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The problem of the definition and estimation of generative models based on deformable templates from raw
data is of particular importance for modeling non-aligned data affected by various types of geometric vari-
ability. This is especially true in shape modeling in the computer vision community or in probabilistic atlas
building in computational anatomy. A first coherent statistical framework modeling geometric variability as
hidden variables was described in Allassonni¢re, Amit and Trouvé [J. R. Stat. Soc. Ser. B Stat. Methodol.
69 (2007) 3-29]. The present paper gives a theoretical proof of convergence of effective stochastic approx-
imation expectation strategies to estimate such models and shows the robustness of this approach against
noise through numerical experiments in the context of handwritten digit modeling.
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1. Introduction

In the field of image analysis, the statistical analysis and modeling of variable objects from a lim-
ited set of examples is still a quite challenging and largely unsolved problem, depending strongly
on the use of adequate representations of data. One such representation is the so-called dense
deformable template (DDT) framework (Amit, Grenander and Piccioni (1991)). Observations
are defined as deformations, taken from a family of deformations of moderate “dimensional-
ity”, of a given exemplar or template. Such a representation appears particularly well adapted to
the emerging field of computational anatomy, where one aims to build statistical models of the
anatomical variability within a given population (Grenander and Miller (1998)). However, re-
search on DDT has been mainly focused on the variational point of view, in which DDT is used
as an efficient vehicle for a wide range of registration algorithms (Chef d’Hotel, Hermosillo and
Faugeras (2002)). The problem of template estimation, viewed as a statistical estimation prob-
lem of parameters of generative models of images of deformable objects, has received much less
attention.
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In this paper, we consider the hierarchical Bayesian framework for dense deformable tem-
plates developed in Allassonniere, Amit and Trouvé (2007). Each image in a given population
is assumed to be generated as a noisy and randomly deformed version of a common template
drawn from a prior distribution on the set of templates. Individual deformations in this frame-
work are treated as hidden variables (or, equivalently, as random effects in the mixed effects
setting), whereas the template and the law of the deformations are parameters (or, equivalently,
fixed effects) of interest. Parameter estimation for this model could be performed by maximum a
posteriori (MAP), for which existence and consistency (as the number of observed images tends
to infinity) has been proven (see Allassonniere, Amit and Trouvé (2007)). This contrasts with
earlier work in Glasbey and Mardia (2001) using a penalized likelihood (PL), or the more recent
maximum description length approach in Marsland, Twining and Taylor (2007), for which con-
sistency cannot be proven because the deformations are considered as nuisance parameters to be
estimated.

Our contribution in this paper is in defining effective and theoretically proven convergent sto-
chastic algorithms for computing (local) maxima of the posterior on the parameters for Bayesian
deformable template models. First, we specify an adapted stochastic approximation expecta-
tion minimization algorithm (SAEM algorithm) in this highly demanding framework where the
hidden variables are non-rigid deformation fields living in finite- but high-dimensional space
(typically hundreds or more dimensions). In particular, special attention must be paid to the
sampling of the posterior distribution on the deformations. Obviously, MCMC samplers are un-
avoidable, but non-adaptive proposal distributions yielding simple symmetric random steps are
of limited practical interest. The present paper introduces a more sophisticated hybrid Gibbs
sampling scheme allowing an acceptable rejection rate during the estimation step. The overall al-
gorithm is cast in the larger class of SAEM-MCMC algorithms introduced in Kuhn and Lavielle
(2004). Second, we extend the convergence theory of SAEM-MCMC algorithms developed in
Kuhn and Lavielle (2004) to cover the case of unbounded random effects arising naturally for
deformation fields. The core material for this extension is based on the general stability and
convergence results for stochastic algorithms with truncation on random boundaries given in
Andrieu, Moulines and Priouret (2005). The main technical point is that in the presence of un-
bounded random effects and sequential estimation of the covariance matrix of the random effects,
the usual regularity conditions for the solutions of the Poisson equations for the Markovian dy-
namic as a function of the parameters cannot be verified and have to be relaxed. As a result, we
provide a new general stochastic approximation convergence theorem with a weaker set of as-
sumptions. Third, we prove that the conditions for stability and convergence are fulfilled for our
general SAEM-MCMC estimation algorithm for Bayesian dense deformable templates. Indeed,
a well-known weakness of general stochastic approximation algorithm convergence results is
that they rarely provide proofs of convergence for the algorithms used in practice since, in these
implementations, the assumptions are not satisfied or are hard to verify (see Andrieu, Moulines
and Priouret (2005)). Since stochastic approximation algorithms have recently started to attract
interest in the field of deformable model estimation (see Allassoniére et al. (2006) and Richard,
Samson and Cuénod (2009)), our results provide the missing theoretical foundations and guide-
lines for their effective use. As an illustration of the potential of such SAEM-MCMC approaches
in the context of deformable templates, particularly in the presence of noisy data, we present a
set of experiments with images of handwritten digits.
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This article is organized as follows. Section 2 briefly reviews the hierarchical Bayesian de-
formable template model proposed by Allassonniere, Amit and Trouvé (2007). In Section 3, we
develop the SAEM-MCMC strategy for the estimation of the parameters. In Section 4, we then
state our general convergence result for truncated stochastic approximation algorithms, extend-
ing the convergence theorem in Andrieu, Moulines and Priouret (2005), and state that members
of the designed family of SAEM-MCMC algorithms in the previous section satisfy the assump-
tions. The proof of this last statement is postponed to Section 6, after Section 5 concentrates on
experiments. In the final section, we provide a short discussion and conclusion.

2. Observation model

Let us recall the model introduced in Allassonniere, Amit and Trouvé (2007). We are given gray
level images (y;)1<i<n Observed on a grid of pixels {v, € D C RZ ue A} which is embedded
in a continuous domain D C R? (typically, D = [—1, 1] x [—1, 1]). Although the images are
observed only at the pixels (vy),, we are looking for a template image I : R2 — R defined on
the plane (the extension to images on R? is straightforward). Each observation y is assumed to be
the discretization on a fixed pixel grid of a deformation of the template plus independent noise.
Specifically, for each observation, there exists an unobserved deformation field z : R> — R? such
that for u € A,

y ) =Io(ve — z(vy)) +€(u),

where € denotes an independent additive noise.

2.1. Models for template and deformation

Our model takes into account two complementary aspects: photometry, indexed by p, and geom-
etry, indexed by g. Estimating the template and the distribution on deformations directly as a
continuous function would be an infinite-dimensional problem. We reduce this problem to a
finite-dimensional one by restricting the search to a parameterized space of functions. The tem-
plate Ip:R? — R and the deformation z:R?> — R? are assumed to belong to fixed reproducing
kernel Hilbert spaces V), and V,, defined by their respective kernels K, and K,. Moreover, we
restrict them to the subset of linear combinations of the kernels centered at some fixed control
points in the domain D: (vp,j)1<j<k, and (vg, j)1<j<k, , respectively. They are therefore parame-
terized by the coefficients « € R*» and B e Rks x RKs | as follows. For all v in D, let

kp
I,(v) & Kpa) () £ > K, (v, vy, )0/
j=I
and
kg

2p(0) & (KgB)(0) £ Y K, (v,vg DB

j=1
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Other forms of smooth parametric representation of the images and of the deformation fields
could be used without affecting the overall results.

2.2. Parametric model

For clarity, we denote by y' = (y{, ..., y}) and B" = (8], ..., B}) the collection of data and their
corresponding deformation coefficients, respectively. The statistical model of the observations
we consider is a generative hierarchical one. We assume conditional normal distributions for y
and B:

n
B~ @ N, 0.T)| T

o (1)
¥~ QNinizp Lo 0*10)|[B, . 02,

i=1

where ) denotes the product of distributions of independent variables and z/I, (u) = I, (v, —
z(vy)), for u in A, denotes the action of the deformation on the template image. The parameters
of interest are o (which determines the template image), o2 (the variance of the additive noise)
and I'; (the covariance matrix of the variables 8). We assume that 6 = («, o2, ') belongs to an
open parameter space ©:

Q20 =(,0%,Ty) |acR"” || <R,0>0,T, eSym;kg},

where || - || is the Euclidean norm, Sym;kg is the cone of real 2k, x 2k, positive definite symmetric
matrices and R is an arbitrary positive constant.

The likelihood of the observed data gohs can be written as an integral over the unobserved
deformation variables. Let us denote by ¢, the conditional likelihood of the observations, given
the hidden variables, and by gy, the likelihood of these missing variables. Then

qmwm=/%@wﬂm%%wwpw,

where all of the densities are determined by the model (1).

2.3. Bayesian model

Even though the parameters are finite-dimensional, the maximum likelihood estimator can yield
degenerate estimates when the training sample is small. By introducing prior distributions on
the parameters, estimation with small samples is still possible. The regularizing effect of such
priors can be seen in the parameter update steps (cf. Allassonniere, Amit and Trouvé (2007)).
We use a generative model based on standard conjugate prior distributions for parameters 6 =
(a,02, ") with fixed hyper-parameters. Specifically, we assume a normal prior for o, an inverse
Wishart prior on o2 and an inverse Wishart prior on I ¢ Furthermore, all priors are assumed to
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be independent. This yields 6 = («, o2, Ig¢) ~ Gpara £ V) ® Vg, Where

1
vp(da, do?) o exp(—§<a —1p) (Zp) e — w)
%\ L \" 4024 >3 2
x | exp| =53 = o“da, ap >3, (2
1 \%
Ve (dl'g) ox <exp(—(1"g_1, zg)F/z)—> dTg, ag > 4kg + 1.
VTl

For two matrices A and B, we define (A, B)r £ tr(A’ B), the Frobenius dot product on the set
of matrices, where tr denotes the trace of the matrix.

3. Parameter estimation based on stochastic approximation EM

In our Bayesian framework, we obtain from Allassonniere, Amit and Trouvé (2007) the existence
of the MAP estimator

6, = argmax g (0ly),
He®

where gp denotes the posterior likelihood of the parameters given the observations. The depen-
dence on n refers to the sample size.

