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1 Introduction

In general, research in the machine learning field has fo-
cused on analysing data that is the output of a single sen-
sor (a single data source) rather than analysing data from
the output of several sensors. However, it seems advan-
tageous to learn from multiple data sources because there
is more information about the underlying data generating
process than if we had just considered a single source.
The relevance of this research area is founded in the hu-
man’s brain’s ability to integrate five different sensory input
streams into a coherent representation of its environment.
Additionally, due to the increased availability of electronic
recording devices and advances in data analysis techniques,
there exists many scenarios in which it becomes necessary
to model multiple data sources.

1.1 Learning from two data sources

In this paper, we present a model for finding a joint prob-
abilistic representation of two data sources, which builds
on work in [1]. In general, existing methods for finding
shared structure are discriminative methods, which find a
set of features for each set that optimise a similarity mea-
sure between the features e.g. [2],[3], [4]. Using these
methods can be problematic; a probability density is not
defined over the two sets of data variables, and therefore
we cannot evaluate quantities such as the predictive den-
sity over one data set given the other. Additionally, these
methods do not model the underlying data generating pro-
cess. Though this may be efficient in that the modelling
power is focused on optimising the quantity of interest -
the similarity of the extracted features - it is difficult to in-
corporate prior knowledge about the feature space. With
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this lack of knowledge about the problem, care has to be
taken in designing appropriate nonlinear mappings for find-
ing nonlinearly related pairs of features using discrimina-
tive techniques. An inflexible mapping may not recover the
true underlying shared structure between the data sets, and
an overly flexible mapping may find spurious correlations
between the data sets.

This problem of inferring the appropriate complex-
ity of the model can be addressed using nonparametric
Bayesian methods. The complexity of the model is allowed
to grow with the number of data points such that the nec-
essary complexity is inferred from the data. This involves
placing a prior over a family of probability distributions
over the data generating process to allow a flexible prior on
the underlying data distribution. One such prior from the
nonparametic statistics field is the Dirichlet process (DP)
[5], which is a distribution over distributions. In this paper,
we assume that each data set lies close to a nonlinear man-
ifold in data space, each indexed by a shared set of latent
coordinates, which reflects the shared structure underlying
the data sets. We extend the probabilistic formulation of
canonical correlation analysis (PCCA) [6] to a mixture of
PCCA in the spirit of the mixture of probabilistic principal
component analyzers [7] to find a low dimensional repre-
sentation of two related data sources. The resulting model
approximates the pair of nonlinear manifolds by pairs of
local linear submodels. We use the DP as a nonparametric
prior for the parameters of the mixture model, allowing the
number of mixture components to grow with the number
of data points, such that the flexibility of the manifolds is
inferred from the data automatically. We call this model a
Dirichlet process mixture model of probabilistic canonical
correlation analysers.
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1.2 Canonical correlation analysis

Canonical correlation analysis (CCA) [2] is concerned with
finding linear relationships between the two sets of vari-
ables. Given two sets of zero mean data variables y; €
R™ and yo € R™2, where m and mo are the dimensions
of y; and y» respectively, CCA finds linear projections of
each variable x; = U] y; and x5 = U, y», termed the
canonical variates, such that the correlation between x; and
Xo is maximised, and U; € R™1*2 and Uy, € R"2%4,
where ¢ < min (m,mg), are matrices whose columns
U,,;,Us;,% = 1,..,q form the ¢ pairs of canonical vec-
tors. We can find U; and U, as the eigenvectors of the
generalised eigenvalue problem:

0 P U, ] [ =, 0 U,
S 0 Us | 7| 0 S0 || U |”

where p is the diagonal matrix of canonical correlations,

and
<}’1) <Y1)T _ { 2:111 2:312 ]
Y2/ \y2 o1 Yo

Another property of CCA is that the projections onto
canonical directions corresponding to a different canonical
correlation are uncorrelated such that Uff]uUl = L,
and Uj 39Uy = 1,,,.

