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Abstract

We introduce the Tsallis divergence error measure in the
context of pLSA matrix and tensor decompositions showing
much improved performance in the presence of noise. The
focus of our approach is on one hand to provide an opti-
mization framework which extends (in the sense of a one pa-
rameter family) the Maximum Likelihood framework and on
the other hand is theoretically guaranteed to provide robust-
ness under clutter, noise and outliers in the measurement
matrix under certain conditions. Specifically, the conditions
under which our approach excels is when the measurement
array (co-occurrences) is sparse — which happens in the
application domain of "bag of visual words”.

1. Introduction

We introduce a robust version of pLSA which is the prob-
lem of factorizing a multi-way array (matrix or tensor) into
a linear combination of rank-1 factors subject to probability
(simplex) constraints. We are mostly interested in appli-
cations where the input array (representing co-occurrances
between features and images, or between words and doc-
uments) is sparse and in this context would like to obtain
decompositions into factors in a way which is insensitive
to additive noise, clutter and outliers. In the context of
feature/image or word/document associations noise takes
the form of clutter images (outside of the object classes
of interest) and irrelevant feature fragments. We also wish
to remain with the Maximum Likelihood (ML) framework
which the original pLSA provides. The line between ob-
taining more robust solutions than original pLSA while not
deviating much from ML solutions can be treaded carefully
by working with an extended divergence measure, known
as the Tsallis divergence [8], which is a one parameter ex-
tension of relative entropy. We will show that optimization
with Tsallis divergence can be done within an Expectation-
Maximization (EM) framework, thus generalizing the origi-
nal pLSA algorithm, and prove robustness claims applicable

to sparse input arrays.

Let X, Y be two observable random variables generating a
co-occurrence matrix Gi; = P(X = z;,Y = y;) and let
Z be a hidden variable inducing conditional independence
between X,Y, i.e., X LY | Z. The standard pLSA [3] is
described as the maximum-likelihood factorization of the
co-occurrence matrix G into the product UXV '

min D(G||USVT) st.U1=V1=1"%1=1,
=,U V>0
(1)

where ¥ is diagonal and D(p,q) = ), p; log(p;/¢;) is the
relative entropy measure (a.k.a KL-divergence). The sta-
tistical interpretation of the decomposition is based on the
mixture:

Y P(Z=z)P(X|Z=2)PY|Z=z),

where P(Z = z;) form the diagonal of 3, P(X | Z = z;)
are the column vectors of U, and P(Y | Z = z;) are the row
vectors of V' T, Optimization under KL-div error guaran-
tees a maximum-likelihood (ML) estimation and can be ob-
tained via the celebrated Expectation-Maximization (EM)
algorithm [1].

The pLSA algorithm is closely related to non-negative
matrix and tensor factorizations but with two distinctions
(i) ML solution is sought after, and (ii) the decomposition
is governed by simplex constraints required for obtaining
probabilistically valid solutions. The use of pLSA in vi-
sual recognition has been gaining attention and in particu-
lar where visual analogue of the ”bag of words” represen-
tations of image features across multiple object classes is
used. In this context a factor corresponds to an object class
and the factorization of the data matrix, representing co-
occurrences of image features and images, decomposes a
collection of images over multiple object classes into sepa-
rate classes with their associated image features [5S] — more
details on this process can be found in Section 4. The bag of
visual words application domain is promising but the level
of success relies on the scalability of the process and in turn



in the performance in the presence of clutter, noise and out-
liers. The focus of this paper is to show how the pLSA
framework can be extended in order to handle noise in a
satisfactory manner in the domain of sparse co-occurrence
arrays (which is the domain of bag-of-visual-words).

We introduce a matrix/tensor pLSA algorithm governed by
the Tsallis one parameter divergence family D,(x || y) =
(1-3, 2%; %) /(1 - q). A convenient property of Tsallis
divergence is that D,_1(x|ly) — D(x]|y), i.e., it is one pa-
rameter extension of the KL-div. Our contribution is two-
fold: we show that a factorization minimizing the D, en-
ergy between a sparse measurement tensor and a low-rank
statistically admissible model is largely insensitive to mea-
surement outliers when ¢ — 0. Our second contribution is
to derive an EM extension for D, optimization thereby in-
troducing a simple locally-optimum iterative scheme using
auxiliary variables.