We now turn to the maximization problem for the penalized posterior distribution gg(6]y),
which has no closed form in our case. Indeed, the probability density function is known up to a
renormalization constant. That prevents a direct computation of 6,,.

In order to solve this problem, we apply an “EM-like” algorithm to approximate the MAP
estimator 6,. The solution we propose is to base our algorithm on the use of the stochastic ap-
proximation EM (SAEM). First, we outline certain characteristics of our model, which highlight
the reasons for the choice of the particular procedure and enable us to simplify its implementa-
tion.

3.1. Model characteristics

An important characteristic of our model is that it belongs to the curved exponential family. In
other words, the complete likelihood g can be written as

q(y, B,0) =exp[—y(0) + (S(B), #(6))],

where the sufficient statistic S is a Borel function on RY, with N £ 2nkyg, taking its values in an
open subset S of R™, and v, ¢ are two Borel functions on ®. (Note that S, ¢ and ¥ may also
depend on y, but since y will stay fixed in what follows, we omit this dependence.)

In our setting, we obtain the following formula:

logq(y, B,6) =logqc(yIB, 0) + 1og qm(B|6) + 10g gpara(0),
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where gpara denotes the prior density of the parameters defined in the previous paragraph.
For any 1 < j <k, and any u € A, we denote by

KB, j)=Kp(vu — 28(00). vp. )

the matrix which corresponds to the deformation of the kernel K, through zg at pixel u and
evaluated at pixel location v,. Then, for some constant C independent of 6,

n

|A| 1 ,
logq(y. B.6) = Z{—Tlog(oz) — 5zl = Kjal?
i=1

n 1 1
+ Z{—Elogurgn - Eﬂfrglﬁi}
i=1

1 1 1 _
+ag{—510g(|1"g|) - E(Fg ! Zg)F} - E(a —1p) T, e = p)

2

1 2y _ 90
+ap —Elog(a )—p +C.

Note that ||y; — K}’f"odl2 =(y; — Kg"oz)’(y,' — Kgia), where Kgia is another way to write the
action of the deformation zg; on the template I, denoted previously by zg, I,. This form em-
phasizes the dot product between the sufficient statistics and a function of the parameters. It can
be easily verified that the following matrix-valued functions are the sufficient statistics (up to a
multiplicative constant):

Sy = (Ki)'yi,

1<i<n

SB) =Y (KB (KB,
1<i<n

S3B) =Y BB
1<i<n

For simplicity, we write S(8) = (S1(8), S2(B), S3(B)) for any B € RY and define the sufficient
statistic space as

S={(51,5.85) |51 R, S+ 075, € Sym[ , S5+ ag Ty € Symy, }.

Identifying S> and S3 with their lower triangular parts, the set S can be viewed as an open set of
R with ny = k,, + 295D 4k 2k, +1).

In Allassonniere, Amit and Trouvé (2007), the existence of the parameter estimate é(S ) that
maximizes the complete log-likelihood has been proven. It can easily be shown that &, 2 and I' ¢
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are explicitly expressed with the above sufficient statistics as follows:

Te(S) = e ($3+agZy),

a(8) = (S2+ 02 ) 7 (81 + 0SS " 1y), ©)
2 _ 1 2 t _ t 2

o (S)—n—|A|+ap(n||y|| + a(8)' Sra(S) — 2a(S)' St + apoy).

These formulae also prove the smoothness of 6 on the subset S.

3.2. SAEM-MCMC algorithm with truncation on random boundaries

In order to compute the MAP estimator for our Bayesian model, we use a variant of the EM
(expectation-maximization) algorithm from Dempster, Laird and Rubin (1977). This algorithm
is quite natural when we have to maximize a likelihood under a hierarchical model with missing
variables. Unfortunately, direct computation is not tractable and we have to find a solution to
overcome the problematic E step where we have to compute an expectation with respect to the
posterior distribution on 8 given y. A first attempt was proposed in Allassonnieére, Amit and
Trouvé (2007), where this conditional distribution is approximated by a Dirac distribution at
its mode (fast approximation with mode, or FAM-EM). The results are very interesting, but the
authors point out the lack of convergence of the FAM-EM algorithm on a database with low
signal-to-noise ratio (SNR). This is the issue we consider here. We propose an algorithm that
ensures the convergence of the resulting sequence of estimators toward the MAP, whatever the
quality of the input.

This solution is a procedure combining the stochastic approximation EM (SAEM) with
Markov chain Monte Carlo (MCMC) in a more general framework than that proposed by Kuhn
and Lavielle (2004), which, in turn, generalized the algorithm introduced by Delyon, Lavielle
and Moulines (1999). Indeed, the kth iteration of the SAEM-MCMC algorithm consists of the
following three steps.

Step 1: Simulation step. The missing data, that is, the deformation parameters 8, are drawn
using the transition probability of a convergent Markov chain I1g having the posterior distribution
Gpost(-]y, 0) as its stationary distribution:

Bi~Mg_,(Br_1.).

Step 2: Stochastic approximation step. A stochastic approximation is performed on the com-
plete log-likelihood using the simulated value of the missing data:

Qr(0) = Qr—10) + Ar_1[logq(y, By.0) — Qk—1(0)],

where A = (Ay)i is a decreasing sequence of positive step-sizes.
Step 3: Maximization step. The parameters are updated in the M-step:

Or = argmax Qk ().
6e®
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The initial values Q¢ and 6y are arbitrarily chosen.

Remark 1. We cannot use the direct SAEM algorithm. Indeed, this would require sampling
the hidden variable from the posterior distribution which is known only up to a normalization
constant. This sampling is not possible here due to the complexity of the posterior probability
density function.

Since our model belongs to the curved exponential family, the stochastic approximation step
can easily be performed on the sufficient statistics S instead of on the complete log-likelihood.
The maximization step (Step 3) is then straightforward, replacing in (3) the sufficient statistics
with their corresponding stochastic approximations.

The convergence of this algorithm has been proven in Kuhn and Lavielle (2004) in the par-
ticular case of missing variables belonging to a compact subset of RY. However, as we set a
Gaussian prior on the missing variables B, we cannot assume that their support is compact. In or-
der to provide an algorithm whose convergence can be proven in the current framework, we have
to use a more general setting, introduced in Andrieu, Moulines and Priouret (2005), which in-
volves truncation on random boundaries. The proof is given in Section 4. This can be formalized
as follows.

Let (ICy)4=0 be a sequence of increasing compact subsets of S, such as | g>0Kq =& and
Ky Cint(Ky41), for all g > 0. Let &€ = (&x)k>0 be a monotone non-increasing sequence of posi-
tive numbers and K a compact subset of R . We construct a sequence ((By, Sk))k>0, as described
in Algorithm 1, as follows. As long as the stochastic approximation does not wander outside the
current compact set and is not too far from its previous value, we run the SAEM-MCMC al-
gorithm. As soon as one of these conditions is not satisfied, we reinitialize the sequences of
and s using a projection (for more details, see Andrieu, Moulines and Priouret (2005)), increase
the size of the compact set and continue the iterations until convergence. This is detailed in the
following steps.

Algorithm 1 Stochastic approximation with truncation on random boundaries
Set By € K, s0 € Ko, k0 =0, {o=0and vp =0.
for all k > 1 do
compute § =sg—1 + Ay (S(B) — si—1)
where B is sampled from a transition kernel g _,(Bi_1,-)
if 5k, and ||5s —sg—1]| < &g, then
set (B, sk) = (B,5) and kx = kj—1, Vk = Ve—1 + 1, & = Gk—1 + 1
else _
set (B, sk) =(B,5) eKxKpandur =1+ 1L, g =0, =81+ (ve—1)
where ¢:N—Z is a function such that ¢(k) > —k for anyvk
and (ﬁ, §) can be chosen through different ways (cf. (Andrieu,
Moulines and Priouret, 2005)) .
end if
Ok=0(sx)
end for
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Initialization step: Initialize B and sp in two fixed compact sets K and Ky, respectively.

Then, for the kth iteration, repeat the following four steps.

Step 1: MCMC simulation step. Draw one new element 8 of the non-homogeneous Markov
chain with respect to the kernel with the current parameters Ily,_, and starting at 8;_,

B~Ty_ (Bi_1,")-

Step 2: Stochastic approximation step. Compute
S=st-1+ Ay, (S(B) — si-1). )

Step 3: Truncation on random boundaries. If 5 is outside the current compact set K, | or too
far from the previous value s, then restart the stochastic approximation in the initial compact
set, extend the truncation boundary to Xy, and start again with a bounded value of the missing
variable. Otherwise, set (8, sx) = (B ,§) and keep the truncation boundary to /Cy, _,.

Step 4: Maximization step. Update the parameters using (3).

In this algorithm, the MCMC simulation step has to be explained since it involves the choice
of the transition kernel of the Markov chain. Usually, one uses a Metropolis—Hastings algorithm
in which a candidate value is sampled from a proposal distribution followed by an accept—reject
step. However, there are different possible proposal distributions. The only requirement is that
all of these kernels lead to an ergodic Markov chain whose stationary distribution is our posterior
distribution. The choice among these possibilities should be based on the specific framework we
are working in.

While minimizing the Kullback-Leibler distance between the stationary distribution
B — my(B) and a tensorial product B — @"_, p(B;) corresponding to independent identically
distributed missing variables, we get that p is proportional to % Y i1 dpost(-|i, 6). As n tends to
oo and for a given 6, p converges a.s. toward the prior pdf on the missing variable gn,(-|0). This
suggests using as proposal the prior distribution which involves the current parameters.

