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Abstract

The computation of the geometric transformation between a reference and a target image,
known as image registration or alignment, corresponds to the projection of the target image onto
the transformation manifold of the reference image (the set of images generated by its geometric
transformations). It often takes a nontrivial form such that exact computation of projections
on the manifold is difficult. The tangent distance method is an effective alignment algorithm
that exploits a linear approximation of the transformation manifold of the reference image. As
theoretical studies about the tangent distance algorithm have been largely overlooked, we present
in this work a detailed performance analysis of this useful algorithm, which can eventually help
the selection of algorithm parameters. We consider a popular image registration setting using
a multiscale pyramid of lowpass filtered versions of the (possibly noisy) reference and target
images, which is particularly useful for recovering large transformations. We first show that the
alignment error has a nonmonotonic variation with the filter size, due to the opposing effects
of filtering on manifold nonlinearity and image noise. We then study the convergence of the
multiscale tangent distance method to the optimal solution. We finally examine the performance
of the tangent distance method in image classification applications. Our theoretical findings are
confirmed by experiments on image transformation models involving translations, rotations and
scalings. Our study is the first detailed study of the tangent distance algorithm that leads to a
better understanding of its efficacy and to the proper selection of design parameters.

Keywords. Image registration, tangent distance, image analysis, hierarchical registration
methods, performance analysis.

1 Introduction

The estimation of the geometric transformation that gives the best match between a target
image and a reference image is known as image registration or image alignment. This operation
is commonly used in many problems in image processing or computer vision, such as image
analysis, biomedical imaging, video coding and stereo vision. The set of images generated by the
geometric transformations of a reference pattern is called a transformation manifold. In several
image registration problems, it is possible to represent the geometric transformation between
the reference and target images by a few parameters, e.g., translation, rotation, and affine
transformation parameters. In this case, the image registration problem can be geometrically
regarded as the projection of the target image onto the transformation manifold of the reference
image. The transformation parameters that best align the image pair are then given by the
transformation parameters of the manifold point that has the smallest distance to the target
image. By extension, in image analysis problems where different classes are represented by
different transformation manifolds, classification can be achieved by measuring the distance of
the query image to the transformation manifold of each class.
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Even if the image registration problem is generally not easy to solve exactly, its geometric
interpretation allows for efficient alignment solutions. A well-known alignment method consists
of constructing a first-order approximation of the transformation manifold of the reference im-
age by computing the tangent space of the manifold at a reference point. The transformation
parameters are then estimated by calculating the orthogonal projection of the target image onto
the tangent space of the manifold. This method is known as the tangent distance method.
The tangent distance method has been proposed by Simard et al. and its efficiency has been
demonstrated in numerous settings, like handwritten digit recognition applications [1], [2] for
example. Since then, many variations on the tangent distance method have been presented.
The work in [3], for example, proposes the joint manifold distance for transformation-invariance
in clustering, which is a similarity measure that is based on the prior distributions of the images
and the distance between the linear approximations of their manifolds. The recent work [4]
utilizes the tangent distance for motion compensation in video compression. In fact, some
early examples of image alignment using manifold linearizations are found in the motion es-
timation literature, which are called gradient-based optical flow computation methods [5], [6].
Gradient-based methods exploit a linear approximation of the image intensity function in the
estimation of the displacement between two image blocks. Applying a first-order approximation
of the intensity function of the reference image block and then computing the displacement in a
least-squares manner is actually equivalent to projecting the target image block onto the linear
approximation of the manifold formed by the translations of the reference image block.

In image alignment with the tangent distance method, the reference manifold point around
which the manifold is linearized is required to be sufficiently close to the exact projection of the
target image onto the manifold, which corresponds to the optimal transformation parameters.
In that case, the linear approximation of the manifold is valid and the optimal transformation
parameters can be estimated accurately. When the distance between the reference and optimal
transformation parameters is large, an efficient way to get around this limitation is to apply the
tangent distance method in a hierarchical manner [2], [7]. In hierarchical alignment, a pyramid
of low-pass filtered and downsampled versions of the reference and target images is built, and
the alignment is achieved in a coarse-to-fine manner, which is illustrated in Figure 1. The trans-
formation parameters are first roughly estimated using the smoothest images in the pyramid,
and then progressively refined by passing to the fine scales. The low-pass filtering applied to
generate the coarse-scale images helps to reduce the nonlinearity of the manifold, which renders
the linear approximation more accurate and allows the recovery of relatively large transforma-
tions. Once the transformation parameters are estimated roughly from coarse scale images, the
adjustment in the transformation parameters to be computed in fine scales is relatively small
and the linear approximation of the manifold is therefore accurate. The study presented in [7]
applies the multiresolution tangent distance method in image registration and image classifi-
cation problems and experimentally shows that the dissimilarity measure obtained with the
multiresolution tangent distance outperforms those obtained with the Euclidean distance and
the single-scale tangent distance. The hierarchical estimation of transformation parameters
using manifold linearizations is also very common in motion estimation [5], [6], and stereo vi-
sion [8]. While the efficiency of the hierarchical alignment strategy has been observed in many
applications, a true characterization of the performance of this family of algorithms for general
geometric transformation models is still missing in the literature.

In this work, we present a theoretical analysis of the properties of the tangent distance
method in image alignment and image classification applications. The examination of the effect
of filtering in the hierarchical alignment on the accuracy of the solution is especially important,
so that the size of the low-pass filter can be properly selected at each stage of the multi-
resolution representation. Therefore, an essential step in our study of the tangent distance
method is the characterization of the alignment error as a function of the filter size. The second
important parameter in our study is the influence of the additive noise that affects images, on the
performance of the registration algorithm. We provide a complete analysis of the hierarchical
tangent distance algorithm as a function of the manifold properties, the smoothing filter size
and the image noise level, and observe the impact of these parameters in both image registration
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Figure 1: Image alignment with the coarse-to-fine tangent distance method. The target image is
a noisy and transformed version of the reference image. The optimal transformation parameters
Ao that best align the images are estimated in a coarse-to-fine manner with a pyramid of low-
pass filtered versions of the images. The estimate A¥ of each stage is obtained by linearizing the
transformation manifold of the reference image around the reference point given by the estimate
M= of the previous stage. The sizes of the low-pass filters are decreased throughout the alignment
algorithm as the estimates A\l, A2, ..., A¥ are refined progressively. (Photos in illustration borrowed
from [9].)

and image classification problems.

In particular, we consider a setting where the reference image is noiseless and the target image
is a noisy and transformed version of the reference image. We first analyze the tangent distance
method in the original image space (without filtering the images) and derive an upper bound
for the alignment error, which is defined as the parameter-domain distance between the optimal
transformation parameters that align the image pair perfectly, and their estimate computed with
the tangent distance method. The upper bound for the alignment error is obtained in terms
of the noise level of the target image, the parameter-domain distance between the reference
manifold point (around which the manifold is linearized) and the actual projection onto the
manifold, and some geometric parameters of the transformation manifold such as the curvature
and the metric tensor. The alignment error bound linearly increases with the manifold curvature
and the noise level, and monotonically increases with the parameter-domain distance between
the reference and the optimal transformation parameters.

Next, we study the relation between the alignment error and the size of the low-pass filter
in a hierarchical registration setting. We consider that both the reference and the target images
are smoothed with a low-pass filter before alignment. We introduce an analytic and parametric
representation of the reference pattern and analyze the dependence of the alignment error on
the size of the low-pass filter kernel. We show that the alignment error decreases with the filter
size p for small filter kernels at a rate of O(1 + (1 + p?)~'/2). This is due to the fact that
filtering does smooth the manifold and decrease its nonlinearity, which improves the accuracy
of the linear approximation of the manifold. However, as one keeps increasing the filter size, the
decrease in the alignment error due to the improvement of the manifold nonlinearity converges,
and the error starts to increase with filtering at an approximate rate of O(p) for relatively large
values of the filter size. The increase in the error stems from the adverse effect of filtering, which
amplifies the alignment error caused by image noise. Therefore, we show that, in a noisy setting
where the target image is not exactly on the transformation manifold of the reference image,
there is an optimal size for the filter kernel where the alignment error takes its minimum value.

We then build on our analysis of the alignment error and study the convergence of the
hierarchical tangent distance method. We show that the tangent distance is guaranteed to
converge to the optimal solution provided that (i) the product of the noise level and the manifold
curvature is below a threshold that depends on the manifold dimension, and (ii) the amount of



transformation between the reference and the target images is sufficiently small. Furthermore, we
determine the optimal value of the filter size that minimizes the alignment error in each iteration
of the hierarchical alignment algorithm. Owur analysis shows that, the optimal update of the
filter size p between adjacent iterations k — 1 and k is approximately given by pr = v/a pg_1,
where the geometric decay factor @ < 1 increases linearly with the noise level, the manifold
curvature and the initialization error of the hierarchical alignment algorithm (i.e., the amount
of transformation at the beginning of the algorithm). This result theoretically justifies the
common strategy of reducing the filter size at a geometric rate, which is used very often in
coarse-to-fine image registration. Meanwhile, although it is very common to update the filter
size as pr = 1/2 pr—1 with a constant decay factor of 1/2 in practice [7], [10], our result suggests
that the noise level, the expected amount of transformation, and the frequency characteristics of
the images to be aligned must be taken into account in determining the best filter size updates.

Finally, we study the accuracy of image classification based on the manifold distance esti-
mates obtained with the tangent distance method. In an image classification application where
a query image is classified with respect to its distance to the transformation manifold of each
class, the accuracy of classification largely depends on the accuracy of the estimation of the
projection of the query image onto the manifolds. Therefore, one expects the classification per-
formance to vary similarly to the alignment performance. We consider a setting where the query
image and the reference images representing different classes are smoothed with low-pass filters.
Then, we approximate the projection of the query image onto the transformation manifolds of
the reference images with the tangent distance method. We determine the relation between the
accuracy of classification and the size of the low-pass filter used for smoothing the images. Our
result shows that, assuming bounded and non-intersecting distributions of the images around the
transformation manifolds of their classes, the variation of the misclassification probability with
the filter size is similar to that of the alignment error. Therefore, the filter size that minimizes
the alignment error also minimizes the misclassification probability.

Our theoretical results about the alignment and classification performance of the tangent
distance method are confirmed by experiments conducted on transformation manifolds gener-
ated with rotations, translations and scale changes, both with synthetic smooth images and
natural images. Our study provides insight into the principles behind the efficacy of the hi-
erarchical alignment strategy in image registration and motion estimation and may be helpful
for optimizing the performance of numerous image analysis algorithms that rely on first-order
approximations of transformation manifolds.

The rest of the text is organized as follows. In Section 2, we introduce the notation, give an
overview of the tangent distance algorithm, and formulate the problem. In Section 3, we present
a theoretical analysis of the tangent distance method. We first look at the image registration
problem, state an upper bound for the alignment error, examine its variation with the noise
level and filtering, and study the convergence of the coarse-to-fine tangent distance method. We
then extend these results to analyze the performance of image classification with the tangent
distance. In Section 4, we evaluate our theoretical findings with some experiments. In Section
5, we give a discussion of our results in comparison with previous works. Finally, we conclude
in Section 6.

2 Image Registration with Tangent Distance

The computation of the exact projection of a target image onto a reference transformation man-
ifold is a complicated optimization problem, especially when the manifold is high-dimensional
and generated by complex geometric transformations. The tangent distance method proposes
to solve this problem by using a first-order approximation of the transformation manifold, which
is illustrated in Figure 2. In the figure, M(p) is the transformation manifold of the reference
pattern p defined over the parameter domain A, and ¢ is the target image to be aligned with p.
The exact projection of ¢ on M(p) is the point py,, so that A, is the optimal transformation
parameter vector that best aligns p with ¢. In order to estimate A\, with the tangent distance
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Figure 2: Illustration of image alignment with the tangent distance method. Sy (p) is the first-
order approximation of the transformation manifold M(p) around the reference point py.. The
estimate A of the optimal transformation parameters )\, is obtained by computing the orthogonal
projection of the target image g onto Sy, (p).

method, a first order approximation Sy _(p) of the manifold M(p) is computed at a reference
point py,, which is preferably not too distant from py, . The distance of ¢ to Sx.(p) can be
easily computed with a least squares solution and the point of projection on Sy (p) gives the
transformation parameter vector A\., which is the estimate of \,.

Previous works such as [2] and [3] using the tangent distance in image classification and
clustering compute the distance in a symmetric fashion; i.e., they linearize the transformation
manifolds of both the reference and the target images and compute the subspace-to-subspace
distance. In our analysis of the tangent distance method, we consider the point-to-subspace
distance obtained by linearizing the transformation manifold of only the reference image. The
point-to-subspace distance is more suitable than the subspace-to-subspace distance in image
registration applications [7], [8], while it can also be used effectively in image analysis [7].

In the following, we first settle the notations and describe the tangent distance method
formally. We then formulate the registration analysis problem studied in this work.

2.1 Notation

Let p € L?(R?) be a reference pattern that is C2-smooth with square-integrable derivatives and
q € L?(R?) be a target pattern. Let A C R? denote a compact, d-dimensional transformation
parameter domain and

A=A e

be a transformation parameter vector. We denote the pattern obtained by applying p the
geometric transformation specified by A as Ax(p) € L?(R?). Defining the spatial coordinate
variable X = [z y]7 in R2, we can express the relation between A, (p) and p as

Ax(p)(X) = p(a(A, X)) (1)

where a : A x R2 — R? is a C%-smooth function representing the change of coordinates defined
by the geometric transformation A. We also assume that the coordinate change function ay :
R? — R? such that a)(X) := a(), X), is a bijection for a fixed \.
Let us write py = Ax(p) for convenience. Then, the transformation manifold M(p) of the
pattern p is given by
M(p) = {px: X € A} C L*(R?)



which consists of transformed versions of p over the parameter domain A. Since a and p are
C?-smooth, the local embedding of M(p) in L?(R?) is C2-smooth. Therefore, the first and
second-order derivatives of manifold points with respect to the transformation parameters exist.
Let us denote the derivative of the manifold point p) with respect to the i-th transformation
parameter \' as J; py, where

9i pA(X) = apa/\i;x)
The derivatives 0; py are also called tangent vectors. Similarly, we denote the second-order
derivatives by
62]))\ (X)
ONON
Then, the tangent space Th\ M (p) of the manifold at a point p) is the subspace generated by the
tangent vectors at py

Dij pA(X) =

d

TAM(p) = {Z@‘PA (":Ce Rd} c L*(R?) (2)

i=1

where {0; py}_, are the basis vectors of T\ M(p), and {¢?}?%_, are the coefficients in the repre-
sentation of a vector in T\ M (p) in terms of the basis vectors.

Now, given the reference pattern p and a target pattern ¢, the image registration problem
consists of the computation of an optimal transformation parameter vector A\, that gives the
best approximation of ¢ on M(p),

Ao = argmin [|q — px||? 3
o = argmin{lg —px| (3)
where || - || denotes the L?-norm for vectors in the continuous space L?(R?) and the ¢?-norm for

vectors in the discrete space R™. Then, the transformed pattern py, is called a projection of ¢
on M(p). However, the exact calculation of A, is difficult in general, since the nonlinear and
highly intricate geometric structure of pattern transformation manifolds renders the distance
minimization problem quite complicated. The tangent distance method simplifies this problem
to a least squares problem, which is described below.