2. On Tsallis (Non-extensive) Divergence Mea-
sure

Tsallis entropy [7] defined below,

=1

where ¢ is a real parameter, is a generalization of the stan-
dard Boltzmann-Gibbs (and Shannon) entropy. In the limit
as ¢ — 1, we have that 33?_1 = ele= Do ~ 1 4 (¢ —
1)Inx;, hence S; = — ), x;Inz;, which is the normal
Shannon entropy.

Tsallis entropy can also be thought of a g-deformation of
Shannon’s entropy by noting that S, (x) = — ). x;Ing 2;
where Ing(z) = (2179 —1)/(1 — q) is the q-logarithm with
the property In,(z) — Inz when ¢ — 1.

As for properties, S, > 0, for ¢ > 0, and equals to zero
when all probabilities but one vanishes; like Shannon’s en-
tropy, Sy attains its maximum (for ¢ > 0) for uniform dis-
tribution (x; = 1/n), thus becoming S, = In,.

Finally, S, is not extensive in the sense that given two
independent random variables X 1Y, ie., P(X,Y) =
P(X)P(Y), then

1—>
Sq(x) = ﬁ

Sq(X,Y) = 54(X) + 54(B) + (1 = 9)54(X) 54 (Y).

From this result it is evident that g is a measure of the depar-
ture from extensivity. Tsallis relative entropy [8] Dy(x || y)
can be described as a q-deformation of relative entropy

D(x|ly):

1—q
Yi qu -1
7(1 — 1 171 2
Dyl l¥) = =3l 3 N

Like the entropy function, D, — D in the limit when ¢ —
1. It can also be shown that D, (x || y) > 0, for ¢ > 0, and

vanishes if and only if x = y. Further, for ¢ > 0, D, is
a convex function of x and of y. Like Tsallis entropy, D,
satisfies the pseudo-additivity of the form:

Dy(X1, X2 || Y1,Y2)
+(g—-1)

= Dy(X1 || Y1) + Dy(X1 || Y1)
Dy(X1 || Y1)Dy(X1 || Y1)

where X, X5 and Y7, Y5 are independent pairs. It is worth-
while noting that the non-extensive nature of S, and the
pseudo-additivity of D, is a hindrance to using S, and D,
for statistical inference because it does not allow one to take
advantage of the i.i.d. property of observations and thereby
one must work with the distribution over the entire training
set.

To make this point in some detail, the standard EM
algorithm over observations X, model parameters 6 and
latent variables Z consists of iterating the two steps:

E-step: Q(0,0)) =Y, P(Z|X,00)InP(X,Z|0)
M-step: 00+ = argmax,Q(6,6®).

If the observation sample X are i.i.d. the conditional expec-
tation can be simplified:

m

k
g(t) Z Z D(P

Jj=11i=1

(2" =j|a",00) || P(z', 2" = j | 0))

where z¢ is the i’th observation and 2° € {1,...,k} is the
value of the hidden variable of the i’th observation. The
M-step becomes a minimization over §. The posteriors
wfjt) = P(z' = j | 2*,0®) are updated using the Bayes
rule. The point about the non-extensive nature of Tsallis en-
tropy and divergence is that although it is completely valid
to replace In with In, in the E-step, that does not carry over
in the simplified i.i.d. version of the conditional expecta-
tion, i.e., one cannot replace the relative entropy D with D,
in the simplified form (can be done only in the limit ¢ — 1).
Therefore, the use of Tsallis entropy in statistical inference
has been limited to the update of the posteriors wz(;) in De-
terministic Annealing EM where the Bayes update rule is
replaced with a MaxEnt principle [9] but where Tsallis en-
tropy is used instead of Shannon’s [6].

In the section below we will derive an EM version of
D, minimization between a multi-way array (representing
an empirical distribution under i.i.d. data samples or co-
occurrence array) and a low-rank factorization model. We
will argue and prove that the optimization is robust under
sparse co-occurrence arrays subject to sparse random noise
(outliers) in the limit ¢ — 0 — which makes it advanta-
geous for bag-of-words or visterm representations in com-
puter vision.



