

�

�
= I − D z F † Dz F v

We carry out the proof of Theorem 2 in two parts starting with the parametrized case.
Proof (Theorem 2) Let xt,s be a family of geodesics with xt,0 = xt , and deﬁne qs = x0,s and
d
d
d
q0 = u and ds
v0 = w, the Jacobi ﬁeld Jt equals ds
Expq0 (tv0 ), and,
vs = ẋ0,s . Assuming ds
therefore, we can obtain Jt by diﬀerentiating the systems (1) and (2).
In the parametrized case, we get, using (19) and symmetry of TzP ,
d d
x
dt2 ds t,0

=

d
ẍ
ds t,0

=∇
d
x
ds 0,0

= u,

=

d x
ds t,0

d
T P (ẋt,0 , ẋt,0 )
ds xt,0

d
TxPt (ẋt , ẋt ) + 2TxPt,0 ( dt

d d
x
dt ds 0,0

d
x , ẋt )
ds t,0

,

(20)

=w

because xt,s are solutions to (1) with initial conditions qs and vs . Therefore, setting yt =
d d
d
x
and zt = ds
xt,0 , we get (10) with
dt ds t,0
�
�
� �
y
∇zt TxPt (ẋt , ẋt ) + 2TxPt (yt , ẋt )
P
Fq,v
.
(t, t ) =
zt
yt
As noted above, the derivative ∇

d x
ds t,0

TxPs consists of just the component-wise derivatives of

TzP , i.e. the derivatives of the Christoﬀel symbols.
For the implicit case, we use the map µ of section 2.4 to deﬁne the tensors
� n
�
�
v1k Hz (F k ) v2 ,
Tzµ (v) = µ(z, v) , TzH (v1 , v2 ) = −
k=1

TzD (v)

= (Dz F ) v , and

†
TzD (v)

= (Dz F )† v.
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Note, in particular, that TzI,p (v1 , v2 ) = TzH (Tzµ (v1 ), v2 ). We claim that
the z-part of the solution of (11) with
� � ��
y
I
Fq,v
t, t
zt


=

d
Expq0 (tv0 )
ds

µ
µ
H
H
D
D T
TxI,p
t (pt , żt ) + ∇zt Txt (Txt (pt ), ẋt ) + Txt (Txt (yt ) − Λ(Txt , ∇zt Txt ) pt , ẋt )
†
I,x
D
D
D
D
D
Txt (yt ) − Λ(Txt , ∇zt Txt )Txt (pt ) − Txt ∇zt Txt (pt )




equals

(21)
.

Here pt = pt,0 where pt,s are the p-parts of the solutions to (2) with initial conditions qs and
vs . To justify the claim, we diﬀerentiate the system (2). Using (19), we get
d d
p
dt ds t,0

d
ṗ
ds t,0

=

=∇

d
T I,p (p , ẋt,0 )
ds xt,0 t,0

=

d x
ds t,0

TxHt (Txµt (pt ), ẋt ) + TxHt (∇

(pt ,
+ TxI,p
t

d x
ds t,0

d
Txµt (pt ) + Txµt ( ds
pt,0 ), ẋt )

d
ẋ )
ds t,0

and
d d
x
dt ds t,0

=

d
ẋ
ds t,0

=

Note that the tensor derivative ∇
tives ∇

d x
ds t,0

Txµt and ∇

d x
ds t,0

d
T I,x (pt,0 )
ds t,0
d x
ds t,0

=∇

d x
ds t,0

d
TxI,x
(pt ) + TxI,x
( ds
pt,0 ) .
t
t

TxHt consists of derivatives of Hxt (F k ). Both the deriva-

TxI,x
involve derivatives of generalized inverses. Therefore, we
t

apply Theorem 1 to diﬀerentiate Txµt and get that
∇
The tensor derivative ∇
∇

d x
ds t,0

d x
ds t,0

d x
ds t,0

Txµt = −Λ(TxDt , ∇

d x
ds t,0

TxDt )T .

TxDt consists of derivatives of Dxt,s F . Similarly,

TxI,x
= −Λ(TxDt , ∇
t

d x
ds t,0

†

TxDt )TxDt − TxDt ∇

By diﬀerentiating the initial conditions, we get (11) with y =
deﬁned in (21).

d x
ds t,0

d
p ,
ds t,0

TxDt .

z=

d
x ,
ds t,0

I as
and Fq,v

For computing the second derivatives and proving Theorem 3, we will need to diﬀerentiate
generalized inverses of matrices twice. For this task, we will use the lemma below, which follows
directly from repeated application of the product rule for diﬀerentiation and Theorem 1.
Lemma 1 Let At,s be s- and t-dependent matrices. If At,s and A†t,s are diﬀerentiable with
respect to both variables and the mixed partial derivative
∂2
(A†t,s )
∂s∂t

= Λ̃(At,s ,

∂2
A
∂s∂t t,s

exists, then

2
∂
A , ∂ A , ∂ A )
∂t t,s ∂s t,s ∂s∂t t,s

where

and

Λ̃(A, B, C, D) = −Λ(A, C)BA† − A† DA† − A† BΛ(A, C) + Y (A, B, C, D)
�
�
− Λ(A, C)A + A† C X(A, B)AA† − A† AY (A, B, C, D)AA†
�
�
− A† AX(A, B) CA† + AΛ(A, C)
X(A, B) = B T (A† )T A† + A† (A† )T B T ,
�
�
Y (A, B, C, D) = DT (A† )T A† + B T Λ(A, C)T A† + (A† )T Λ(A, C)
�
�
+ Λ(A, C)(A† )T + A† (Λ(A, C))T B T + A† (A† )T D T .

98

DExp, Jacobi Field, and Excat PGA
We are then ready to prove Theorem 3. We will again start with the parameterized case,
and we will use the tensors introduced in the beginning of this section and the proof of
Theorem 2.
Proof (Theorem 3) We compute the q and r parts of GP
q,v0 ,w,u separately; denote them

P,r
w
w
T
GP,q
q,v0 ,w,u and Gq,v0 ,w,u , respectively. Let (yt,s , zt,s ) be solutions to (10) with IV’s (w, 0)
w and z w , respectively. Let also
and along the geodesics xt,s , and let ytw and ztw denote yt,0
t,0
(ytu , ztu ) be solutions to (10) with IV’s (u, 0)T along xt = xt,0 . Diﬀerentiating system (10), we
get
w
w
d d
d
d
(z w ) = ds
(żt,0
) = ds
(yt,0
)
dt ds t,0
and, using symmetry of the tensors,
d d
(y w )
dt ds t,0

=

d
(ẏ w )
ds t,0

=

d
∇ w T P (ẋt,0 , ẋt,0 )
ds zt,0 xt,0

= ∇ztu ∇ztw TxPt (ẋt , ẋt ) + ∇

d zw
ds t,0

w
d
+ 2 ds
TxPt,0 (yt,0
, ẋt,0 )

TxPt (ẋt , ẋt ) + 2∇ztw TxPt (ytu , ẋt )

(22)

d w
+ 2∇ztu TxPt (ytw , ẋt ) + 2TxPt ( ds
yt,0 , ẋt ) + 2TxPt (ytw , ytu ) .
d w
d w
y
and rt = ds
zt,0 ,
ds t,0
P,r
Gq,v0 ,w,u (t, (rt qt )T ) equal to

Therefore, letting qt =

T
we get GP,q
q,v0 ,w,u (t, (rt qt ) ) as the right hand

w and
side of (22) and
qt . The initial values are both 0 since y0,s
w equal 0 and w, respectively, and, therefore, are not s-dependent.
z0,s
For the implicit case, we will again compute the r and q parts of GIq,v0 ,w,u separately.
w , z w ) be solutions to (11) along the geodesics x
T
Let now (yt,s
t,s and with IV’s (w, 0) , and let
t,s
u
u
T
(yt , zt ) be solutions to (11) along xt and with IV’s (u, 0) . Let also pt,s denote the p-parts
w , and
of the solutions to (2) with initial conditions q and vs , and write pt = pt,0 , ytw = yt,0
w .
ztw = zt,0
Diﬀerentiating system (11), we get
d d w
y
dt ds t,0

=

d w
ẏ
ds t,0

=

d
T I,p (p , ż w )
ds xt,0 t,0 t,0

+

+

w
d
T H (Txµt,0 (yt,0
)
ds xt,0

d
∇ w T H (Txµt,0 (pt,0 ), ẋt,0 )
ds zt,0 xt,0
D
T
w T
− Λ(TxDt,0 , ∇zt,0
xt,0 ) pt,0 , ẋt,0 ) .

Using the map Λ̃ deﬁned in Lemma 1, we have
D
T
d
w T
Λ(TxDt,0 , ∇zt,0
xt,0 )
ds

= Λ̃(TxDt , ∇ztw TxDt , ∇ztu TxDt , ∇ztu ∇ztw TxDt )T .