S=F

1.3 Probabilistic canonical correlation anal-
ysis

Canonical correlation analysis (CCA) was formulated as a

latent variable model in [6]. It is found that the posterior

distributions of the latent variables lie in the same linear

subspaces as those defined by standard CCA. The likeli-
hood for a pair of data points is given by:

p(y | x) =Ny | Wx + p, ) (1)

y is defined as the concatenation of two sets of data vari-
ablesie. y = [y yqs]', where y; € R™ y, € R™
with my and my being the dimensions of the two data vari-
able sets, W = [W] W] T with W; € Rm™1*4 W, ¢
R™2%4 and p is the bias parameter. x,, € RY (where ¢
is the latent space dimensionality) is the shared latent vari-
able for the nth pair of data variables y,,, and distributed
according to x ~ N(x | 0,I,) The noise covariance ma-
trix is constrained to be of block diagonal form:

(w0
2n< 0 \1,2) @)
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where ¥ € R™ > = (0, Uy € RM2%™2 = () The maxi-
mum likelihood solutions for the parameters are given by:

o= 3
fo = fi2 “)
W, = %,U, PR )
W, = 3,UyP,R (6)
¥ = 3 - W, W/ )
Ty = g — WoW, )

where Uy, € R™*? and Uyy € R™2*9 are matrices
whose columns consist of the first g canonical directions
for y1 and y respectively, P, is the diagonal matrix of the
q largest canonical correlations, R € R7*? is a rotation
matrix.

1.4 Dirichlet processes

The Dirichlet process (DP) is a nonparametric distribution
on distributions, or equivalently, a measure on measures
[5]. We can view a DP as an infinite dimensional Dirichlet
distribution. A DP is parameterised by a scaling parameter
ag > 0, and a base measure GGy. Suppose that G is a
distribution over a measurable space ©. This acts as the
base measure for the DP. A Dirichlet process is defined to
be the distribution of a random probability measure G over
Oi.e.

G~ DP(G | Go, Oéo) (9)

such that for any K finite partitions of ©, {A1,..., Ak},
{G(A1), ..., G(Ak)} follows a finite dimensional Dirichlet
distribution with parameters {aoGo (A1), ..., a0Go(AK) }:

{G(A1), .., G(Ak)} ~
DiI‘(OzoGo(Al), ceey aoGo(AK)) (10)

where «y > 0 determines the concentration of
{G(A1),...,G(AK)} around {Go(A1),...,Go(AK)}. As
ap — 00, G — Gp. One perspective on the Dirichlet
process is provided by the Pdlya urn scheme [8], which
demonstrates the clustering property of draws from G, in
that a set of samples {©1, ..., O} drawn from G are not
necessarily distinct. This means that the data is divided into
K partitions, or clusters, where each partition has the same
parameter setting 8%. The more often 6 is drawn, the more
likely it is to be drawn in the future. « controls the ten-
dency to form clusters; if « is very small, it is likely that
there will be few clusters, and if « is large, there will be
many small clusters.

2 A Mixture of Canonical Correla-
tion Analysers

A mixture model models the density for a data point y ,, as
a weighted average of K latent variable model densities,
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where K is the number of mixture components. The prob-
ability for y,, is given by:

K
Py |0) = p(¥n| bk cn=k)plcn =k|m) (1)
k=1

where ¢ € {1,...,K} is a discrete variable which indi-
cates which latent variable model has been chosen, w =
[71,...,Tk| " is a vector of mixing proportions (such that
Zkl,{:l 7, = 1). p(c | ) is a multinomial distribution over
¢, where ¢ = {c1,...,cn} is the set of indicators for all
N data points, such that p(¢,, = k | w) = 7. To sim-
plify notation, we will write ¢,, = k as k from now on.
p(¥n | Ok, k) is the probability of y,, under the kth latent
variable model, with the corresponding set of parameters
Ok, and 6 = {61, ...,0k} is the complete set of parame-
ters. To create a mixture of probabilistic Canonical Corre-
lation Analysers, the kth latent variable model density has
the form:

D(yn | O k) = / P(Fa | %o, B )% | )l
= N(yn |, W W] +3,) (12
where

p(Yn | Xnvgka k) = N(yn | Wix, + Mk, \Ilk)(l3)
p(x, | k) = N(x,|0,1,) (14)

with y, defined as the concatenation of two sets of
data variables ie. y, = [y|,ys,] . where y1, €
R™ ya, € N2 with m; and mq being the dimensions
of the two data variable sets, W, = [WITICWQT LT with
W € B> Wy, € R72%9, 1y, is the bias parameter
and x,, € R? is the corresponding shared latent variable.
The noise covariance matrix is constrained to be of block
diagonal form:

(W 0
\Ilk< 0 \I,M> (15)

where Wy, € R™>X™M Wy, € R™2X™2. We have as-
sumed that the prior on the latent variable is the same for
all K mixture components and that each Gaussian cluster
has the same intrinsic dimensionality ¢, so from now on
we will omit the indicator variable when denoting the la-
tent priors, and rewrite p(x,, | k) as p(x,,). The generative
model for the mixtures of probabilistic canonical correla-
tion analyzers is shown in Figure 1. A pair of data points
is generated by first choosing a submodel & according to
p(cn, = k | ), and then drawing from the kth PCCA
model p(y, | Ok,cn = k). The log likelihood function
for the model is given by:

N
L = Y Inpyn|0) (16)

n=1

N K
= 3o S pkm) [ oty [ Kl
k=1

n=1
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k=1,...,K

A

Figure 1: The generative model for the mixture of PCCA.
A submodel £ (indicated by c,) is chosen by drawing
from p(c, | =), and x,,, the shared latent variable is
drawn from p(x). Given ¢,, x, and the corresponding
set of parameters 01 , = {W1 x, 1k, P11} and b, =
{Wa, 2,1, P21}, the nth pair of data variables y
and yo ,, are drawn from p(y1,n | Xn,01,%) and p(y2,n |
Xp, 02,1) respectively.

The Expectation-Maximization (EM) algorithm [9] can be
used to finds maximum likelihood estimates of the model
parameters.

2.1 Generalisingtoan infinite mixture model

The previous section uses a maximum likelihood (ML) ap-
proach to finding the parameters of the model, in which the
model parameters are assigned specific values which corre-
spond to a (local) maximum of the likelihood function. One
problem with the maximum likelihood method is that the
method does not take model complexity into account, and
the data is more likely under more complex model struc-
tures, which leads to overfitting. The likelihood increases
with the number of components in the model, such that the
likelihood is maximised for the extreme case where each
data point is attributed to a separate mixture component.

An elegant solution to the model selection problem is
the nonparametric Bayesian approach; by integrating out
those parameters whose cardinality scales with model com-
plexity, more complex models are penalised since they
can a priori model a greater range of data sets. There
are several Bayesian approaches to mixture modelling in
the literature which approximate the integrals required for
Bayesian inference, using sampling techniques [10, 11],
and variational approximations [12, 13].

In these models, the number of components is found
automatically. One approach is to set a maximum num-
ber of potential components, and then when the model
is trained to some data, unwanted components are sup-
pressed, such as in [13]. Similarly, in [12], variational ap-
proximations to a full Bayesian integration over the model
parameters are derived for a Bayesian mixture of factor an-
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alyzers. The model is initialized with a single component,
and the number of components that fit the training data
is found by adding new components through a stochastic
procedure, and removing zero responsibility components
when necessary.

Another way to approach the model selection problem
regarding the number of components is to use Bayesian
models with an infinite number of parameters such as the
infinite mixture of Gaussians in [11]. This allows the model
to be of the necessary complexity through considering a
continuum of models and averaging with respect to all of
these simultaneously, rather than controlling the complex-
ity through limiting the number of parameters. Modelling
data as coming from an infinite mixture has been seen to
work well in the infinite mixture of Gaussians when there
are only a small finite number of components in the actual
mixture. The infinite mixture of Gaussians is similar to ex-
isting models in nonparametric statistics known as Dirich-
let process mixture models [5, 14, 15] but derives the model
as a limiting case of a finite mixture model rather than from
the Dirichlet process itself such as in [16].