3. pLSA under Tsallis Divergence

For clarity of presentation we will present first the
derivations for matrix factorizations and later summarize
the main steps for higher-valence arrays. The pLSA prob-
lem written as an algebraic optimization takes the follow-
ing form: Given a d; X dy matrix GG representing a co-
occurrence array (G > 0, 1761 = 1) we wish to find
a low-rank model: Z’:Zl Aqu,v, under the probabilistic
(simplex) constraints: (i) all parameters are non-negative,
and (i) |A|l1 = 1, and |Ju, ||y = ||v.|1 = 1forr =1,.. k.
The low-rank model is then found by minimizing the rel-
ative entropy which guarantees a maximum likelihood so-
lution. Instead of relative entropy we will employ Tsallis
relative entropy D,:

k
a8, DG 11 3220wy st M =l = vl =
—

3)
where r = 1, ...,k and 0 < ¢ < 1 is a fixed real parameter.
We show below that if G is sparse and subject to sparse
random additive noise, i.e., G + E for some perturbation
matrix F, then as ¢ — 0 the influence of the perturbation F

diminishes, i.e., we obtain a robust estimation.

3.1. Performance Bounds in the Presence of Noise

We wish to investigate the sensitivity of D, minimization
in the presence of additive noise as ¢ — 0. The results
below show that if G is sparse and the perturbation matrix
FE has its non-vanishing entry locations selected randomly,
then the closest admissible solution to G + E under D,
is unique and consists of G itself in the limit when ¢ —
0. Conversely, if G is not sparse then minimization of D,
would lead to multiple global solutions and therefore is not
the right energy error (unless ¢ — 1).

Let P define the set of admissible models (rank-k prob-
abilistic matrices):

k
P = {Z Arl, v,
r=1

Let G € P be an admissible model and let £ > 0 be a
perturbation matrix. Note that in case G is sparse, we are
still guaranteed that G + £/ > 0. Leta = 1/(1 + >, Eij)
be a normalizing factor and we wish to find P € ‘P that
minimizes Dy (a(G + E) || P).

Au, v >0
Al = luelle = [[vell =1

Claim 1 Let P € P, then in the limit ¢ — 0 we have:

> or

lim Dy (a(G + E)||P) =1 -
e i€supp(G+E)

where we define the support of a non-negative array X as

supp(x) def {i : z; > 0}.

[y

(a)
Figure 1. Illustration of Tsallis-divergence and relative-entropy
rank-k approximation with 60% random noise: (a) G + E, (b)
closest rank-k for Tsallis divergence with ¢ = 0.05, (c) ML solu-
tion.

(b)

()

Proof: follows from the definition of D, in eqn. Z.D

The immediate implication is that if G + E is not sparse
then lim,_.o Dy(a(G + E)||P) = 0 for all P € P. To get
a better glimpse into what really happens when G is sparse,
let H 4 denote the solution set for a fixed ¢ > 0:

Hy = (P : P* = argminp.pD,(a(G + E)||P)}

and let H, stand for H,_.o. We can state the following
corollary:

Corollary 1
lir% Dy(a(G+ E)||P)=0
q—>

iff supp(P) C supp(G + E) from which it follows that
Ho={P € P: supp(P) C supp(G + E)}

We conclude that in general, even if G is sparse, the solution
space Hy is not unique. In fact any matrix whose support
is equal or contained in the support of G 4+ E would in the
limit ¢ — 0 generate vanishing error to «(G + E):

Corollary 2 VP € P, if supp(P) C supp(G + E), then
P € H,.

We consider next the situation which guarantees for each
q that H,, to consist of a single member (G itself). Let HI C
‘Ho be the subset containing all P € P whose support is
contained in the support of G:

HI ={P e P: supp(P) C supp(G)}.