On the other hand, the setting we are considering in this paper deals with high-dimensional
missing variables. This raises several issues. If we simulate candidates for the hidden variable
as a complete vector, it appears that most of the candidates are rejected. This is a typical high-
dimensional concentration phenomenon: locally around a current point, the proportion of the
space occupied by acceptable moves becomes negligible when the space dimension grows. From
a more practical point of view, even if the proposed candidate is drawn with respect to the cur-
rent prior distribution, it creates a deformation that is very different from the current one and too
large for the corresponding deformed template to fit the observations. This yields very few pos-
sible moves from the current missing variable value and the algorithm is stuck in a non-optimal
location or converges very slowly.

One solution is to update the chain one coordinate at a time, conditionally on the others. This
corresponds to a Gibbs sampler and leads to more relevant candidates which have a higher chance
of being accepted (cf. Amit (1996)). From an image analysis point of view, this puts stronger
conditions on the kinds of deformations which are produced when proposing a candidate for
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each coordinate. Knowing the tendency of the movement given by the other coordinates, the
candidate will either confirm it or not, depending on whether this is a suitable movement. It will
thus be accepted with a corresponding probability. Even if some coordinates remain unchanged,
some others are updated, which enables the algorithm to visit a larger part of the missing variable
support.

Remark 2. The index « denotes the current active truncation set, the index ¢ is the current
index in the sequences A, e and the index v denotes the number of iterations since the last
projection.

3.3. Transition probability of the Markov chain

We now explain how to simulate the missing variables by means of a Markov chain Monte Carlo
algorithm having the posterior distribution as its stationary distribution. Due to the inherent high
dimensionality N of 8, we consider a Gibbs sampler to sequentially scan all coordinates 8 J for
l<j=<N.

We define B~/ = (B )i . We consider here a hybrid Gibbs sampler, that is, each step of the
Gibbs sampler includes a Metropolis—Hastings step. The proposal law is chosen as g (| =70,
that is, the conditional law based on the current parameter value 6 derived from the normal
distribution gp,.

If b is a proposed value at coordinate j, then the acceptance rate of the Metropolis—Hastings
algorithm is given by

q;(bIB7 .y, 0)q;(B/1B~,0) R 1]‘

(B, b: —f,e)z[ r :
L q;(B1B~7,y.0)q;(b|B™,0)

Since

q;(BI1B™,y,0) < qobs(yIB.)q; (BB, 0),

the acceptance rate can be simplified to

r](ﬂf,b, ﬂ_j,e) _ |:CIObS(y|ﬂb~>js9) A 1],

qobs(YIB,9)

where, for any b € Rand 1 < j < N, we denote by B,,_, ; the unique vector which is equal to B
everywhere except at coordinate j, where it equals b. An illustration of the hybrid Gibbs sampler
can be found in Robert (1996). The following steps are performed for each coordinate ;.

Step 1: Proposition. Sample b with respect to the density g;(-|8 =7, 0).

Step 2: Accept-reject. Compute 7 (ﬂj, b; ﬁ_j, #) and, with probability 7; (ﬁj, b; ,B_j, 0), up-
date B/ to b.

In Algorithm 2, we summarize the transition step of the Markov chain.
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Algorithm 2 Transition step k — k 4 1 using a hybrid Gibbs sampler
Require: g =p,;6 =06
Gibbs sampler:
forall j=1:Ndo
Metropolis-Hastings procedure:

b~q;(-1B77.0):
: — obs —j:0)
compute r;(B7,b; B77,0) = [% A
with probability r; (87, b; 87, 0), update /: B < b
end for

This yields the transition probability kernel of our Markov chain on B: for coordinate j, the
kernel is

My (B, dz) = (® 5gm (dz’"))

mj

x [q,-(dzf 1B~/ 0)r(B7,dz’; B/, 6) (5)
+84 (dz-’)f(l —ri (B, b; ﬂ‘f,e))q,(bw—f,e)db}

and Iy =Tlp y o--- oIy, is therefore the kernel associated with a complete scan.

4. Convergence analysis

We prove a general theorem on the convergence of stochastic approximations for which our
algorithm convergence is a special case.

The hybrid Gibbs sampler used to generate the ergodic Markov chain does not satisfy some of
the assumptions of the convergence result presented in Andrieu, Moulines and Priouret (2005).
We therefore weaken some of their conditions, introducing an absorbing set for the stochastic
approximation and weakening their Holder conditions on some functions of the Markov chain.

4.1. Stochastic approximation convergence theorem

Let S be a subset of R"s for some integer ns. Let X be a measurable space. For all s € S, let
H; : X — S be a measurable function. Let A = (Ag)x be a sequence of positive step-sizes.
Define the stochastic approximation sequence (sx)x as follows:

{Sk:sk—l +Ak—lek_](ﬂk) with ﬂkNHSk_l(ﬁk—IV')a ifSk_] ES, (6)

Sk =S¢ with 8, = B., ifsp_1 ¢S,
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where s ¢ S, B, ¢ X and (Ily),cs is a family of Markov transition probabilities on X. Denote
by Qa the transition which generates ((By, sk))x. We consider the natural filtration of the non-
homogeneous chain ((B}, sx))r and denote respectively by IP’A’S and Eﬁ, , the probability measure
and the corresponding expectation generated by this Markov chain starting at (§, s) and using
the sequence A.

If the transition kernel Il of the Markov chain admits a stationary distribution 5 and if, for
any s € S, H; is integrable with respect to 7y, then we denote by / the mean field associated
with our stochastic approximation so that

hm=/mwmwm5

The algorithm defined in (6) is usually designed to solve the equation A(s) = 0, where 4 is
called the mean field function.

Let (Ky)4>0 be a sequence of increasing compact subsets of S such as quo Ky =S and
Ky Cint(Ky41),¥g > 0. Let € = (ex)i>0 be a monotone non-increasing sequence of positive
numbers and K a subset of X.

Let ®: X xS — K x Ky be a measurable function and ¢ :N — Z be a function such that
¢ (k) > —k for any k. Define the homogeneous Markov chain

(Zk = (Brs sk ki S V1) ), (M

on Z 2 X x S x N3 with the following transition at iteration k:

o if vy =0, then draw (By,s1) ~ Qa,_ (P(Bi_y,5k-1), "), otherwise draw (B, sk) ~
On_, ((Bi—1> k-1, );

o if ||sg —sp—1ll <&z, and sp € Ky, _,, thenset kx = kx—1, § = Lk—1 + 1 and v = v + 1,
otherwise set ky =kx_1 + 1, & = &1 + ¢ (vg—1) and v = 0.

Consider the following assumptions, generalized from Andrieu, Moulines and Priouret (2005).
Define, for any V: X — [1, oc] and any g: X — R"s the norm

elly = sup JE B
BeX V(B) '

Al’. S is an open subset of R"s, h:S — R is continuous and there exists a continuously
differentiable function w : S — [0, oo[ with the following properties:

(i) there exists an My > 0 such that
LE(seS, (Vws), h(s)) =0} C{seS,w(s) < M);

(ii) there exists a closed convex set S, C S for which s — s+ pH(B) € S, for any p € [0, 1]
and (B,5) € X x S, (S, is absorbing), and such that for any M| € [My, o], the set Wy, NS, is
a compact set of S, where Wy, L2seS, wis) <M}

(iii) forany s € S\ L (Vw(s), h(s)) <0;
(iv) the closure of w (L) has an empty interior.
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A2. For any s € S, the Markov kernel IT has a single stationary distribution s, 75 Iy = 7.
In addition, for all s € S, H, : X — S is measurable and fX |Hs(B) || (dB) < o0.

A3’. For any s € S, the Poisson equation g — ;g = H; — ;(H,) has a solution g;. There
exist a function V:X — [1, 0o] such that { € X, V(B) < oo} # & and constants a € ]0, 1],
g > 1 and p > 2 such that for any compact subset L C S:

®

sup || H|ly < oo, ®)
sek
sup(llgsllv + 1 TLsgsllv) < oo; ®
selC
(i)
sup |Is —s'7*{llgs — gy llve + Mgy — My gy llva} < 003 (10

s,8'elC

(iii) if ko is an integer, then there exist an &€ > 0 and a constant C such that for any sequence
€ = (ex)k>0 satisfying 0 < g < & for all k > ko, for any sequence A = (Ay)k>0 and for any
BeX,

supsupEG [VP4(B) 1o (k) nve)=k] < CVP(B), (11)
sek k=0
where v(e) =inflk > 1, |lsg — sk—1ll > &x}, 0 (K) = inf{k > 1, s; ¢ K} and the expectation is re-
lated to the non-homogeneous Markov chain ((8;, sx))r>0 using the step-size sequence (Ax)k>0-

A4. The sequences A = (Ag)k>0 and &€ = (&x)k>0 are non-increasing, positive and satisfy
Y oo Ak = 00, limg— 0 & = 0 and Z,fil{Ai + Arey + (Aksk_l)l’} < 00, where a and p are
defined in (A3').

Theorem 1 (General convergence result for truncated stochastic approximation). Assume
(A1), (A2), (A3") and (A4). Let K C X be such that supgek V(B) < 00 and Ko C Wy, NS,
(where My is defined in (A1")) and let (Zi)k>0 be the sequence defined in equation (7). Then,
for all By € K and sy € Ko, we have limg_, o0 d(s, L) =0 ]P)ﬂo,so,o,o,o-a.S, where ]@ﬂo,so,0,0,0
is the probability measure associated with the chain (Zy = (By, Sk, Kk, $k» Vk))k>0 Starting at
(Bo- 50.0,0,0).