In the following section, we derive the Dirichlet pro-
cess mixture model as the limiting case of the finite mix-
ture model. Suppose that we place a symmetric Dirichlet
prior on the mixing proportions of the K component mix-
ture model w = {my,..., Tk }, which is conjugate to the
multinomial p(c | 7r), the distribution over the indicator
variables ¢ = {c1,...,cn }:

p( | ag) = Dir (7 | %, C(ap) HWGO/K !

where ag > 0 is a positive scaling parameter, C(ag) =
I'(ao)
1“((Jco/;’()K

fooo u®~Ve~"du denotes the Gamma function, and
E(m) = 1/K. Integrating out the mixing proportions we
get:

is a normalisation constant, where I'(z) =

p(er,.,en | ag) = /p(c | m)p(m | ag)dm

T(aw) ﬁ T'(Ny + a0/ K)
T(N + ao) T(ao/K)

a7)

k=1

It is difficult to directly sample c from this distribution; in-
stead, the indicators are Gibbs sampled to capture their de-
pendencies. The conditional prior over the indicator vari-
able for the nth data point given all the other indicator vari-
ables is given by:

N_pi+ao/K

18
N -1+« (18)

p(cn =k | cfn;OCO) =

where c_,, denotes the set of indicators not including ¢,
and N_,, j is the number of data points in the kth cluster,
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Figure 2: Graphical model for DP mixture model of PCCA

not including the nth data point. If we allow K — oo, i.e.
we allow an infinite number of mixture components, the
conditional prior on ¢,, becomes:

N—n k

p(Cn =k | C—n;aO) = m(l%
p(cn # V' #n | c_p,ag) ﬁo_'_ao(ZO)

where the last equation is the probability that the data point
is assigned to a new cluster. The parameters {©1, ..., On}
for the data points are generated according to:

p(@l,.. ®N|9 Oé() Z(Hp n|cn; )p(C|OéQ)

Cc

This involves a summation over c i.e. over all possible as-
signments of data points to the components, but it is easier
to evaluate in terms of the Gibbs sampling scheme as in
(17), and if c,, takes on an existing value, then the data
point n inherits the parameter set #¢~: ©,, = . If ¢,
takes on a new value (starts a new cluster) then the param-
eter set is generated from the prior p(f | h), where h is
the set of hyperparameters. This is equivalent to the Pélya
urn sampling scheme. This model is a Dirichlet process
mixture model.

3 An infinite mixture of probabilistic
CCA

In this section, we describe the Dirichlet process mixture
model of probabilistic CCA, which uses a Dirichlet process
prior on the parameters for each data point, as detailed in
the previous sections.

3.1 Overview of the modd

This is equivalent to placing a DP prior on the indicators
¢ = {ci,...,cn} (which show the latent submodel with
which the N pairs of data points are associated), and inte-
grating over the mixing proportions 7r. Priors are placed
on the component parameters 6;. The graphical model
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is shown in Figure 2. The probability of the data set

Y = [y1,...,yn] " is given by:
p(Y [ a0, ) =
N
TIY [ o e O0bote [ an)p(s | )8

n=1 c

2y

where p(6 | ) is the distribution over the parameter space
# (equivalent to G), with hyperparameters . This is cho-
sen to be a conjugate prior to the probabilistic CCA likeli-
hood. p(e | ayg) is the distribution over the indicator vari-
ables, where the conditional priors are given in (19) and
(20), the Pélya urn scheme. p(y., | ¢n,0) is the likelihood
for a data point under the c,,th latent submodel in the prob-
abilistic CCA model. When ¢,, = k, this is written as:
p(yn | cn =k, 0%) = [ p(yn | Xn, 0%, ¢y = k)p(x,)dxs,.
We can write the probability of the data set in terms on the
K represented clusters:

p(Y | a0,7) =

>, ﬁ (/p(Y’“ | 6", c)p(6" Iv)db”“) p(c | ao)

c k=1
(22)

where p(Y* | 6%, c) is the probability of all the data pairs
assigned to the kth cluster, given the assignments c of all
the data, parameterised by . Additionally, we define sep-
arate parameters and hyperparameters for the two data sets
Y and Y5 such that we can write:

p(Y | ag,7) =p(Y1 | ao,m)p(Ya2 | a0,72)  (23)

where for: = 1,2

P(Yi | 0407%') =

Z ﬁ (/P(Yf | 6", c)p(6"" | %)d9i’k> p(c | ap)

c k=1

where Yi—“ is the kth cluster of the ith data set, 8% is the
set of parameters for the kth latent submodel for the :th
data set, governed by the set of hyperparameters v,;. With
this formulation, it is easy to see how to compute the pos-
terior distributions over the indicators c, the parameters
6 = {0, ...,6%}, and the hyperparameters y and ag.

3.1.1 Posterior over the parameters

The posterior distributions over the kth set of parameters
are given by:

p(@l’k | Yl’k,C,’h) x
p(Y F [ 05F c)p(0-F | ) (24)
p(@g’k | YQ’k, c772) x
p(Y>" | 6%, c)p(6*F | 72) (25)
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Figure 3: The complete graphical model for the Dirichlet
process mixture model of probabilistic CCA.

3.1.2 Posterior over the hyperparameters

The posterior distributions over the hyperparameters given
the K sets of parameters are:

K

pOn [ 0. 05) o T (0™ [v1)p( | &1026)
=1
K

POy [ 6%, 6%5) o ] p(0> [ 12)p(r2 | &2027)
=1

where p(71 | &1) and p(vy2 | &2) are vague priors over the
hyperparameters, parameterised by £ and xis.

3.1.3 Posterior over theindicators

The conditional posterior distribution over the indicators is
given by:

p(cn =k | cfnvynvgk) X
p(Yn | Hkacn = k)p(cn =k | C—naO) (28)

3.2 Graphical model

The complete graphical model for the Dirichlet process
mixture model of probabilistic CCA is shown in Figure
3, illustrating the layered structure of the hierarchical pri-
ors. Each pair of data observations y,, = {y 1,71,7}’2,n}
is generated from one of the K represented pairs of mix-
ture components, which is indicated by c,,. Each pair of
mixture components is governed by a set of parameters,
where the kth component pair’s parameters are 6% =
{p1 s A1, We i} and 0%% = {119, Ao i, Wo i }. The
parameter sets are governed by a set of hyperparameters 7y
and -y2, which in turn are governed by vague priors £; and
&>. The model and a Gibbs sampling scheme is derived in
the next section in detail.
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3.3 Priorsover the component parameters
3.31 Mean vector py

The mean vector for the kth latent variable model is drawn
from a Gaussian distribution with hyperparameters A and
R which are common to all components.

pig ~ Nk | MR 29)

)

pog ~ N(pag | X2, Ry (30)

The hyperparameters A1, A2 and R, Ry are given vague
Normal and Wishart priors respectively,

/\1 NN(/\1 | pyl,Eyl), R1 ~ W(Rl |m1,2;11) (31)
A2 ~ N(Xz2 | fyzs Xy, ), Ro ~ W(R2 [ ma, Ey_zl) (32)

where (1, and X, are the sample mean and covariance of
the first data set Y, and y,, and 3, are the sample mean
and covariance of the second data set Y. The posterior
distributions over the mean vectors are given by:

fnge | O Y1 o N (g | o is B i) (33)
where

Ty, = (M@ +Ry) !