2.2 Tangent distance algorithm

In alignment with the tangent distance, transformation parameters are estimated by using a
linear approximation of the manifold M(p) and then computing A\, by minimizing the distance
of ¢ to the linear approximation of M(p) [7]. The first-order approximation of M(p) around a
reference manifold point py, is given by

d
S, (p) = {pr, +D_0ipn, (N = A}) : A € R} C L*(R?). (4)

i=1

Then, the estimate A\, of A\, with the tangent distance method is given by the solution of the
least squares problem

d
Ae = in flg—px, — > dipa, (X — A 5
arg min [l — p3, D i Al (5)

i=1
The solution of the above problem can be obtained as
Xe = A+ [Gi; (M) (g = pa,, Bipa,)] (6)

where [G;;(\)] € R?*? is the matrix representation of the metric tensor G;;(A\) = (9; px, ; px)
induced from the standard inner product on L?(R?). Hence, the (i,j)-th entry of [G;;()\)] is



Gij(A). Similarly, [(g—pa,., O; px,.)] represents the d x 1 matrix whose i-th entry is (g—pax,., 9; px,.)-
The estimate A, of the transformation parameters obtained by solving (5) is expected to be closer
to the optimal solution A\, than the reference parameters \,; therefore, A, can be regarded as a
refinement of )\, if the reference parameters )\, are considered as an initial guess for the optimal
ones \,. The estimation of transformation parameters with the tangent distance method is
illustrated in Figure 2.

2.3 Problem formulation

From (3), we can decompose the target image g as
q=px,t+n

where p), is the projection onto the manifold M(p) and n € L?*(R?) is the noise representing
the deviation of ¢ from M(p). We define the noise level parameter

v=|n|

as the distance of the target pattern to the translation manifold of the reference pattern.

We can now formulate the problems that we study in this chapter. Our first purpose is to
examine the deviation between the optimal transformation parameter vector A, and its estimate
Ae, which defines the alignment error of the tangent distance method. In particular, we would
like to find an upper bound for the alignment error || A, — Ao|| in terms of the noise level v of the
target image, the known geometric parameters of the manifold M(p) that can be computed from
p (such as its curvature and metric tensor), and the distance ||\, — \.|| between the optimal and
the reference transformation parameters. This states a bound on how much the initial guess A,
for A, can be improved, given the proximity of A, with respect to A,. We thus present an upper
bound for the alignment error ||Ae — Ao in Section 3.1. Note that it is also possible to formulate
the alignment error as the manifold distance estimation error measured in the ambient space
L?(R?). However, in this study, we characterize the error in the parameter space A instead of
the ambient space L?(R?) because of the following reason. The errors in the parameter domain
and the ambient space are expected to have similar behaviors. Meanwhile, since we examine the
problem in a multiscale setting, it is easier to characterize the error in the parameter domain as
the distances in the ambient space are not invariant to smoothing.

Next, our second and main goal is to examine how the alignment error varies when the
reference and target patterns are smoothed with a low-pass filter. We formalize this problem as
follows. We consider a Gaussian kernel for the low-pass filter, since it is a popular smoothing
kernel whose distinctive properties have been well-studied in scale-space theory [11]. Let

H(X) = e~ XTX _ ~H40?)
denote a Gaussian mother function. Then, the family of functions

—5bp(X) (7)

define variable-sized, unit L'-norm Gaussian low-pass filters, where ¢,(X) = ¢(T71(X)) is a
scaled version of the mother function ¢(X) with

T:HH. (3)

Here, the scale parameter p corresponds to the radius of the filter kernel, which controls the
filter size. When the tangent distance method is used in a multiscale registration setting, the
transformation parameters are estimated using the filtered versions of the reference and target
patterns

PX) = 5 (6% )(X) §(X) = 5 (6% )(X)



where * denotes a convolution.

We write the parameters that are associated with the filtered versions of the reference and
target patterns with the notation (A) Now let A\, be the transformation parameter vector
corresponding to the projection of ¢ onto the transformation manifold M(p) of the filtered
reference pattern p

. R o
Ao = argmin |[px — g[|* 9)

Hence, Ao is the optimal transformation parameter vector that aligns p with ¢. Let 0; p and Qij
denote respectively the first derivatives and the metric tensor of the manifold M(p). From (6),
the transformation estimate . obtained with the filtered versions of the reference and target
patterns by linearizing the manifold M(p) is given by

)\e = )\r + [gAij<Ar)]_1[<qA - ﬁ/\waiﬁAT)]

where A, is the reference parameter vector. The alignment error obtained with the smoothed
patterns is given as HS\G - 5\0||7 which we are interested in in this study. In particular, we would
like to characterize the variation of |[Ae — Ao with the size p of the low-pass filter used for
smoothing the images in multiscale alignment, and the initial noise level v of the target image
before filtering. We thus examine in Section 3.2 the variation of the alignment error with noise
and filtering.

3 Analysis of Tangent Distance Methods

3.1 Upper bound for the alignment error

We now present an upper bound for the error of the alignment computed with the tangent
distance method. We can assume that the parameter domain A is selected sufficiently large,
so that py, is not on the boundary of M(p). Then, the noise pattern n is orthogonal to the
tangent space of M(p) at py,. In other words, we have

<n7aip>\o> 207 V'Z»Zl, 7d' (10)

The deviation of the target image from the transformation manifold model impairs the esti-
mation of transformation parameters. In our analysis of the alignment error, this deviation is
characterized by the distance v between ¢ and M(p). Then, there is another source of error
that causes the deviation of the estimated parameters A, from the optimal ones \,. It is related
to the nonzero curvature of the manifold, as a result of which M(p) diverges from its linear
approximation Sy, (p). In the derivation of the component of the alignment error associated
with manifold nonlinearity, we make use of a quadratic approximation of the manifold around
the reference point py,

d

d d
) 1 ) . )
P 00 (N =)+ 5 300 (- X ) ()

i=1

This approximation is treated as an equality in the derivation of the alignment error bound in
Theorem 1. Equation (11) shows that the nonlinearity of the manifold can be characterized
with an upper bound X on the norm of the second derivatives of the manifold

K:= max sup 1055 pAll- (12)
6,J=1,,d xeA
Since K is an upper bound for the norms of the derivatives of tangent vectors, it can be regarded
as a uniform curvature bound parameter for M(p).
We can now state our result that defines an upper bound on the alignment error.



Theorem 1. The parameter-domain distance between the optimal transformation A\, and its
estimate \e given by the tangent distance method can be upper bounded as

_ 1
el = B =K gk, (650D (5 /iG500D) T = ME+Va v 1o = Al ) (13)
where Amin (+) and tr(.) denote respectively the smallest eigenvalue and the trace of a matriz, and

the notation || - ||1 stands for the £*-norm in R™.

Theorem 1 is proved in Appendix A.1. The result is obtained by examining the effects of
both the nonlinearity of the manifold and the image noise on the alignment error. The theorem
shows that the alignment error augments with the increase in the manifold curvature parameter
K and the noise level v, as expected. Moreover, another important factor affecting the alignment
error is the distance ||\, — A.|| between the reference and the optimal transformation parameters.
If the reference manifold point py, around which the manifold is linearized is sufficiently close
to the true projection of the target image onto the manifold, the tangent distance method is
more likely to give a good estimate of the registration parameters.

3.2 Alignment error with low-pass filtering

We now analyze the influence of the low-pass filtering of the reference and target patterns on the
accuracy of alignment with the tangent distance method as it is the case in multiscale registration
algorithms. We consider a setting where the reference pattern p and the target pattern ¢ are
low-pass filtered and the transformation parameters are estimated with the smoothed versions
of p and ¢. The purpose of this section is then to analyze the variation of the alignment error
bound given in Theorem 1 with respect to the kernel size of the low-pass filter used in smoothing.

We first remark the following. The optimal transformation parameter vector Mo correspond-
ing to the smoothed patterns is in general different from the optimal transformation parameter
vector A\, corresponding to the unfiltered patterns p and ¢. This is due to the fact that both
the image noise and the filtering cause a perturbation in the global minimum of the function
f(\) = |lg — pal|?, which represents the distance between the target pattern ¢ and the trans-
formed versions of the reference pattern p. Note that the overall error in the transformation
parameter estimation is ||Ae — Ao and it can be upper bounded as

||5\€ - )‘OH S ||;\e - 5\OH + ||5‘o - /\OH'

Here, the first error term ||, — A,|| results from the linearization of the manifold, whereas the
second error term ||A, — Ao|| is due to the shift in the global minimum of the distance function
F(\). The second error term || A, — A, || depends on the geometric transformation model. In our
recent work [12], this error is examined for the transformation model of 2-D translations and
its dependence on the noise level and low-pass filtering is studied. In this study, we analyze
how the linearization of the manifold affects the estimation of the transformation parameters for
generic transformation models. Therefore, we focus on the first error term || A, — A, || associated
particularly with the registration of the images using the tangent distance, and examine its
variation with the noise level and the filtering process. The error term Hj\e - 5\o|| caused by
the manifold linearization is in general expected to be dominant over the error term [|A, — Ao|
unless the reference parameters A, are really close to the optimal parameters A,.
The filtered target pattern can be decomposed as

g=p;, +tn

where the noise pattern 7 is orthogonal to the tangent space T;\OM(}%) at ps . Let 0i; P and K
denote the second order derivatives and the curvature bound parameter of the manifold M(p).
Then, from Theorem 1, the alignment error obtained with the smoothed patterns can be upper
bounded as [|Ae — Ao|| < E, where

B =K (16500)) (; tr((Gig (An)]) 80 = Al + VA 1] 13 —m). (14)

9



In order to analyze the variation of E with filtering and noise, we examine the dependence of
each term in the expression of £ in (14) on the filter size p and the initial noise level v of the
unfiltered target image. First, the curvature parameter IC of the smoothed manifold is given by
K= max sup|d;pal-
B,j=1,,d \eA

Hence, if a uniform estimate that is valid for all A and (4, j) can be found for the rate of variation
of ||0;; pal| with the filter size p, the curvature parameter K then also has the same order of
variation with p.

Next, the metric tensor of the smoothed manifold is given by g}j(Ar) = (0; Px,., 05 Px,.), and
its trace is

d
tr([Gij(Ar)]) = Z 10 P, I

Therefore, if the variation of ||; py,||?> with the filter size p can be characterized uniformly (in
a way that is valid for all A\, and i), the trace tr([@j()\r)}) of the metric tensor will also have
the same order of variation with p as [|9; px, [|*.

The smallest eigenvalue Apin ([QZJ(AT)]) of the metric tensor is also expected to have the
same variation with p. This can be observed, for instance, by decomposing the metric tensor
into its diagonal and off-diagonal components and regarding the off-diagonal component as a
perturbation on the diagonal one. The smallest eigenvalue Ay, ([QZJ(AT)}) can then be lower
bounded as in [13] in terms of the smallest diagonal element min, ||3; p», > and the spectral
radius of the off-diagonal component of the metric tensor consisting of the terms (0; px,., 0; Pa,.)-
As the variation of the off-diagonal elements is upper bounded by the variation of the diagonal
elements due to Cauchy-Schwarz inequality, the smallest eigenvalue Ay, ([Qlj (Ar)]) decays with
p at the same rate as ||0; px, %

Finally, the norm ||72|| of the noise component of ¢ depends on both the filter size p and the
initial noise level v before filtering.

We study now Equation (14) in more details and derive first a relation between the norms
10: Ball, 110:5 Da|| of the first and second-order manifold derivatives and the norms || Ny ||, || Npp||
of the gradient and Hessian magnitudes of the filtered reference pattern p. We state the depen-
dences of || Nyp|| and || Npp|| on the filter size p in Lemma 1, which is then used to obtain the
variation of the manifold derivatives ||0; pa||, [|0s; Pall with p in Corollary 1. Next, we establish
the dependence of the norm ||7i]| of the noise component on p and v in Lemma 2. Finally, all
of these results are put together in our main result Theorem 2, where we present the rate of
variation of the alignment error bound E with the filter size p and the initial noise level v of
the target image.

3.2.1 Analysis of ||0;p,|| and ||0;; Pl

Let us begin with the computation of the terms ||0; pa|| and [|9;; px||. First, from the relation
(1), we have

pA(X) = p(X')
where X’ = a,(X). Let us denote the transformed coordinates as X’ = [z’ ¢']7 and write the
derivatives of the transformed coordinates with respect to the transformation parameters as

]T

oz’ oy’ 924 82y’
= ) = oyl = 7 Ry —
Gr=on M=o YT =gnane %Y T o
Also, let
0.px) = 25| a0 = 2K
9r |x_x 9 |x—x
9? p(X) 9? p(X) 9? p(X)
XI = ——— X/ —_ - 7 X/ _
Oz P(X') 02 ‘X_X/ ) Oy p(X") 9z Oy ‘X_X’ ) Oyy p(X) 02 |x_xi
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denote the partial derivatives of the reference pattern p evaluated at the point X’. Then, the
derivatives of the manifold M(p) at py are given by

9 pa(X) = 0, p(X")0; 2" + 9, p(X")0; o/
aij J2N (X) = Ops p(X/) 0; x’f)j '+ ﬁzy p(X’) (81 l’/aj y/ + ﬁj $’6¢ y/) + 6yy p(X/) 0; y’aj y/
+ 9. p(X') 035 2" + 9y p(X") 035 v/

One can generalize this to the smoothed versions p of the reference pattern as

9; PA(X) = 0 p(X") 0 " + 0y H(X")0; y'
81']' ﬁA (X) = Oy ﬁ(X/) 0; I/aj x + Bzy ﬁ(X/) (6‘1 I’/aj y/ + 3j x’@i y/) + ny ﬁ(X/) 0; y’(’)j y/ (15)
+ 9. p(X') 03" + 9y p(X") D35 v/

Notice that, in the above equations, the filtering applied on the reference pattern influences
only the spatial derivatives of the reference pattern (0, p, Oy D, Orz D, Oy D, Oyy D), Whereas
the derivatives of the transformed coordinates (9; ', 9;y', 0;; «', 0;;y') depend solely on the
transformation model A and are constant with respect to the filter size p. Therefore, the variation
of ||0; pall and [|0;; px|| with p is mostly determined by the variation of the spatial derivatives
of the pattern with the filter size. We denote the gradient of p as

VH(X) = [02 (X) 8 B(X)]T
and the vectorized Hessian of p as

(h)(X) = (00 D(X) Oy HX) Duy H(X) Dyy H(X)]T (16)

We then define the functions Nyp, Npp: R? — R
Nyp (X) = [[Vp(X)], Nipp (X) = || (hp)(X)]]

which give the ¢?-norms of the gradient and the Hessian of p at X. Since we assume that
the spatial derivatives of the pattern are square-integrable, the functions Nyp and Npp are in
L?(R?). The equations in (15) show that the first derivatives of the manifold are proportional
to the first derivatives of the pattern; and the second derivatives of the manifold depend linearly
on both the first and the second derivatives of the pattern p(X). One thus expects the L?-norms
of the manifold derivatives to be related to the L?-norms of Nyp and Npp as

19: all = O ([ Nwpl|)

i i ) (17)
1055 DAl = O ([ Nwpll + | Nnpll)

from the perspective of their dependence on the filter size p. These relations indeed hold and
they are formally shown in Appendix B.1.