Consider the subset Hy \ HY which consists of matrices
P € P whose support are contained in supp(G + F) but
not in the support of G. The following claim asserts that G
is the only member of H, if the set H, \ HY is empty:

Claim 2 [If E LG, i.e., the two matrices are disjoint in the
locations of vanishing entries, and if Ho \ H? = (), then
VP € Hy we have

Dy (a(G + E)[|G) < Dy (oG + E)[|P)

for all ¢ > 0. In particular, in the limit ¢ — 0, G becomes
the unique global minimizer: G = argminpcpDg(a(G +
E) | P).



Figure 2. Illustration of Tsallis-divergence and relative-entropy
rank-k approximation with 60% random noise where the data was
punctured randomly at 10% of its support: (a) G + F, (b) ML so-
lution, (c) closest rank-k for Tsallis divergence with ¢ = 0.05, (d)
closest rank-k for Tsallis divergence with ¢ = 0.1. We see how
too small g focus on too small support since the data squares are
punctured randomly

Proof: see Appendix. []

The material ingredient in Claim 2 is the condition that
Ho \ HY = (. This indirectly implies that E is “random”
in the sense that “active”, i.e., non-vanishing, entries are
randomly placed (their actual value is not important). The
requirement that £ and G are disjoint, i.e., that the noise
affects only vanishing entries of the signal G, is important
only to make the proof easy but does not seem material in
actual experiments.

To conclude, for sparse co-occurrence input matrices with
“unstructured” additive noise the global minimizer, under
D, error, reconstructs the original signal in the limit ¢ — 0.

3.2. Iterative Algorithm with Auxiliary Variables

We derive an algorithm, along the lines of the EM ma-
chinery, for the optimization problem described in eqn. 3.
We denote the optimization function by L(6) where 6 stands
for the unknown parameters 0 = {\,u,,v.},r = 1,.. k.
We introduce auxiliary variables in the form of matrices
W1, ...,WF of the same dimensions as G and define A® B
as a product array (A ©® B);; = A; ;jB; ;. The auxiliary
variables are probability vectors in the sense that W™ > 0
and ZT 1 W/, = 1 — we denote this by the shorthand
statement ZT WT 1. Define an auxiliary optimization

problem:

i W,0) s.t
WALV, >0 QUV.6) s

XL = Tl = [vellhi =1, Y W'=1 @4
where
a k
QW,0) " S" Dy (W™ @ G| Au,v)).
r=1

The relationship between minimizing Q(W, ) versus mini-
mizing our target criterion L(#) is captured by the following
claims.

Claim 3 L(0) < Q(W,0) for any choice of non-negative
W1, ...,W* which satisfy Yo W™ = 1. In particular

L(0) = Q(W,0) — f(W,0) for the non-negative function
f(W,0)
Proof:
Zm )\mum,ivm,'
L) = - Z GijIng G—]j
m )\mum,ivm,‘
= _ZGi,j IHQZWZJ WmGij :
m .7 )
)\mum,ivm,j o
< *ZGJZ lan*Q(Wﬁ)

The last inequality is a direct result of the convexity of
Ing(x) derived by Jensen’s inequality: —Ing >, pjz; <
—>_;pjlngx; whenp > O and 3, p; = 1 implying we
can turn the log-over-sum into sum-over-log. []

The strategy of EM is to minimize the upper-bound aux-
iliary function Q(WV, #) with the hope that if we descend on
the upper-bound function we will also descend on L(6). To
see that this strategy really holds we show that the inequal-
ity above becomes an equality L(0) = Q(W*,0) for the
optimal W:

Claim 4 Let W* = argminy, Q(W, 0). Then

Ay U iV
W*r o rWriUr g (5)
ZJ Zi:l )\sus,ivs,j
and L(0) = Q(W*,0).
Proof:
iU iU i
w0 = Y Gy Y W, St
Q( ) ) Z JZ Ng GTJW*TJ
)\jum iUm,j

Am Um,iVm,j

_ o *m
= E Gij E W= Ing
%, m LIy Aumvm

Ar riVr,g
> Gijln, P
— Gij



(a) (b) (c)
Figure 3. Illustration of Tsallis-divergence and relative-entropy
rank-1 approximation: (a) original image, (b) closest rank-1 for
Tsallis divergence with ¢ = 0.05, (c) ML solution.