fpir s = B (P e NE(F1E — W) + RiAr)
pi2ge | O Yo o N (g | s s Bio i) (34)
where

Eltz,k = (Nk‘I’;,i + RQ)_l
fpis s = By (P5 Nk (T2, — WakXi) + Ralg)

where N is the number of data points in the kth cluster,
Yig = N%e D=k Yiis Y2k = N%e D iie,—k Y2,is Xk =
NL,c Zi:q:k’ X

The posterior distributions over the hyperparameters
are given by:

Al g, i Ry~

N )\ | R, Z7K:1 }L1,1‘,+2;11Hyl 1 (35)
1 KR+, " KR+,

Ao | 2,1y ey pi2, 0, Ro ~
N (Az RS B ) (36)

KR2+%,) » KR2+X,)

Ry | pi1,05 0 1,6, A1 ~

(R Ko E) o)

Ro | p2,1, 0, pi2, K5 A2 ~
mo+ K
W (R2 | mao + K; S“2 +22:J’;2 /mz) (38)
where S, = S0 (k= A1) (s — A1) T and S, =
S (k2 — A2) (pze — A2) T
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3.3.2 Covariance matrix ¥ ;, ¥ 1,

We work with the inverse of ¥ j, and ¥y 10 A; j = \Ill_,1f
and A, = \Il;i A, and A, j, are drawn from Wishart
distributions:

A ~ W(AL| B, CTY) (39)
Az ~ W(Asy|B2,CyY) (40)
The hyperparameters 31, 32, C1 and C, are common to all
K components. (81 — my + 1) and (B2 — mg + 1) are

given vague Gamma priors, and C; and Cs, are given vague
Wishart priors:

(81 —m1 + 1)71 ~
(

G((BL—m1+1)711,1) (41)
(B2 —mag + 1)1

G((B2 —ma +1)71,1,1) (42)

Ci ~W(Cy | m1,2,,) 43)

Cy ~W(Csq | ma, Xy,) 44)

The posterior distributions over the covariance matrices are
given by:

‘Ill,k | 9k7Y1 ~
W(¥1 k. | N + B, % + %lcﬁlsyl,k) (45)
Wy | Ok, Yo ~

W(®2 | Nk + B2, % + #_%Syz,k) (46)
where S, = N%? D=k Y1 — pik) (Y1 — pe)

Syor = N7 Yoiresmk (Y2, — p2,1) (V2,0 — pi2,1)) | The pos-
terior distributions over the hyperparameters are given by:

bl

Cl | Al,lv "'7A1,K7ﬂ1 ~

BrIYE A itmp iz
W(Cl | ﬁlK"‘ml’( > 151]1(4_"1/11 1) ) (47)
C2 | A2,17 "'7A2,K762 ~

(B3 ' i Asitmy ' )T
: 152 ;(erzz - ) (48)

W(CQ | 52K—|—m2,

and

Bi| A, A1k, Cr X
G((Br —m1+ 1)L LD T WAL | 51, C1 ) (49)

B2 | Az, Az i, Co o
G((B =m2+ 1)L LTI W(Azi | £2,C3 ) (50)
Since the latter densities are not of standard form, indepen-
dent samples are generated from log 51 | Ai1,..., A1 K
and log B2 | Ag.1, ..., Aa i (which can be shown to be log

concave distributions) using the Adaptive Rejection Sam-
pling (ARS) technique [17].

333 We|ght vectorsWLk, WQ’]C

The weight matrices for the kth latent variable model are
Wi, amd Wy ;.. The rows of these matrices are drawn
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from a Gaussian prior such that:

(W) ~ N(Wig)' | 76,01 ' 1) (51)
(Wa ) ~ N(War)" | 72,05 1) (52)

where (W1 ;)" and (W3 ;) are the ith rows of W x, and
W . respectively, 7y ; and 1 ; are the means of the corre-
sponding distributions, and v and v are the inverse vari-
ance. The hyperparameters are given the following vague
priors:

vy ~G(v1 | 1,1) (53)
va ~G(ve | 1,1) (54)
Vi~ Ny, | 0,771 (55)
Ya,i ~ N (72, | 0,77 1,) (56)

The posterior distributions over the rows of the weight ma-
trices are given by:

(Wik)' | 0, Y1 ~

NW LR | w0 Bew i) (57
where
Biwy i = (Crk(6,0) 7 Y e Xn X, + Vi) !
Bowy )i =
(E(lek)i Em:um=k X (¥1,m (1) =1,k (4)+Vv1y1,i)
U1 . (6,0)

(Wak) | 0k, Yo ~
N((Wai)' [ w0yt Bwa 4)i)

where
E(Wlk)i = (‘I’Q’k(iv i)71 En;cn=k’ anI + VQIq)71
HB(wWy )t =
E(WQ,kV(Evrt:u,,,L:k Xm (Y2,m (1) — 2,5 (1)) +Vay2,i)

W i (4,7)
The posterior distributions over the hyperparameters are
given by:
vi AW ebs A ~ Gon | oy, 50,)  (58)
Vo [ AWk A ~ G0z | progs50,)  (59)

where

My, = mi K +1
s _ Hoy
V1 - 3 "
L+ 3 S (W) — 1) T(Wik)t — 1)
Myy = moK + 1
P moK +1
v L+ 3002 3 (Wo k) = v2,) T(Wak)! — ¥2,i)
and
Yii | {W1 k) o ~
v (W1 i
N(Vl,i | ! z]:(kv(l_i_T’k) 9 KU}-{-T) (60)
~Yo,i | {(Wa) | v ~
v W, i
N2, | = z}(kb(ﬁi’k) s T (6D
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3.34 Latentvariablex

The latent variable x,, for the nth pair of data points

Yn = [Y1n,¥32.,]" is drawn from a Gaussian prior with
zero mean and unit variance:
Xn ~ N (x| 0,1) (62)

The posterior distribution over x,, is given by:

Xn | 9;Y1,n7y2,n ~ N(Xn | Hx,, 5 Exn) (63)

where
Hx, = WZ; (WCW,W; + ‘I’cn)_l(yn — fic,)
Exn = Iq - WcT,L (chWcT" + ‘PC'rL)71WC7L

where ¢, € {1,..,K} denotes the component index

which generated y,,, W, jt., and W, are the param-

eters of the corresponding component, with W
T T 1T _ T T T

[W W ] y Hen - [/j‘l,clulcl] ’ and ‘IlCn

len VY 2,cn

Y., 0
0 Yy .,

3.35 Indicatorsc,,

The conditional priors on the indicators is given by:

N—n.k
n — —n = _ 4
en=Fk|c_n,ap N 1tag (64)

(%))
n n/vl —n» 7?7 65
C 7&0 n 7£n|c (0% —1—|—Oé() ( )

where —n indicates all the indices except n, such that c_,,
denotes all the indicators except the nth, and N_,, ;, is the
number of data points associated with the k£th component,
excluding the nth data point. A vague Gamma prior is
placed over a:

ao ~ Glag | 1,1) (66)

The posterior distributions over the indicators is given by
the following:
for components for which N_,, , > 0

en=k|c_pn, Ok, apx
TN (v | Wi, + i, ©) (67)
for all other components:

en £ e £ nlc_p,y, a0 x
ﬁiao fp(Yn | Xn, Hk)p(xn)p(ek | 'Y)dxndek (68)

The likelihood for currently unrepresented classes (which
have no parameters associated with them) is found by in-
tegrating over the parameter priors. The posterior distribu-
tion over « is given by:
af T'(en)

F(Oéo + N )
This only depends on NV and K, and not on how the obser-
vations are distributed among the components. Samples are

generated from p(log(ag) | K, N), which is log concave,
using ARS.

ap | K, N x Glao | 1,1) (69)
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3.4 Inferencein the mode

As noted before, exact analytical inference is not possible
in this model, and Gibbs sampling is used to update the
parameters, hyperparameters and indicator variables. Each
variable in turn is updated by sampling from its posterior
distribution conditional on all the other variables as fol-
lows:

e The parameters are updated by sampling from p(6 |
7,.¢,Y)

e The hyperparameters are updated by sampling from
p(y10,¢,Y)

e The indicator variables are updated by sampling from
p(c|0,7,Y)

e The concentration parameter is updated by sampling
from p(log(ao) | K, N)

