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Abstract

Non-negative matrix factorization 1 (NMF) is a
well known tool for unsupervised machine learning. It
can be viewed as a generalization of the K-means clus-
tering, Expectation Maximization based clustering and
aspect modeling by Probabilistic Latent Semantic Anal-
ysis (PLSA). Specifically PLSA is related to NMF with
KL-divergence objective function. Further it is shown
that K-means clustering is a special case of NMF with
matrix L2 norm based error function. In this paper our
objective is to analyze the relation between K-means
clustering and PLSA by examining the KL-divergence
function and matrix L2 norm based error function.

1 Comparison between K-means and

PLSA

There are several differences and common properties
between K-means and PLSA. The basic difference is
that K-means(hard or soft) is solved by minimizing the
squared euclidean error and PLSA is solved by mini-
mizing the KL-divergence. On the other hand K -means
is a center based algorithm while PLSA is a generative
model, it tries to solve the problem using the “aspect
model” . But there are several important properties
shared by K-means and PLSA. K-means also uses Ex-
pectation Maximization and suffers from local minima
problem. Another good commonality is that both of
them can be generalized to NMF.

One thing that is clear from the theory is that both the
squared euclidean norm and KL-divergence try to mini-
mize entry wise error. But it is also clear that in the first
case precision of accuracy for all the entries are equally
treated where as the second one treats each entry with
different weights or importance. As our objective is to
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set up a relation between these two let’s have a closer
look at the KL-divergence.

2 K-means and NMF

Let us have a closer look at bridging between two ap-
parently different tools. As NMF acts as a platform for
generalization of different tools we will look at differ-
ent tools in the light of NMF. There are already brilliant
works proving relation between NMF and K-means
clustering!?!, here we provide a brief discussion about
this.

Let us consider a collection of m dimensional
non-negative data as A = {ay,as,...,an} € R, ™",
we can consider it as collection of n documents rep-
resenting a word-document association between word
¢ and document j; Vi = 1,...,mand Vj 1,...,n.
The NMF factorizes X into two non negative
matrices F' {f1,f2,...fi} € R,™*% and
G ={g1,82, .. g} € R."*F such that :

A~ FGT (1)
where F' and G are indicator vectors for row cluster and
column cluster respectively. With out loss of generality
the j%* element (i.e the j%* column) of F looks like :

ny,
—— 1

f]:(oa 7071771a05’0)T/n]§ (2)

Here n; = |C;| = Cardinality of the 5" row cluster.

For column cluster G analogously we can define each
of its elements .



NOV\./ l.et .S(R]ﬁcl) = ZieRk Zjecl b;; be the
total similarity value between row cluster Rj and
column cluster C;. K-means maximizes within cluster
similarities s(Ry, Ck),

S(Rk, Ck)

max J; = Y Tr(FTAG
P %(IR;GHOM)UZ ( )
GTGg=r;
F,G>0
= min J; = min —2Tr(FTAG)
FTFr=r; FTF=rI,
GTa=r; GTG=I;
F,G>0 F,G>0
= min ||A|]? - 2Tr(FTAG)
FTF=I,
GTa=r
F,G>0
+Tr(FTFGTG)
= min ||A-FGT|>?
FTF=I,
GTG=I;
F,G>0

3

Very clearly orthogonality is playing an important
role. When FTF = I and GTG = I columns of F
and G are orthogonal among themselves. This leads
to hard K-means. But if we relax the orthogonality as
FTF ~ I and GTG ~ I we will land-up on NMF
which can be viewed as soft clustering. There!?! is a
detailed discussion about how a column normalized A
matrix (say Y) can be approximately factored into two
non-negative matrices'?!