Combining the equations, we get
d d w
y
dt ds t,0

= ∇ztu TxI,p
(pt , żtw ) + TxI,p
(ytu , żtw ) + TxI,p
(pt ,
t
t
t
+
+

d d w
z )
dt ds t,0
H
µ
H
µ
∇ztu ∇ztw Txt (Txt (pt ), ẋt ) + ∇ d w Txt (Txt (pt ), ẋt )
z
ds t,0
H
µ
u
D
w
u
∇zt Txt (Txt (yt ) − Λ(Txt , ∇zt TxDt )T pt , ẋt ) + ∇ztw TxHt (Txµt (pt ), żtu )

+ ∇ztu TxHt (Txµt (ytw ) − Λ(TxDt , ∇ztw TxDt )T pt , ẋt )
d w
+ TxHt (Txµt ( ds
yt,0 ) − Λ(TxDt , ∇ztu TxDt )T ytw , ẋt )

− TxHt (Λ̃(TxDt , ∇ztw TxDt , ∇ztu TxDt , ∇ztu ∇ztw TxDt )T pt + Λ(TxDt , ∇ztu TxDt )T ytu , ẋt )

+ TxHt (Txµt (ytw ) − Λ(TxDt , ∇ztw TxDt )T pt , żtu ) .
d w
Substituting ds
zt,0 with rt and
equation. Likewise,
d d w
z
dt ds t,0

=

d
T I,x (y w )
ds xt,0 t,0

−

d w
y
ds t,0

with qt , we get GI,q
q,v0 ,w,u as the right hand side of the

D
D
d
w T
Λ(TxDt,0 , ∇zt,0
xt,0 )Txt,0 (pt,0 )
ds

−

†
d
T D ∇ w T D (p )
ds xt,0 zt,0 xt,0 t,0

d w
(ytw ) + TxI,x
( ds
yt,0 )
= ∇ztu TxI,x
t
t

− Λ̃(TxDt , ∇ztw TxDt , ∇ztu TxDt , ∇ztu ∇ztw TxDt )TxDt (pt )

− Λ(TxDt , ∇ztw TxDt )∇ztu TxDt (pt ) − Λ(TxDt , ∇ztw TxDt )TxDt (ytu )
†

†

− Λ(TxDt , ∇ztu TxDt )∇ztw TxDt (pt ) − TxDt ∇ztu ∇ztw TxDt (pt ) − TxDt ∇ztw TxDt (ytu ) .
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d w
Again, after substituting ds
yt,0 with qt as above, we get GI,r
q,v0 ,w,u as the right hand side of
the equation. As for the parametric case, both initial values are zero.

B The Projection Gradient
We prove Theorem 4, and, following this, we show how to compute the Hessian of the residual
function Rx,µ . We will need the following result for the proof of Theorem 4 to show that
equation (16) is independent of the chosen basis.
Lemma 2 Let S be an open subset of Rk and U : S → M k×(k−1) a C 1 map with the
v
U (v)) constitute an orthonormal
property that for any v ∈ S, the columns of the matrix ( �v�
ujv denote
the�jth column of U (v). Then for any v0 ∈ S and w ∈ Rk ,
basis for Rk . Let �
�
�
j
d j
u
|
, v = − uv0 , w . As consequence of this, if Ũ : S → Rk−1 denotes the map
dt v0 +tw t=0 0
v �→ U (v)T

v0
�v0 �

then

k−1
v∈span (u1
)
v ,...,uv
0

Dv0
in the basis

u1v0 , . . . , uk−1
v0

for

0

Ũ (v) = −Ik−1

span (u1v0 , . . . , uk−1
v0 ).

In the proof below, we adopt the notation of section 4.2, but we will use the alternative
formulation Rx,µ (w) = �Logx Expµ w�2 for the residual function.
Proof (Theorem 4) Extend the basis {v 1 , . . . , v k , v0 /�v0 �} for Vv0 to an orthonormal basis for
Tµ M . The argument is not dependent on this choice of basis, but it will make the reasoning
and notation easier. Let S ⊂ Tµ M × V ⊥ be an open neighborhood of (w0 , v0 ) and deﬁne the
map FV : S → Rη by


∇w Rx,µ · v 1


..


.


 ��

�
�T
k
 ∇w Rx,µ · v 


V
v
∇
R
w
x,µ
FV (w, v) =  ∇w Rx,µ · v  =


UvT w
 w · u1 (v) 


..




.
w · uη−k−1 (v)

with the vectors u1 (v), . . . , uη−(k+1) (v) constituting an orthonormal basis for Vv⊥ for each v
and with (V v) and Uv denoting the matrices having v i , v and ui (v) in the columns, respectively. Since �∇w0 Rx,µ , v� = dw0 Rx,µ (v) = 0 for all v ∈ Vv0 because w0 is a minimizer for
w
FV is
Rx,µ among vectors in in Vv0 , we see that FV (w0 , v0 ) vanishes. Therefore, if D(w
0 ,v0 )
non-singular, the implicit function theorem asserts the existence of a map Ψ from a neighborhood of v0 to Tµ M with the property that FV (Ψ (v), v) = 0 for all v in the neighborhood. We
then compute
�
�
�
�
w
v
F
Ψ
(v))
+
D
F
(D
0 = Dv0 FV (Ψ (v), v) = D(w
v
V
V
0
(w0 ,v0 )
0 ,v0 )
and hence

v∈Vv⊥

0

D v0

�
�−1 � v∈V ⊥
�
v0
w
D
.
Ψ (v) = − D(w
F
F
V
V
,v
)
(w ,v )
0 0
0

(23)

0

For the diﬀerentials on the right hand side of (23), we have
v∈Vv⊥

D(w

0
0 ,v0 )

and
w
D(w
F
0 ,v0 ) V
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=

�
� �T
w∈Vv⊥
v∈Vv⊥ �
FV = 0 · · · 0 ∇w0 0 Rx,µ D(w ,v0 ) w0T Uv

��

0

V v0

�T

dw
w0 (∇w Rx,µ )
UvT0

�

=

��

0

�
��T �
Hw0 (Rx,µ ) V v0
UvT0

.

(24)
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With the choice of basis, the above matrix is block triangular,
�
�
Aw0 ,v0 Bw0 ,v0
w
,
D(w
F
=
0 ,v0 ) V
0
Cw0 ,v0

(25)

w
with Aw0 ,v0 equal to Hw0 (Rx,µ |Vv0 ). The requirement that D(w
FV is non-singular is
0 ,v0 )
fulﬁlled, because Hw0 (Rx,µ |Vv0 ) has rank k + 1 by assumption and Uv0 has rank η − (k + 1).
v∈Vv⊥

Since the ﬁrst k rows of D(w
w
FV )−1
(D(w
0 ,v0 )

0
0 ,v0 )

FV are zero, we need only the last η − k columns of

in order to compute (23). The vector v̄x,µ,v0 ,Sv0 as deﬁned in the statement
of the theorem is equal to the (k + 1)st column. Let Ex,µ,v0 ,Sv0 be the matrix consisting of
the remaining η − (k + 1) columns. Using the form (25), we have
�
�
�
�−1
−1
Bw0 ,v0 Cw
−Hw0 Rx,µ |Vv0
,v
0 0
Ex,µ,v0 ,Sv0 =
.
−1
Cw
0 ,v0

Assume {u1 , . . . , uj } is chosen such that {u1 (v0 ), . . . , uj (v0 )} equals the previously chosen
basis for Vv⊥0 . With this assumption, Cw0 ,v0 is the identity matrix Iη−(k+1) . In addition, let

w0k+1 denote the (k + 1)st component of w0 , that is, the projection of w0 onto v0 /�v0 �. Since
w0 ∈ Vv0 and by choice of Uv , Lemma 2 gives
�
�
v∈Vv⊥ �
v∈Vv⊥ �
D(w ,v0 ) UvT w = w0k+1 D(w ,v0 ) UvT �vv0 � = −w0k+1 Iη−(k+1) .
0

0

0

Therefore,

v∈Vv⊥

D(w

0
0 ,v0 )

�
w∈Vv⊥
FV = 0 · · · 0 ∇w0 0 Rx,µ
v∈Vv⊥
0
(w0 ,v0 )

Note, in particular, that D
bining the equations, we get
v∈Vv⊥

0

D v0

0

0

− w0k+1 Iη−(k+1)

�T

.

FV is independent on the actual choice of bases Uv . Comw∈Vv⊥

Ψ (v) = −v̄x,µ,v0 ,Sv0 (∇w0

0

Rx,µ )T + w0k+1 Ex,µ,v0 ,Sv0 .

Because Expµ Ψ (v) = πSv (x), we get (16).
Lets now compute second derivatives, and thereby the Hessian, of the residual function
Rx,µ . Choose w0 , v ∈ Tµ M and let y = Expµ w0 . Working in the orthonormal basis, we have
�
�T
∇w0 Rx,µ = 2 (Dy Logx ) Dw0 Expµ Logx y .
and hence

d
ds

Note that

(∇w0 +vs Rx,µ ) |s=0
� �
�
�
� �T
d
= 2 ds
Logx y
DExpµ (w0 +sv) Logx |s=0 Dw0 Expµ
�
�
T
�
�
d
Logx y
+ 2 (Dy Logx ) ds
Dw0 +vs Expµ |s=0
�
�
��T d �
�
Logx Expµ (w0 + sv) |s=0 .
+ 2 (Dy Logx ) Dw0 Expµ
ds
d
ds

�

(26)

�
�
�
Logx Expµ (w0 + sv) |s=0 = (Dy Logx ) Dw0 Expµ v .

−1 d
−1
d
(A−1
for a time depedent, invertible matrix As 6 and the
Using that ds
s ) = As ( ds As )As
fact that Expx Logx z = z for all z, we get
�
�
�
�−1
d
d
|s=0
DExpµ (w0 +sv) Logx |s=0 = ds
DLogx (Expµ w0 +sv) Expx
ds
�
�
d
DLogx (Expµ w0 +sv) Expx |s=0 (Dy Logx ) .
= − (Dy Logx ) ds
�
�
d
Dw0 +sv Expµ |s=0 in (26) are both comThe middle term of this product and the term ds
putable using Theorem 3.
6

See [5, Eq. (2)].
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Inst. H. Poincare 10 (1948), 215–310.
15. Ernst Hairer, Christian Lubich, and Gerhard Wanner, Geometric numerical integration,
Springer, 2002.
16. Ernst Hairer, Syvert P. N?rsett, and Gerhard Wanner, Solving ordinary diﬀerential equations i: Nonstiﬀ problems (Springer series in computational mathematics), 2nd ed.,
Springer, May 2008.
17. Stephan Huckemann and Thomas Hotz, Principal component geodesics for planar shape
spaces, Journal of Multivariate Analysis 100 (2009), no. 4, 699–714.
18. Stephan Huckemann, Thomas Hotz, and Axel Munk, Intrinsic shape analysis: Geodesic
PCA for Riemannian manifolds modulo isometric Lie group actions, Statistica Sinica 20
(2010), no. 1, 1–100.
19. Stephan Huckemann and Herbert Ziezold, Principal component analysis for Riemannian
manifolds, with an application to triangular shape spaces, Advances in Applied Probability
38 (2006), no. 2, 299–319.
20. Sarang Joshi, Stephen Pizer, P Thomas Fletcher, Paul Yushkevich, Andrew Thall, and J S
Marron, Multiscale deformable model segmentation and statistical shape analysis using
medial descriptions, IEEE Transactions on Medical Imaging 21 (2002), no. 5, 538–550,
PMID: 12071624.
21. H. Karcher, Riemannian center of mass and molliﬁer smoothing, Communications on
Pure and Applied Mathematics 30 (1977), no. 5, 509–541.
22. Herbert Bishop Keller, Numerical methods for two-point boundary-value problems, Blaisdell, (Waltham, Mass), 1968.
23. David G. Kendall, Shape manifolds, procrustean metrics, and complex projective spaces,
Bull. London Math. Soc. 16 (1984), no. 2, 81–121.