This process (a Gibbs sweep) generates a sample from the
joint posterior distribution p(6,v,c¢ | Y). Many Gibbs
sweeps are performed to repeatedly update all the variables.
Since consecutive samples are likely to be correlated, in or-
der to generate independent samples from the joint poste-
rior, the mixing time of the Markov chain is calculated and
a sample is taken in every period of this length.

4 Experiments

To illustrate the model, we use a pair of toy data sets (each
2 dimensional) where the first data set follows an arc, and
the second data set follows a sine curve, where the points
correspond by arc length.

To perform inference for the model, we initalise the
model with one component and then perform a large num-
ber of Gibbs sweeps to update the hyperparameters, param-
eters, and indicator variables, storing the values at each it-
eration. Initially, we do not know how the Markov chain
will mix and converge for this particular data set so we per-
form 10000 iterations to assess the mixing and convergence
times. The convergence time (or the burn-in time) is found
to be approximately 3000 iterations. Discarding the 3000
iterations produced during the burn-in phase, the mixing
time for the Markov chain is estimated by plotting the au-
tocovariance for different parameters against time (based
on 10000 iterations) and finding the maximum correlation
length. There are no significant correlations for any of the
parameters; we choose the effective correlation length to be
10 iterations. We then perform 10000 iterations for mod-
elling purposes - 3000 for the burn-in period, and a further
7000 which generates 700 independent samples from the
posterior distribution (spaced evenly 10 apart). Figure 6
shows four sets of samples from the posterior distribution
for the mixture models at iterations 1, 500, 4000, and 6000.
Figure 4 shows the histograms for some parameters of the
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mixture model, based on the 700 independent samples from
the posterior distribution.

4.1 Examining the distribution over the la-
tent space

In the mixture model, there is a set of latent variables X
that underlies both data spaces Y ; and Y. In this section,
we find the distribution over X given just one of the data
sets. This distribution can be used to predict one data set
given the other, and vice versa. The posterior distribution
over the nth latent variable x,, given the corresponding data
point from the first data set, is given by:

P(Xn | Y1) = /p(xn | y1.n,0)p(0)d6 (70)
1< _ _
= 7O NG | (x,)' (Bx,))TD)
=1

where [ is the number of independent samples, and the su-
perscript 7 denotes the ith independent sample, such that 6°
describes the ith sample of the posterior over 6.

4.2 Predictivedistribution

After finding the posterior distribution over the latent space
given one data set, we can evaluate the predictive distribu-
tion over the other data space, according to:

P(y2n | Y1.0)

I
1
= f g /p(}’2,n | Xnvei)p(xn | y1,n)dxn (72)
i=1

Figure 5 shows the predictive distribution over each data
set given the other.

5 Conclusion

In this paper, we have presented a model to probabilisti-
cally represent the shared structure between two data sets.
The model is a Dirichlet process mixture model of proba-
bilistic canonical correlation analysers, allowing the com-
plexity of the model (the number of mixture components)
to be determined automatically from the data. This allows
the model to automatically determine the flexibility of the
manifolds underlying the data. The model offers a very
flexible prior over the shared structure, overcoming the lim-
itations of parametric Bayesian models and existing depen-
dency seeking discriminative models. A future direction
for research would be to use variational approximations to
the model so that it would be possible to work with pairs of
large scale data sets.
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Figure 6: Four sets of samples from the posterior distribution for the mixture model, at iterations 1, 500, 4000, and 6000.
Each row shows a sample over the first data set Y 1 (first column) and the second data set Y 5 (second column), and a graph for
the probability mass in each component and the unrepresented components (third column). The ellipses indicate 2 standard
deviations of the noise covariance matrices of each component, and the labels for each component 1,...,K are positioned at the
means.
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