C=(c1, - ,ck), B=(by, - ,by)
such that
Y ~ CBT 4)

with the normalization

m k
ZCjk = Z Bir = ].
j=1 r=1

and how it can be approximated by hard and fuzzy K-
means clustering by solving the following:

i =y — cBY|?
Amin INmE = CB | 5
It is shown!?! that this reduces to hard K-means when
BTB = I and fuzzy K-means if we relax this condi-
tion.
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3 A Closer Look At KL-divergence

For any p,q € R with p = (p1,p2,-- ,pm)"
and ¢ = (q1,q2," ,qm)? the generalized Kullback-
Leibler divergence!!' ¥ is defined as:

m

i
Dir(pllg) =Y (pilog o Pt

i=1 v

(6)

Let Pmazx > Pmin > 0 and p,qc [pmzn» pmaz]m- Con-
sider the strictly convex, C? (ie. continuously twice
differentiable) function ¢ 1, : ™ — R defined as:

m

drL(t) =Y tilog(t:) —t; (7)
=1

Now come to the following lemma

Lemma 1. Dg(p||q) can be shown as the tail of the
first-order Taylor expansion of ¢ ,(p) at q.

Proof. The k™-order Taylor expansion of ¢x1,(p) at q
is given by

k

oxL(p) =)

a=

D*¢(q)
al

(r—9)*+ Y Rs(p)(p—q)”

B=k+1
®)
where the remainder 123 is given by
_ 18] ' 18|18
1Ba(p)l =5y | (=077 D e(a+tlp=g))dt ©)
- Jo

Now simply put £ = 1 and hence 8 = 2 we will get
the value of the remainder same as R.H.S of equation

(6) O
By Lagrange remainder form, Jv =
(v1,v9, - vt € R with mazx(p,q) >
v; > min(p;, q;) such that
m 2
Drr(pllg) = Zid:l QQZatj Orr(Vi)dij
=(p-q)"V?éxL(v)(p—q) (10)

where d;; = (p; — ¢;)(p; — ¢;) and the Hessian is
given by

1
vy

V3grL(v) =

1

v2

1

Vm = mxm



4 The Relation Between K-means and
PLSA

Equation (10) is very much similar to squared Ma-
halanobis distance(see Mahalanobis [1936]). But the
basic difference is KL-divergence is not a metric and
hence the diagonal entries in the Hessian matrix will
get changed to some other values for Dk (q||p). But
one interesting thing to notice is that we can bound
Dxkr.(pllg) from both sides with Mahalanobis distance
as follows: The squared Mahalanobis distance between
two points z,y € R w.r.t. matrix X as

Dy(z,y) = (z —y) Lz —y)

It is obvious that Ipmaz,Pmin
Prmaz = Vi = pmin and therefore - 1 <

max

(11)

R st
< 1

min

S
1
vy

)

Now if we define:

Pmazx

Pmaz

Pmax . ’

Pmaz = mXxXm

1

Pmin

Pmin

Pmin

1

Pmin

mXm

then using equation (10) and (11) we have

Ds, (p,q) < Dkr(p|lg) < Ds (12)
implies that

(P—0)" 2.0 -

(,q)

Pmin

Drr(pllq)
P—a)"2s,...(p—q)
(13)

q)

IN A

1

= Di(p,q) < Dkr(pllg) < Di(p,q)

(14)

pmax min

where

Dl(pa q)

p—aq)"I(p—q)

= Squared Euclidean Distance

Now recall the objective function for K-means
(equation (3)) and taking FGT = M we can write
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VA = (A117A217"' 7Am1;A12' te 7Amn)
Ve = (Myy, Moy, -+, My, Mg -+, Mpyp)

as two vectors of length mn each, then from equation
(3) and (5) it follows that solution to K -means problem
is obtained by solving the following:

min J; I|A — M|?

M>0

(Va = V) I(Va — Viy)
Dr(Va, V)

15)

Hence using the relation (14) we see : INmaz, Tmin €
§R+ s.t VA7 V]LI S [nmwu nma;c]mn and

1

DI(VAaVM)

AN

Drr(Val||Var)
1

Nmax

IA

D1(Va, Vi) (16)
nmin

So from the above relation we see that squared
weighted Euclidean is a bad approximation of KL di-
vergence as it does not take any special care about each
of the terms. Obviously one can take that special care
about each term using some weights. But then it is
not guaranteed that those weights would be appropri-
ate w.r.t. KL-divergence for the given context. Only
when V4 Vs then both are minimized but that is
also almost impractical due to presence of local min-
ima and numerical errors in computation. Hence in
general NMF with KL-divergence error function (which
is equivalent to PLSA) outperforms the NMF with
squared Euclidean error function.