Proof. e The deterministic results obtained by Andrieu, Moulines and Priouret (2005) under
their assumption (A1) remain true if we suppose the existence of an absorbing set, as defined in
assumption (A1”). Indeed, the proofs in Andrieu, Moulines and Priouret (2005) can be carried
through in the same way, restricting the sequences to the absorbing set. Therefore, we obtain the
same properties. The first one (stated in Lemma 2.1 of Andrieu, Moulines and Priouret (2005))
gives the contraction property of the Lyapunov function w. We then have (as in Theorem 2.2
of Andrieu, Moulines and Priouret (2005)) the fact that a sequence of stochastic approximations
stays almost surely in a compact set under some conditions on the perturbation. Finally, we
establish the convergence of such a stochastic approximation.
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e We then state a relation between the homogeneous and non-homogeneous chains, as done in
Lemma 4.1 of Andrieu, Moulines and Priouret (2005).

e We now prove an equivalent version of Proposition 5.2 of Andrieu, Moulines and Priouret
(2005), under our conditions. Indeed, the upper bound on the fluctuations of the noise sequence
stated in this proposition is relaxed in our case, involving a different power on the function V.

Proposition 1. Assume (A3'). Let K be a compact subset of S and let A = (Ap)y and € = (&)
be two non-increasing sequences of positive numbers such that limg_, o & = 0. Then, for p
defined in (A3'):

1. there exists a constant C such that, for any (8,s) € X x K, any integer | and any § > 0,

00 r/2 o) 14
Pg, (i‘i‘,’ 1810 (e, A K| = 5) <Cs? { (Z A;%) + (Z Aksz) }qu B).
> k=l k=l

where S; (e, A, K) = Lo () Av(e)=n Y i Ax(Hy, (By) — h(sk—1)) and IP’I@’S is the prob-
ability measure generated by the non-homogeneous Markov chain ((By, sx))k started from
the initial condition (B, s);

2. there exists a constant C such that for any (B,s) € X x IC,

P2 (v(e) <o (K)) < c{DAke;l)P } VPa(B).

k=l

Proof. The proof of this proposition can proceed as in Andrieu, Moulines and Priouret (2005),
except for the upper bound on the term involving the Holder property (the second term in what
follows). Under A3'(ii), this upper bound brings into play an exponent pq on the function V.

Indeed, rewrite S1 , (e, A, K) using the Poisson equation and decompose it into a sum of the
following five terms:

n

T =" Ak(gsy (B — Ty, 8oy (Bi—1)) Lo (k) Avie)=k) (12)
k=1
n—1

T2 =" Arpr (M 85, (B) — My, 8, (B)) Lo (k) rve)=k 1) (13)
k=1
n—1

T = (A1 — ATy gy (B Lo (k) av(e)=k+1) (14)
k=1

TW = A5 850(Bo) Lio () Ave)=1} — AnIls, &5, (B Lo (1) Av(e)=n)» (15)

n—1
T = — Z A 85 (Bi) Lio (K0) Av(e)=k} - (16)

k=1



Bayesian deformable models building 655

We evaluate bounds for the first four quantities. Using the Minkowski inequality for p/2 > 1
and the Burkholder inequality (for Tn(l)), we have

_ _ o) r/2
supEg, | sup | 7,"]" | < C(Z A%) sup Y "Ep [VP Bl ezl (A7)
seS n>0 k=1 seS Ty

N _ 00 P
supEg, | sup |7, SC(ZAkSI‘i‘) sup > B [VP B imer=i]:  (18)
'}120 - k=1 SES k

seS
supEg (| sup |77 "] < CATsup Y "ER [VP(BOLio k) aver=k)]s (19)
seS “n>0 - seS X

_ _ 00 p/2
supEg sup [T,P]"| < C(Z A%) SEEZEQO,S[V” BOlowme=k] (20
) k=1 s k

seS “n>0

where C is a constant which depends only on the compact set . The higher power pg appears
because of the Holder condition we assume on the solution of the Poisson equation.

Since, now, T,I(S)Jl{(,(;@w(s)z,,} = 0 and noting that V(B) > 1,V € X, we have V(B)’ <
VP4(B). Successively applying (as in Andrieu, Moulines and Priouret (2005)) the Markov in-
equality, condition (11) and the Markov property to these upper bounds completes the proof of
the first part of Proposition 1.

Concerning the second part, it follows from the same trick as above for upper-bounding the
expectation of V? by V74 This completes the proof of the proposition. O

It is now straightforward to prove the following proposition, which corresponds to Proposi-
tion 5.3 in Andrieu, Moulines and Priouret (2005).

Proposition 2. Assume (A3') and (A4). Then, for any subset K C X such that SUPgek V() <
00, any M € (Mo, M] and any § > 0, we have limg_, o0 A(S, ek M, A‘_k) =0, where e<*
stands for the sequence € delayed by k switches (sfk = &4 foralll e N) and

AG, e, M, A) = sup sup{]P’ﬁ’S<sup IS14(e, A, Wil = 5) +P4 (v(e) < a(WM))}.
selCo BeK k>1

The convergence of the sequence (si)i follows from the proof of Theorem 5.5 of Andrieu,
Moulines and Priouret (2005), which states the almost sure convergence due to the previous
propositions. 0

Remark 3. We can weaken the condition on p given in (A3’). Indeed, we can assume that (A3’)
holds for any p > 0 provided that at least condition (11) is true also for a power equaled to 2
on V. This is needed in the proof when giving an upper bound for all of the 7;,’s using Jensen’s
inequality instead of Minkowski’s inequality, as in Andrieu, Moulines and Priouret (2005). In
this case, assumption (A4) would have to be satisfied for a power max(p, 2) instead of power 2.
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4.2. Convergence theorem for dense deformable template model

We now give the convergence result for our estimation process which is an application of the
previous theorem. In this section, we assume that o2 is fixed, which reduces 6 to (o, I'g). In fact,
due to the implicit definition of 6 given in equation (3), we were not able to prove the smoothness
of the inverse of the function s — é(s), which is straightforward for fixed o2.

We can easily exhibit some of the functions involved in our procedure. Comparing equation (4)
to equation (6), we have

Hy(B) =S(B) —s. (2D
Equation (3) gives the existence of the function s — é(s). We denote by [ the observed log-
likelihood, 1(0) £ log [ q(y, B,6)dB, and let w(s) = —[ 0 6(s) and h(s) = [ Hy(B)gpost (Y.
O(s))dB fors € S.

Theorem 2. The sequence of stochastic approximations (sy)i related to the model defined in
Section 2 and generated by Algorithms 1 and 2 satisfies assumptions (A1")(ii), (iii), (iv), (A2)
and (A3').

Proof. The details of the proof are given in Section 6. ]

Corollary 1 (Convergence of dense deformable template building via stochastic approxima-
tion).
Assume that:

1. there exist p > 1 and a €10, 1[ such that the sequences A = (Ay)k=0 and € = (&) k>0 are
non-increasing, positive and satisfy

o0 o0
Z Ay = 00, lim ¢, =0 and Z{A,% + Aref + (Akegl)p} < 00;
k=0 k=0 k=1

2. LEseS, (Vw(s), h(s)) =0} is included in a level set of w.

Let K be a compact subset of RN and Ko a compact subset of S(RV).
Let (si)k=0 and (Bk)k=0 be the two sequences defined in Algorithms 1 and 2. If we define
L 21{0€0(S), 3L0) =0}, then (L) = L' and

lim d(6, L) =0 ]I_Dﬂo,so,O,O,O'w&
k— 00

for all By € K and so € Ko, where I@’ﬂwo,o,o,o is the probability measure associated with the
chain (Z = (B, Sk» Kk, Ck» Vi)k=0 Starting at (B, s0, 0, 0,0).

Proof. We first note that, as mentioned in Delyon, Lavielle and Moulines (1999) (Lemma 2,
equation (36)), since 6, ¢ and ¥ are smooth functions, it is easy to relate the convergence of
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the stochastic approximation sequence (sx)x to the convergence of the estimated parameter se-
quence (6x)k.

The proof then follows from the general stability result, Theorem 1, stated in Section 4.1 and
from the previous Theorem 2. a

Remark 4. Note that condition (1) is easily checked for Ay = k¢ and g = k=" with 1 /2 <
¢’ < ¢ < 1. However, condition (2) has not yet been successfully proven and should be relaxed
in future work.

5. Experiments

To illustrate our stochastic algorithm for the deformable template models, we consider handwrit-
ten digit images. For each digit class, we find the template, the corresponding noise variance and
the geometric covariance matrices. (Note that in this experiment, the noise variance is no longer
fixed and is estimated as the other parameters.) We use the United States Postal Service database,
which contains a training set of around 7000 images.

Each picture is a 16 x 16 gray level image with intensity in [0, 2], where O corresponds to the
black background. We will also use these sets in the special case of a noisy setting by adding
independent centered Gaussian noise to each image.

To be able to compare the results with the previous deterministic algorithm proposed in
Allassonniere, Amit and Trouvé (2007), we use the same samples. In Figure 1 below, we show
some of the training images.

A natural choice for the hyper-parameters on « and I'g is 1, = 0 and we induce the two
covariance matrices X, and X, by the metric of the Hilbert spaces V), and V, (defined in Sec-
tion 2.1) involving the correlation between the landmarks determined by the kernel. If we define
the square matrices

My, k) =K,(p vy ) Y1<kk <k,
p P\¥pP,j> *~Pp,] P (22)
Mok, k') = Kg(vg j,vg 1) V1 <k, K <kg,

00030000000000000000
FLEreerrerrrreeerenl
2732232212234 23d2232a
3333333333333333
{144y
56555%
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T1177
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19919

~ oG o6& n
-~ a3 = e & W
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S 55
b bb
1 717
P 3
9 719

Figure 1. Some images from the training set used for the estimation of the model parameters (inverse
video).
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Figure 2. Estimated prototypes of digit 1 (20 images per class) for different hyper-parameters. Left:
smoother geometry but larger photometric covariance in the spline kernel; right: more rigid geometry and
smaller photometric covariance.

then X, = M;l and ¥, =M < ' In our experiments, we have chosen Gaussian kernels for both
K, and K,, where the standard deviations are fixed at 0, = 0.12 and o, = 0.3. The deforma-
tion is computed in the [—1, 1]* square with kg = 6 equidistributed landmarks on this domain.
The template has been estimated with k, = 15 equidistributed control points on [—1.5, 1.5]%.