102

DExp, Jacobi Field, and Excat PGA
24. Eric Klassen and Anuj Srivastava, Geodesics between 3D closed curves using PathStraightening, ECCV 2006, vol. 3951, Springer, 2006, pp. 95–106.
25. Eric Klassen, Anuj Srivastava, Washington Mio, and Shantanu Joshi, Analysis of planar
shapes using geodesic paths on shape spaces, IEEE Transactions on Pattern Analysis and
Machine Intelligence 26 (2004), 372—383.
26. John M Lee, Riemannian manifolds, Graduate Texts in Mathematics, vol. 176, SpringerVerlag, New York, 1997, An introduction to curvature.
27. Zhengdong Lu, Miguel Carreira-Perpinan, and Christian Sminchisescu, People tracking
with the Laplacian eigenmaps latent variable model, Advances in Neural Information Processing Systems 20, MIT Press, 2008, pp. 1705–1712.
28. David G. Luenberger, The gradient projection method along geodesics, Management Science 18 (1972), no. 11, 620–631, ArticleType: primary article / Issue Title: Theory Series
c 1972 INFORMS.
/ Full publication date: Jul., 1972 / Copyright �
29. Lyle Noakes, A global algorithm for geodesics, Journal of the Australian Mathematical
Society 64 (1998), 37–50.
30. Xavier Pennec, Intrinsic statistics on Riemannian manifolds: Basic tools for geometric
measurements, J. Math. Imaging Vis. 25 (2006), no. 1, 127–154.
31. Xavier Pennec, Pierre Fillard, and Nicholas Ayache, A Riemannian framework for tensor
computing, Int. J. Comput. Vision 66 (2006), no. 1, 41–66.
32. Xavier Pennec, Charles Guttmann, and Jean-Philippe Thirion, Feature-based registration
of medical images: Estimation and validation of the pose accuracy, MICCAI 1998, Springer
Berlin, 1998, pp. 1107–1114.
33. Patrick J. Rabier and Werner C. Rheinboldt, On a computational method for the second
fundamental tensor and its application to bifurcation problems, Numerische Mathematik
57 (1990), no. 1, 681–694.
34. W. C. Rheinboldt, MANPAK: a set of algorithms for computations on implicitly deﬁned
manifolds, Computers & Mathematics with Applications 32 (1996), no. 12, 15–28.
35. Salem Said, Nicolas Courty, Nicolas Le Bihan, and Stephen Sangwine, Exact principal
geodesic analysis for data on so(3), EUSIPCO 2007 (2007).
36. Frank Schmidt, Michael Clausen, and Daniel Cremers, Shape matching by variational computation of geodesics on a manifold, Pattern Recognition, Springer Berlin, 2006, pp. 142–
151.
37. Cristian Sminchisescu and Allan Jepson, Generative modeling for continuous NonLinearly embedded visual inference, In ICML (2004), 759—766.
38. Stefan Sommer, Francois Lauze, Søren Hauberg, and Mads Nielsen, Manifold valued statistics, exact principal geodesic analysis and the eﬀect of linear approximations, ECCV 2010
(Heraklion, Greece), Lecture Notes in Computer Science, vol. 6316, Springer, Heidelberg,
2010, pp. 43–56.
39. Stefan Sommer, Aditya Tatu, Chen Chen, Dan Jørgensen, Marleen de Bruijne, Marco
Loog, Mads Nielsen, and Francois Lauze, Bicycle chain shape models, MMBIA/CVPR
2009, 2009, pp. 157–163.
40. Raquel Urtasun, David J. Fleet, Aaron Hertzmann, and Pascal Fua, Priors for people
tracking from small training sets, 2005 IEEE International Conference on Computer Vision
(ICCV), IEEE Computer Society, 2005, pp. 403–410.
41. Jing Wu, W. Smith, and E. Hancock, Weighted principal geodesic analysis for facial gender
classiﬁcation, Progress in Pattern Recognition, Image Analysis and Applications, Springer
Berlin, 2008, pp. 331–339.
42. Y. Yang, Globally convergent optimization algorithms on Riemannian manifolds: Uniform framework for unconstrained and constrained optimization, Journal of Optimization
Theory and Applications 132 (2007), no. 2, 245–265.
43. Laurent Younes, Felipe Arrate, and Michael I. Miller, Evolutions equations in computational anatomy, NeuroImage 45 (2009), no. 1, Supplement 1, S40–S50.
44. Qin Zhang and Guoliang Xu, Curvature computations for n-manifolds in and solution to
an open problem proposed by r. goldman, Computer Aided Geometric Design 24 (2007),
no. 2, 117–123.

103

104

6.

Paper #5:
Manifold Valued Statistics,
Exact Principal Geodesic
Analysis and the Eﬀect of
Linear Approximations
Peer-reviewed conference paper accepted for oral presentation at the European Conference on Computer Vision (ECCV) 2010, Heraklion, Greece, 2010.
Authors:
Stefan Sommer, François Lauze, Søren Hauberg, and Mads Nielsen
Notes:
With the algorithms developed in Paper #4, we are able to compute exact PGA.
Based on experimentation, it became clear that in absence of both signiﬁcant
curvature and spread of the data, the original PGA algorithm is a fairly good
approximation of the exact counterpart. In this paper, we present a comparison
between the algorithms and evaluate them on two datasets. We investigate if
easily computable indicators can predict when the approximate algorithm will
perform well compared to its exact equivalent.

105

Manifold Valued Statistics, Exact Principal
Geodesic Analysis and the Eﬀect of Linear
Approximations
Stefan Sommer1 , François Lauze1 , Søren Hauberg1 , and Mads Nielsen1,2
1

Dept. of Computer Science, Univ. of Copenhagen, Denmark
sommer@diku.dk
2
Nordic Bioscience Imaging, Herlev, Denmark

Abstract. Manifolds are widely used to model non-linearity arising in
a range of computer vision applications. This paper treats statistics on
manifolds and the loss of accuracy occurring when linearizing the manifold prior to performing statistical operations. Using recent advances in
manifold computations, we present a comparison between the non-linear
analog of Principal Component Analysis, Principal Geodesic Analysis,
in its linearized form and its exact counterpart that uses true intrinsic
distances. We give examples of datasets for which the linearized version
provides good approximations and for which it does not. Indicators for
the diﬀerences between the two versions are then developed and applied
to two examples of manifold valued data: outlines of vertebrae from a
study of vertebral fractures and spacial coordinates of human skeleton
end-eﬀectors acquired using a stereo camera and tracking software.
Key words: manifolds, Riemannian metrics, linearization, manifold valued statistics, Principal Geodesic Analysis (PGA), Geodesic PCA

1

Introduction

This paper treats the eﬀect of linearization when using the non-linear analog
of Principal Component Analysis, Principal Geodesic Analysis (PGA, [1]), to
estimate the variability in sets of manifold valued data. Until recently, PGA has
been performed by linearizing the manifold, which distorts intrinsic distances,
but with the introduction of more powerful computational tools [2], PGA can
now be computed with true intrinsic distances. We show how simple and fast
indicators allow us to approximate the diﬀerences between linearized PGA and
exact PGA with true intrinsic distances and evaluate the eﬀect of the linearization.
As a test case for the indicators, we perform a comparison between two manifold valued datasets: outlines of vertebrae from a study of vertebral fractures,
and human skeleton end-eﬀectors in spatial coordinates recorded using a stereo
camera and tracking software. We will show that linearized PGA provides a reasonable approximation in only one of the experiments and that the indicators
allow us to predict this before doing the time-intensive computation of exact
PGA with intrinsic distances.
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1.1

Motivation

A wide variety of problems in computer vision possess non-linear structure and
are therefore naturally modeled using Riemannian geometry. In diﬀusion tensor
imaging [3–5], for image segmentation [6] and registration [7], shape spaces [8],
and human motion modeling [9, 10], Riemannian manifolds have been used to
enforce consistency in data, provide dimensionality reduction, and deﬁne more
accurate metrics. The wide applicability of manifolds in modeling problems has
created the need for statistical tools for manifold data.
Generalizing linear statistical operations to manifolds [1, 11–13] provides examples of the theoretical and computational problems arising when departing
from familiar Euclidean spaces. The tools developed when pursuing this have
been used successfully for a range of computer vision applications, and the area
is the subject of active research [2, 13]. Depending on the level of approximation
used in the computations, manifold statistics can be hard to carry out in practice because operations such as ﬁnding distances and performing optimization
do not admit the closed-form solutions often found in Euclidean spaces [1].
One way of doing manifold statistics is projecting the set of manifold valued
data points to the tangent space of a mean point of the manifold. The vector
space structure of the tangent space brings back convenient Euclidean statistics, but the distortion of the distances between the data points inherent in the
linearization may however lead to sub-optimal solutions to the statistical problems. In contrast to this, some statistical operations can be carried out with true
intrinsic manifold distances giving a true picture of the data [2, 13]. This, however, often comes at the cost of increased computational complexity and requires
conditions on the locality of data.
Because of the trade-oﬀs between convenient linearization and exact modeling, we seek for ways to evaluate the extent of the distortion between the
linearized data and true manifold data; we are interested in determining if performing statistics with intrinsic distances oﬀers signiﬁcant advantages over the
linearized approach. Such knowledge has the potential of saving substantial computation time and to improve results of statistical operations.
1.2