Now another important point to relate K -means and
PLSA is that K-means works on a metricspace where
as PLSA works on a non-metric space. But if we in-
vestigate further we will see that there is a metric corre-
sponding to KL-divergence so that it gets reduced on re-
ducing the KL-divergence. Firstly we see that it can be
shown!®! that the expected Mutual Information between
two discrete random variables X, Y can be equivalently

expressed as:
> a7

where p(z,y) is the joint probability distribution
function of X and Y, and p;(z) and po(y) are the
marginal probability distribution functions of X and Y
respectively. Mutual Information!® can also be written
as

p(z,y)

P1 (ﬂf)p2(y)

I(X’Y) = Z Zp(xry)IOg <

rzeX yey



I(X,Y) = H(X)-HX|Y)
= H(Y)-HY|X)
H(X,Y) - H(X|Y) - HY|X)

(18)

where H(X) and H(Y') are the marginal entropies,
H(X|Y) and H(Y|X) are the conditional entropies,
and H(X,Y) is the joint entropy of X and Y. This
relation straightway leads to the following:

H(X,Y) - I(X,Y) H(X|Y)+ H(Y|X)

d(X,Y)(say) (19)

Clearly this d(X,Y’) is non-negative, symmetric and
follows triangular inequality and hence it is a met-
ric. Dividing both sides by H(X,Y) (as d(X,Y) <
H(X,Y)) we get:

HX,Y)—I(X,Y) d(X,Y)
H(X,Y) = Axy)  Jw)
B I(X,Y)
=V = I 5xy
(20)

which is effectively Jaccard distance.

Again we know that

max{H(X), H(Y)} < H(X,Y) < H(X) + H(Y)
(21)

When the KL-divergence between P(X) and P(Y) is
minimized we can assume that P(Y") ~ P(X). There-
fore H(Y) ~ H(X) and hence from equation (18) we
get that

~
~

I(X,Y) ~ H(X)

But it is also true that

HX)=I1(X,X)>I(X,Y) (22)

Therefore reducing the KL-divergence between
P(X) and P(Y) maximizes the numerator of the sec-
ond term in equation (20) and minimizes the denomina-
tor simultaneously which leads to minimization of U in
equation (20).
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5 Conclusion and Future Work

In this paper, for the first time we formally analysed
the relation between PLSA and K-means. Based on the
analysis we come to the conclusion that NMF with KL-
divergence as the error function and K-means are mutu-
ally related and K -means is a relaxed version of this. In
future we plan to take advantage of this generalization
to make PLSA to work faster. We are also interested to
work on generalization among different machine learn-
ing tools for topic based clustering.

References

[1] T. M. Cover and J. A. Thomas. Elements
of Information  Theory. Wiley-Interscience,
http://www.worldcat.org/isbn/0471062596, 1991.

X. Ding, Chris. He and H. D. Simon. On the equiva-
lence of nonnegative matrix factorization and k-means —
spectral clustering. Proc. SIAM Int’l Conf. Data Mining,
pages 606 — 610, May 2005.

T. Hofmann. Probabilistic latent semantic indexing.
Twenty-Second Annual International SIGIR Conference
on Research and Development in Information Retrieval,
August 1999.

S. Kullback and R. A. Leibler. On information and suffi-
ciency. Annals of Mathematical Statistics, 1951.

D. D. Lee and H. S. Seung. Learning the parts of objects
by non-negative matrix factorization. Nature, 401:788 —
791, Oct 1995.

M. Meila. Comparing clusterings by the variation of in-
formation. Learning Theory and Kernel Machines, pages
173-187, August 2003.

(2]

(3]

(4]
(5]

(6]