These two covariance matrices are important hyper-parameters; indeed, it has been shown in
Allassonniere, Amit and Trouvé (2007) that changing the geometric covariance has an effect on
the sharpness of the template images. As for the photometric hyper-parameter, it affects both the
template and the geometry, in the sense that with a large variance, the kernel centered on one
landmark spreads out to many of its neighbors. This leads to thicker shapes, as shown in the left
panel of Figure 2. As a consequence, the template is biased: it is not “centered” in the sense
that the mean of the deformations required to fit the data is not close to zero. For example, for
digit “1”, the main deformations should be contractions or dilations of the template. With a large
variance al%, the template is thicker, yielding larger contractions and smaller dilations. Since
we have set a Gaussian law on the deformation variable 8 and z_g = —zg, the deformations
(Id + zg) and (Id — zg) have the same probability of being drawn under the estimated model.
As shown on synthetic examples given in the left panel of Figure 3, there are many large dilated
shapes. However, these examples were not in the training set and are not generated with other
hyper-parameters (Figure 3, right panel). We have tried different relevant values and kept the best
with regard to the visual results. In the following, we present only the results with the adapted
variances.

For the stochastic approximation step-size, we allow a heating period which corresponds to
the absence of memory for the first iterations. This allows the Markov chain to reach a region of
interest in the posterior probability density function before exploring this particular region.

In the experiments presented here, the heating time lasts kj, (up to 150) iterations and the
whole algorithm stops after, at most, 200 iterations, depending on the data set (noisy or not).
This number of iterations corresponds to a point where the convergence seems to have been
reached. This yields

1, V1 <k <k,
Ak: l
_ Vk > kj ford =0.6 or 1.
(k — kp)4
ttr ittt 1T rroeel et

Figure 3. Synthetic examples corresponding to the two previous estimated templates of digit 1 (inverse
video). Left: with a thicker shape; right: with a correct shape thickness.
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To optimise the choice of the transition kernel ITy, we have run the algorithm with different
kernels and compared the evolution of the simulated hidden variables, as well as the results on
the estimated parameters. Some kernels, such as the ones mentioned above, do not yield good
coverage of the infinite support of the unobserved variable. From this point of view, the hybrid
Gibbs sampler we used has better properties and gives nice estimation results which are presented
below.

5.1. Estimated template

We show here the results of the statistical learning algorithm for this model. Figure 4 shows two
runs of the algorithm for a non-noisy database with 10 and 20 images per class. Ten images per
class are enough to obtain satisfactory template images with high contrast.

Although it was proven in Allassonniere, Amit and Trouvé (2007) that the Kullback—Leibler
divergence between ¢(-; §) and the common density function for observations from a given class
converges to its minimal value on the family ¢ (-; ), we note that increasing the number of train-
ing images does not significantly improve the estimated photometric template. This apparently
surprising fact can be explained as follows: since strong variations in appearance among the im-
ages may occur within a given class (consider, e.g., topological changes), the image distribution
cannot be perfectly represented as a distribution around a single template. This distribution is bet-
ter represented as being clustered around a major template and minor ones in a multimodal way.
When the sample size is moderate, with a high probability, the sample basically contains images
around the major mode and the parametric model fits these data quite accurately. When the sam-
ple size increases, the minor modes start to play a significant role as “outliers” with respect to the
major mode in the data, resulting in a slightly more blurry template trying to accommodate the
different modes. One way to overcome this fact is to use some clustering methods, as proposed
in Allassonniere, Amit and Trouvé (2007). To visualize robustness with respect to the training
set, we ran this algorithm with 20 images per class, randomly chosen from the whole database.
The different runs are presented in Figure 5. The two left images show some templates which
look like the ones obtained in the left panel of Figure 4 with the 20 first examples of the database.
When outliers appear among the 20 randomly chosen training images, the template may become
somewhat more blurry. This is observed for digits 2’ and ‘4’ (apparently the most variable dig-
its) in the right panel of Figure 5. For digits where all of the images are close to each other (in
term of deformation cost), the templates are stable.

01112131 IOl 21314
NAWEE  MAREE

Figure 4. Estimated prototypes issued from left 10 images per class and right 20 images per class in the
training set.
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Figure 5. Templates estimated with randomly chosen samples from the whole United States Postal Service
database. Each image is one run of the algorithm with the same initial conditions but different training sets
of 20 images per digit each. The variability of the results is related to the huge variability within the USPS
database.

The evolution of the template with the iterations can be viewed in Figure 6. The initialization of
the template is the mean of the gray level images. As the iterations proceed, the templates become
sharper. In particular, the estimated templates for digits with small geometric variability converge
very fast. For digits like 2’ or ‘4’, where the geometric variability is higher, the convergence of
the coupled parameters (photometry and geometry) is slowed down.

5.2. Photometric noise variance

The evolution of the noise variance along the SAEM-MCMC iterations is the same as the one ob-
served with the “mode approximation EM” described in Allassonniere, Amit and Trouvé (2007).
As shown in Figure 7, during the first iterations, the noise variance balances the inaccuracy of

OL L2131 0T 12031 IO} 2130
MANRE NAWRE MAWE

0L R131Y
M

Figure 6. Evolution of the templates with the algorithm iterations. Top line — left: mean gray level images
of the 20 training samples; middle: template at the 50th iteration; right: template at the 100th iteration.
Bottom line: template at the 150th iteration. The improvement is visible, very fast for some very simple
shapes, such as the digit ‘1’, and longer for very variable ones, such as the digit ‘2’. The higher geometric
variability increases the fitting time of the algorithm.
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o2 evolution, n=20
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Figure 7. Evolution of the estimated noise variance using 20 images per class along the SAEM-MCMC
algorithm. This confirms the visual effects seen on the templates: rapid convergence for some very con-
strained digits and slower convergence for the more variable ones.

the estimated template which is simply the gray level mean of the training set. As the iterations
proceed, the template estimates become sharper, as does the estimate of the covariance matrix for
the geometry. This yields very small residual noise. Note that, here, the final noise variance for
the SAEM-MCMC algorithm, which is less than 0.1 for all digits, is less than the noise variance,
which is between 0.2 and 0.3, for the mode approximation EM experimented in Allassonniére,
Amit and Trouvé (2007) in the one component run. This can be explained by the stochastic na-
ture of the algorithm, which enables it to escape from local minima provoking early terminations
in the deterministic version.

5.3. Estimated geometric distribution

As mentioned previously, we have to fix the value of the hyper-parameter a, of the prior on I'.
This quantity plays a significant role in the results. Indeed, to satisfy the theoretical conditions,
we have to choose a, larger than 4k, + 1, say 4 x 36 + 1, in our examples. From the geometry
update equation, a barycenter between the ‘sample’ covariance and the prior, with the number n
of images and a, as coefficients, we find that the prior dominates when the training set is small.
The covariance matrix stays close to the prior. Thus, we need to decrease a, and find the best
trade-off between the degenerate inverse Wishart and the weight of the prior in the covariance
estimation. We fix this value with a visual criterion: both the templates and the generated sample
with the learned geometry have to be satisfactory. This yields ag = 0.5 or 0.1.
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Figure 8. Effect of the estimated geometric distribution: 40 synthetic examples per class generated with
the estimated parameters, 20 with the direct deformations and 20 with the symmetric deformations (inverse

video).

As we have observed from Figure 8, parameter estimation is robust, regardless of whether the
prior is degenerate or not. In addition, considering the update formulae, even if this law does not
have a total weight equal to 1, it does not affect parameter estimation.

In Figure 8, we show a sample of some synthetic digits modeled by deformation templates
drawn with the estimated parameters. Note that the resulting digits in Figure 8 look like some
elements of the training set and seem to explain these data correctly, whereas the prior pro-
duces some non-relevant local deformations (cf. Figure 9). In particular, for some especially
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Figure 9. Effect of the prior distribution on the deformation: 20 synthetic examples per class generated
with the estimated template but the prior covariance matrix (inverse video).



Bayesian deformable models building 663

geometrically constrained digits such as ‘0’ or ‘1°, the geometric variability reflects their con-
straints. For digits like the ‘2’s, the training set is heterogeneous and shows a large geometric
variability. When comparing to the deformations obtained by the mode approximation to EM in
Allassonniere, Amit and Trouvé (2007), it seems that we here obtain a more variable geometry.
This might be because with a stochastic algorithm, we explore the posterior density and do not
only concentrate at its mode. This allows some more exotic deformations corresponding to real-
izations of the missing variable 8 which may belong to the tail of the law. Another reason may
be that for such digits, the mode approximation gets stuck in a local minimum of the matching
energy. Jumping out of this configuration would require a large deformation (not allowed by the
gradient descent since it would increase the energy again). However, such a deformation can be
proposed, leading to acceptance by the stochastic algorithm. Subsequently, the deformed tem-
plate may better fit the observations, leading to acceptance of these large deformations. This also
leads to a lower value of the residual noise and may also explain the low noise variance estimated
by the stochastic EM algorithm.

5.4. Noise effect

As shown in Allassonniere, Amit and Trouvé (2007), in the presence of noise, the mode approx-
imation algorithm does not converge toward the MAP estimator. In our setting, the consistency
of the “SAEM-like” algorithm has been proven independently of the training set and thus noisy
images can also be treated in the same way. These are the results we present here. Figure 10
shows two training examples per class for noise variance values o> = 1 and o2 = 2. In Fig-
ures 11 and 12, we show the estimated templates for the noisy training set containing 20 images
for both methods. Even if the mode approximation algorithm does not diverge, it cannot fit the
template for digits with a high variability. In contrast, the stochastic EM gives acceptable con-
trasted templates which look like those obtained in Figure 4. This becomes more significant as
we increase the variance of the additive noise we introduce in the training set.