Related Work

The mathematical aspects of manifolds are covered extensively in the literature
with [14, 15] providing good references. Numerical and computational aspects
of interest in a general setting are considered in the theoretical papers [16, 17]
while more speciﬁc shape related applications are proposed in [18–20].
Both the mathematical community, e.g. [11], and more applied ﬁelds, computer vision in particular [1, 12], have worked with diﬀerent aspect of statistics
on manifolds. A recent wave of interest by statisticians [21, 13] has created new
methods with strong links to tools developed in computer vision [13].
The manifold generalization of linear PCA, PGA, was ﬁrst introduced in
[22], but it was formulated in the form most widely used in [1]. It has subsequently been used for several applications. To mention a few, the authors in
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[1, 4] study variations of medial atoms, [23] uses a variation of PGA for facial
classiﬁcation, [24] presents examples on motion capture data, and [20] applies
PGA to vertebrae outlines. The algorithm presented in [1] for computing PGA
with linearization has been most widely used. In contrast to this, [24] computes
PGA as deﬁned in [22] without approximations, but only for a speciﬁc manifold, the Lie group SO(3). By using ODE formulations of geodesics and taking
derivatives, [2] provides algorithms for computing PGA without approximations
on wide classes of manifolds.
Geodesic PCA (GPCA, [13, 21]) is in many respects close to PGA but optimizes for the placement of the center point and minimizes projection residuals
along geodesics instead of maximizing variance in geodesic subspaces. GPCA
uses no linear approximation, but it is currently only computed on spaces where
explicit formulas for geodesics exist and on quotients of such spaces.
1.3

Content and Outline

In the next section, we discuss the beneﬁts of using manifolds in modeling,
manifold valued statistics, and linearization. Then, in section 3, we consider in
detail the speciﬁc case of Principal Geodesic Analysis and use synthetic examples
to explain the diﬀerences between linearized PGA and exact PGA with true
intrinsic distances. We progress to developing indicators of these diﬀerences,
and, in section 4, we compare linearized and intrinsic PGA on real-life examples
of manifold valued datasets and analyze the power of the indicators. The paper
thus contributes by
(1) developing simple and fast indicators of the diﬀerence between linearized
PGA and exact PGA that show the eﬀect of linearization,
(2) giving examples of the diﬀerences between linearized PGA and exact PGA
on real-life datasets from computer vision,
(3) and showing the power of the indicators when applied to the datasets.

2

Manifolds and Manifold Valued Statistics

The interest in manifolds as modeling tools arises from the non-linearity apparent
in a variety of problems. We will in the following exemplify this by considering
the pose of a human skeleton captured by e.g. a tracking system or motion
capture equipment. Consider the position of a moving hand while the elbow and
the rest of the body stay ﬁxed. The hand cannot move freely as the length of the
lower arm restricts it movement. Linear vector space structure is not present; if
we multiply the position of the hand by a scalar, the length of the arm would in
general change in order to accommodate the new hand position. Even switching
to an angular representation of the pose of the elbow joint will not help; angles
have inherent periodicity, which is not compatible with vector space structure.
Though the space of possible hand positions is not linear, it has the structure
of a manifold since it possesses the property that it locally can be approximated
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by a vector space. Furthermore, we can, in a natural way, equip it with a Riemannian metric [14], which allows us to make precise notions of length of curves on
the space and intrinsic acceleration. This in turns deﬁnes the Riemannian manifold equivalent of straight lines: geodesics. The length of geodesics connecting
points deﬁnes a distance metric on the manifold.
2.1

Beneﬁts from Modeling using Manifolds

The main advantages of introducing manifolds in modeling are as follows: consistency in representation, dimensionality reduction, and accuracy in measurements. Consistency ensures the modeled object satisﬁes the requirements making
up the manifold; when moving the position of the hand on the manifold, we are
certain the length of the lower arm is kept constant. Such requirements reduce
the number of degrees of freedom and hence provide dimensionality reduction.
Consistency and dimensionality reduction are therefore closely linked.
Accuracy is connected to the distance measure deﬁned by the Riemannian
metric. A reasonable measure of the distance between two positions of the hand
will be the length of the shortest curve arising when moving the hand between
the positions. Such a curve will, in this example, be a circular arc, and, in the
manifold model, the distance will be the length of the arc. In the vector space
model, however, the distance will be the length of the straight line connecting the
hand positions and, hence, will not reﬂect the length of an allowed movement of
the hand. The manifold model therefore gives a more accurate distance measure.
2.2

Linearizing the Manifold

By linearizing the manifold to the tangent space of a mean point, we can in many
applications ensure consistency, but not accuracy, in statistical operations. Let
M be a manifold and {x1 , . . . , xN } a dataset consisting of points on the manifold.
An intrinsic mean [11] is deﬁned as a solution to the optimization problem
µ = argminq

N
�

d(xi , q)2

(1)

i=1

with d(xi , q) denoting the manifold distance between the ith data point and the
mean candidate q.
Each point p of a manifold has a connected linear space called the tangent
space and denoted Tp M . The dimension of Tp M is equal to the dimension of the
manifold, which, as in the vector space case, speciﬁes the number of degrees of
freedom. Vectors in the tangent space are often mapped back to the manifold
using the exponential map, Expp , which maps straight lines trough the origin of
Tp M to geodesics on M passing p.
If we consider the tangent space of an intrinsic mean, Tµ M , we can represent
xi by vectors wi in Tµ M such that Expµ wi = xi .3 The map that sends xi ∈ M
3
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to wi ∈ Tµ M is called the logarithm map and denoted Logµ . The vector space
structure of Tµ M allows us to use standard statistical tools on {w1 , . . . , wN }.
We could for example infer some distribution in Tµ M , sample a vector v from
it, and project the result back to a point p on the manifold so that p = Expµ v.
It is important to note that consistency is ensured in doing this; p will be on the
manifold and hence satisfy the encoded requirements. Turning to the example
of hand positions, we have found a consistent way of sampling hand positions
without violating the ﬁxed length of the lower arm.
The above procedure can be seen as a way of linearizing the manifold around
the intrinsic mean µ because the tangent space Tµ M provides a ﬁrst order approximation of the manifold around µ. Yet, distances between vectors in Tµ M
do not always reﬂect the manifold distances between the corresponding points
on the manifold: distances between wi and the origin of Tµ M equal the distances
d(xi , µ), but the inter-point distances d(xi , xj ) are not in general equal to the
tangent space distances�wi − wj �. Accuracy may therefore be lost as a result of
the approximation. In short, linearization preserves consistency but may destroy
accuracy.

3

Principal Geodesic Analysis

Principal Component Analysis (PCA) is widely used to model the variability of
datasets of vector space valued data and provide linear dimensionality reduction.
PCA gives a sequence of linear subspaces maximizing the variance of the projection of the data or, equivalently, minimizing the reconstruction errors. The kth
subspace is spanned by an orthogonal basis {v 1 , . . . , v k } of principal components
vi .
PCA is dependent on the vector space structure and hence cannot be performed on manifold valued datasets. Principal Geodesic Analysis was developed
to overcome this limitation. PGA centers its operations at a point µ ∈ M with µ
usually being an intrinsic mean of the dataset {x1 , . . . , xN }, and ﬁnds geodesic
subspaces, which are images S = Expµ V of linear subspaces V of the tangent
space Tµ M . A projection operator πS is deﬁned by letting πS (x) be a point
in S closest to x. The kth geodesic subspace Sk is then given as Expµ (Vk ),
Vk = span {v 1 , . . . , v k }, where the principal directions v i are given recursively
by
v i = argmax�v�=1,v∈Vi−1
⊥

N
1 �
d(µ, πSv (xj ))2 ,
N j=1

(2)

Sv = Expµ (span (Vi−1 , v)) .

The term being maximized is the sample variance, the expected value of the
squared distance to µ. PGA therefore extends PCA by ﬁnding geodesic subspaces
in which variance is maximized.
Since the projection πSk (x) is hard to compute, PGA is traditionally approximated by linearizing the manifold. The data x1 , . . . , xN are projected to Tµ M
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using Logµ , and regular PCA is performed on wi = Logµ xi . Equation (2) then
becomes
�
�
N
k−1
�
��
�
1
2
2
v i ≈ argmax�v�=1,v∈Vi−1
�wj , v� +
.
(3)
wj , v l
⊥
N j=1
l=1

We can deﬁne a normal distribution N in Tµ M using the result of the PCA
procedure, and, in doing so, we have performed the procedure described in section 2.2. We will refer to PGA with the approximation as linearized PGA. PGA
as deﬁned by (2) without the approximation will be referred to as exact PGA.
Advances in manifold computations allow exact PGA to be computed on the Lie
group SO(3) [24] and, more recently, on wide classes of manifolds [2].
Replacing maximization of the sample variances d(µ, πSv (xj ))2 by minimization of the squared reconstruction errors d(xj , πSv (xj ))2 , we obtain another manifold extension of PCA and thus an alternate deﬁnition of PGA:
v i = argmin�v�=1,v∈Vi−1
⊥

N
1 �
d(xj , πSv (xj ))2 .
N j=1

(4)

In contrast to vector space PCA, the two deﬁnitions are not equivalent. It can be
shown that, in some cases, solutions to (2) will approach parts of the manifold
where the cost function is non diﬀerentiable, a problem we have not encountered
when solving for (4). We are currently working on a paper giving a theoretical
treatment of this phenomenon and other diﬀerences between the deﬁnitions. The
latter formulation is chosen for Geodesic PCA to avoid similar instabilities of
variance maximization [13]. In correspondence with this, we will use (4) in the
rest of the paper, but we stress that this choice is made only to avoid instabilities
in (2) and that all computations presented can be performed using the former
deﬁnition with only minor changes to the optimization algorithms [2].
3.1