[

It is worthwhile noting that W* is defined by the Bayes rule,
i.e., the value of ¢ does not enter into the formula for updat-
ing the auxiliary variables. Therefore, the auxiliary vari-
ables play the role of posteriors just as in the ML (¢ — 1)
scenario.

The point of convergence of an alternating scheme on the
unknowns W, 6 of Q (W, ) is shown below to be a station-
ary point of L().

Claim 5 In an iterative update scheme, If 01 is a station-
ary point for QWY ) then it is a stationary point of
L(6).

Proof: Consider the function L(f) = QW@+ g) —
fW@D 9)  while taking into account that
FW D 9) attains its global minima at §(*), there-
fore Zf(WED g) = 0. To estimate 6(*) as a
stationary point of L(6) we differentiate:

OL (40 — 9 oap+1) gy _ 9 pqpren g
00 (0 ) GHQ(W 07) 89f(W 07)
and vanishing derivative of Q(W(+1) 0) near #) implies
a vanishing derivative of L(6) near ). []

The alternating optimization over the parameters W, 6 of
Q(W, 0) involve updating W via the Bayes rule (eqn. 5)
and 6 via the partial derivatives of (W, 6) with respect to
the unknowns A, u, and v,.. The update of the parameters
f benefit from the same feature contained in KL-div (the
case ¢ — 1) whereby the non-negativity constraint comes
“for free”. This is rooted in the result that the minimizer of
miny D, (b || x) under the simplex constraints x > 0 and

Taken together, the algorithm (we refer to as q-EM)
for updating the unknowns until convergence is described
below (we omit the derivations):

q-EM Algorithm:

1. Start with an initial guess for the parameters

AD uft, vV

2. fort=1,2,...

)\(’f) (1), (®)
r,iVr,j

43: NOMOMO)

5,1 8,7

(t+1)

(a) Wi

1 T
(b) NV Lgf, (WG e ()1
where z is a normalizing factor to make

Zi >‘1(1t+1) =1

(c) forr =1,...,k, set H = wrth G/)\E«Hl)

= .
(where z is a

normalzzmg factor).

t+1) t+1
ll U \/Z 7 J 7"’L

is a normalzzmg factor).

( where z

3.3. Tensor Factorization Update Formulas

The gq-EM algorithm for multi-way arrays (tensors) pro-
ceeds as follows. The constrained optimization problem be-
comes:

k
Ain, Dy(@l > @) sitAl = [juf]y =1 (6)

r=1

where G € R¥*-*dn js an n-way array indexed by
Gi,,....i,, where 1 < i; < d; and ®;uj is a short-hand no-
tation for the outer-product u}f ® - - - ® u;,. Hence, G is
described as a linear combination of k rank-1 tensors. The
update formulas of the q-EM algorithm become:

1. Start with an initial guess for the parameters
)\(1)7u§(1), r=1,..,kandi=1,....,n

2. fort =1,2,...

(@) Wi, )

711-~~7Ln

)\()H] lu” ® yhere  is

a normalization factor oy, W, 1) — 1

777'1,

(t+1) r(t+1 ur 1-
(b) N — L/t o Gyt (H] Lup, )
where z is a normalizing factor and the summa-
tion is over the indexes s = (i1, ...,1p).

(c) forr=1,...k, set H= wrtt) o G/)\gt—H)
forj=1,...n
Upj ;{/ZH‘](HJ LU )14 where z

is a normalizing factor and the summation is
over the indexes s = (i1, ..., in).

4. Experiments

We will begin with a number of experiments whose pur-
pose is didactic in the sense of highlighting the advantages
of D, versus ML optimization (¢ — 1). We will then move
our attention to a specific real world application using the
bag of visual words representation and compare the perfor-
mance of g-EM and EM.



Figure 4. For a real image experiment we constructed image-
fragment/images co-occurrences matrix consisting 3000 image-
fragments and 20 images from three image classes — faces, cars
and cows. Here we present image samples from the database.