Since we have established the connection between the manifold derivatives and the pattern
spatial derivatives, it suffices now to determine how the spatial derivatives | Ny p| and || Npp||
depend on the filter size p. In order to examine this, we adopt a parametric representation of
the reference pattern p in an analytic dictionary. Let

D={¢y:v=(,7s,7y,00,0,) €T} C L*(R?) (18)

be a parametric dictionary manifold such that each atom ¢, in D is derived from an analytic
mother function ¢ by a geometric transformation specified by the parameter vector y. Here
® is a rotation parameter, 7, and 7, denote translations in x and y directions, and o, and
oy represent an anisotropic scaling in x and y directions. The dictionary is defined over the
continuous parameter domain I', and an atom ¢, is given by

¢y (X) = ¢(o7 UTH(X — 7)), (19)

11



where

=[5 al e [ae w7 2

denote respectively the scale change, rotation and translation matrices defining the atom ¢,. We
may consider that the parameter domain I' is defined over the range of parameters ¢ € [0, 27),
7o, Ty € R, and 0,0, € RT. It is shown in [14] (in the proof of Proposition 2.1.2) that the linear
span of a dictionary D generated with respect to the transformation model in (18) is dense in
L?(R?) if the mother function ¢ has nontrivial support; i.e., unless ¢(X) = 0 almost everywhere.

In our analysis, we select the generating mother function as the Gaussian function ¢(X) =
e=X"X_ The Gaussian function has good time-localization properties, it is easy to treat in
derivations due to its well-studied properties, and it ensures that Span(D) is dense in L?(R?).
Therefore, any pattern p € L?(R?) can be represented as the linear combination of a sequence
of atoms in D. In the rest of our analysis, we adopt a representation of p in D

pX) = crda(X) (21)
k=1

where ~; are the atom parameters and c; are the atom coefficients. Our derivation of the
variations of ||Nyp| and || Npp| is based on this representation and we use some properties of
Gaussian atoms in our analysis. Nevertheless, the conclusions of our analysis are general and
valid for all reference patterns in L?(R?) since any square-integrable pattern can be represented
in the Gaussian dictionary D.

Now, applying the Gaussian filter in (7) on the reference pattern in (21), we obtain the
filtered pattern as

oo

(60 P)(X) = % S ek (B * dr) (X)

1
mp? k=1

from the linearity of the convolution operator. In order to evaluate the convolution of two
Gaussian atoms, we use the following proposition [15].

Proposition 1. Let ¢, (X) = ¢(o7 ' U7 (X —11)) and ¢,(X) = (051 U5 (X — 7). Then

m|o109]

(¢“/1 * ¢’Y2)(X) = ¢73 (X) (22)

|os]

where
Prs (X) = P05 U5 (X — 7))

and the parameters of ¢~, are given by

2q—1 2 -1 2.1
7'3:7'1+T2, \11303\1/3 :\11101\1/1 +\I/202\I/2 .

Proposition 1 implies that, when an atom ¢., of p is convolved with the Gaussian kernel, it

becomes ) | |
(% 3 )(X) = 21 s, (X)) (23)

TP |G|

where ¢s, (X) = ¢(6;, " . (X — 7)) and
%k:Tk, \i’k:\lfk, &k: T2+O']%. (24)

Hence, when p is smoothed with a Gaussian filter, the atom ¢, (X) with coefficient ¢, is replaced
by the smoothed atom ¢5, (X) with coefficient

A |0k‘ _ |Uk| Ox,k Oy,k

Ck = 1~ Ck = Cr = Ck
ol VIRl (02402 )02 + 02 )

(25)
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where o}, = diag(oa,k, oyx). This shows that the change in the pattern parameters due to
filtering can be captured by substituting the scale parameters o with 6; and replacing the
coefficients ¢, with ¢é;. Then, the smoothed pattern p has the following representation in the
dictionary D

BX) = e s, (X). (26)
k=1
One can observe from (25) that the atom coefficients ¢ of the filtered pattern p change with

the filter size p at a rate
& =0((1+p")7). (27)

Also, from (24), the atom scale parameters of p are given by

(}r,k 1/ Jg,k + pza &y,k 1/ 05,]{: + p2 (28)

which have the rate of increase
Gaky Oyr = O((1+ p*)'/?) (29)

with the filter size p.
We are now equipped with the necessary tools for examining the variations of | Nyp|| and
INnp|| with the filter size p. We state these in the following lemma.

Lemma 1. The norms ||Nvp|| and ||Nnp|| of the first and second-order variations of the pattern
decrease with the filter size p at the following rates

INvall = O((1 +p*)7")
INwpll = O((1 + p*)=*).

The proof of Lemma, 1 is given in Appendix B.2. The above dependences are shown by deriv-
ing approximations of || Nyp|| and || Npp|| in terms of the atom parameters {~;} and coefficients
{ck}. Their variations with the filter size p are then determined by building on the relations (29)
and (27). The lemma not only confirms the intuition that the norms of the pattern gradient
and Hessian should decrease with filtering, but also provides expressions for their rate of decay
with the filter size p.

An immediate consequence of Lemma 1 is the following.

Corollary 1. The norms ||0; prll, 110:; Ball of the first and second-order manifold derivatives
decrease with the filter size p at the following rates

10: oAl = O((1 +p*)71)
1082l = O ((1+ )72+ (14 7).

Proof. The corollary follows directly from Lemma 1 and the relation between the manifold
derivatives and the pattern derivatives given in (17). O

Note that for large values of p, the second additive term of O(1+p?)~! in ||0;; pa|| dominates
the first term of O(1+4 p?)~3/2, therefore ||9;; pa|| = O((1+ p?) 1) for large p. However, we keep
both additive terms in ||0;; x| as we will see that the first term is important for characterizing
the behavior of the alignment error bound for small values of the filter size. Corollary 1 will be
helpful for determining the dependences of the curvature bound K and the parameters related
to the metric tensor ,C';Z-j on the filter size. We will use it in our main result of Theorem 2.
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3.2.2 Analysis of ||n|

In the following lemma, we summarize the dependence of the noise level ||72]| in the filtered target
pattern, on the noise level v in the original target pattern and the size p of the smoothing filter.

Lemma 2. The distance ||nn]| between the filtered target pattern ¢ and the transformation man-
ifold M(p) of the filtered reference pattern p has a rate of variation of

il = O (v + 1)1+ p)712)

with the filter size p and the initial noise level v for geometric transformation models that allow
the change of the scale of the pattern p. The variation of ||fi|| is however given by

il = O (v(1+ p*)~1/2)
if the geometric transformation model does not include a scale change.

The proof of Lemma 2 is given in Appendix B.3. The presented dependences are obtained by
deriving a relation between the norm of the noise component n = §—p 5, and the filtered version
71 of the initial noise component n = ¢—p,,. The lemma states that ||72|| decreases with the filter
size p at a rate of O ((1 +p%)7Y 2). Meanwhile, its dependence on the initial noise level v differs
slightly between transformation models that include a scale change or not. The noise term |||
increases at a rate of O(v) for transformations without a scale change; however, transformations
with a scale change introduce an offset to the initial noise level to yield a variation of O(v 4 1).
This is due to the following reason. The initial noise level before filtering is given by the norm of
n =q — py,, where py, € M(p). Meanwhile, when the transformation model X includes a scale
change, the actions of filtering and transforming a pattern do not commute, and the filtered
version py. of py, does not lie on the transformation manifold M(p) of the filtered reference
pattern p (see Appendix B.3 for more details). The “lifting” of the base point py. of ¢ (with the
decomposition § = px. + ) from the manifold M(p) further increases the distance between §
and M(p), in addition to the deviation 7. The overall noise level in case of filtering is therefore
larger than the norm of the filtered version 7 of n. Note that, for transformations involving
a scale change, even if the initial noise level v is zero, which means that ¢ € M(p), we have
G ¢ M(p) after filtering. This creates a source of noise when the filtered versions of the image
pair are used in the alignment.

3.2.3 Analysis of E

We are now ready to present our main result, which states the dependence of the alignment
error E on the initial noise level of the target pattern and the filter size.

Theorem 2. The alignment error bound E obtained when the smoothed image pair is aligned
with the tangent distance method is given by

E=F + By
where the error component E; resulting from manifold nonlinearity decreases at rate
Ey=0(1+(1+p)712)

with the size p of the low-pass filter kernel used for smoothing the reference and target images.
The second component Eo of the alignment error associated with image noise has the variation

By =0 ((w+1) (1+p)'"?)

with the filter size p and the noise level v if the geometric transformation model includes a scale
change. The variation of Eo with p and v is

Ey=0 (1/ (1+ p2)1/2)

if the geometric transformation model does not change the scale of the pattern.

14



Proof. Remember from (14) that the alignment error bound is given by
E=F) + E,
where the error terms
El =35 ]C )\mlln ([QZJ(AT)]) tr([gij(Ar)]) Hj‘o - )‘T”%
Ey = \f K At (G O] 170 A6 = Aclh

(30)

are associated respectively with the nonzero manifold curvature (lifting of the manifold from
the tangent space) and the noise on the target image. Also, remember that the variation of K
with p is the same as that of ||0;; pa||, and that Amin ([_C';” (Ar)]) and tr([Gi;(\)]) have the same
variation with p as ||0; py, ||?. Hence, using Corollary 1, we obtain

IC )\mlln ([gAZ]()\T)D
w([G(A)]) = O((1+p")7") (32)

0 (1 + 1+ pz)*l/"‘) O(1 + p?) (31)

which gives
Ei=0 (1 + 1+ pz)*W) .

Then, from Lemma 2 and Equation (31), we determine the variation of F as
By =0 (w+1)(1+p)"2) 0 (14 (1+ )7 2) 0 (v + 1) (14 9)'2)
for transformations involving a scale change, and as
By =0 (v(1+%)2) 0 (14 (14 p%)72) 2 0 (v (1 + )2
for transformations without a scale change, which finishes the proof of the theorem. O

Theorem 2 can be interpreted as follows. The first error component El related to manifold
nonlinearity is of O (1 + (14 p?)~/2). Since filtering the patterns makes the manifold smoother
and decreases the manifold curvature, it improves the accuracy of the first-order approximation
of the manifold used in tangent distance. Therefore, the first component of the alignment
error decreases with the filter size p. Then, we observe that the second error component Ey =
O((v+1)(1+p*H)Y %) resulting from image noise, is proportional to the noise level, as expected,
but it also increases with the filter size p. The increase of the error with smoothing is due to
the fact that filtering has the undesired effect of amplifying the alignment error caused by the
noise. This result is in line with the findings of our previous study [12], and previous works such
as [16], [17] that examine the Crdmer-Rao lower bound in image registration. This is discussed
in more detail in Section 5.

The dependence of the overall alignment error on the filter size can be interpreted as fol-
lows. For reasonably small values of the image noise level, the overall error F first decreases
with the filter size p at small filter sizes due to the decrease in the first term Ej, since filtering
improves the manifold linearity. As one keeps increasing the filter size, the first error term
Er=0 ( + (14 p*)"V 2) gradually decreases and finally converges to a constant value. After

that, the second error term E» takes over and the overall alignment error E starts to increase
with the filter size. The amplification of the registration error resulting from the image noise
then becomes the prominent factor that determines the overall dependence of the error on the
filter size. As the alignment error first decreases and then increases with filtering, there exists
an optimal value of the filter size p for a given noise level v. In the noiseless case where v = 0,
our result shows that applying a big filter is favorable as it flattens the manifold, provided that
the transformation model does not involve a scale change. Meanwhile, for geometric transfor-
mations involving a scale change, there exists a nontrivial optimal filter size even in the noiseless
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case v = 0, which is due to the secondary source of noise discussed in Lemma 2 arising in such
transformation models.

The results obtained in this section provide a characterization of the alignment error of the
tangent distance method in multiscale image registration. The understanding of the behavior
of the error in case of low-pass filtering provides a means for optimizing the performance of the
tangent distance algorithm by adapting the filter size to the characteristics of the image data. In
the next section, we examine the implications of our findings in hierarchical image registration
applications.

3.3 Convergence analysis of tangent distance

We now use the results obtained in Sections 3.1 and 3.2 to analyze the convergence behavior of
the tangent distance method in a general setting where the target image is a noisy transformed
version of the reference image. We first examine the conditions under which the tangent distance
converges to the correct solution at a single scale without filtering. We then generalize this to the
convergence of the coarse-to-fine tangent distance method and derive some practical guidelines
for optimal filter selection in each scale of the hierarchical alignment process.

3.3.1 Convergence of the single-scale registration algorithm

Consider that the tangent distance method is applied in an iterative manner, starting with the
reference parameter vector A\, and then refining it gradually by taking the estimate from the
previous iteration as the reference transformation parameter vector in each iteration. In this
way, we obtain a sequence of estimates A%, AL, ... A¥ where the initial estimate is A0 = A, and
each subsequent estimate A\* is computed by linearizing the manifold around the point given by
the previous parameter estimate A1,

First, based on the alignment error bound (13) in Theorem 1, we define the following geo-
metric constants on M(p):

Cy = igx/tr([gz‘j()\)]) ; Cy:=K sup Amin ([Gi;(N)])- (33)

The parameter C] is a constant bounding the magnitude of the tangent vectors since it scales
with the supremum of the tangent norms. Similarly, the parameter C5 is a normalized curvature
constant, as the inverse of the metric tensor [G;;(A)] normalizes the inner products with tangent
vectors in the least-squares estimation of transformation parameters in (6). The geometric
constants C7 and Cs thus bound the magnitudes of the first-order and second-order variations
of the manifold.

In the next theorem, we focus on a single-scale setting where no filtering is done throughout
the iterations. We state conditions guaranteeing that the estimates A%, AL,..., A\¥ converge to
the optimal transformation parameters A,.

Theorem 3. Let the product of the noise level v and the curvature constant Cy be upper bounded

as follows

1

Furthermore, let

2 1
o =M < & (25 - 7) )

denote an upper bound on the distance between the reference transformation parameters A, and
the optimal transformation parameters A,. If the initialization of the tangent distance algorithm
1s sufficiently accurate to satisfy the above upper bound, then the successive estimates given by
the iterative application of the tangent distance method at a single scale converge to the optimal
solution A\,

lim AF =\,

k—o00
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Theorem 3 is proved in Appendix C.1 by using the error bound in Theorem 1. Theorem 3
can be interpreted as follows. First, we observe from the condition in (34) that the noise level -
curvature product must be below a certain level to recover the correct solution. It has been seen
in Theorem 1 that the alignment error is affected by both the manifold nonlinearity and the
noise level. The condition (34) thus excludes the case where both the curvature and the noise
level take large values, in order to ensure that the tangent distance method yields an accurate
estimation.

Next, the inequality (35) implies that the accuracy of the initial solution must satisfy

||A0—Ar||<o(,1c—u).