Concerning the choice of the hyper-parameters, it is not necessary to change all of them.
For the photometric variance of the spline kernel, a small one could create some non-smooth
templates and a large kernel would smooth the noise effect. However, we can keep the geometric

Figure 10. Two image examples per class of the noisy training set (variance — top: o2 = 1;bottom: 62 = 2).
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Figure 11. Estimated prototypes in a noisy setting o2 = 1. Left: with the mode approximation algorithm;
right: with the SAEM-MCMC coupling procedure.

hyper-parameters unchanged. Here, we are presenting only experiments which seemed to provide
a reasonable trade-off between these effects.

The geometry is also well estimated, despite the high level of noise in the training set. Fig-
ure 13 shows some synthetic examples, in which parameters are learned from the training set
with an additive noise variance of 1. The two lines correspond to deformations and their sym-
metric deformation. This sample looks like the synthetic samples learned on non-noisy images,
even if some examples are not relevant. However, the global behavior has been learned.

The algorithm manages to catch the photometry (a contrasted and smoothed template) and the
geometry of the shapes, and to “separate” the additive noise.

The number of iterations needed to reach the convergence point in the noisy setting is about
twice that of the non-noisy case. The template takes the longest time to converge and the estimate
of o' converges in a few iterations. In particular, the templates obtained in the left panel of Fig-
ure 4 with only 10 images per training digit set are obtained with a heating period of 25 iterations
and 5 more steps with memory. The templates of the right panel of Figure 11 require 100 to 125
heating iterations in the 150 global iterations. This is understandable since the algorithm has to
cope with variations due to the noise and thus needs a longer time to fit the model.

6. Proof of Theorem 2

Here, we demonstrate Theorem 2, that is, that the stochastic approximation sequence satisfies
assumptions (A1°)(ii), (iii), (iv), (A2) and (A3).

OLLE L1 ol 131
MANAE  RAKWNE

Figure 12. Estimated prototypes in a noisy setting 02 =2. Left: with the mode approximation algorithm;
right: with the SAEM-MCMC coupling procedure.
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Figure 13. Effect of the noise on the geometric parameter estimation: 40 synthetic examples per class
generated with the parameters estimated from the noisy training set (additive noise variance of 1, inverse
video).

We recall that in this section, the parameter o? is fixed so that @ = («, I'). The sufficient
statistic vector S, the set S and the explicit expression of 6(s) have all been given in Section 4.2.
As noted, 6 is a smooth function of S.

We will prove that these conditions hold for any p > 1 and a €]0, 1.

6.1. Proof of assumption (A1)

We recall the functions H, & and w, as in Delyon, Lavielle and Moulines (1999), are defined as
follows:

Hy(8) = S(B) — s,
hs) = / Hy (B)gpon (Bly. (s)) dB.
RN

w(s) = —1(0(s)).

As shown in Delyon, Lavielle and Moulines (1999), with these functions, we satisfy A1’(iii)
and A1/(iv).
Moreover, since the interpolation kernel K, is bounded, there exist A > 0 and B € Sym,fp

such that for any B8 € R, we have

IS1(B)I = A, 0=%(B)=B and 0=S53(B),
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where, for any symmetric matrices B and B’, we say that B < B’ if B’ — B is a non-negative
symmetric matrix.
We define the set S, by

S.2{SeS|ISiII<A0<S, <Band0<S3}.

Since the constraints are obviously convex and closed, we get that S, is a closed convex subset
of R"s such that

Sy CSCR™
and satisfying
s+ pH;(B)eS, for any p € [0, 1], any s € S, and any 8 € RV,

We now focus on the first two points. As [/ and 6 are continuous functions, we only need to
prove that Wy N S, is a bounded set for a constant M € R* with

Wy ={seS, w(s) <M}

On S,, s1 and s, are bounded; writing 6 (s) = (a(s), '(s)), we deduce from (3) and from the

boundedness of K, that a(s) is bounded on S, and |y; — K I’fia(s)| is uniformly bounded on
Bi € Rzﬁg and s € S,. Hence (recall that o2 is fixed here), there exists an 7 > 0 such that
qe(y|B,0(s)) = nforany s € S, and B € RV, Thus,

w(s) > —log< / qm(B,6(5)) dﬂ) +C = —10g(gpara(6(5))) + C = —10g(gpara . (T (5))) + C,

where C is a constant independent of s € S,. Since

a B a
— 10g(gpara), () = 2 (T ! D) + log [T l) = = log [T

and

lim log(|Cg (s)) = | lim log(|(S3 +agXy)/(n+ ag)|) = 400,

llsl|—+400,5€S, s|l—+00,5€8,
we deduce that

lim w(s) = +oo.
[Isll—+00,5€S,

Since w is continuous and S, is closed, this proves A1’(ii).
6.2. Proof of assumption (A2)

We prove a classical sufficient condition (DRI1), used in Andrieu, Moulines and Priouret (2005),
which will imply (A2) under the condition that H; is dominated by V for any s € K.
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(DRI1) Forany s € S, I 0(s) is ¢-irreducible and aperiodic. In addition, there exist a function

V : RN — [1, oo[ and some p > 2 such that for any compact subset }C C S, there exist an
integer m and constants 0 < A < 1, B > 0, x > 0, § > 0, a subset C of RY and a probability
measure v such that

sup II7' V7 (B) < V" (B) + Bic(B). (23)
sek ’

sup T VP (B) <kVP(B)  VBeRY, (24)
sek

inf 7 (B, 4) > 6v(A) VB eC,VAEBRY). (25)

Remark 5. Note that condition (25) is equivalent to the existence of a small set C (defined below)
which depends only on .

Notation 1. Let (e;)1<;<n be the canonical basis of RV. Forany 1 < j < N,let Eg ; = {B €
RM | (B, ej)o = 0} be the orthogonal space of Span{e;} and pg, ; be the orthogonal projection
onto Ey ;, that is,

(B.ej)o

lej 13

po.j(B)E B —

ej,

where (8, 8")g =D/, B! Fg_l,Bi/ for 6 = (o, T'g) (i.e., the natural dot product associated with the
covariance matrix I'g) and || - ||y is the corresponding norm.

Forany 1 < j < N and 6 € ©, we denote by Ily ; the Markov kernel on RY (5) associated
with the Metropolis—Hastings step of the jth Gibbs sampler step on . We have Iy =Ty y o
oIy ;.

We first recall the definition of a small set.

Definition 1 (cf. Meyn and Tweedie (1993)). A set £ € B(X) is called a small set for the kernel
II if there exist an m > 0 and a non-trivial measure v,, on B(X) such that for all B € £, B €

B(X),
" (B, B) > vu(B). (26)
When (26) holds, we say that £ is v,,-small.

We now prove the following lemma, which gives the existence of the small set C in (DRI1).

Lemma 1. Let € be a compact subset of RN and K a compact subset of S. Then £ is a small set
of RN for Hé(s),for any s € K.

Proof. First, note that there exists an ac > 0 such that for any 6 € ©, any B € R and any
b € R, the acceptance rate 7 (B’,b; B/, 0) is uniformly bounded below by a. so that for any
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1 < j < N and any non-negative function f,
My, £(B) > ac /R £ +bep)a;bIB~,0)db

=ac/Rf(Pe,j(ﬁ)+zej/||ej||9)go,1(z)dz,

where g1 is the density of the standard Gaussian distribution A/(0, 1).
By induction, we have

N N
Oy f(B) > al /RN f(Pe,N,l(ﬂ) +ZZjPG,N,j+1(ej)/||ej||9> Hgo,1(2j)de, 27)

j=1 j=1

where pg 4. = po,r © Po,r—1 00 pg 4 for any integers g <r and pg y y+1 =1d.
Let Ag € L(RY) be the linear mapping on RY defined by

N

Apz= ZZjPQ,N,jJrI(ej)/”ej llo-
j=1

One easily checks that for any 1 < k < N, Span{pg n,j+1(ej),k < j < N} = Span{e; | k <
Jj < N} sothat Ay is an invertible mapping. By a change of variable, we get

N
/RN f(po.n1(B)+ Asz)) ngo,l(Zj)de = /RN F@8py v 1 (8. 494, ) du,

j=1

where g, s stands for the density of the normal law N(u, X). Since 8 — Ay is smooth on the
set of invertible mappings in 6, we deduce that there exist two constants, cx > 0 and Cx > 0,
such that cxld < AgAg <1Id/cx and Epo.n.1(B). Ag AL (u) = Crcgpyn.1(B).1d/cxc (), uniformly for

0 =0(s) with s € K. Assuming that 8 € £, since 6 — py n.1 is smooth and £ is compact, we
have SUDgce 0—f(s) sk lPo.n.1(B)| < oo. Therefore, there exist C,’C > (0 and C;C > 0 such that

for any (u, B) € RN x £ and any 6 =6(s), s € K,
8 o1 (B A AL ) = Cic80 10/, (1) (28)
Using (27) and (28), we deduce that for any A, for any s € K and 6 = é(s),
My (B, A) = Ceag vic(A),

with v equal to the density of the normal law A (0, Id/ i)
This yields the existence of the small set as well as equation (25). U

This property also implies the ¢-irreducibility of the Markov chain (8;)x and its aperiodicity
(cf. Meyn and Tweedie (1993), page 121).
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We set V : RN — [1, 4-o00] to be the function

V(B)=1+BI> (29)

In fact, we have the following property: 3Cx > 0 such that VB € R,

sup [|Hs(B)|| < CcV(B).
selC

This condition is required for the implication of A2 by DRII.

‘We now prove condition (24). .

Let /C be a compact subset of S and p > 1. Forany 1 < j < N, any s € K and 6 =0(s), we
have

My ;VP(B) < VP (B) +/RVP(P9,j(ﬂ) +zej/llejllo)go,1(2) dz.

Since V(B+h) <2(V(B)+V (h)) forany B, h € R¥ and since there exist two constants, cx > 0
and Cx > 0, such that for any 8 € RY, 0 € 6(K), lpo,; (Bl < CxclIBll and |lejllg = 1/cxc, we
have

/RV”(Pe,j(ﬂ) +zej/llejllo)go,1(z) dz < 2”C,’éV”(ﬂ)A{(l + V(ckze)))' g0,1(2) dz.