To illustrate the theoretical results of Section 3.1, con-
sider a matrix with two uniform blocks (two White blocks
in Fig. 1a) with added sparse noise where the amount of
noise is significant and stands around 60% of the number of
entries. The closest rank-2 matrix under KL-div, illustrated
in Fig. lc, fails to reconstruct the original signal (the two
blocks), whereas the D, with ¢ = 0.05 succeeds in recon-
structing the original signal (Fig. 1b).

Similar results are obtained when the signal (the two
blocks) is not uniform, i.e., each of the blocks is sparse as
well. Fig. 2 illustrates this experiment where it is shown
that when ¢ is too small the solution focuses only partially
on the signal (Fig. 2c) but with a higher ¢ the original signal
is largely recovered (Fig. 2d). This experiment also makes
the point that the value of ¢ needs to be tuned to the par-
ticular characteristics of the signal. Therefore in practice
one needs to go through some trial-and-error until the right
value of ¢ is found. Note that by setting ¢ — 1 the system
falls back to the ML solution.

As a final didactic illustration, Fig. 3 shows the effect of
recovering the wrong number of factors. The signal consists
of two blocks (without noise) whereas the system is recov-
ering a rank-1 matrix. The ML solution takes the union of
the two blocks (Fig. 3c) whereas D, recovers one of the
blocks.
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Figure 5. An illustration of the 3000 X 20 co-occurrence matrix.
Two sub-matrices correspond to face-fragments/face-images and
cow-fragments/cow-images are more dense than the other parts of
the matrix. The cars fragments add sparse irrelevant cluttered data
to the occurrence matrix.

For real image experiments we constructed a co-
occurrence image-fragments/images matrix (in line with
the work of [2, 4, 5]) where the image fragments con-
sisted of a random selection of 3000 rectangular shaped re-
gions with varying size and aspect ratio from three object
classes: frontal faces, side-view cows and side-view cars
(see Fig. 4). An image-fragment is said to match an im-
age if the cross-correlation between the fragment and the
image at the prescribed location of where the fragment was
extracted is above threshold.

The co-occurrences were computed between each of the
image fragments and 20 images from only two of the ob-
ject classes: Faces and Cows. In other words, the co-
occurrence matrix consisted of a number of irrelevant frag-
ments (corresponding to spurious rows) which occasion-
ally have matches with Faces and Cows. Fig. 5 illustrates
the structure of the input matrix: rows correspond to frag-
ments and columns correspond to images of Faces and
Cows which together form a 3000 x 20 frequency of oc-
currence matrix GG. Following factorization into a rank-2
model: )\1u1V1r + )\QUQV;— the vectors u;, v; should con-
tain information about object classes and relevance of im-
age fragments to the classes.

In particular, vy, vo should contain the distribution of the
20 images to object classes. If all goes well one should ob-
serve a concentration of energy (high values) along the en-
tries associated with images of a single object class (Faces
or Cows). Fig. 6a shows v1, vy as recovered by q-EM where
one can clearly see the sharp split between the two object
classes compared to EM reconstruction shown in Fig. 6b.



(@) (b)

Figure 6. The vectors vi and vs of the decomposition G =~
Auiv] + Aouzva where G is the co-occurrence matrix between
fragments (rows) and images (columns). The values of v; are
marked by ’+ and those of v2 are marked by ’o’ in the display.
(a) Reconstruction under D, with ¢ = 0.1 showing a sharp split
between images of Faces and of Cows. (b) Reconstruction un-
der KL-div is much more sensitive to the clutter introduced by the
non-relevant Car fragments.

Figure 7. 20 additional random images of nature and urban scenes
were added, and we assembled a 3000 x 40 fragments/images ma-
trix by adding the 20 random images to the 3000 x 20 original
co-occurrence matrix.

This result illustrates the robustness of D, optimization
compared to the sensitivity of the ML solution to the out-
liers introduced by the Car fragments.