This condition requires the initial alignment error to be inversely proportional to the manifold
curvature in a noiseless setting. Meanwhile, in a noisy setting, the increase in the noise level
also brings a restriction on the accuracy of the initial solution )\, in order to preserve the
convergence guarantee. In particular, the initialization error |\, — A.|| must decrease linearly
with the increase in the noise level v. The overall dependence of the initialization error ||A, —Ar||
on K and v is intuitive in the sense that, as the curvature of the manifold approaches 0, the
accuracy of the linear approximation of the manifold increases, and the tangent distance method
can recover the correct solution for arbitrarily large values of the initialization error even in the
presence of noise.

3.3.2 Convergence of the coarse-to-fine registration algorithm

We now study the convergence of the tangent distance method when it is implemented in a hier-
archical coarse-to-fine manner, with image filtering at each successive level. Let the estimation
A% be obtained by linearizing the manifold around the point corresponding to the parameter
Ae=1 as above. Consider however that, in iterations 1,2,...,k, the reference and the target
images are filtered with low-pass Gaussian filters of size p1, p2, ..., pr. We would like to investi-
gate under which conditions the hierarchical alignment process converges to the correct solution.
Additionally, we would like to derive practical guidelines for selecting the size of the filters in
hierarchical alignment algorithms.

First, we observe from (30) that the alignment error in iteration k can be upper bounded as
follows:

min

VAR A, (G AN N7l Ao — Ae o

min

I = Soll 5 K hy (GO or((Gs &) 13, — M2

Ignoring the small perturbation || A, — Ao|| due to filtering in the projection of the target pattern
onto the manifold, we can approximate A, =~ X,. Also, bounding the ¢'-norms in the above
expression in terms of ¢?-norms, we obtain

INE = ol <R A, (G O8 ) y/ee([G 08 ) 18 — A2

min

+dK A7} ([QAU(AS_I)]) ][ A0 = AEH-

min

(36)

Remember that, for any fixed A € A, the terms K A7} ([Q,J(A)]) and \/tr([Gi;(\)]) have a
variation with the filter size p as given in (31) and (32). Moreover, at p = 0, the definitions in
(33) give the suprema of these terms attained over A. From these two relations, we deduce that

the following inequalities

tr([Giy(N)]) < B0y (L+p°) 7!

i i (37)
K Ain ([Gi;(V)]) < 520 (1 + (1+ pz)*l/z) (1+p%)
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hold for some constants (3; and (2. The above expressions capture the dependence of these two
terms on the filter size p as well as on the tangent magnitude and curvature constants C; and
C5. In the above inequalities, we omit the constants appearing in the exact variations of these
terms with the filter size for the sake of simplicity. From the definitions of Cy and Cs in (33),
we observe that taking 51 = 1 and 2 = 1/2 results in equalities in (37) for the case p = 0. In
the following, we adopt these values for the constants 8; and B5. Although this choice does not
guarantee the inequalities in (37) for all values of p, this approximation simplifies our analysis
and allows us to obtain an approximate expression for the variation of the alignment error with
the filter size p that holds up to a multiplication by a constant. Evaluating the expressions in
(37) at py, and using them in (36), we obtain

1
IAE = Aol S3dC1Cs (14 (L4 g2 7)Ao = AETY2 "
38
1 _ - _
+5dCo (14 (L4 p)72) (14 ) [l 20 — X7

We now define an effective noise level parameter v, such that

S i 4 + v, if the transformation model includes a scale change
¢ | v otherwise

where v, is a constant that represents the secondary noise term seen in Lemma 2; it results
from the non-commutativity of filtering and scaling. Using the result in Lemma 2, we can
approximate the noise term ||72|| in iteration k as

17| = ve (14 p7)~"/2.
Finally, using this relation in (38) gives the following upper bound Ej for the alignment error
in iteration k

IXE = Aol < Ei

where
Ep = 71dc C (1 1 2 1/2 Ao — )\k H2
k - 1 12 + ( + pk) H o e ||

(39)
1 _ -
g dCove (1 (Lp2)™7) (14 7) 220 = A

We proceed by determining the optimal value of the filter size py to be used in iteration k.
From (39), we obtain the value of p that minimizes Ej, as follows.

Cillho — A 17
= _—— 1 if — > — 4
Pk \/ 5 P (40)
2
pp = 0 i A — AT < 222 (41)
Ch

This indicates that the optimal filter size must be chosen large if the current estimation error
Ao — Ai=1|| at the beginning of iteration k is large. The noise level of the target image also
influences the optimal filter size. It must be chosen inversely proportional to the square root
of the noise level, because of the increase of the alignment error with filtering. The above rela-
tions provide a justification of the strategy of reducing the filter size gradually in coarse-to-fine
alignment, since the successive estimates {\¥} approach the optimal solution progressively and
the estimation error ||\, — A¥|| decreases throughout the iterations of the hierarchical alignment
algorithm. In particular, the result in (40)-(41) shows that, when the estimation error decreases
below a threshold that depends on the noise level, it is better to stop filtering the images and
to use their original versions in the alignment process.

Now it is easy to generalize our result in Theorem 3 to convergence conditions for the coarse-
to-fine tangent distance method.
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Corollary 2. Let the product of the effective noise level v, and the curvature constant Co be
upper bounded as follows

1
Ve 02 < E (42)

Furthermore, let the initialization error of the hierarchical tangent distance algorithm be bounded

as
2 1

o =2 < & (a5 ) (43)

Then, if the filter size px in each iteration is chosen to be between 0 and the optimal filter size
given in (40)-(41), the successive estimates of the hierarchical tangent distance method converge

to the optimal solution
lim \* = )\,
k—o0

The proof of Corollary 2 is given in Appendix C.2. The corollary builds on the observation
that the above selection of the filter size yields an error that is not larger than the error obtained
by applying no filtering and then follows the same lines as in the proof of Theorem 3.

In a practical implementation of the tangent distance method, it is not easy to exactly
compute the optimal value of the filter size in (40)-(41) since the alignment error ||\, — A¥|| in
an arbitrary iteration is not exactly known. However, using our results, we can deduce a suitable
rule for updating the filter sizes py in practice. As shown in the proof of Corollary 2, if the
noise level and the distance between the reference and optimal transformation parameters are
sufficiently small, the alignment error upper bounds {E}} in the iterative registration process
decay at a geometric rate such that

Ep < aEj_q, (44)

where 1
o = idCﬁCQEO +d I/eCQ <1 (45)
and Ey = ||\, — \r|| denotes the initialization error. Now, from (44), the alignment error bound

E}, in iteration k is bounded as Ej, < o* Ey, which gives
Ao — M|l < B < ¥ By = a¥||r, — A2

Due to the relation ||\, — A¥|| < o¥||\, — A|| for all k, one may expect the actual alignment
errors ||\, — A¥|| to decay at the same rate o as well. Thus, a reasonable approximation for the
relation between the alignment errors in adjacent iterations is given by

1Mo = AN ~ a Ao = A7H.

Applying this approximation in the expressions of the optimal filter sizes in (40)-(41), we then
get the following for the update of the filter size

Pk R Va pr_1. (46)

Notice that, at the early stages of the alignment, the alignment error is large. Then, ignoring
the subtractive constant in (40) yields the above approximation. Meanwhile, in the late stages
of the iterative alignment, the error is small; the geometric decay of the filter sizes in the update
rule (46) makes p;, approach 0, which approximates well the selection py = 0 in (41).

The filter size update rule in (46) is in agreement with the common practice of reducing
the filter size in a geometric manner. While it is typical to reduce the filter size by a factor of
a = 1/2 in the implementation of hierarchical image registration algorithms [7], [10], we can
now reinterpret the selection of the factor « in the light of our results. First, an immediate
consequence of the linear proportion between the decay factor o in (45) and the curvature
parameter Cy is that « should increase with manifold nonlinearity. This is in agreement with
the expectation that applying large filters throughout the iterations improves the accuracy of the
linear approximation of the manifold. Similarly, the decay factor « is seen to increase linearly
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with the initialization error Ey. This shows that adapting « to the accuracy of the initial
solution helps to mitigate the influence of the initialization error, which propagates and affects
the estimates of the algorithm throughout the iterations. Finally, regarding the dependence of
the filter update strategy on the noise level, we observe the following. From (40), we observe
that the initial filter size p; in iteration 1 must be chosen as

_ [CiEy
L= 20,

Therefore, at small values of the noise level v,, one can begin with a relatively large filter size
p1 in the first iteration. The decay factor « takes a small value in this case, which is useful
for speeding up the convergence of the algorithm. On the other hand, at high noise levels, the
above expression for p; suggests that the initial filter size should be chosen small. The factor
«a becomes larger in this case; therefore, the decay in the filter size between adjacent iterations
needs to be slower.

We have studied in this section the convergence of the multiscale tangent distance method
and shown that the convergence of the algorithm is guaranteed if the noise level, the curvature
and the initialization error are sufficiently small. Moreover, we have shown that, in the coarse-
to-fine tangent distance method, the optimal choice of the filter size depends on the data and
transformation model characteristics. Providing an insight into the performance of multiscale
image registration, the results of this section can be used in devising effective tools for image
registration and analysis.

3.4 Analysis of the error in classification problems

We have so far studied the registration performance of the tangent distance method. Mean-
while, the tangent distance method is also used commonly in image analysis problems for the
transformation-invariant estimation of the similarity between a query image and a set of im-
age manifold models representing different classes. A typical similarity measure is the distance
between the query image and the class-representative transformation manifolds. Since the dis-
tances to the manifolds are computed by estimating the projection of the query image onto
the manifolds, the accuracy of the distance estimation is highly influenced by the accuracy of
the estimation of the transformation parameters. The classification performance is thus quite
related to the registration performance.

In this section, we study the link between the image classification and registration problems
and extend our results on the registration analysis to study the performance of the tangent
distance method in image classification. Consider a setting with M class-representative patterns

{p™}M_, whose transformation manifolds

M(p™) = {pi* : A € A} C L*(R?)

are used for the classification of query patterns ¢ € L?(R?) in the image space. We assume that
the correct class label [(g) of a query pattern ¢ is given by the class label of the manifold M (p™)
with smallest distance to it, i.e.,

I(q) = i — 47

(q) = arg e pin llg — P |l (47)
where

Am — M _ m
o = argmin g — p’|

is the optimal transformation parameter vector corresponding to the projection of ¢ on M(p™).

Our purpose is then to study in this context the performance penalty when the class la-
bel of a query pattern is estimated by employing first-order approximations of the manifolds.
Obviously, if the transformation parameters are estimated with an iterative application of the
tangent distance method (at a single scale or in a coarse-to-fine manner), the convergence guar-
antees to the optimal solution established in Theorem 3 and Corollary 2 ensure that the target
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pattern be correctly classified. Hence, in this section, we focus on the accuracy of classifying
a query image with a one-step application of the tangent distance method, i.e., by estimating
the transformation parameters {\2'} with a single linearization of each manifold, possibly by
filtering the target and reference images. We study the performance of classification in this
setting and its dependence on the choice of the filter size.

Let A" denote the estimate of A7* computed with the tangent distance method as in (6) by
linearizing the manifold M (p™) around a reference point with parameter vector AI*. The class
label of ¢ is then estimated with the tangent distance method as follows!

I(q) = arg omnin llg = pXe - (48)

{1,...M} |

Comparing the estimated class label in (48) and the true class label in (47), it can be
observed that the performance of classification depends on the accuracy of the estimation of the
transformation parameters. In particular, if the estimate ||g — p¥. || of the distance between the

query pattern and the manifold is sufficiently close to the true manifold distance ||g — p¥. | for

cach one of the manifolds, the estimated class label I(¢) in (48) is the same as the true class
label I(gq). Based on this observation, we study the classification performance of the tangent
distance method as follows. First, given a reference pattern p and a target pattern ¢, we derive
a relation between the distance estimation error

lla = pa,ll = llg —pa.|
and the alignment error ||A, — A¢|| in the parameter domain in the following lemma.

Lemma 3. The distance estimation error of the tangent distance method can be upper bounded
in terms of its alignment error as

g =pa,ll = llg = pacll| £ T Ao = Aclln, (49)

where T denotes the supremum of the tangent norms on M(p)

7 := max sup ||0;pal- (50)
i=1,...,d )egA

The proof of Lemma 3 is given in Appendix D.1. Lemma 3 provides a link between the
accuracy of the alignment measured in the parameter domain A, and in the ambient space
L?(R?), respectively. It shows that the distance estimation error can be upper bounded with a
linear function of the alignment error.

The relation in (49) suggests that one may expect the classification performance of the
tangent distance method to vary linearly with the accuracy of alignment in the parameter
domain. In order to construct a more precise relation, we now consider a setting where the
query images of class m have a distribution that is concentrated around the manifold M (p™).
We then examine the probability of correctly classifying ¢ based on the distance estimates given
by the tangent distance method.

Using the notation of Section 2.3, let

vj = llg —p,ll

denote the deviation of a query image ¢ from the manifold M(p?) of class j. Furthermore, let
q belong to class m. The distance of ¢ to M(p™) is the smallest among the distances of ¢ to
all manifolds; therefore, v,, < v; for all j # m. Let us assume that the distributions of the

Note that the class label of a query image can also be estimated by comparing its distance to the first-order
approximation Sxm (p™) of each manifold defined in (4). While Simard et al. use this subspace distance for classi-
fication [2], the estimate in (48) is also commonly used in image analysis problems (e.g., as in [7]). We base our
analysis on the definition in (48) since it is likely to give more accurate estimates, especially when it is generalized

to a multiscale setting as in (51).
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images belonging to different classes have bounded and non-intersecting supports around the
manifolds, so that the classification rule in (47) always gives the true class label. We can then
define the following parameters. Let

V= swp {llg—pl}
q: l(q)=m

denote the maximal distance of query patterns of class m to the manifold M(p™) of their own
class and

define a distance margin that is a measure of the minimum separation between different classes.
Finally, let 7, and K,, denote the suprema of the tangent norm and the curvature on the
manifold M(p™), as defined in (50) and (12) respectively. We then have the following result,
which provides an upper bound for the probability of misclassifying a target image of class m.

= i inf { — = llg — p7%
= min e llg =p3; 1l = llg = P35

Theorem 4. Let q be a query pattern of class m. Assume that the optimal transformation
parameters Ao aligning q with p"™ are within a A-neighborhood of the reference transformation
parameters N\ around which M(p™) is linearized, such that

A6 = ATl < A.
Then, the probability of misclassifying q with the tangent distance method is upper bounded as

1

D g Vi Ak, (9500) ( S (OD O] A2 4V Vye A)

P (iq) #1()) <

min 2

where d is the dimension of the manifolds and [G} (A\*)] denotes the metric tensor of manifold
M(p™) at the point corresponding to AI'™.

The proof of Theorem 4 is given in Appendix D.2. The above result is obtained by upper
bounding the probability of misclassification in terms of the distance estimation error. The
distance estimation error is linked to the alignment error in the parameter domain using Lemma
3, which is then upper bounded using Theorem 1.