Linearized PGA vs. Exact PGA

Computing the projection map πS is particularly time-intensive causing the computation of exact PGA to last substantially longer than linearized PGA. To give
an example, computing linearized PGA for one of the datasets later in this paper takes 5 seconds with a parallelized Matlab implementation, and computing
exact PGA for the same example requires approximately 10 minutes. This time
penalty makes it is worth considering the actual gain of computing exact PGA.
We will in this section give examples of low dimensional manifolds on which it
is possible visually to identify the diﬀerences between the methods.
We consider surfaces embedded in R3 and deﬁned by the equation
Sc = {(x, y, z)|cx2 + y 2 + z 2 = 1}

(5)

for diﬀerent values of the scalar c. For c > 0, Sc is an ellipsoid and equal to the
sphere S2 in the case c = 1. The surface S0 is a cylinder and, for c < 0, Sc is an
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hyperboloid. Consider the point p = (0, 0, 1) and note that p ∈ Sc for all c. The
curvature of Sc at p is equal to c. Note that in particular for the cylinder case
the curvature is zero; the cylinder locally has the geometry of the plane R2 even
though it informally seems to curve.
We evenly distribute 20 points along two straight lines through the origin
of the tangent space Tp Sc , project the points from Tp Sc to the surface Sc , and
perform linearized and exact PGA. Since linearized PCA amounts to Euclidean
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Fig. 1. Tp S−2 with sampled points and ﬁrst principal components (blue exact PGA,
green linearized PGA) (left) and S−2 with projected points and ﬁrst principal components (blue exact PGA (2), green linearized PGA) (right).

PCA in Tp Sc , the ﬁrst principal component divides the angle between the lines
for all c. In contrast to this, the corresponding residuals and the ﬁrst principal
component found using exact PGA are dependent on c. Table 1 shows the angle
between the principal components found using the diﬀerent methods, the average squared residuals and diﬀerences between squared residuals for diﬀerent
values of c. Let us give a brief explanation of the result. The symmetry of the
Table 1. Diﬀerences between methods for selected values of c.
c:
angle (◦ ):
lin. sq. res.:
exact sq. res.:
diﬀ (%):

1
0.0
0.251
0.251
0.0

0.5
0.1
0.315
0.315
0.0

0
0.0
0.405
0.405
0.0

-0.5
3.4
0.458
0.458
0.1

-1
14.9
0.489
0.478
2.3

-1.5
22.2
0.508
0.482
5.1

-2
24.8
0.520
0.485
6.7

-3
27.2
0.534
0.489
8.4

-4
28.3
0.539
0.491
8.9

-5
28.8
0.541
0.492
9.0

sphere and the dataset causes the eﬀect of curvature to even out in the spherical
case S1 . The cylinder S0 has local geometry equal to R2 which causes the equality between the methods in the c = 0 case. The hyperboloids with c < 0 are
non-symmetric causing a decrease in residuals as the ﬁrst principal component
approaches the hyperbolic axis. This eﬀect increases with curvature causing the
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the ﬁrst principal component to align with this axis for large negative values of
c.
It is tempting to think that increasing absolute curvature causes increasing
diﬀerences between the methods. Yet, redoing the experiment with the lines rotated by π/4 making them symmetric around the x and y axes will produce
vanishing diﬀerences. Curvature in itself, therefore, does not necessarily imply
large diﬀerences, and the actual diﬀerences are hence dependent on both curvature and the dataset.
3.2

The Diﬀerence Indicators

The projection πS is in (3) approximated using the orthogonal projection in the
tangent space Tµ M . We let τS denote the diﬀerence in residuals arising when
using the two projections and aim at approximating τS to give an estimate of the
gain in precision obtained by using true projections. The subspaces optimizing
(4) and (3) will in general diﬀer due to the diﬀerent projection methods and the
fact that residuals are approximated by tangent space distances in (3). We let ρ
denote the diﬀerence in residuals between the projection of the data to the two
subspaces, and we aim at approximating ρ to indicate the gain in accuracy when
computing exact PGA.
We start by giving precise deﬁnitions for τS and ρ before deriving the indicators τ̃S and σ of their values. The term indicators is used to emphasize expected
correlation between the values of e.g. τS and the indicator τ̃S but with no direct
expression for the correlation.
Assume v1 , . . . , vk−1 are principal components and let v ∈ Tµ M be such that
v1 , . . . , vk−1 , v constitues an orthonormal basis. Let the geodesic subspace Sv
be given by Expµ span {v1 , . . . , vk−1 , v}, and let wj = Logµ xj for each element
of the dataset {x1 , . . . , xN }. We denote by π̂Sv (xj ) the point on the manifold
corresponding to the orthogonal tangent space projection of wj , i.e.
�
�
k−1
��
�
(6)
wj , v l v l ,
π̂S (xj ) = Expµ �wj , v� v +
l=1

and deﬁne the average projection diﬀerence

N
�
1 ��
d(xj , π̂Sv (xj ))2 − d(xj , πSv (xj ))2 .
τS =
N j=1

(7)

Let now v be an exact PGA principal geodesic component computed using (4)
and let v̂ be a linearized PGA principal component computed using (3). We let
Sv and Sv̂ denote the geodesic subspaces corresponding to v and v̂. The average
residual diﬀerence is then given by
ρ=

N
�
1 ��
d(xj , πSv̂ (xj ))2 − d(xj , πSv (xj ))2 .
N j=1

(8)

Note that both τS and ρ are positive since πSv minimizes residuals and v minimizes (4).
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3.3

The Projection Diﬀerence

Since πSv (xj ) is the point in Sv closest to xj , the diﬀerences expressed in each
term of (7) measure the diﬀerence between f (π̂Sv (xj )) and f (yj ) with yj ∈ Sv
minimizing the map f (y) = d(xj , y)2 . The gradient ∇y f vanishes in such a
minimum leading us to approximate the diﬀerence by the norm of the gradient
at π̂Sv (xj ). The gradient is readily evaluated since it is given by the component
of −2Logπ̂Sv (xj ) (xj ) in the tangent space of Sv [11]. We use this to approximate
τS by
N
2 �
τSv ≈ τ̃Sv =
�∇π̂Sv (xj ) f �
(9)
N j=1
and note that each term of the sum, and therefore the entire indicator τ̃Sv , is
inexpensive to compute.
3.4

The Residual Diﬀerence

We now heuristically derive an indicator σ that is correlated with ρ. The correlation will be conﬁrmed later by the experiments. Assume for a moment that
distances in the tangent space Tµ M approximate the true manifold distances
�N
�N
well. The residual sums N1 j=1 d(xj , πSv̂ (xj ))2 and N1 j=1 d(xj , πSv (xj ))2 will
then be close to identical since v is chosen to minimize the latter sum, and v̂
is chosen to minimize the sum of tangent space residuals. The diﬀerence ρ will
therefore be close to zero. Conversely, assume that distances in the tangent space
diﬀer greatly from the true manifold distances. On constant curvature spaces like
the sphere S1 , these distance diﬀerences will generally be uniformly distributed
causing the linearized principal component v̂ to be close to v and ρ therefore
close to zero. On the contrary, the distance diﬀerences will vary on spaces with
non-constant curvature like S−1 where v̂ in general is far from v causing ρ to
be large. We therefore expect ρ to be correlated with the standard deviation σ
of the diﬀerences between the tangent space residual approximations and the
actual orthogonal projection residuals,
�
�
N �
�2
�1 �
σ=�
�wj − Logµ (π̂Sv̂ )� − d(xj , π̂Sv̂ (xj )) − µ ,
(10)
N j=1
with µ the mean value of the scalars �wj − Logµ (π̂Sv̂ )� − d(xj , π̂Sv̂ (xj )). We use
σ, which again is fast to compute, to indicate the size of ρ.

4

Experiments

We present experiments on the synthetic data of section 3.1 and on two real-life
datasets for two purposes: the experiments will show examples where computing
exact PGA results in increased accuracy as well as examples where linearized
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PGA performs well, and the power of the indicators developed in section 3 will
be explored.
When investigating the correlation between the indicator τ̃Sv̂ and the projection diﬀerence τSv̂ , we let v̂ be the ﬁrst principal component computed using
linearized PGA. In addition, we compare the residual diﬀerence ρ with the indicator σ.
4.1

Synthetic Data

We test the indicators on the manifolds Sc with the synthetic data described in
section 3.1. Figure 2 shows τS as a function of the indicator τ̃Sv̂ and ρ as a function of the indicator σ for each value of c. For both graphs, we see correlation
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Fig. 2. Synthethic data: Projection diﬀerence τSv̂ as a function of the indicator τ̃Sv̂
with the broken line ﬁtted to the points (left) and residual diﬀerence ρ as a function
of the indicator σ with the broken line ﬁtted to the points (right).

between the indicators and actual diﬀerences. For c = 1 and c = 0.5, σ is relatively high compared to ρ stressing that the indicators only give approximations
and that, if full precision is required, exact PGA should be computed.
4.2

Vertebrae Outlines

In this experiment, we consider outlines of vertebrae obtained in a study of vertebral fractures. The dataset of 36 lateral X-rays have been manually annotated by
medical experts to identify the outline of the vertebra of each image. To remove
variability in the number and placement of points, a resampling is performed
to ensured constant inter-point distances. With this equidistance property in
mind, the authors in [20] deﬁne a submanifold of R2n on which the outlines
naturally reside. We give a brief review of the setup but refer to the paper for
details. The equidistance constraint is encoded using a map F : R2n → Rn−2
with components
F i (P1 , ..., Pn ) = di+2,i+1 − di+1,i , i = 1, .., n − 2
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Fig. 3. Manually annotated vertebrae outline (left) and resampled outline (right).