We deduce that there exists a C ;C > ( such that for any 8 € RNV,

sup Ty ;VP(B) < Ci VP (B).
0=0(s),sek

Then, by composition, g V7 (B) < C;év VP (B) and (24) holds for any p > 1.

Now, consider the drift condition (23).

To prove this inequality, we prove the same inequality for a subsidiary function V, which
depends on the parameters 6 and then we deduce the result for V. So, let us define, for any
0 = (o, Ty), the function Vy(B) £ 1+ || B]|3.

Lemma 2. Let K be a compact subset of ®. For any p > 1, there exist an 0 < pg < 1 and an
Ck > 0 such that for any 6 € K and any B € RN, we have

eV, (B) < px V) (B) + Ck.

law

Proof. The proposal distribution for Iy ; is given by g(BIB8 ™/, v,0) = pg,j(B)+ Z”:ﬁ , where
J

7z~ N(0, 1). There then exists Cg such that for any g € R¥ and any measurable set A € B (RM),

€j

llejllo

Iy ;(B,A)=(1 —ae,p)llA(ﬂ)+ae,ﬂ/RﬂA<Pe,j(ﬂ)+z )go,l(z)dz,

where ag g > ac (ac is a lower bound for the acceptance rate).



670 S. Allassonniere, E. Kuhn and A. Trouvé

Since (pg,j(B),ej)s =0, we get Vo (ps, i (B) +ZH:_W) = Vy(po,;(B)) +z° and

Mo,V (B) = (1 — agp) V' (B) + ao.p A; (Vo (po. 1 (B) +22) 0.1 () d
< -app)V(B)
+aop (Vep (po.j(B)) + Ck Vep_l (po,j (B)) /R(l +2%)720.1(2) dz)

< (U —app)V{(B) +ap gV (po.i(B) + Ci VY™ (po.j (B)).

In the last inequality, we have used the fact that a Gaussian variable has bounded moments of
any order. Since ag g > ac and || pg, j(B)llg < l|Blle (pe,; is an orthonormal projection for the dot
product (-, -)9), we get that Vi > 0, ICk ,, such that VB RY and V0 € K,

HG,j Vgp(ﬂ) =(1- ac)Vgp(ﬁ) + (ac + n)Vgp(Pe,j(ﬁ)) + CK,;]-

By induction, we show that

N
. ) C
HQVQP(ﬁ) = Z H(l —aC)I*MJ (ac +m"i Vgp(Pe,u(ﬂ)) + %((1 + 77)N+1 . 1)’
uel0, 1N j=1

where pg,, = (1 —un)Id+uypgn)o---o((1 —u)ld+uipg,1). Let pg = pgno---0 pg,1
and note that pg,; is contracting so that

C
VP (B) < ben VY (B) + (ac+ NV (po(B)) + —

(1 +mNTh),

for b; , = (Zue{O,I}N,u;él ij:l(l — ac)l—uj (ac + n)).

To end the proof, we need to check that py is strictly contracting uniformly on K. Indeed,
lpe(B)lle = lIBlle implies that pg ;(B) = B for any 1 < j < N. This yields (8,e;)9 =0 and
thus B = 0 since (e;)1<j<n is a basis. Using the continuity of the norm of pg in 6 and the
compactness of K, we deduce that there exists 0 < px < 1 suchthat || pe(B)lls < px ||Bll¢ for any

B and 0 € K. Changing px for 1 > p > px., we get (1 + p211BID)? < o/ (1 + 18I + C}
for some uniform constant C }é Therefore,

2
oV (B) <bey Vi (B + 0y (ac+ )" VI (B) + Ck .
Since we have inf,- b. , + ,0'? (ac + )N < 1, the result is immediate. O
Next, we prove the expected inequality for the function V.

Lemma 3. For any compact set K C ® and any p > 1, there exist 0 < pg < 1, Cx > 0 and mg
such thatNm > mo, V0 € K,V € RV,

oy ve(p) <pxVP(B) + Ck.
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Proof. Indeed, there exist 0 < c¢; < ¢ such that c;V(B) < Vo(B) < c2V(B) for any (B,0) €
RN x K. Then, using the previous lemma, we have MJVF(B) < ¢ "IIV/(B) <

PR VEB) + Ci /(1 = pr)) < (e2/e1)? (PR VP (B) + Ck /(1 — pi)). Choosing m large
enough for (c3/c1)? py < 1 gives the result. [l

This completes the proof of (23) and, at the same time, of A2.

6.3. Proof of assumption A3’

The geometric ergodicity of the Markov chain, implied by the drift condition (23), ensures the
existence of a solution of the Poisson equation (cf. Meyn and Tweedie (1993)):

8o (B =D _(I5  Hy(B) = h(s)).

k>0

We first prove condition A3'(i).

Since Hy(B) = S(B) —s with S(B) at most quadratic in 8, the choice of V directly ensures (8).

Due to the result presented in Douc, Moulines and Rosenthal (2004), there exist upper bounds
for the convergence rates and the constants involved in the quantification of the geometric er-
godicity of all of the chains indexed by s € X which only depend on m, A, B, §. Therefore, these
constants only depend on the fixed compact set K. This yields the uniform ergodicity of the
family of Markov chains on . Therefore, there exist constants 0 < yx < 1 and Cx > 0 such
that

> (15 H () — h(s))

k>0

k
<> CryelHslly < oc.
Vv k>0

”gé(s) lv =

Thus, Vs € IC, 8i(s) belongs to Ly = {g:RY = R, |lglly < oo}.
Repeating the same calculation as above, it is immediate that II 4(5)86(s) also belongs to Ly .

This completes the proof of A3'(i).
We now move to the Holder condition A3/(ii). We will use the following lemmas which state
Lipschitz conditions on the transition kernel and its iterates.

Lemma 4. Let IC be a compact subset of S. There exists a constant Cx. such that for any p > 1
and any function f € Lyp,V(s,s') € K2, we have

” Hé(s)f - Hé(s/)f||‘/p+l/2 <Cxllfllvells —s'|l.
Proof. Forany 1 < j <N and f € Ly»r, we have

Oy ; f(B) =1 —rj(ﬂ,e))f(m+/Rf<ﬂbﬁj>r,-(ﬁf,b;ﬁ‘fﬂ)q,»(bm‘f,e)db,

where 7 (B,0) = fR rj (ﬁj, b; ﬁ_-/, 0)q; (b|ﬁ‘j, 0) db is the average acceptance rate.
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Let s and s’ be two points in K and s(¢) = (1 — €)s + es’ for € € [0, 1] be a linear in-
terpolation between s and s’ (since S is convex, we can assume that K is a convex set
so that s(e) € IC for any € € [0, 1]). We also denote by 6(¢) £ é(s(e)) the associated path
in ® which is a continuously differentiable function. To study the difference |(ITg(1),;

My ),;)f (B, introduce Hé,f(ﬁ) £ (1 —rj(B.0)f(B) and I3 FB = [y FBps)) x
rj(ﬁ] b; B~/ ,0)q;(bI1B~ J,0) db. We start with the difference ||(H9(1)] 9(0)])f(ﬂ)” First,
note that under the conditional law g (b|8~ 7.6), b~ ./\/’(bg,](ﬁ),l/||e]|| ), where

by, i (B) 2 ¢ po. j(B)=¢'B — (B, ejda/lle;ll;

is the jth coordinate of pg_ ;(B). We have

db.

= ba,j(ﬂ))2llej||§> llejllo

g f(B) = /R fBoj+bej)ri(Bl b B~ ,e)exp(— 5 Jon

Since r; (,B/ b; B~/ 9)—r/(ﬂf b;B77,0) A1, where 7; (ﬂf b;p 7,02 %isa
smooth functlon in 6, we have

1031y — M50y ,) S B

1
< / / 1/ Boos; +bep)l (30)
0 R
d S (b —bg, ; (B lejl3\ lle;
x g(rj(,gf,b;ﬂ /,e)exp<— 912 ] 9)/27?)’%'

However, one easily checks that there exists a constant Cxc such that for any s, s’ € K, ¢, j and B
(with 6 =0 (¢)),

L Gl be,.j(ﬂ))2||ej||g) lejle
et 2 Ners

b—1bg ;j(B)*e;lI3
SCIC(I+|b—b(9,j(ﬁ)|)zeXP(_( 9”(2’3)) ” ’”9) 3D
x @(‘—b ](ﬁ)' ' ||e,||e)
2w

Since g llejllo =y ¢idely ¢ aela | = —Tg ' qeleTy ' and §Te = 2= (see (3), we
deduce that there exists another constant C;C such that
d /!

gllejlle = Cklls" —sl. (32)
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Similarly, updating the constant Cxc, we have'

d
‘&be,,’(ﬁ) < Ce(IL+IBIDIIs" = slI. (33)

Now, concerning the derivative of 7 (ﬁj ,b; ﬁ_j ,0), since

. ol 1. o—i 1 o B .
log(F; (B, b2 B~7.6) = 2 3 (lyi = Kp'all® = llyi = Kp'al)

i=1

with ,B,- = B j» i corresponding to the ith image, only one term of the previous sum is non-
zero. We deduce from the fact that K, is bounded and from (3) that | % log(7; (B1,b; B71,0))| <
Cxl %od < Cxklls — s'|l, so that, using the facts that 7; (ﬂj, b; ﬂ_j, 0) is uniformly bounded for
6eh ), B e RY and b € R, there exists a new constant Cyc such that

d . .
‘E’:j(ﬂjsbi B~.0) <Cxls—5'll.