Theorem 4 shows how the probability of misclassification when the manifold distances are
estimated with the tangent distance method, depends on the geometric properties of the mani-
folds and on the deviation A between the reference transformation parameters A" used in the
linearization of the manifold and the optimal transformation parameters AJ" corresponding to
the projection of ¢ onto the manifold. In particular, for any non-intersecting and bounded dis-
tribution of class samples, the misclassification probability increases at most linearly with the
increase in the manifold curvature and the maximal distance of the images to their own repre-
sentative manifold. The deviation A between the parameters used in the linearization and the
parameters corresponding to the exact projection affects the misclassification probability due
to its influence on the alignment accuracy. We also observe that better separation of manifolds
(i.e., increase in the distance margin €) reduces the probability of misclassification, as expected.

We now discuss the classification of images with the tangent distance method in a multiscale
setting and study the selection of the filter size in order to minimize the misclassification prob-
ability. Consider that the transformation parameters are estimated by filtering the query image
¢ and the reference images p". From (6), the following estimates {5\76”} are obtained for the
classes m = 1,..., M by registering the query image on each class manifold with the tangent
distance method . .

A = A (G O] (G — By 9 )

Here ,C';Z’ and 0; pY’ are respectively the metric tensor and the tangent vectors on the manifold
M(P™). Once the transformation parameters are estimated, we assume that the unfiltered
versions of the reference images and the query image are used in the computation of the actual
distances to the manifolds for estimating the class label of the query image. It is preferable to
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compare the distances in the original image space rather than the space of filtered images, as it
yields more accurate estimates. The class label estimate of the query pattern is thus given by

Foy .
(@) =arg g

[RRRE}

— ™ . ol
"y lg = P (51)
Repeating the steps in the proof of Theorem 4 by replacing the estimates {A\7*} with the

ones {5\21} obtained after filtering the reference and target patterns, one can upper bound the
misclassification probability as

P (i) # 1t0) = BT, Vak, ok, (@00 (5 /(@ 0wD A%+ Vv, A)

(52)
when the filtered images are used for estimating the transformation parameters. We have
neglected the perturbation ||A, — Ao|| due to filtering in the projection of patterns onto the
manifold. The above expression for the misclassification probability is in the same form as
the alignment error bound in (14); they only differ by a multiplicative factor (note, however,
that the value of this factor depends on the geometric properties of the manifolds through
the parameters 7,,, and €). Therefore, the misclassification probability bound has the same
non-monotonic variation with the filter size as the alignment error. Moreover, the optimal
value of the filter size that minimizes the alignment error is a minimizer of the misclassification
probability upper bound as well. In an image classification application where a one-step linear
approximation of the manifolds is employed, one may thus choose the optimal filter size by
minimizing the alignment error. The model parameters should then be selected with respect to
the expected characteristics of the data. The maximal distance V), is related to the internal
variation (noise level) of the data samples within the same class and depends on how well the
reference pattern p™ approximates the samples of its own class, whereas the parameter A can
be set according to the maximum amount of transformation that the data samples are likely to
undergo in the application at hand.

4 Experimental Results

4.1 Image alignment

We now present experimental results that illustrate our alignment error bounds. In all settings,
we experiment on three different geometric transformation models, namely a two-dimensional
translation manifold

M(p) = {Ax(p) : A = (ta, ty) € A}, (53)
a three-dimensional manifold given by the translations and rotations of a reference pattern
M(p) = {Ax(p) : A= (0,ts,t,) € A}, (54)

and a four-dimensional manifold generated by the translations, rotations and isotropic scalings
of a reference pattern

M(p) = {Ax(p) : A= (0,10, 1,,5) € A} (55)

In the above models, ¢, and ¢, represent translations in x and y directions, 6 denotes a rotation
parameter, and 3 is a scale change parameter. The parameters # and 3 are normalized versions
of the actual rotation angle # and scale change factor s, so that the magnitudes of the manifold
derivatives with respect to ¢, t,, 0, and 5 are proportional.

In all experiments, several target patterns are generated from a reference pattern by applying
a random geometric transformation according to the above models. The target patterns are then
corrupted with additive noise patterns at different noise levels v. For each reference and target
pattern pair (p,q), a sequence of image pairs (p,§) are obtained by smoothing p and ¢ with
low-pass filters with different kernel sizes p. Then, the target pattern § in each image pair is
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Figure 3: Alignment errors of random patterns for 2-D manifolds generated by translations.

aligned with the reference pattern p using the tangent distance method, where the reference
parameter vector A, is taken as identity such that p. = p. The experimental alignment error
is measured as the parameter domain distance |[Ae — Ao|| between the optimal transformation
parameter vector \, and its estimate .. Then, the experimental alignment error is compared
to its theoretical upper bound E given in Theorem 1. The curvature parameter K is computed
numerically in the implementation of Theorem 1.

In the first set of experiments, we experiment on 50 different reference patterns that consist
of 20 atoms randomly selected from the Gaussian dictionary D. The atom parameters are
randomly drawn from the intervals ¢ € [—m,7); 74, 7y € [—4,4]; 04, 0y € [0.3,2.3]; and the atom
coefficients are randomly selected within the range [—1,1]. Then, for each one of the models
(53)-(55), 10 target patterns are generated for each reference pattern. The transformation
parameters of target patterns are selected randomly within the ranges 6 € [—0.4,0.4]; lg,ty €
[—0.4,0.4]; and 5 € [0.4, 1.6]. The above ranges for the normalized rotation and scale parameters
0 and 5 correspond to the actual rotation angles § € [—0.04r,0.047] and scale change factors
s € [0.87,1.13]. Each target pattern is corrupted with a different realization of a noise pattern
that consists of 100 small-scale Gaussian atoms with random coefficients drawn from a normal
distribution, which represents a random noise pattern in the continuous domain. The noise
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Figure 4: Alignment errors of random patterns for 3-D manifolds generated by translations and
rotations.

patterns are normalized to match a range of noise levels v.

The results obtained for the transformation models (53), (54), and (55) are presented re-
spectively in Figures 3, 4 and 5, where the performance is averaged over all reference and target
patterns. In all figures, the experimental alignment errors and their theoretical upper bounds
are plotted with respect to the noise level v in panels (a) and (b), where the noise level v is
normalized with the norm ||p|| of the reference pattern. The same experimental errors and
theoretical bounds are plotted as functions of the filter size p in panels (c) and (d) of all figures.

The results of this experiment can be interpreted as follows. First, the plots in panels (a) and
(b) of Figures 3-5 show that the variation of the alignment error with the noise level v approaches
an approximately linear rate for large values of v both in the empirical and the theoretical plots.
This confirms the estimations £ = O(v), E= O(v+1) of Theorem 2. Next, the plots in (¢) and
(d) of the figures show that the actual alignment error and its theoretical upper bound decrease
with filtering at small filter sizes p, as smoothing decreases the nonlinearity of the manifold.
The error then begins to increase with the filter size p at larger values of p in the presence of
noise. This confirms that the filter size has an optimal value when the target image is noisy,
as predicted by Theorem 2. The shift in the optimal value of the filter size with the increase
in the noise level is observable especially in Figures 3 and 4, which is in agreement with the
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approximate relation between the optimal filter size and the noise level given in (40). Moreover,
in most plots, the optimal value of the filter size that minimizes the theoretical upper bound in
(d) is seen to be in the vicinity of the optimal filter size minimizing the actual alignment error
in (c¢), which shows that the theoretical bound provides a good prediction of suitable filter sizes
in alignment. The results also show that the variation of the alignment error with the filter size
approximately matches the rate £ = O ((1 + p2)1/2) ~ O(p) at large filter sizes in most plots.
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Figure 5: Alignment errors of random patterns for 4-D manifolds generated by translations, rota-

tions, and scale changes.

It is also interesting to compare the behavior of the alignment error between different trans-
formation models. To begin with, one can observe in Figures 3(c) and 3(d) that, for two-
dimensional translation manifolds, the alignment error and its theoretical bound asymptoti-
cally approach 0 when the filter size p increases in the noiseless setting ¥ = 0. The mono-
tonic decay of the error with filtering is expected since Theorem 2 predicts a variation of
E=0 (1 +(1 —|—p2)’1/2) for the noiseless case. Meanwhile, the convergence of the error to
0 for the specific transformation model of translations can be explained as follows. In this
special case, the variation of the second derivatives of the manifold with the filter size is given
by [|9;; all = O ((1 + p?)~3/2), which follows from the fact that the second derivatives of the
transformed coordinates in (15) vanish, i.e., 9;; ', 0;; ¥’ = 0. This gives the rate of decrease of
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Figure 6: Images used in the second set of experiments

the alignment error with p as £ = O ((1+ p?)~"/ ?) for translation manifolds in the noiseless
case. Therefore, the alignment error approaches 0 as p increases. Meanwhile, Figures 4(c) and
4(d) obtained with three-dimensional manifolds generated by translations and rotations show
that the experimental and theoretical alignment errors approach a nonzero value in the noiseless
case v = 0 as suggested by the prediction £ = O(1 + (14 p%)~1/2).

Lastly, we comment on the plots in Figure 5 obtained for four-dimensional transformation
manifolds generated by translations, rotations, and isotropic scale changes. One can observe
in Figures 5(c) and 5(d) that both the experimental alignment error and its theoretical upper
bound increase significantly with the filter size p in the noiseless case ¥ = 0 when transformations
include scale changes. This is due to the secondary source of noise demonstrated in Lemma 2.
Theorem 2 suggests that the error increases with filtering at a rate £ = O (v +1)(14p*)'/?)

at large values of p, which corresponds to a variation £ = O ((1 + p?)V/ 2) in the noiseless case.

We perform a second set of experiments on five real images, which are shown in Figure 6. The
images are resized to the resolution of 60 x 60 pixels, and for each image an analytical approxi-
mation in the Gaussian dictionary D is computed with 100 atoms. The dictionary is defined over
the parameter domain ¢ € [—7,7); 75,7y € [—6,6]; 05,0, € [0.05,3.5]. Two reference patterns
are considered for each image; namely, the digital image itself, and its analytical approximation
in D. For each one of the transformation models (53)-(55), 40 test patterns are generated for
each reference pattern by applying a geometric transformation and adding a digital Gaussian
noise image that is i.i.d. for each pixel. The geometric transformations are randomly selected
from the transformation parameter domain 6 € [—0.6,0.6]; t,,t, € [—0.6,0.6]; 5 € [0.1,2.1]. The
normalized rotation and scale parameters § and 5 correspond to the actual rotation angle and
scale change factors 6 € [—0.077,0.077] and s € [0.89,1.13]. The experimental alignment errors
||5\e — 5\0” are computed by aligning the target patterns with the reference patterns, for both
the original digital images and their approximations in the analytical dictionary D. The theo-
retical upper bounds E are computed based on the analytical representations of the reference
patterns. The alignment errors are plotted in Figures 7-9, which are averaged over all reference
and target patterns. Figures 7, 8, and 9 show the errors obtained with the 2-D, 3-D and 4-D
manifold models given respectively in (53), (54), and (55). In all figures, the alignment errors
of the digital images, the alignment errors of the analytical approximations of images, and the
theoretical upper bounds for the alignment error are plotted with respect to the noise level v in
panels (a)-(c), and with respect to the filter size p in panels (d)-(f).

The results of the experiment show that the behavior of the alignment error for digital image
representations is similar to the behavior of the error obtained with the analytical approxima-
tions of the images in D. They mostly agree with the theoretical curves as well. The plots
confirm that the increase in the alignment error with the noise level approaches an approxi-
mately linear rate at large values of the noise level as predicted by the theoretical results. The
variation of the error with filtering is also in agreement with Theorem 2, and different trans-
formation models lead to different behaviors for the alignment error as in the previous set of
experiments. Meanwhile, it is observable that the dependence of the alignment error E on the
filter size p in these experiments is mostly determined by its first component E related to man-
ifold nonlinearity, even at large filter sizes. This is in contrast to the results obtained in the first
setup with synthetically generated random patterns. The difference between the two setups
can be explained as follows. Real images generally contain more high-frequency components
than synthetical images generated in the smooth dictionary D. These are captured with fine,
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Figure 7: Alignment errors of real images for 2-D manifolds generated by translations.

small-scale atoms in the analytical approximations (the smallest atom scale used in this setup
is 0.05, while it is 0.3 in the previous setup). The high-frequency components increase the man-
ifold nonlinearity, which causes the error E to be the determining factor in the overall error.
In return, the positive effect of filtering that reduces the alignment error is more prominent
in these experiments, while the non-monotonic variation of the error with the filter size is still
observable at large noise levels or for the transformation model (55) involving a scale change.
The comparison of the two experimental setups shows that the exact variation of the error with
filtering is influenced by the frequency characteristics of the reference patterns.

The plots in panels (d)-(f) of the figures also show that, at small filter sizes, experimental
errors are relatively high and very similar for different noise levels, while this is not the case in
the theoretical plots. This suggests that numerical errors in the estimation of the tangent vectors
with finite differences must have some influence on the overall error in practice, which is not
taken into account in the theoretical bound. This error is higher for images with stronger high-
frequency components and diminishes with smoothing (see the study in [18] for example). Lastly,
one can observe that the alignment errors obtained with digital images are slightly larger than
the alignment errors given by the analytic approximations of the images. This can be explained
by the difference in the numerical computation of the tangent vectors in these two experimental
settings. The analytic representation of the images in terms of parametric Gaussian atoms
permits a more accurate computation of the tangent vectors, while the numerical interpolations
employed in the computation of the tangents in the digital setting create an additional error
source.

The overall conclusions of the experiments can be summarized as follows. The theoretical
alignment error upper bound given in Theorem 1 gives a numerically pessimistic estimate of the
alignment error as it is obtained with a worst-case analysis. However, it reflects well the actual
dependence of the true alignment error both on the noise level and the filter size, and the results
confirm the approximate variation rates given in Theorem 2. The theoretical upper bounds can
be used in the determination of appropriate filter sizes in hierarchical image registration with
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tangent distance.

4.2 Image classification

We now study experimentally the image classification performance when manifold distances are
computed with registration based on the tangent distance method.