with n the number of points and di,j = (xi − xj )2 + (yi − yj )2 the squared
distances between points Pi and Pj . The constraint is satisﬁed for a vertebra
outline c = {P1 , . . . , Pn } if F (c) = 0. An additional constraint is added to
remove scaling eﬀects by ensuring the outline reside on the unit sphere. The
preimage An = F −1 (0) is then a submanifold of R2n , the space of equidistant
vertebra outlines. We choose 8 random outlines from the dataset and perform
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Fig. 4. Vertebrae outlines: Projection diﬀerence τSv̂ as a function of the indicator τ̃Sv̂
(left) and residual diﬀerence ρ as a function of the indicator σ (right).

linearized PGA and exact PGA. The experiment consists of 20 such selections,
and, for each selection, the entities τSv̂ , τ̃Sv̂ , ρ and σ are computed and plotted
in Figure 4. Though we visually see correlation between the indicators and their
respective associated values in the ﬁgures, not only are the correlations low, as
the indicators and their values have signiﬁcantly diﬀerent orders of magnitude,
but in reality, both the indicators and the associated values are in the order of
the computation tolerance, i.e close to zero from a numerical point of view. As
small indicators should imply small values, we can conclude that the indicators
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works as required and that, for the example of vertebra outlines, doing statistics
on the manifold An is helpful in keeping the data consistent, i.e. the equidistance
constraint satisﬁed, but provides little added accuracy.
4.3

Human Poses

In this experiment, we consider human poses obtained using tracking software.
A consumer stereo camera4 is placed in front of a test person, and the tracking
software described in [10] is invoked in order to track the pose of the persons upper body. The recorded poses are represented by the human body end-eﬀectors;
the end-points of each bone of the skeleton. The placement of each end-eﬀector
is given spatial coordinates so that an entire pose with k end-eﬀectors can be
considered a point in R3k . To simplify the representation, only the end-eﬀectors
of a subset of the skeleton are included, and, when two bones meet at a joint,
their end-points are considered one end-eﬀector. Figure 5 shows a human pose
with 11 end-eﬀectors marked by thick dots.
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Fig. 5. Camera output superimposed with tracking result (left) and a tracked pose
with 11 end-eﬀectors marked by thick dots (right).

The fact that bones do not change length in short time spans gives rise to a
constraint for each bone; the distance between the pair of end-eﬀectors must be
constant. We incorporate this into a pose model with b bones by restricting the
allowed poses to the preimage F −1 (0) of the map F : R3k → Rb given by
F i (x) = �ei1 − ei2 �2 − li2 ,

(12)

where ei1 and ei2 denote the spatial coordinates of the end-eﬀectors and li the
constant length of the ith bone. In this way, the set of allowed poses constitute
a 3k − b-dimensional implicitly represented manifold.
We record 26 poses using the tracking setup, and, amongst those, we make
20 random choices of 8 poses and perform linearized PGA and exact PGA. For
each experiment, τSv̂ , τ̃Sv̂ , ρ, and σ are computed and plotted in Figure 6. The
4
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Fig. 6. Human poses: Projection diﬀerence τSv̂ as a function of the indicator τ̃Sv̂ (left)
and residual diﬀerence ρ as a function of the indicator σ (right).

indicators provide a good picture of the projection and residual diﬀerences, which
are signiﬁcantly greater than for the vertebra experiment. The indicators and
the corresponding true values are now at the same order of magnitude, and the
correlation between the indicators and the values they correspond to is therefore
signiﬁcant. The maximal increase in average squared residuals is 1.53 percent
with individual squared point residuals changing up to 30.7 percent.

5

Conclusion

In this paper, we have explored the diﬀerences between exact PGA and its widely
used simpliﬁcation, linearized PGA. We have developed simple indicators of the
loss of accuracy when using the linearized PGA instead of exact PGA. As shown
on real-life examples of manifold valued datasets, these indicators provide meaningful insight into the accuracy of the linearized method. The experiments, in
addition, show that linearization is in some cases a good and fast approximation,
but exact PGA oﬀers better accuracy for other applications.
We are currently working on deriving formal arguments for the correlation
between σ and ρ. In the future, we plan to apply the developed indicators to the
many uses of PGA, which have previously been computed using the linearized
approach, to test whether exact PGA can provide signiﬁcant increases in accuracy and hence more precise modeling. In order to make better decisions on
whether to use linearized or exact PGA, it will be useful to ﬁnd thresholds for
the values of τ̃Sv̂ and σ dependent on the sought for precision. Future research
will hopefully lead to such thresholds.
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Notes:
To reduce annotation variation in point based models, we introduce the bicycle
chain shape model for landmark based representation of 2D shapes. By constraining the pairwise distances between consecutive landmarks, we obtain non-linear
shape manifold. We show how the Exponential and logarithm maps can be computed and use this to perform Principal Geodesic Analysis. The dimension reduction is evaluated with the PGA algorithm on a dataset of manually annotated
outlines of human vertebrae X-rays.
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Bicycle Chain Shape Models
Stefan Sommer 1,2 , Aditya Tatu 2 , Chen Chen 2 , Dan R. Jørgensen 2,3 ,
Marleen de Bruijne 2,4 , Marco Loog 2,5 , Mads Nielsen 2,3 , François Lauze 2
Abstract
In this paper we introduce landmark-based preshapes which allow mixing of anatomical landmarks and pseudo-landmarks, constraining consecutive
pseudo-landmarks to satisfy planar equidistance relations. This deﬁnes naturally a structure of Riemannian manifold on these preshapes, with a natural action of the group of planar rotations. Orbits deﬁne the
shapes. We develop a Geodesic Generalized Procrustes
Analysis procedure for a sample set on such a preshape
spaces and use it to compute Principal Geodesic Analysis. We demonstrate it on an elementary synthetic
example as well on a dataset of manually annotated
vertebra shapes from X-ray. We re-landmark them consistently and show that PGA captures the variability of
the dataset better than its linear counterpart, PCA.

tinely performed by radiologists and other experts in
many clinical studies, resulting in the encoding of
shapes as point set distributions. Point set distributions for shape representation and analysis are of
tremendous importance in Medical Imaging. Deriving such distributions presupposes consistent annotations, which is not always the case: the following ﬁgure shows two annotated vertebra shapes from X-ray
images, during a clinical study on vertebra fractures,
the ﬁrst vertebra is annotated with 31 points, the second with 32. Moreover the number of points between
corner landmarks (the circular ones) do not match for
corresponding pairs. This is caused by the absence
2200
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There is a wide literature on shape representation
and shape analysis in Computer Vision and Medical
Imaging as shape understanding is one of the most
fundamental task in Image Analysis. A 2-dimensional
shape is generally deﬁned as an equivalence class of
smooth 1-dimensional submanifolds of R2 modulo similarity [13]. Computational representations, ranging
from the simplest to the most sophisticated, have been
suggested in the past, e.g. point set distributions [9, 1],
linear point distribution models (PDM) [4], parametric representations via B-splines, levelset representations [16], and their adaptation, as for example, speciﬁc shape constraints, soft priors, etc..., for an ever
growing amount of tasks.
Manual annotations of anatomical structures in
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Figure 1. Two annotated vertebrae from a clinical study.
The number of annotation points diﬀer.

of clear ground truth landmarks along the endplates of
the vertebrae. In order to tackle this somehow common
situation, a resampling is necessary; pseudo-landmarks
should be placed such that the resulting model is more
compact, no additional variation caused by points sliding along the outline should be modelled. Some recent
approaches for curves and surfaces were proposed for
instance by Davies et al . [5] using minimum description length to solve this problem, while, for surfaces,
Cates et al . used an entropy based particle system approach in [3].
For curves, which are the objects of interest in
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this paper, a way to do it is to ﬁrst impose a ﬁxed
number of pseudo-landmarks between landmarks, regularly distributed along the outline between the landmarks. This regularity often takes the form of an
equidistance constraint for pseudo-landmarks situated
between consecutive landmarks. This can be formulated as setting the variance of the distribution of of
planar distances (or square-distances) between consecutive pseudo-landmarks to 0. In a ﬁgurative way, a segment between two consecutive landmarks is similar to
a segment of a bicycle chain, for the links that constitute a bicycle chain have the same length! This has the
nice property of minimizing the variability due to the
annotation process. But once this resampling has been
performed, forgetting this variance constraint induces
apparent extra variability which may be diﬃcult to
handle due to the non linearity of the constraint. This
is illustrated in Figure 2 where the Euclidean mean
of the upper and lower curves does not have equidistant pseudo-landmarks introducing extra variability on
the horizontal placement of the pseudo-landmarks. We

This will simplify the presentation. Extension to 3D
curves can be carried out easily.
So as to be able to compute GGPA and PGA, we
need tools for computing Riemannian exponential map,
geodesics, and log map on implicitly deﬁned submanifolds. By extending computations of exponential map
to provide not only geodesic, but corresponding moving frames, we propose a shooting method for computing Log maps. When it fails, we replace it by a
path straightening algorithm based on local properties
of geodesics.
This paper is organized as follows. In the next section we introduce the preshape manifolds that we use
as well as the geometric tools needed for our statistical analysis: Geodesic Generalized Procrustes analysis and Principal Geodesic Analysis. Exponential and
Log maps are discussed in Section 3. In Section 4 we
present experiments; the ﬁrst one on the 3-points toy
example and the second on a data set of vertebra coming from a clinical study on vertebra fractures. Finally
we conclude in Section 5.

2. Preshape manifolds

Figure 2. Two 3-point curves and the Euclidean mean.

propose to handle this situation by introducing the constraint explicitly in the descriptions of our preshape
spaces. This null-variance can be reformulated as a
series of simple quadratic constraints on the pseudolandmarks and will, for shapes determined by n points
in Rd , deﬁne implicitly a submanifold of the point set
spaces (Rd )n . Endowed with the metric that comes
from the standard Euclidean structure of (Rd )n , it becomes a Riemannian manifold. In order to obtain point
distributions models, Generalized Procrustes Analysis
(GPA) [8] should be performed with the induced metric, leading to what we will call Geodesic Generalized
Procrustes Analysis (GGPA), while Principal Component Analysis should be replaced by Principal Geodesic
Analysis (PGA) [7] in order to take into account the
curved structure of the manifold. In the rest of this
paper, we will focus to point set conﬁgurations in R2 .
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In point based models, a typical object consists of q
landmark points and nk , k = 1, ..., q − 1 (k = 1, ..., q,
for closed conﬁgurations) pseudo landmarks between
consecutive landmark points. A segment of this object consists of nk + 2 points, nk pseudo-landmarks
Pi , i = 2, ..., nk + 1 between 2 landmark endpoints
P1 , Pnk +2 . The objects we consider consist of such conﬁgurations with equal (squared) Euclidean distance between the neighboring points in each of the segments.
This characteristic distance will generally vary from
segment to segment and objects to objects, even when
the sequence of numbers (q, n1 , . . . , nq−1 ) is ﬁxed. We
start by describing constraints on segments.