We next added spurious images as additional 20 columns
to G creating an extended 3000 x 40 matrix G’. Those
images were taken from various Nature and Urban scenes
(see Fig. 7). The fragments have occasional hits with those
images thus creating an additional disruption to frequency
measurements of our original two classes of Faces and
Cows. The structure of G’ is illustrated in Fig. 8. Fig. 9
shows the recovered vectors v} and v/, corresponding to
the distribution of the 40 images across two factors (ob-
ject classes). If all goes well we expect v, = (v;, 0) where
the vanishing entries correspond to the additional 20 spuri-
ous images. One can see that the factors recovered by the
D, optimization largely is invariant to the spurious images
(Fig. 9 top row) compared to the ML solution where v/, is
very different from v; as a result of the disruption intro-
duced by the spurious images.

pictures
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Figure 8. An illustration of the 3000 x 40 co-occurrence ma-
trix. The 20 random matrices act as distractors and add 20 im-
age columns of random sparse noise into the original 3000 x 20
co-occerrence matrix.

Figure 9. Top row are the D, factor overlap the small original
factors (marked with +) and large factors after adding noised rows
and columns (marked with o). Bottom row are the ML factors
overlap the small original factors (marked with +) and large factors
after adding noised rows and columns (marked with o).

Next we used the factors (recovered from () for clas-
sification comparing the classification performance of g-
EM to EM. We followed the classification scheme of [5]
as follows. We used the 20 training images and recov-
ered from the 3000 x 20 fragment/image frequency array
G the leading two factors )\jujv;r, j = 1,2. The vec-
tors u; (representing the fragment axis) form the columns
of a matrix A and each test image forms a vector b where
b contains the fragment frequencies matched to the test
image. Solving minx>( D(b||AX) subject to >, z; = 1
provides a 2D weight vector associating the test image to
each of the object categories. Statistically b represents
P(fragment | test image), the matrix A constructed from
u; are the learned fragment distribution for the latent topics
P(fragment | topic = j) and x; are the posterior of the
topic given the test image P(z; | test image). The classi-
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Figure 10. ROC curves of classification over 80 test images. The
success rate of g-EM is 98.75% vs 91.25% the success rate of EM.

fication decision is based on the object associated with the
recovered posteriors. Fig. 10 shows the ROC curve over 80
test images. One can clearly observe that the factors recov-
ered from D, optimization with ¢ = 0.1 provide a much
better classification performance of 98.75% compared to
91.25% from the factors recovered using ML.

5. Summary

We have introduced an extended pLSA algorithm called
q-EM based on optimization over Tsallis divergence D,
providing a one-parameter extension of KL-div. We
have shown that application domains generating sparse co-
occurrence matrices, such as when constructing frequency
arrays matching features to images or words to documents,
there is a benefit to D, for ¢ — 0 in the sense of robust-
ness against additive noise. We have illustrated the theo-
retical analysis with both synthetic and real image experi-
ments showing that factors recovered under D, error pro-
vide much more meaningful information compared to the
ML solution (when ¢ — 1). The difference is striking in the
presence of clutter generated by spurious images and spuri-
ous image features — a situation which is likely to occur in
real applications. The advantage of the g-EM scheme is that
it is an extension to the existing approaches in the sense of
having a one-parameter tunable dimension to allow the so-
lution to tune into the specific characteristics of the signal.
At the current stage of this work the value of ¢ needs to be
set by trial and error but we believe that with future work
more insight to the relationship between signal characteris-
tics and the value of ¢ can be achieved.
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A. Proof of Propositions

Claim 2 If F 1 G, i.e., the two matrices are disjoint in the
locations of vanishing entries, and if Ho \ HY = (), then
VP € Hy we have

Dy (a(G + E)[|G) < Dy (oG + E)[[P)

for all ¢ > 0. In particular, in the limit
qg — 0, G becomes the unique global minimizer:
G = argminpp Dy (a(G + E) || P).

Proof:

Orthogonality E L G implies decomposability D,(a(G +
E)||P) = Dy(aG||P)+Dy(cE||P). In addition, for every
P € H9 holds Dy(aE||P) = 0, and by the assumption
Ho \ H? = ) we derive D, (aE||P) = 0 for every P € H,
and reduce

min Dy(a(G + B)[[P) = min Dy(aGI|P)

The proof is concluded as the solution of argming D, (b||x)
under the convex constraints X > 0 and >, x; = 11is

(1/ Ei bi)b~ D