In the first experiment, we classify a data set of synthetic images. We experiment on two
classes of images. The reference pattern of each class consists of 20 randomly chosen Gaussian
atoms such that 16 of the atoms are common between the two classes and 4 atoms are specific
to each class. This configuration has the purpose of simulating a setting where the distinction
between different classes stems from class-specific features, meanwhile different classes have
some common features as well, which poses a challenge for classification. We then generate a
set of test patterns that lie between the transformation manifolds of the two reference patterns.
The test patterns are generated such that their true class labels are given by the class label
of the closer manifold as in (47). We then classify the test patterns with the tangent distance
method by estimating the transformation parameters in one step using the low-pass filtered
versions of the reference and test patterns. The class labels of the test patterns are then
estimated as in (51). We conduct the experiment on the transformation models in (53)-(55)
and test the classification accuracy at different filter sizes. In Figures 10(a), 11(a) and 12(a),
the percentage of misclassified test patterns is plotted with respect to the filter size, for these
three transformation models respectively. Each plot is obtained by averaging the results of 400
repetitions of the experiment with randomly generated reference and test patterns. In order to
interpret the variation of the experimental misclassification rate with the filter size in light of
the results in Section 3.4, we define a function

T il (95020 (
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Figure 9: Alignment errors of real images for 4-D manifolds generated by translations, rotations,
and scale changes.

for the test patterns, where |7, | is the distance between the filtered test pattern ¢ and the
transformation manifold M (p™) of the filtered reference pattern representing class m. Compar-
ing the function in (56) with the misclassification probability bound in (52), one can observe that
they have the same variation with the filter size p, while it is easier to compute (56) experimen-
tally. As it provides a measure for the misclassification probability, we call the expression in (56)
the “misclassification likeliness” function. The average value of the misclassification likeliness
(56) is plotted in Figures 10(b), 11(b) and 12(b), respectively for the transformation models in
(53)-(55). Comparing panels (a) and (b) of Figures 10 - 12, we observe that the variation of
the experimental misclassification probability with filtering agrees with that of the analytical
misclassification likeliness (56). This shows that the misclassification probability upper bound
in (52) captures well the behavior of the actual misclassification probability. Furthermore, as
the misclassification likeliness is linearly proportional to the alignment error bound, we observe
that the classification performance of the tangent distance method is indeed closely related to
its alignment performance. The experimental results confirm that the misclassification proba-
bility has a non-monotonic variation with the filter size as predicted by the theoretical results
of Section 3.4, and the optimal filter size minimizing the misclassification probability is in the
vicinity of the filter size that minimizes the misclassification likeliness.

Next, we study the classification performance of the tangent distance method on a data
set of handwritten digit images taken from the MNIST database [19]. We experiment on the
images of the 2, 3, 5, 8, and 9 digits, each of which represents a different class. We randomly
choose a reference image among the training samples of each class. The test images are formed by
applying a random geometric transformation on randomly selected test samples in the database.
We classify the test images by estimating their distance to the transformation manifolds of the
reference images with the tangent distance method for different filter sizes as in (51). The
results obtained for the geometric transformation models in (53)-(55) are presented respectively
in Figures 13-15. Panels (a) and (b) of the figures show the experimental misclassification
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Figure 10: Classification results for random patterns and 2-D manifolds generated by translations.
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Figure 11: Classification results for random patterns and 3-D manifolds generated by translations
and rotations.

probability and the misclassification likeliness function (56), which are the average of 1000
repetitions of the experiment with different reference and test images. The behavior of the
experimental misclassification probability as a function of the filter size is seen to be similar
to that of the misclassification likeliness. Meanwhile, in contrast to the results obtained on
synthetic smooth patterns (Figures 10-12), the best classification performances are obtained at
large filter sizes for the digit images. This is in line with the results of the image alignment
experiments with real images in Section 4.1, where the error resulting from manifold nonlinearity
has been seen to be the determining factor in the overall behavior of the alignment error. Indeed,
the high-frequency components may be prominent in real images. Since the digit images used
in the experiments of Figures 13-15 also have quite nonlinear manifolds as a result of their
frequency characteristics, their misclassification rate, as well as their alignment error, reaches
its minimum value at large values of the filter size.

5 Discussion of Related Work

Although the tangent distance method is frequently used in image registration and image analy-
sis applications, to the best of our knowledge, its performance has not been theoretically studied
for general transformation models before. A brief overview of the related literature is as follows.
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Figure 13: Classification results for digit images and 2-D manifolds generated by translations.

We begin with the works that analyze the dependence of the alignment error on noise.
First, the study in [16] derives the Crdmer-Rao lower bound (CRLB) for the registration of
two images that differ by a 2-D translation. The CRLB gives a general lower bound for the
MSE of any estimator; therefore, the lower bounds derived in [16] are valid for all registration
algorithms that aim to recover the translation between two images. A Gaussian noise model
is assumed in [16], and the CRLB of a translation estimator is shown to be proportional to
the noise variance. One can consider the noise standard deviation in the analysis in [16] to
be proportional to our noise level parameter v, which implies that the alignment error has a
lower bound of O(v). Then, the study in [17] explores the CRLB of registration for a variety of
geometric transformation models and shows that the linear variation of the CRLB with the noise
level derived in [16] for translations can be generalized to several other models such as rigid,
shear and affine transformations. Being a generic bound valid for any estimator, the Cramer-
Rao lower bound is also valid for the tangent distance method. In our main result Theorem
2, the second component Es of the alignment error, which is related to image noise, increases
at a rate of O(v) with the noise level v for any geometric transformation model. Therefore,
the results in [16] and [17] are consistent with ours. Finally, let us remark the following about
the variation of Ey with the filter size. The studies [16] and [17] show that the CRLB of
transformation estimators increases when the magnitudes of the spatial derivatives of patterns
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decrease. Since low-pass filtering reduces the magnitudes of spatial derivatives, it increases the
MSE of estimators that compute the transformation parameters between an image pair. Similar
results can be found in our previous work [12], where we show that the error due to noise in
the estimation of 2-D translations with descent-type algorithms is amplified with filtering. Our
main result, which indicates that the error component E associated with image noise increases
with filtering, is in line with these previous works.

Next, the scope of the previous studies that examine the effect of manifold linearizations
(e.g., [16], [18], [20]) is confined to the context of gradient-based optical flow estimation. Indeed,
block-based optical flow estimation methods can be regarded as the restriction of the tangent
distance method to estimate 2-D translations between image patches. Our study differs from
these analyses in that it considers arbitrary transformation models while characterizing the
influence of the image noise on the alignment performance in a multiscale setting (by including
the effect of filtering in the analysis). We now briefly discuss some of these results in relation
with our work.

The work [16] studies the bias on gradient-based estimators, which employ a first-order
approximation of the image intensity function. The bias is the difference between the expectation
of the translation parameter estimates and the true translation parameters, and it results from
the first-order approximation of the image intensity function. It is therefore associated with the
first error term Ej in Theorem 2 in our analysis. Note that the second error term Fj results
from image noise and is related to the variance of the estimator when a zero-mean random
noise model is assumed. It is shown in [16] that the bias is more severe if the image has larger
bandwidth, i.e., if it has stronger high-frequency components. Hence, as smoothing the images
with a low-pass filter reduces the image bandwidth, it decreases the bias. The studies in [21]
and [18] furthermore report that smoothing diminishes the systematic error in the estimation
of the image gradients from finite differences in optical flow computation, as it reduces the
second and higher-order derivatives of the image intensity function. The results in [16] are
consistent with our analysis, which shows that the component of the alignment error associated
with manifold nonlinearity decreases with the filter size p. Our result is however valid not
only for translations, but for other transformation models as well. Moreover, it provides an
exact rate of decrease for the error, which is given by O ((1 +p?) Y 2) for translations, and
O (1 + (1+ p?)~1/2) for other transformation models. The analysis in [16] reports that the bias
due to series truncation has a polynomial dependence on the amount of translation. In the
bound given in Theorem 1, the alignment error term F; associated with manifold nonlinearity
is seen to be proportional to the square |\, — \.[|% of the distance between the transformation
parameters. This quadratic dependence is due to the fact that we have used a second-order
approximation of the transformation manifold; a higher-order approximation clearly yields a
polynomial dependence of higher-degree as obtained in [16].

Finally, the analysis in [22] studies the convergence of multiscale gradient-based registration
methods where the image pair is related with a 2-D translation. It is shown that, for sufficiently
small translations, coarse-to fine gradient-based registration algorithms converge to the globally
optimal solution if the images are smoothed with ideal low-pass filters such that the filter
bandwidth is doubled in each stage of the pyramid. However, this convergence guarantee is
limited to an ideal noiseless setting where the target image is exactly a translated version of the
reference image, whereas the convergence guarantee derived in our study is valid for also noisy
settings and arbitrary geometric transformation models.

6 Conclusion

We have presented a first complete performance analysis of the tangent distance method, which
uses a first-order approximation of the transformation manifold in the estimation of the geo-
metric transformation between a pair of images. We have first derived an upper bound for the
alignment error and analyzed its variation with the noise level and the size of the low-pass filter
used for smoothing the images in hierarchical registration algorithms. We have shown that the
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alignment error generally has a non-monotonic variation with the filter size due to the effects
of smoothing on the image noise and the transformation manifold curvature. We have then
used these results in order to establish some convergence guarantees for the hierarchical tangent
distance algorithm. We have also derived some guidelines to choose the filter sizes optimally
throughout the algorithm. Our results show that, in order to optimize the performance of the
hierarchical alignment method, the initial filter size in the beginning of the algorithm should
increase with the amount of transformation and decrease with the noise level. The optimal
geometric decay factor of the filter size (which is usually taken as 1/2 in practice) then in-
creases with the manifold curvature, the amount of transformation and the noise level. Finally,
we have studied the classification performance of the tangent distance method and shown that
the classification accuracy is expected to vary similarly to the alignment error. Our treatment
is generic and valid for arbitrary geometric transformation models, and the theoretical results
are confirmed by experiments. The presented study provides important insights for the un-
derstanding of multiscale registration methods that are based on manifold linearizations, and is
helpful for optimizing the performance of such methods in image registration and image analysis
applications.
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A Proof of the results in Section 3.1

A.1 Proof of Theorem 1

Proof. Now we derive the upper bound on the alignment error given in Theorem 1. First, notice
from (6) that the difference between the optimal and estimated transformation parameters is
given by

Ae — Ao = [gij()‘r)]_qu - p/\r,aip)u-)] - ()‘o - >‘7’)~

Using the second-order approximation of the manifold given in (11), one can write the target
pattern as
q=px, tn=pxr + 1, +Er, +0

where 4
I, = Z 8 pa, (N = AL) (57)
i=1
is the linear term and Y
1 . i . .

is the quadratic term in the expansion of py, around p,,. In particular, the linear component
Ix, € T, M(p) belongs to the tangent space of the manifold at py_, and k), is the component
of py, that represents the deviation of py, from the linear approximation Sy, (p) as a result of
curvature. The alignment error is thus obtained as

Ae = Ao = [Gij (A M {In, + Fa, + 71, 9ipa)] — (Ao — Ar)
= [Gi; A (x> Bioa)] — (Mo — Ar) (58)
+[Gij (M) [(kx, + 1, Oipa,)]-
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One can show from (2) that the orthogonal projection of a vector v € L?(R?) onto the subspace
TxM(p) is represented in the basis {9; px}&, with the coefficient vector

¢ =[G (N v, dipa)].

Therefore, in (58), the term [G;;(\)]"![(Lx,, 9ipx.)] corresponds to the coordinates of Iy, €
T\, M(p) in the basis {9;py, }{_,. However, one can observe from (57) that this coordinate
vector is given by A\, — A,.. Hence, using the equality

[gij()‘r)]_l[u)\w 0; p,\,,,>] = Ao — Ar

n (58), we obtain the alignment error as

Ae = Ao = [Giy A (K, Bipa)] + [Gi; ()] (n, Gipa,)]-

The above equality shows that the alignment error is given by the sums of the projections
of the quadratic component y, and the noise component n onto the tangent space T, M(p).
The norm of the alignment error can thus be upper bounded as

e = Aoll < [11Gi; A (s, 0i oA + [|[Gis (Ar)] " {my Bipa, )] - (59)

In the rest of our derivation, we proceed by finding an upper bound for the two terms in the
above expression. We begin with the norm of [G;; ()]~ [(kx,, 9;px,)]. We have

111G (A~ (kx, s 0 A < Amax ([Gi5 (A )_1) [[(Fa,s Bipa)]|
= Aatn (G5 O] [[[(Fx,» Dipa,)]

where Amax(:) and Apin(-) denote respectively the maximum and minimum eigenvalues of a
matrix. We have

J 1/2 4 1/2
[[(kx, Dipa)]|| = <Z|<HAO7 aipxr>|2> < <Z|HAO||2||31'PAT||2>

1=1 =1
= [k, 1/ tr([Gi; (Ar)])

which gives

1G5 A1 rng 0 pa | < A (Gis MDD 4/t (1G5 A0 15, - (60)

One can upper bound the norm of the quadratic term x,, as

S

i d d
1 % [ 1 [ 7 j
lkea, Il = 5 DD 0ia, (N = AN, = M) §ZZH3@ZMT|||)\O—)\TH)\Z—
i=1 j=1 i=1 j=1
1
<5 KA~ - Alli-

Using this in (60) we bound the norm of the projection of k), on T, M(p) as follows

11Gi ()] {x,s Oipa,) H<f K Ain (G O)D) /(1G5 (A0]) 1 = Aclf. (61)

Having thus obtained an upper bound for the first additive term in (59), we now continue with
the second term [|[G;;(A,)] ! [(n, 0;pa,)]||- First, remember from (10) that the noise component
n is orthogonal to the tangent space T, M (p) at py,. The term [G;;(N-)] " [(n, 9; p», )] represents
the coordinates of the projection of n onto the tangent space Ty, M(p) at py,. Due to manifold
curvature, there is a nonzero angle between these two tangent spaces; therefore, the orthogonal
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projection of n onto T\ M (p) is a nonzero vector in general. In the following, we derive an
upper bound for the magnitude of this projection by looking at the change in the tangent
vectors between the two manifold points py, and py,. Let us define

A; == 0;px, — 0ipa,
which gives the change in the i-th tangent vector between the points py, and py,. We have
[Gij NI, 952, 0] = [Gis A (ny 950, )] + 1Gis ()] (ny A)]

=[G (M) (n, A

since (n, O;py,) =0 forall i =1,---,d. We now derive an upper bound for the norm of A; as
follows. Let us define a curve

(62)

Pa) ¢ 10, 1] — M(p)

such that
At) = Ao+t — X))
Hence, px(o) = p», and py) = pa,. For each i =1,---,d we have
dazp)\(t) d)\]
0i px, = 0ipx, +/ = 9 px, +/ Zazgp,\(t)

= 0;pa, +/ Zawpw) (Ar = o) dt.

We thus get the following upper bound on ||A;||

1= / Za”pw A= do) di) = Z/ Oigpan(Ar = Ao’ dt
1
SZ/O 10:pa0) | 1O = Ao} | - < ZIC|()\T—)\O)J\
j=1 j=1

=K ”)‘r - /\0H1-
It follows from (62) that
1196 A, D pa | = [[1G: )] [, A < A (1G5 0D ([, A

where

d 1/2 d 1/2
litn. Ai>1||=<2|<n, Ai>|2> < (Zumm) .

Using the bound [|A;]| < K ||A — Ao[1 above we get
[l AN]| < KV v A = Aoy
which gives
111G A1 [, dpa M| < KKV v A, ([Ga 0]) 1A = Aol (63)

This finishes the derivation of the upper bound for the norm of the projection of the noise
component on Ty M (p). We finally put together the results (61) and (63) in (59) and get the
stated bound on the norm of the alignment error ||[A. — A, ||

e =l = K 3 (G5O (5 GO 180 =Ml +VE v 1o =2l )

which concludes the proof.
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B Proof of the results in Section 3.2

B.1 Derivations of ||0; p,|| and ||0;; p»|| in terms of pattern spatial deriva-
tives

As the pattern p and its derivatives are square-integrable, there exists a bounded support Q € R?
such that the intensities of p and its derivatives are significantly reduced outside ; i.e., 2

P(X), 0 p(X), OyP(X), Oze P(X), Oy P(X), Oyy p(X) =~ 0

for X ¢ Q. Since the coordinate change function a is C?-smooth, the derivatives of the trans-
formed coordinates are bounded over 2. Hence, there exists a constant M > 0 such that

10; 2|, 10:y/'|,10i; 2|, 10159 < M

foralli,57=1,---,d and X’ € Q.