2.1. n-Links Bicycle Chain Manifolds
Here onwards we work on one segment with nk =
n−2 pseudo-landmarks between 2 landmark endpoints.
Then the equidistant constraint can be written as a
simple quadratic constraint F : R2n → Rn−2 given as
Fi (P1 , ..., Pn ) = di+2,i+1 − di+1,i , i = 1, .., n − 2 (1)
where di,j = (xi − xj )2 + (yi − yj )2 is the squared
euclidean distance between points Pi and Pj , The
conﬁguration space is the subspace of R2n given by
An = F −1 (0)\Δ, where Δ is the “diagonal” Δ =
(P, . . . , P ) ∈ (R2 )n consisting of segments reduced to
a single point, for, while Δ ⊂ F −1 (0), the rank of F
breaks down exactly along Δ. This ensures that An is

a submanifold of (R2 )n = R2n [2] The tangent space of
An at a segment x is given by
Tx An = ker(JF (x))
the kernel (or null space) of the Jacobian of F at point
x ∈ An ⊂ R2n . By restricting the scalar product of R2n
to Tx An , An is endowed with a Riemannian Metric [2].
We may call An a n-links bicycle chain segment
manifold.
More general point conﬁgurations are then built by
concatenating these n-links bicycle chain segments, imposing endpoint matching which are linear constraints.
When the number q of landmarks points and the numbers nk , k = 1, . . . , q− of pseudo-landmarks points are
ﬁxed, corresponding conﬁgurations form
�q a Riemannian
submanifold of the product manifold i=1 Ank +2 , and
this manifold has also the metric inherited
�q−1 from the
embedding space (R2 )N with N = q + k=1 nk .
Having a Riemannian metric, we can compute
length of paths in these manifolds, deﬁne geodesic and
geodesic distances [2].

where d is the geodesic distance in S. This will result
in an aligned preshape sample (S̄i := Rθ¯i Si )i=1...n , µ̄
being the Fréchet mean ([10]) of this sample and the
distances d(S̄i , µ̄) should represent the true shape distances to this mean.
The minimization procedure for (2) is sketched in
Algorithm 1. We describe brieﬂy the loop steps. A
ﬁrst guess for the rotations is computed by standard
Euclidean rigid registration [8] providing candidate rotation angles for each shape. Then we search for the
rotations angles that minimize the true geodesic distances in a neighborhood of the previously obtained
angles. The Fréchet mean is then computed by adapting the procedure described in [7] to our case. In Figure 3 the need for the minimization search after the
initial Euclidean registration is illustrated by showing
a base preshape, and rotation of a second preshape
with respect to Euclidean and submanifold distances.

0.4

base preshape
Euc. rotation
Subman. rotation

0.2

2.2. Removing Translation and Scaling

0

In the following, we denote by M such a conﬁguration manifold. To work with preshapes in the sense
of [9], we need to quotient out translations and scaling from points in M (although in some applications,
scale could be an important feature of the shape). Removing translations is as usual easy. If M� denotes
the submanifold of M of conﬁgurations with centroid
at the origin of R2 then M � M� × R2 , by sending
a conﬁguration
S = (S1 , . . . , Sn ) to (S − S̄, S̄ where
�n
S̄ = n1 i=1 Si is the centroid of S. This decomposes
M into two orthogonal factors, which imply that a
geodesic path in M between centered objects in M�
will be in fact a geodesic path in M� . From now on
we therefore assume that all our conﬁgurations have
. Following [9], we remove scale by
centroid at 0 ∈ R2�
n
imposing �S�2 = i=1 �Si �2 = 1, i.e by intersecting
�
M with the unit sphere of the embedding space. This
deﬁnes a new submanifold S of M� , and S is our preshape manifold.

2.3. Geodesic Generalized Procrustes Analysis
Given a sample set (Si )i=1...n ∈ S, our GPA follows
[9], but is performed on S. It attempts to compute a
set of planar rotations Rθ¯i , i = 1, . . . , n and a preshape
µ̄ ∈ S minimizing the misalignment criterion
E(θ1 , . . . , θn , µ) =

n
�

d(Rθi Si , µ)2 .
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Figure 3. A base preshape and Euclidean and manifold registration.

Algorithm 1 Calculate the mean shape µ� and the
aligned shapes Si��
Require: Si ∈ S, i = 1, ..., m
µ� = S1 {initial guess}
repeat
Set µ = µ� . Si� = Si shapes aligned to µ using
Euclidean distances.
Si�� = Si� shapes aligned to µ using geodesic distances.
µ� = Fréchet mean of (Si�� )
until d(µ, µ� ) < Threshold.
Output: Mean µ� , aligned shapes Si�� .

(2)

i=1
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2.4. Principle Geodesic Analysis (PGA)
PGA is a generalization of Principal Component
Analysis (PCA) to nonlinear manifolds [7]. We seek
to compute a minimum number of tangent vectors at
the mean, which generate geodesics that represent as
much variability in the data on the manifold as possible. Thus PGA is PCA done on the tangent space
of the mean. Unfolding the manifold to this tangent
space is performed by the Riemannian Log map. The
algorithm can be summarized as:
• Given m preshapes in S and the mean preshape µ,
compute vi = Logµ (Si ), i = 1, ..., m, the tangent
vectors for each preshape in the tangent space at
the mean.
�m
1
T
• Compute the covariance matrix C = m
i=1 vi vi
• Compute the eigenvectors and eigenvalues (ei , λi )
of C.

The geodesic paths corresponding to the tangent vectors ei ∈ Tµ S are the principle geodesic components.
Computing the Fréchet mean and PGA use Exponential map, Log map and geodesics on implicitly deﬁned Riemannian manifolds. They are described in the
next section

3. Geodesics on the manifold; the Expand Log-map
Geodesics are fundamental to the theory of Riemannian manifolds ([2]). They are closely related to the
Exponential map Exp : T M → M in the sense that
a geodesic γ trough the point p with initial velocity
vector v is given by the curve
γ(t) = Expp tv .
The map Expp is invertible in a suﬃciently small neighborhood of 0 in Tp M . When U is such a neighborhood
we denote by Logp : Expp (U ) → U the inverse of Expp .
The distance between two elements of the manifold
is given by
�
�
�
dM (p, q) = inf l(c)�c is a curve joining p and q .

Here l(c) denotes the length of the curve c. Since
geodesics are critical points of the length functional,
it is in the case of a complete manifold M suﬃcient
to consider geodesics when computing the distance.
Therefore, if p and q are suﬃciently close so that only
one geodesic joins them,
dM (p, q) = �Logp q� .
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(3)

In general we cannot be sure that a given geodesic joining p and q is length minimizing. In such cases, we deﬁne Logp q to be the initial direction of some geodesic
joining p and q and use (3) as a guess on the distance.
Computing Expp amounts to solving an initial value
ODE problem. This can be done neatly numerically,
confer [6]. Computing Logp q is substantially harder.
We make use of a shooting method ([12], [14]) for computation of Logp for input values close to p, and a pathstraightening method for non-local input.

3.1. Shooting method
A shooting method iteratively improves an initial
guess by repeatedly computing a residue or error correction, and updates the initial guess using that. Based
on the fact that Logp is the inverse of Expp , our basic
algorithm is presented in Algorithm 2. The ability to
Algorithm 2 Calculate v = Logp q on S by shooting
Require: p, q ∈ S
v ⇐ projection of q − p to Tp S {initial guess}
repeat
q̃ ⇐ Expp v {shot based on guess}
r̃ ⇐ projection of q − q̃ to Tq̃ S {residue at q̃}
r ⇐ par. transport of r̃ to Tp S {residue at p}
v ⇐ v + r {update v}
until �q̃ − q�R2n is suﬃciently small.

compute length and direction in Euclidean space and
the implicit representation of S as a submanifold of
Euclidean space enables us to compute both the initial
guess, update v, and compute the Euclidean error of
our guess. When q is close to p these estimates work
well and improve the situation in [14] where the embedding space approximations are not at hand and e.g. the
update of v therefore is based on numerical estimates
of the gradient of a cost functional.
We use the projection of the vector q − p in embedding Euclidean space to the tangent space Tp S
as our initial guess. In each iteration we compute
Expp v and express the error by the Euclidean distance
�q − Expp v�. We update v by projecting the Euclidean
residue q −Expp v onto the tangent space TExpp v S, parallel transport the resulting vector to Tp S and add it to
v; this procedure is the natural manifold generalization
of error correction in Euclidean space.
The parallel transport is computed using a parallel frame along the curve t �→ Expp tv. We compute
the parallel frame by using the fact that parallel vector ﬁelds have zero intrinsic acceleration, introduce a
Lagrange multiplier, and solve the resulting ODE. The
computation of the frame can be nicely coupled with

the computation of Expp v when using the method of
[6].
The shooting method relies completely on the quality of the initial guess and updating residues. Both are
determined by how well the projections on the tangent
spaces approximate the paths on the manifold, or, in
other words, how close to linear the manifold is; in an
Euclidean manifold the shooting method converges in
one iteration whether as it on a torus might not converge at all. It will though always converge locally due
to the smoothness of our manifold.
An additional drawback of the shooting method is
its sensitivity to numerical errors in the computation of
Expp . This can especially be a problem if the curvature
around the target element q is large, confer [11].

shapes.