Thus, using (31), (32) and (33), we get, for a new constant Cyc, that

_ . 20,112 .
4 ﬁ_j’e)exp<_<b bo.; (B)lle; ||g> le;le

2 V2n
b—bg ()12 lle;
< Ci(1+ 1B — s (1 + Ib—be,j(ﬂ)|)2exp<—( () ”ef”e) '5’2'_'9.

Since £ (B < I fllveVP(B) and V(a + b) =1 4 |la + b|> < 2(V(a) + V (b)), we have
I f(Bosj +bepll < Clifllve(VP(Bo ) + VP (bej)) with C = 22P=1 Hence, there exists a
Cy such that V(s, s') € K2, V1 <j<N,YBeRN and Ve €0, 1],

d S (b—1bg, ; (B llejl2 llejlle
/Rnf(ﬂ()ﬂ+hej>||'£<rj<ﬁf,b;ﬁ Jﬂ)@XP(— I 0)]7,,)“”’

< CxllfllveVEPBoo DA+ 1BDIS" = sl < Cell fFllve VEBYL +IBIDIS" — sl

where we have used the fact that a Gaussian variable has finite moments of all orders. Since
(L+ 1Bl < 2V (B))'/?, we get (updating Cc) that

(020 = W) ) FBY| < Cicll fllva VEH2(B) 15" = s1l. (34)

INote that the extra factor (1 4 ||B]l) appearing in the right-hand side of (33), compared to the right-hand side of (32),
alleviates the need to show the usual Lipschitz condition ||Hé(x)f - Hé(s/)f“vﬂ’ <Cxlfllyalls —s'|| with ¢ = p.

Weaker Lipschitz conditions, such as condition A3’ (ii) of Theorem 1 are needed.
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Now, looking at the first term in (6.3), we easily deduce from the previous study for f = f(B)
that

(M =Ty ) S B < VB2l —sllILf (B

+1/2 / 35
<CxlfllveVPT2(B)|Is" — s
so that adding (34) and (35), we get (again updating C) that

|(Mo1y.; — Moy ) f || ypere < Cicll Fllvrlls” = sl (36)

We conclude the proof by stating that Iy (1) — Ig) = Z;V:I o), j+1,5 0o g1y, j — Mooy, ) ©
Ig(0),1,j—1, where Iy 4 , =Ilg,, o g 1 0--- 0 Il 4 for any integer ¢ <r and any 6 € © so
that, using (6.2) and (36), the result is straightforward. O

Lemma 5. Let K be a compact subset of S. There exists a constant Cic such that for all p > 1
and any function f € Lyr,V(s,s") € K2, Yk > 0, we have, for 6 =0(s) and ' = 0(s'), that

IS f = T0g, flly 12 < Ccll fllvells — s

Proof. We use the same decomposition of the difference as previously:
k—1
Ojf — Ty, f = MMy — M) (T, ' f — e (f)).
i=1
Using Lemma 4, the fact that ||l'[ (f —ma(Nve < y’C”f”Vp with yxc < 1 (geometric ergod-
icity) and sup ;- supyc g ||l'I0 Vi|lys < 0o, we get

k—1

T f = T8, fllyp2 < Cic Y || (T — Mo ) (T =" f = w90 () |y e
i=1

k—1

k—i+1
< Cklifllvels =s'1 Yyt

i=1

and the lemma is proved. O

‘We now prove that /4 is a Holder function, linearly adapting Appendix B of Andrieu, Moulines
and Priouret (2005).

Let B € RY and write 6 = 6(s) and 6’ = 0(s"). Write h(s) — h(s') = A(s, s') + B(s,s') +
C(s,s"), where

AGs,s") = (h(s) — TI§ Hy(B)) + (T}, Hy (B) — h(s")),
B(s,s') = IIs Hy(B) — T1%, Hy(B),
C(s,s") = I}, Hy(B) — 1%, Hy (B).
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Using geometric ergodicity, Lemmas 4 and 5, we get that there exists an C > 0, independent
of k, such that

IAGs, s")]| < Cy* sup | HsllvV (B),
Sek

IIB(s, sl < C sup [|Hyllv s —s"IV2(B),

Sek
IC (s, sl < C sup | HllvlIs —s"IIV(B).
Sek
This yields
Ih(s) — h(s)HI < CV32BY* +lIs —5'I).

Hence, setting k = [log ||s — s||/log(y)]1if ||s — s'|| < 1 and 1 otherwise, we get the result.
We can now complete the proof of A3’(ii). On one hand, we have

| (& Hy(B) — h(s)) — (T Hy (B) — h(s)) ||
< T Hy(B) — TS Hy (B) |
+ 1T Hy (B) — TLE, Hy (B) | + () — h(s")| < Clls — s'IIVY/2(B).
On the other hand, we have, thanks to the geometric ergodicity,
| (T Hy (B) — h(s)) — (TI, Hy (B) — h(s))) || < Cy*V/2(B).

Hence, forany t > 0 and T > ¢, we have

[T1585,) (B) = Wy 250y (B) | < D (TG Hs (B) — h(s)) — (M Hy (B) — h(s") |

k=t

)/T+t
scv3/2(ﬁ)[T||s—s’||+ ]

-y

Setting T = [log ||s — 5’|/ log(y)] for ||s — s’|| <8 < 1 and T =t otherwise, also using the fact
that for any 0 < a < 1, we have ||s — 5’| log ||s — s’|| = o(|ls — s’||*), we get the result.

This proves condition A3’(ii) for any a < 1.

We finally focus on the proof of A3'(iii). Once again, we first prove a specific result for each
function Vj and then obtain a result for the function V.

Lemma 6. Let K be a compact subset of S and p > 1. There exists Cx: , > 0 such that for any s,
s' e K, forany B e RN,

v? 8-V,

06 o (B = Creplls =s'IV] (B).

d(s)
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Proof. Indeed, there exists C > 0 such that for any 6(s) = (a, I'y) and a(s") = (@, F;,),
Ty — 1";,| < C||s — s’||. Therefore, there exists a C such that V(s, s") € K2, |1"g_1 — (F;,)_1| <
Clls — s'| and

Vi) B) = Vi, (B)] < Zﬁ (M =@ ™8 <Clls = s"IV(B).
i=1
The result follows from the existence of a constant C such that L V(B < (Y)(ﬂ) < CV(B) for

any (B,s) e RY x K. O

Lemma 7. Let IC be a compact subset of S and p > 1. There exist € > 0 and C > 0 such that
for any sequence € = (ex)r>0 such that e < € for k large enough, any sequence A = (Ar)k>0
and any 8 € RV,

supsupEg [V (B Lo k) avie)=k] < CVP (B).
seK k=0

IA’roof. Let K be a compact subset of ® such that 0 () € K. We note, in the sequel, that 6; =
0 (sx). For k > 2, we have, using the Markov property and Lemmas 2 and 6,

Eg[Vi  (BOLoc)mverzk]
< Eﬁ,s[ﬂak_] Vi BiD Lo (o) avie)=k]
< p(Eg [V, B Lotonver=k] +Eg [ (Ve (Bi1) = Vi, Bi—D) Lo avier=k])
+C
< l?(ﬂ*lﬁ,s[vg[;_2 Br— Do) rve)=k—1] + C/Gk—lE,?,x[Vgi_z Bi—DLoxc)rv(e)=k—1]) + C.
By induction, we show that

k—1
A 14 / p
Eg [Vir , (BLoc)mer=k] < E PU+Ca)Vi B+ T Emy

Choosing & such that p(1 + C’g) < 1 and again introducing 0 < ¢; < ¢; such that ¢;V(B) <
Vo(B) < c2V(B) for any (B, 6) € RN x K completes the proof. O

This yields A3/(iii).
This concludes the demonstration of Theorem 2.
7. Conclusion and discussion
We have proposed a stochastic algorithm for constructing Bayesian non-rigid deformable models

in the same context as Allassonniere, Amit and Trouvé (2007), together with a proof of conver-
gence toward a critical point of the observed likelihood. To the best of our knowledge, this is
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the first theoretical result on convergence in the context of deformable templates. The algorithm
is based on a stochastic approximation of the EM algorithm using an MCMC approximation of
the posterior distribution and truncation on random boundaries. Although our main contribution
is theoretical, the preliminary experiments presented here on the United States Postal Service
database show that the stochastic approach can be easily implemented and is robust to noisy
situations, yielding better results than the previous deterministic schemes.

Many interesting questions remain open. One may ask, what is the convergence rate of such
stochastic algorithms? A first result has been proven in Delyon, Lavielle and Moulines (1999) for
the standard SAEM algorithm. Under mild conditions, the authors state a central limit theorem
for an average sequence of the estimated parameters (6% ). Concerning the generalization when
introducing MCMC, a first step has been tackled in Andrieu and Moulines (2006). Under some
restrictive assumptions, the authors can prove a central limit theorem for an ergodic adaptive
Monte Carlo Markov chain. We believe that it is possible to obtain these kinds of convergence
rates for the SAEM-MCMC algorithm proposed in this paper.

Another question refers to the extension of the stochastic scheme to mixtures of deformable
models (defined as the multicomponent model in Allassonniere, Amit and Trouvé (2007)), where
the parameters are the weights of the individual components and, for each component, the as-
sociated template and deformation law. This is of particular importance for real data analysis
where the restriction to a unique deformable model could be too limiting. The design of such
mixtures corresponds to some kind of deformation invariant clustering approach of the data,
which is a basic issue in any unsupervised data analysis scheme. This extension is, however, not
as straightforward as it would appear at first glance: due to the high-dimensional hidden defor-
mation variables, a naive extension of the Markovian dynamics to the component variables will
have extremely poor mixing properties, leading to an impractical algorithm. A less straightfor-
ward extension involving multiple MCMC chains is currently being studied.

Another interesting extension is to consider diffeomorphic mappings and not only displace-
ment fields for the hidden deformation. This appears to be particularly interesting in the context
of computational anatomy, where a one-to-one correspondence between the template and the ob-
servation is usually needed and cannot be guaranteed with linear spline interpolation schemes.
This extension could, in principle, be done using tangent models based on geodesic shooting, in
the spirit of Vaillant et al. (2004).
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