Let us first clarify the notation used in the rest of our derivations. For a vector-valued
function g : R? — R”, the notation g denotes the function considered as an element of the
function space it belongs to, while the notation g(X) always stands for the value of g evaluated
at X; i.e., a vector in R".

We begin with the term ||0; px||. For all X, we have

10102 (X)] = [VBH(X')T0; X'| < [VA(X ) [10: X'
where 9; X' = [0; 2’ 9;y/]". Then, for X € a;*(Q), |9 pr(X)| can be upper bounded as
10 pA(X)| < V2M ||[VH(X')].

We thus get
||ai;aA||2:/ \8i13,\(X)\2dX:/ V(X T0; X' |2dX
RZ ]RQ

z/ |vga(X’)TaiX/\2dX§2M2/ _IveX|PPax
ay () ay (Q)

— o0s? /Q IVACX)|? | det(Day ) (X)] dX

where det(Da) )(X) is the Jacobian of the coordinate change function a; . In the above equa-
tions, when approximating the integration on R? with the integration on aKI(Q), we implicitly
assume that Vp(X')T9; X’ ~ 0 outside the inverse image of the support region . Such an
assumption is reasonable as the transformed coordinates X’ are typically polynomial functions
of the original coordinates X and their rate of increase with X is therefore dominated by the
decay of the image intensity function with X in a typical representation in L?(R?) such as the
Gaussian dictionary we use in this work, which is introduced in Section 3.2. Since the function
ay is a smooth bijection on R?, the Jacobian det(Daj')(X) is bounded on the bounded region
Q. Therefore, there exists a constant C' > 0 such that |det(Day')(X)| < C for X € Q. Hence,
we obtain

1/2
Josall < VARG ( [ 19p(x)IPax ) = VERIEC
R2

which shows that [|0; pa|| and || Ny p|| have approximately the same rate of change with the filter
size p; i.e.,

19: Al = O(INw2I)-

2 As filtering leads to a spatial diffusion in the intensity functions of the pattern and its derivatives, the size of
the support €2 in fact depends on the filter size p. However, for the sake of simplicity of analysis, we ignore the
dependence of ) on p and assume a single and sufficiently large support region €2, which can be selected with respect
to the largest value of the filter size used in a hierarchical registration application.
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Next, we look at the term ||0;; px|. From triangle inequality we have
105 DAl < [lvll + [lwl]
where
V(X)) = 0pa D(X') 0; 205 2" + 00y P(X') (0: 2"0; y' + 05 2'0; y) + By D(X') 01 y'0; '
w(X) = 0, P(X") O 2" + 0y P(X") 05 /.
Since w is in the same form as 0; Py, one can upper bound it in the same way.
[w|| < V2M2C |[Nvp]. (64)
We now examine the term ||v||. Defining the derivative product vector
B(X')=[0;2'0;2" 0;2'0;y 9;2'0iy 9;9'9;y']",
we have

[o(X)| = (hp)(X")" B(X)| < [[(hp) (X" IB(X")]].
At X € a,'(Q), the upper bound ||B(X")|| < 2M? yields

[o(X)| < 2M2 || (hp) (X))

Hence,

ol = [ l0Pax = [ 1)ee) Boe)Rax
~ / oy [P BOX P < an' / g NG
—4M4/ 1(hp)(X)|* | det(Day")(X)| dX < 4M4C/ I(hp)(X)||2dX
Q
and therefore
1/2
ol < 232VE ([ N0 (x)1Pax) =202V [Nl (65)
R2
Finally, putting together (64) and (65), we obtain the following upper bound on ||0;; pa ||
1955 D1l < 2M>VC ||Nwp|| + V2M2C | Nop||
which gives
i 1 = O(INwll + [|Nnpl)-

B.2 Proof of Lemma 1

Since the reference pattern consists of Gaussian atoms, the derivation of the norms of its gradient
and Hessian involves the integration of products of Gaussian atom pairs. Therefore, in our
analysis we make use of the following proposition, which gives the expression for the integration
of the product of two Gaussian atoms [15].

Proposition 2. Let ¢, (X) = ¢(aj—1 \Ilj_l (X — 7)) and ¢, (X) = ¢(0 ' U1 (X —71)). Then

[ 600 (xiax = %
R2

where

ik = |Ujgk| 17' —m)Te (- 7y
Q= T exp (5 = )" 55 (=) "

(¥, aj \1:; +U,op U1

DN =
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We now prove Lemma 1.

Proof. In order to determine the variations of | Nyp| and ||N,p| with the filter size p, we first
derive approximations for these terms in terms of the atom parameters of the reference pattern,
which makes it easier to analyze them analytically. We then examine the dependence of these
terms on p with the help of their approximations.

Derivation of | Nvp||

We begin with the norm || Nyp|| of the gradient magnitude. In order to lighten the notation,
we do the derivations for the unfiltered reference pattern p, which are directly generalizable for
its filtered versions. We have

INopl? = [ 19pOFax = [ ch Vo, (X (Z Vo, <X>> ax.
j=1 k=1
It is easy to show that the gradient V¢, (X) of the atom ¢, (X) is given by
Voo, (X) = =26, (X) ¥ 0,0 1 (X — 1)
which yields
(Vo (X)) Vo (X) = 465, (X) 5, (X) (X = 75)" 0] Ok(X — 74)
where ©; := U, a;Q\IJ;l. Putting this in the expression of || Nypl||?, we obtain
INwpI* =4 > cjen L (67)
j=1k=1

where

Ljx = /R Gryy (X)), (X) (X — 75)TOT O(X — 71) dX. (68)

The evaluation of the above integral would give the exact expression of Lj; in terms of the
atom parameters of p, which would however have a quite complicated form. On the other hand,
we are interested in determining the variation of L;; with filtering rather than obtaining its
exact expression. Hence, in order to make the derivation simpler, we approximate the above
expression for L, with another term fjk, which is easier to evaluate analytically and provides

an upper bound for Lj; at the same time. Let us denote the smaller and greater eigenvalues of
O; as
Lj = Amin(@j)a 'ﬂj = Amax(ej)-

From Cauchy-Schwarz inequality,
(X = 7)T07 0k(X = 7)| < [10;(X =) Ok(X = 7i)|| < 911X — 75| Okl|X — 7.

Using this in the expression of L, we get
Lit < 1Ll < [ 60,(X)00, (X) 0,00 1X = 7| = ] X

< Lj = 193'1916\/17\/5“

I = [ #,(0 X = Pax.

where
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Evaluating the above integral, we obtain

— s
L= Zloil (02,403,

This gives the following upper bound for L
T 2 2 \\1/2
Ljk = 19 O (logonl (035 + 0y )02, +o5) - (69)

Now, generalizing (67) to filtered versions of the reference pattern, we have
INvp|* = ZZé ek L (70)

We now determine the dependence of || Ny || on the filter size p. First, from (27), the coefficient
products have the variation
&er =0((1+p)7?) (71)

with the filter size. Next, we look at the term ﬁjk. Note that the low-pass filter applied on the
pattern p increases the atom scale parameters o, j, o, ; and therefore decreases the eigenvalues
of the matrices ©;, Oy in the exact expression for L;, in (68). Filtering also influences the
terms ¢, (X) and ¢, (X) in (68). The variations of these terms with p are captured in the
approximation fjk through the terms 9;, ¥y, fj, and Ly. Therefore, Lji, and fjk have the
same rate of change with the filter size p. From (69), the approximation ﬁjk of ﬁjk is given by

ik =

1/2

h>

00k (1656] (62, + 62.)(62 1 +624)) (72)

f
8
which is simply obtained by replacing the parameters o; and ¥; with their filtered versions ¢;
and ¢;. From (29), we have

Gajy Gy =O((1+p*)?)

656k = O((1 + p*)?) (73)
0; =max(6,7,6,7) =0((1+p*)7).

Putting these relations together in (72), we obtain

ik =O(1)

~

with respect to p. Combining this with the rate of change of the coefficient product é;éx in (71)
yields é;éxLjx = O((1 + p*)~2). Since each one the additive terms in the expression of || Nyp||?
in (70) has the same rate of decrease with p, the infinite sum also decreases with p at the same
rate. Therefore, we get | Nyp|? = O((1 + p?)~2), which gives
INvpl = O((1 +p*) 7).
Derivation of ||Npp||

We now continue with the norm || Npp|| of the Hessian magnitude. From (16),

(Np (X))* = [[(hp) OI* = (O P(X))? + 2(Day (X))? + (3 p(X))*.

Hence,

1Nl = [ i (04X = [ (@ (X)) + 202, pX) + (B p(X) X,
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The second derivatives of the pattern are of the form
§ : 'Yk
EI p 8.’132

=
and 0y, p(X), O,y p(X) are obtained similarly. Then, ||N,pl||? is given by

Phq, (X) 029, (X) |, 0%04,(X) 0795, (X) | %04, (X) 8%, (X)
2 ’YJ Tk Vi Yk Vi Yk
INnpl J; ; ik / ( Ox? Ox? +2 Oz Oy Oxdy + Oy Oy ) X

oo o0

crar [t (H(,, (O)H(6., (X)) dX
]R2

j=1k=1

where

¢y (X) ¢, (X) ]

_ 922 Oxdy
H(¢q, (X)) = [ 26r, (X) 020y, (X)
dzdy 6y

denotes the Hessian matrix of ¢,,(X). It is easy to show that

H(¢y,(X)) = —20;(X — 1) VI ¢, (X) — 2¢,,(X)0O;
= ¢, (X)(40;(X — ;) (X —7;)"'©; — 20,)

which yields

tr (H (¢, (X)) H (64, (X)) = by, (X) 9 (X) {16 tr(0;(X — 75)(X — 75)70,;01(X — 1) (X —70)" O)
—8tr(0;(X — 7;)(X — Tj)T@ij) —8tr(0;0(X — 7)(X — Tk)T@k)

+4tr(®j@k)}.

The squared norm of the Hessian magnitude can then be written as

Hth||2 = Z ZCjck (16Mjk — 8N — 8Ny + 4ij) (74)
j=1k=1

where
M), = /]R2 Dy (X) (X)) tr(0;(X — 1) (X —7)70,;05(X — 1) (X — i) O) dX
Njk = /R2 ¢7j (X)(b'y;c (X) tr(®j(X — Tj)(X — Tj)T(")j@k) dX (75)
P = [ 62, (X)0, (X) 1r(6,00) dX

We now derive approximations Mj k> ij, ij for the terms written above, which are easier
to treat analytically and constitute upper bounds for these terms as well.
We begin with Mjk- Denoting Aj = @j(X - Tj)(X — Tj)T@j,

My < Ml < [ 67, (X00n,(X) fr(d; A1) X, (76)
R2
Since A; is a rank-1 matrix,

|tr(A; AR)| = [Amax (A Ar)| < A5 AR < [[A; ]| | A |
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where || - || denotes the operator norm for matrices. The first inequality above follows from
the fact that the spectral radius of a matrix is smaller than its operator norm, and the second
inequality comes from the submultiplicative property of the operator norm. From the inequality

141 = 110;(X —m)(X —7)70,|| <95 | X — 7
we get
[tr(A;AR)| < D303 NX = 752 1X — 7).
Using this bound in (76) yields
My <030} [ 00, (X)60, (GOIX = FX = rffax

which gives the upper bound
Mjk S Mjk = ?9?19% \/Mj \/Mk

M, = [ 601X — ) ax.

where

Evaluating the above integral, we get
_ 3 1 3
M; = mlo;] (320;17j + 1500.0%0.0 32034) :

This finishes the derivation of Mjk.
Next, we look at the term INji. Performing similar steps as in M}, we obtain

|tr(A;O5)| < 970, X — 7.
This gives Nj < 970,/ M [|¢+, || The norm |[¢,, || of the atom ¢, is

7|ok|

lell =/ T2,

Hence, the term N is upper bounded as

Njk S Njk = \/ %ﬁ?ﬁk\/Mj.

Lastly, we derive a bound for the term Pj;. The magnitude of the trace of ©;0, can be
bounded as

[tr(©;0k)] = [Amin(0;Ok) + Amax(0;04)| < 27(0,;0x) < 210,04 < 2(0,| O] = 20,9

where r(-) denotes the spectral radius of a matrix. The term Pj; can thus be bounded as

Py, < 2050k /R2 P, (X) Py (X)dX.

From Proposition 2, we get
P, < P :i=9,;9,Q ;1
where Q) is as defined in (66).
Having thus derived approximations M jj, Nk, Pji for the terms M;j,, Nji, Pj in (74), we
now have an analytical approximation of the norm ||Nyp|| of the Hessian magnitude in terms of
the atom parameters of the pattern. We now determine the order of variation of | Np,p|| with the
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filter size p using this approximation. From (74), we obtain the norm of the Hessian magnitude
of the filtered pattern p as

| Nyp||? = Z > éjen (16M — 8Ny, — 8Nyj + 4P). (77)
j=1k=1

In the expressions of Mjx, Nji, Pji in (75), we see that filtering affects the terms ©; and the
atoms ¢, (X). Comparing these terms with their approximations M ji, Nji, Pji, we observe
that the influence of smoothing on the matrices ©; is captured in the approximations via its
influence on their eigenvalues 1;, while the influence of smoothing on the atoms is also preserved
in the approxnnatlons as the atoms appear in the expressions of M ks N k> ij Hence, the
terms M; ks N ik, Pjr have the same rate of change with the filter size p as their approximations

M ks N k> ij. In the following, we determine the order of dependence of these terms on p.
We begin with M;j,. The relations in (73) imply that

— 3 .4 1.5 .5 3A4
M; = 7T|UJ|<2:6J+61J Oy, T 397y

increases with p at a rate of O((1 + p?)3) and the product 19?19% decreases with p at a rate of
O((1 + p*)~*). Therefore, the overall rate of variation of

3y = 7/,

M, =O0((1+p%)7"). (78)

We similarly obtain the dependence of

with the filter size is given by

Njp = 5 D30\ M;
on the filter size as _
N =0((1+p*)7) (79)
Lastly, -
ik = U95Q

where

A |60 1 A

Qjr = 7 19;0| = ¢ exp <2(Tk )T 85 (e - Tj))

|25k
A 1
Sp= (020w )

One can determine the rate of change of ij with p as follows. First, since the eigenvalues of
the matrix ¥;;, increase with p, the term in the exponential approaches 0 as p increases. The

variation of Qj is thus given by the variation of 7 |5;6%|/1/|2;k]. The term 1/|;x| has the

same rate of change with p as |6;|; therefore, 1/|3;1| = O(1 + p?). This gives

Qjr = O0(1+ p?) (80)

and

Pji=0((1+p*)7). (81)

45



Finally, combining the results (78), (79) and (81) in (77), and remembering that the coefficient
products vary with p as é;¢, = O((1+ p*)~2), we conclude that the norm || Npp| of the Hessian
magnitude decreases with the filter size p at a rate of

INpll = O((1 + p*)~3/?)

which finishes the proof of the lemma.