4.1. Illustrative example
In Figure 4 we see three 3-point preshapes with
equidistant points. They are all normalized and hence
reside on the manifold S. The middle preshape is the
Fréchet mean of the upper and lower preshapes, and
hence the mean of all three preshapes.

3.2. Path straightening
When the shooting method fails to converge due
to large curvature of the manifold, we apply the path
straightening method of [15]; we update an initial curve
by repeatedly shooting between pairs of points on the
initial curve close to each other. The closeness assures
the convergence of the shooting method. In each iteration the curve is a piecewise geodesic and by repeatedly changing the points between which we shoot,
the non-smooth bends of the curve are removed. Since
geodesics are critical points of the length functional, we
stop the process when we get no signiﬁcation reduction
of length on each iteration.
Path straightening requires an initial path. In practice we get this path by shooting until we detect nonconvergence of the shooting method. We then restart
the shooting method with the best guess from the previous run as our new starting point. In practice we
always obtain convergence of the shooting method in
the second run. Now concatenating the geodesics obtained from the two runs gives a piecewise geodesic
connecting the points which can serve as input to the
path straightening algorithm. In case this method fails,
we explicitly make an initial path.
As noted in [15] we may need to extract a subsequence in order for the path straightening algorithm to
convergence to a geodesic. In practice we do not experience such situations, and we accept the possibility
of this happening in the same way as we accept that
geodesics might not be length minimizing.

4. Experiments
We present two examples illustrating the eﬀect of
our manifold setting. We start by discussing the dimensionality reduction gained in a small 3-point example and then progress to study a dataset of vertebrae

Figure 4. Three 3-point preshapes on the manifold.

The manifold S has two dimensions. Doing a Principal Geodesic Analysis on the set of the three preshapes,
we get one mode of variation. The geodesic corresponding to this mode connects the three preshapes
as illustrated in Figure 5. Note that in the ﬁgure the
preshapes have been placed in the plot as to have zero
mean.

Figure 5. The geodesic corresponding to the only mode of
variation obtained from PGA.

Now suppose we disregard our manifold notion and
attempt to do Euclidean Principal Component Analysis in the embedding Euclidean space. The Euclidean
mean of the three preshapes will again be a straight
line, but in this situation the points on the mean will
not be equally spaced and hence the mean will not be
in S. When computing the PCA we get two modes
of variation; one mode representing vertical motion as
illustrated in Figure 6, and one mode representing horizontal motion. The latter mode arises from the placement of the points on the straight line mean and is
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thus irrelevant. Therefore, in this example the PCA
captures only 97.5 percent of the variation in a mode
giving relevant information. This contrasts that PGA
captures all variation.

Figure 6. One of two modes of variation for PCA.

Figure 7. Manually annotated vertebra.

4.2. Vertebra shapes
Our dataset of vertebrae consists of 304 manually
annotated vertebra shapes on lateral X-rays. For each
vertebra, outlines have been manually drawn by choosing points along the contours, assuming a simple linear
interpolation between them. Corner points of the vertebra endplates are indicated but do not always match
the outlines perfectly. New corner points have been deﬁned as the points of the contour that are closest to the
manually annotated corners. This divides the outline
into 3 segments, the upper, left and lower ones. For
resampling, we ﬁxed the number of pseudo-landmarks
per segment to 16, leading to 52 points per shape. The
pseudo-landmarks positions were computed segmentwise so as to minimize a squared-distance between the
original outline and the new one. Given an n-tuple
P = (P1 , . . . , Pn ) of equidistant-spaced points, with P1
and Pn being the ﬁxed corner points of this segment,
let CP (t) be the piecewise linear curve joining them,
and C0 (t) the piecewise linear curve formed by joining the original annotated points for the corresponding
segment. We minimize the squared-distance
�
E(P) = (CP − Co )2 dt.
We start with a conﬁguration P on the straigth line segment joining P1 to Pn and perform gradient descent on
the corresponding preshape manifold S using the exponential map. The result of applying the redistancing
procedure to the manually annotated vertebra in Figure 7 is shown in Figure 8.
In our illustrative example it is clear that we introduce non-linearity when restricting to the manifold.
In order to illustrate that we have signiﬁcant curvature also in the relatively high dimensional manifold
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Figure 8. Result of applying redistancing procedure.

used for the vertebrae, we compute the Fréchet mean
vertebra and measure an approximate distance from
each vertebra to the tangent space of the mean; we
let vm denote the mean and for each vertebra v we
compute w = Logvm v. We then let x be the distance
�v − (vm + w)� between the vertebra and an approximated projection to Tvm S, and record the relative distance x/�w�. A non-curved manifold would result in
zero relative distance. We see a mean relative distance
of 12 percent clearly indicating that the manifold is
curved. Performing the same computation on the nonnormalized manifold M� gives a mean relative distance
of 9 percent indicating that not all curvature arises
from the normalization to the unit sphere.
Figure 9 illustrates how PGA provides a more compact description than PCA. The ﬁgure shows the normalized sum of the ﬁrst n eigenvalues as a function of
n. It can be seen that in order to capture say 99.5
percent of the variation, we will need 25 eigenvectors

when doing PCA as opposed to only 20 eigenvectors
when doing PGA.
[4]
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Figure 9. Accumulated spectrum of PGA and PCA.

[8]

[9]

5. Conclusion
In this paper we have introduced manifolds of preshapes built by constraining distributions of pseudolandmarks between pairs of consecutive landmarks.
This endows these preshape manifolds with a structure
of Riemannian manifolds. We have developed tools for
computing Exponential maps, Log maps, geodesic distances, allowing us to deﬁne a Geodesic GPA and adapt
PGA to that situation. We have shown on examples
that PGA captures variability better that PCA.
Although we have built our models for planar point
conﬁgurations, they are clearly not restricted to this
case. Other types of length and position constraints
can also be used. We are also not restricted to shape
manifolds. The techniques presented in this work can
be used to perform statistics on other submanifolds of
a linear conﬁguration space implicitly deﬁned by a set
of smooth constraints. This is the subject of ongoing
work.
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8.

Conclusion
To end the thesis, a short summary of the presented work is given together with outlook
and possibilities for future work. Confer in addition the contribution summary in the
introduction.

1

Summary

The thesis presents work in three main areas: registration and deformation modeling;
non-linear statistics and algorithms; and 2D shape modeling. The included papers
together with the six papers [1, 2, 3, 18, 17, 38] that are not included in this thesis,
constitute, along with the contributions of my colleagues, the results of my PhD studies
at the Department of Computer Science, University of Copenhagen.
The developed kernel bundle framework and the higher order kernels both serve to
allow sparse deformation description through increased description capacity. The kernel
bundle framework introduces multi-scale representations in LDDMM while keeping
much of the mathematical structure of LDDMM. We derive the KB-EPDiﬀ equations,
introduce sparse priors, develop a fast GPU-based algorithm, and evaluate the method
on clinical data.
Each control point used in LDDMM codes only translational movement which limits
the ability to compactly represent non-translational deformation such as rotations and
dilations. With higher order kernels, we address this problem by showing how partial
derivatives of kernels ﬁt naturally into the LDDMM framework. We derive evolution
equations, show connections between the order of the similarity measure and the kernels, and present a matching algorithm using the kernels. The increased description
capacity allows registration with very few parameters, and we apply the kernels to
register MR scans of patients suﬀering from Alzheimer’s disease.
While Paper #1 and Paper #2 have been been submitted while writing this thesis,
the four conference papers on the kernel bundle, Paper #3 and [1, 2, 3], have been published and have received interest in the registration community. The relation between
the kernel bundle and diﬀerent approaches to multi-scale LDDMM registration [7, 8]
has been the subject of the recent paper [9]. Introducing sparsity in LDDMM has also
been treated by Durrleman et al. [39, 40].
The algorithms for computing the ﬁrst and second order diﬀerential of the Exponential presented in Paper #4 serve as tools for performing non-linear statistics, and, in
particular, they allow Principal Geodesic Analysis to be computed without the common
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tangent space linearization. We perform comparisons between the exact and linearized
algorithm and thereby provide insight into the relation between curvature and spread
on non-linear statistics.
Finally, to reduce variation introduced by manual annotations while keeping a consistent model, we have introduced the non-linear bicycle chain shape model. The
representation results in a non-linear shape space, and we develop the necessary computational tools to perform statistics on the space. A notable beneﬁt of the model is
the reduction in dimensionality obtained by keeping the distance constraints enforced
in the model. Experiments with the shape model is performed on outlines of human
vertebrae obtained with lateral X-rays.

2

Outlook and Future Work

The kernel bundle framework and the higher order kernels will likely complement each
other very well, and work on bringing them together will start right when the last word
of this conclusion has been put down. This will include exploring sparse priors for the
higher order kernels and diﬀerent regularization for diﬀerent orders kernels. Performing
group wise statistics to learn the spatial locations of high frequency deformation across
populations with the kernel bundle and higher order kernels is an interesting path for
eﬃciently increasing sparsity while keeping the necessary ﬂexibility of the deformation
model. In addition, we wish to explore the coupling between scale information in
images, the similarity measure, and the multi-scale deformation model.
Choosing the appropriate non-linear statistical tools for performing statistics on
the deformation models is an interesting problem. While small deformation introduced
by e.g. progressing atrophy may be measured using linearized tools, some applications
may require more intrinsically non-linear methods. Performing statistics on scans of
patients suﬀering from severe head trauma constitutes an example of this, and we are
currently working on registration and statistical methods for such cases. For many
applications, the smoothing terms used in the registration models will introduce bias in
statistical exploration of registered data. We are looking into the possibility of using the
explicit control of the deformation model in LDDMM and the kernel bundle framework
to derive a registration formulation with less bias.
The above ideas constitute theoretical and modeling perspectives; using the deformation models for actually performing statistics on patients is the end goal. This
requires robust software packages, testing, clinical evaluations, and further collaboration with clinicians. In the end, the work presented should hopefully be theoretically
interesting in addition to actually being useful.
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