B.3 Proof of Lemma 2

Proof. Remember from (3) and (9) that the projection of the unfiltered target pattern ¢ onto
M(p) is py,, and the projection of the filtered target pattern ¢ onto M(p) is p5 . Since p5  is
the point on M (p) that has the smallest distance to ¢, we have the following for the distance
||| between ¢ and M (p)

[l = 1lg — D5, I < 11d — x|
where py, is the filtered pattern p transformed by the transformation vector ), that is optimal
in the alignment of the unfiltered patterns.

As discussed in Section 3.2, the deviation between the transformations A\, and 5\0 depends
on the transformation model. Here we do not go into the investigation of the difference between
Py, and py,, and content ourselves with the upper bound lG — P, || for ||72|| in order to keep our
analysis generic and valid for arbitrary transformation models. Our purpose is then to determine
how the distance ||§ — Py, || depends on the initial noise level

v=|lnll = llg = px, |l

and the filter size p. The noise pattern n becomes

f=q—px,
when filtered by the filter kernel in (7), where py_ is the filtered version of py, with the same
kernel. Now, an important observation is that n # ¢ — p», for geometric transformations that
change the scale of the pattern, because

P, 7 DA, (82)

i.e., the operations of filtering a pattern and applying it a geometric transformation do not
commute for such transformation models. The reason is that filtering modifies the scale matrices
o of atoms, and when the geometric transformation involves a scale change, the commutativity
of these two operations fails. For geometric transformations that do not involve a scale change,
the equality py. = px, holds. This is explained in more detail in the rest of this section. For
the sake of generality, we base our derivation on the hypothesis (82) and proceed by bounding
the deviation of § — py, from 7i. We thus use the following inequality for bounding ||7|

72l < WG = Da, I < N1 = o Il + [Ipx, — Da,

el (83)
= [|all + [Ipx, — D, II-

Hence, we achieve the examination of ||72]| in two steps. We first determine the variation of ||7]]
with the initial noise level v and the filter size p. Then, we study the second term ||px. — pa, ||
as a function of the filter size. We finally put together these two results in order to obtain the
variation of the term ||71]].

Derivation of |||

We begin with deriving an analytical expression for the norm v of the noise pattern n, whose
variation with filtering is then easy to determine. Since the noise pattern n is in L?(R?), and

46



the linear span of the Gaussian dictionary D is dense in L?(R?), n can be represented as the
linear combination of a sequence of atoms in D

(X) =D ok dne(X)
k=1

where ¢ are the atom coefficients and xj are the atom parameters. Then,

2=l =303 g / by (X (X)X =305 G0 R

Jj=1k=1 Jj=1k=1
where the term R,j is in the same form as the term @, given in (66) and obtained with the
atom parameters of n. Then, the squared norm of the filtered version of n is

oo

o)
I2l? =" &k n
Jj=1

k=1

Now, the coefficients ¢; have the same variation with p as ¢é;; therefore, from (27), we obtain
G = O((1+p%)72).

Next, Rjk and ij have the same variation with p since they are of the same form. Thus, the
relation in (80) implies that R
Rjr = O(1 +p?). (84)

Putting these results in the expression of ||7]|?, we see that the norm ||7i|| of the filtered noise
pattern decreases with p at a rate

7] = O((1+ p?) /).

Lastly, we look at the dependence of ||72|| on the initial noise level v = ||n||. Since convolution with
a filter kernel is a linear operator, the norm of the filtered noise pattern is linearly proportional
to the norm of the initial noise pattern. Therefore, ||72|| varies linearly with v. Combining this
with the above result, we obtain the joint variation of ||#2|| with v and p as

1] = O (1 +p?)~/2). (85)

Derivation of ||px, — Da, ||

In order to study the variation of the term ||px. —px, || with the filter size in a convenient way,
we assume that the composition of the geometric transformation A € A generating the manifold
M(p) and the geometric transformation v € I' generating the dictionary D can be represented
as a transformation vector in T'; i.e., for all A € A and « € T, there exists 7y o A € I such that

A(#7)(X) = roa(X).

Note that this assumption holds for common geometric transformation models A such as trans-
lations, rotations, scale changes and their combinations.

In order to ease the notation, we derive the variation of ||px — px|| for an arbitrary transfor-
mation vector A, which is also valid for the optimal transformation vector A,. The transformed
version py of p can be represented as

=D dpor(X)
k=1
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Let us denote the scale, rotation and translation matrices corresponding to the composite trans-
formation vector ~y; o A respectively as o © A, ¥y ¢ A\, and 7 ¢ A. Then the filtered version of
the transformed pattern p) is given by

—~ > |0’k<>)\|
X)) =) === ¢ (X)
=1 lok oAl

where m = +/(0k © A)? + T2 is the scale matrix of the filtered atom parameters ’m. The
rotation and translation matrices Uy ¢ A and 7, ¢ A do not change as filtering affects only the
scale matrix.

Now we derive the expression of py, which is obtained by filtering p first, and then applying
it a geometric transformation. Remember from Section 3.2 that the filtered pattern p is

oo

Z ‘o—k| )

k=

and the transformed version of p by A is

Z "”“ L dner(X)

k=

where the atom parameter vector 45 o A has the scale matrix 65 ¢ A = \/o,% + Y20 A\, rotation
matrix U o\ and translation vector 7, 0 X. Comparing the expressions of py and p,, we see that
these patterns have different atom scale matrices and atom coefficients if the transformation A
involves a scale change. The atoms of py and py have the same rotation and translation matrices.
Hence, if A does not modify the scale matrices of atoms, we have o1, ¢\ = oy; therefore, Dy = py.

The modification that the transformation A makes in the atom scale parameters can be
represented with a scale change matrix

such that
OpON= SO’k.

Here we avoid writing the dependence of S on A for notational convenience. We also represent
the scale change of all atoms with the same matrix S to ease the notation. However, this is not
a strict hypothesis; i.e., since we treat the scale change parameters s, and s, as constants when
examining the variation of ||px — px|| with the filter size p, our result is generalizable to the case
when different atoms have different scale change matrices Sk.

With this representation, the atom scale matrices of py and py are respectively obtained as

oo X =/S%02 + 712, Grod=S\/o2 + T2

and the atom coefficients in these two patterns are respectively given by

Jowo Al 15on| Aokl _ o]
Slororl WS+ |6%] |\/oZ + 12|

The difference between the two patterns can then be upper bounded as

||p)\—p)\|| = |S k‘ (b/\ E | k| ¢A A
/52 2 ,-rg‘ YEOA ‘ / k 7T2| Yk (86)
S ||61|| ||62||
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where

o0

|So|
e1= ) ¢ —m=———=A 05 — Py00)
2 Tt O

€2 = i% < 5o - 9| ) Pron
- YEOA:*
st [V S20i + X2 | op + 12

In the following, we determine the rate of change of the terms ||e1|| and ||es|| with the filter size
p, which will then be used to estimate the dependence of ||px — pa|| using (86). We momentarily
omit the atom index k for lightening the notation. We begin with |e1||. Since e; is a linear
combination of atom differences, its variation with p is given by the product of the variations of
the coeflicients and the atom difference norms with p.

S
Jerl =0 (e ) O (o~ d5eal) 7

The coefficients decrease with p at a rate

B
VT4 17

Next, we look at the dependence of the term ||¢;O7 — 501 on p.

=0((1+p)7). (88)

o525~ seall” = [

9 {d) ((5202 + 1) V2(Wo X)) HX — 70 /\))

¢ ((520—2 +S2YH V2 (WoN)HX — 70 )\)) rdX

Defining a, := s202 + p2, b, := s2(02 + p?), and defining a, and b, similarly, the evaluation of
the above integral yields

Az 0ybyby
ag + bz)(ay + by)’

lpox = Proxll* = g(\/axay +/baby) — 277\/(

As the parameters a,, by, ay, b, increase with p at a rate of O(1 + p?), the rate of increase of
the squared norm of the atom difference % — @40 With p is given by

655 = P3xll* = O(1 + p?).
Putting this result in (87) together with the decay rate of coefficients given in (88) yields
lex]l = O((1+ p*) /). (89)

Let us now examine the term |les]|. The rate of change of ||es] can be estimated from the
variation of the coefficients and the atom norms as follows

S

The coefficients decay with p at a rate

|So| B o] - -
‘ (I\/S2027+’I‘2| |m|> =0((1+4p")").
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Next, the squared norm of the atom is calculated as

[650xl17 /R ¢? ((5202 +S2YH V2 (o N)HX — 70 )\)) dX

= Zsasyy[(02 +p)(03 + p?)
which shows that the atom norm increases with p at a rate
I$50all = O((1 + p*)1/2).
Hence, we obtain the order of dependence of ||es| on p as
leall = O((1 + p*) /). (90)

Finally, from (89), (90), and the inequality in (86), we obtain the variation of the error term
7% — pall with p as
12X = Ball = O((1 + p*) /). (91)

Variation of ||n|| with noise level and filter size

We can now put together the results obtained so far to determine the variation of the noise
term ||72]|. Using the upper bound on |71 given in (83) and the variations of ||| and ||px, —Pa, ||
given in (85) and (91), the joint variation of the noise term ||| with the initial noise level v
and the filter size p is obtained as

2] =0 ((u +1)(1+ p2)—1/2)

for geometric transformations that change the scale of the pattern. We see that the initial
noise level v is augmented by an offset term, which results from the fact that the operations
of filtering and applying a geometric transformation do not commute when the transformation
involves a scale change. Since filtering and transforming commute for transformation models
that do not modify the scales of atoms, the second error term ||px, — pa, || in (83) vanishes for
such geometric transformations. Thus, if the transformation model A does not involve a scale
change, the variation of ||7i]| is given by

Il =0 (v(1+p?)~1/2).

This finishes the proof of the lemma.

C Proof of the results in Section 3.3
C.1 Proof of Theorem 3

Proof. From Theorem 1, we can define an upper bound Ej, for the alignment error ||[A¥ — )\, ||
of iteration k as follows.

1
-l < B Kk, (95057) (3

6 ([Gi A& ™D Ao = AeTHIE + Vd v |2 — /\'le|1>
(92)
In order to show that the estimates {\F}22, converge to the optimal solution A,, it suffices

to show that

Ek S OzEk_l (93)
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for all k for some 0 < a < 1. This ensures that limy_. o, Fr = 0; therefore, the alignment errors
[AF — X, || converge to 0.

By replacing the terms in (92) with their supremums on the manifold defined in (33), we
obtain the following inequality:

1
Ep < 5010y o = MTHE +Vd v Co Ao — X7

1
< ZACICa Ao = NP+ d v Ca A = AT (94)
1
S 5 dC’102 El%—l + dv 02 Ek—1~
In particular, for £k =1,
1
Ei<g dC1CyE2 +d v Cy Ey (95)
where Ep := ||\, — A;|| is the error in the initial solution A,. Now let us define

1
o= §d0102E0 +d v(Cs.

From the hypotheses (34) and (35), we have
a <1

This together with (95) implies that
E1 S OéEo.

Now it remains to show that E < aFy_; for all k, which can be done by strong induction.
Assume that E,, < aF,_; foralln=1,...,k — 1. Then, we have

Ex 1 <aF) 5 <a’E,_3<--- <o E,.

Since a < 1, this gives Fr_1 < Ey. From (94), we obtain
1 1
E, < Ep_4 (2 dC1Cy Ex_ 1 +dv 02) < FEr_1 (2 dC1Cy Eg+d v CQ) =akb,_.

We thus get Ey < aFEj_; for all k, which concludes the proof.

C.2 Proof of Corollary 2

Proof. The alignment error bound FEj, in (39) as a function of py is either increasing or it has
one global minimum at the value of py specified in (40). Therefore, any choice of the filter size
pr that is between 0 and the optimal value in (40)-(41) yields an alignment error that is smaller
than or equal to the error obtained by applying no filtering (pr = 0). Hence, evaluating the
right-hand side of the expression in (39) at p; = 0, we get

B < 5 dCiCa b = NP 4+ dCa [0 = X1, (%)
We then proceed as in the proof of Theorem 3. Defining
o= %d01CQEO +d v.Co
where Ey = ||\, — Ar||, the condition in (43) ensures that ow < 1. From (96), we have

Ey < akEy

in iteration k = 1. Applying the same steps as those in the proof of Theorem 3, one can then
easily show that Fj < aFEj_; for all k, which implies that the alignment error upper bounds
converge to 0.

O
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D Proof of the results in Section 3.4
D.1 Proof of Lemma 3

Proof. We first bound the distance estimation error using the reverse triangle inequality as

follows
(97)

lllg — p», |

Next, in order to derive an upper bound on ||px, — pa.||, we define a curve

pagey ¢ [0,1] — M(p)

such that
Alt) = Ae + (Ao — Ae)-
‘We have 1y
Px(t)
= dt.
D, =DPx. + /0 at
Hence,

Ydpa d)\’ )
Px, = DPacll = / dt = / Oip
| H o dt Z A
/ Z@w (A — ALt / Znazm(t)\\ AL = ALl dt

<7 [ S Al = T, -l
0 =1

Combining this with (97), we get the stated upper bound on the distance estimation error

< THAO - /\6”1-

lla = px,|

D.2 Proof of Theorem 4

Proof. Let

7j = llg = p),l
denote the estimate given by the tangent distance method of the distance v; between the query
pattern ¢ and the manifold M(p?), for j = 1,..., M. Since pf\g is the projection of ¢ onto
M(p’), we have v; > v for all j. As the query pattern g belongs to class m, it is correctly

classified with the tangent distance method if 7,,, < 7; for all j # m.
Let us denote the distance estimation error for class m as follows

By, = Um — Vm| = Um —vm = | —p?\imH — g —p%”.
Now let j be any fixed class label other than m. Since we have ,,, = v, + E,, and v; < 7y,
the condition

E, <e

implies

Up =VUm + B, <vy,+elv <1

Vm

Therefore, if the condition F,, < € is satisfied, we have 7, < ;. From Lemma 3, we have

By, <Tn|Xg" =2 -

Um
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Furthermore, applying Theorem 1, we can upper bound the distance estimation error as

Eum S 7;n \/a ||/\:)n - )‘ZL”
— m/ym 1 m m m m m
< T VK A (9500 (5 /G5 D) I = AP+ Vv 1= X211 )
<E,,
where

B i= TVl Al (500 (5 /(GG OW0D A%+ Vv, ).

In the following P(-) denotes probability and E[-] denotes expectation. We have
P (0m < 75) 2 P(E,,, <e).

Applying Markov’s inequality, we get

E Vm
€ €

Therefore,

Ev,

P (0 < ;) > P(E,, <¢)>1-
€

Using the union bound on all class labels j € {1,..., M} \ {m}, we lower bound the proba-
bility of correctly classifying ¢ as

P (itg) = 160) = P <5, i #m) 21~ M=V,

€

which gives the upper bound on the misclassification probability stated in the theorem. O
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