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Abstract: We propose a class of multiplicative algorithms for Nonnegative Matrix
Factorization (NMF) which are robust with respect to noise and outliers. To achieve this, we
formulate a new family generalized divergences referred to as the Alpha-Beta-divergences
(AB-divergences), which are parameterized by the two tuning parameters, alpha and beta,
and smoothly connect the fundamental Alpha-, Beta- and Gamma-divergences. By adjusting
these tuning parameters, we show that a wide range of standard and new divergences can
be obtained. The corresponding learning algorithms for NMF are shown to integrate and
generalize many existing ones, including the Lee-Seung, ISRA (Image Space Reconstruction
Algorithm), EMML (Expectation Maximization Maximum Likelihood), Alpha-NMF, and
Beta-NMF. Owing to more degrees of freedom in tuning the parameters, the proposed
family of AB-multiplicative NMF algorithms is shown to improve robustness with respect to
noise and outliers. The analysis illuminates the links of between AB-divergence and other
divergences, especially Gamma- and Itakura-Saito divergences.
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1. Introduction

In many applications such as image analysis, pattern recognition and statistical machine learning, it
is beneficial to use the information-theoretic divergences rather than the Euclidean squared distance.
Among them the Kullback-Leibler, Hellinger, Jensen-Shannon and Alpha-divergences have been
pivotal in estimating similarity between probability distributions [1-6]. Such divergences have been
successfully applied as cost functions to derive multiplicative and additive projected gradient algorithms
for nonnegative matrix and tensor factorizations [7—10]. Such measures also play an important role in the
areas of neural computation, pattern recognition, estimation, inference and optimization. For instance,
many machine learning algorithms for classification and clustering employ a variety of (dis)similarity
measures which are formulated using information theory, convex optimization, and information
geometry [11-27]. Apart from the most popular squared Euclidean distance and Kullback-Leibler
divergence, recently, alternative generalized divergences such as the Csiszdr-Morimoto f-divergence
and Bregman divergences have become attractive alternatives for advanced machine learning algorithms
[7-10,28-34].

In this paper, we present a novel (dis)similarity measure which smoothly connects or integrates
many existing divergences and allows us to develop new flexible and robust algorithms for
NMF and related problems. The scope of the results presented in this paper is vast, since the
generalized Alpha-Beta-divergence (or simply AB-divergence) function includes a large number of
useful cost functions containing those based on the relative entropies, generalized Kullback-Leibler
or I-divergence, Hellinger distance, Jensen-Shannon divergence, J-divergence, Pearson and Neyman
Chi-square divergences, Triangular Discrimination and Arithmetic-Geometric divergence. Furthermore,
the AB-divergence provides a natural extension of the families of Alpha- and Beta-divergences, gives
smooth connections between them and links to other fundamental divergences. The divergence functions
discussed in this paper are flexible because they allow us to generate a large number of well-known
and often used particular divergences (for specific values of tuning parameters). Moreover, by adjusting
adaptive tuning parameters of factor matrices, we can optimize the cost function for NMF algorithms and
estimate desired parameters of the underlying factorization model in the presence of noise and/or outliers.

1.1.  Introduction to NMF and Basic Multiplicative Algorithms for NMF

The Nonnegative Matrix Factorization (NMF) problem has been investigated by many researchers,
e.g., Paatero and Tapper [36], and has gained popularity through the work of Lee and Seung [37,38].
Based on the argument that the nonnegativity is important in human perception, they proposed simple
algorithms (often called the Lee-Seung algorithms) for finding physically meaningful nonnegative

representations of nonnegative signals and images [38].
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The basic NMF problem can be stated as follows: Given a nonnegative data matrix Y = P =
[pi] € RXT (with p;; > 0 or equivalently P > 0) and a reduced rank J (J < min(I,T), typically
J << min(I,T)), find two nonnegative matrices A = [a1,as,...,a;] € R and X = BT =
[b1, by, ..., by]" € R7*T which factorize P as faithfully as possible, that is

Y =AX+E=AB" +E, (1)

where the matrix E € R?*T represents approximation error. Since we usually operate on column vectors
of matrices for convenience we shall use often the matrix B = X7 instead of the matrix X.

The factors A and X may have different physical meanings in different applications: in a Blind Source
Separation (BSS) A denotes mixing matrix and X source signals; in clustering problems, A is the basis
matrix and X is a weight matrix; in acoustic analysis, A represents the basis patterns, while each row of
X corresponds to sound patterns activation [7].

Standard NMF only assumes nonnegativity of factor matrices A and X. Unlike blind source
separation methods based on independent component analysis (ICA), here we do not assume that the
sources are independent, although we can impose some additional constraints such as smoothness,
sparseness or orthogonality of A and/or X [7].

Although the NMF can be applied to the BSS problems for nonnegative sources and nonnegative
mixing matrices, its application is not limited to the BSS and it can be used in various and diverse
applications far beyond BSS [7].

In NMF, our aim is to find the entries of nonnegative matrices A and X assuming that a data matrix
P is known:

J
Y=AX+E=AB"+E=) a;b/ +E, )

Jj=1
or equivalently in a scalar form:

J J
Yit = Pit = Z AT+ € = Z ;b + e 3)
i=1 J=1
In order to estimate nonnegative factor matrices A and X in the standard NMF, we need to consider
the similarity measures to quantify a difference between the data matrix P and the approximative NMF
model matrix P = Q=AX.

The choice of the similarity measure (also referred to as distance, divergence or measure of
dissimilarity) mostly depends on the probability distribution of the estimated signals or components
and on the structure of data and a distribution of a noise.

The best known and the most frequently used adaptive multiplicative algorithms for NMF are based
on the two loss functions: Squared Euclidean distance and generalized Kullback-Leibler divergence also
called the I-divergence.

The squared Euclidean distance is based on the Frobenius norm:

1
Du(Y[AX) = S|[Y — AX][5. @
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which is optimal for additive Gaussian noise [7]. It should be noted that the above cost function is convex

with respect to either elements of matrix A or matrix X, but not both.

Remark: Although the NMF optimization problem is not convex, the objective functions are separately
convex in each of the two factors A and X, which implies that finding the optimal factor matrix A
corresponding to a fixed matrix X reduces to a convex optimization problem and vice versa. However,
the convexity is lost as soon as we try to optimize factor matrices simultaneously [39].

Using a gradient descent approach for cost function (4) and switching alternatively between the two
sets of parameters, we obtain the simple multiplicative update formulas (see Section 3 for derivation of

algorithms in a more general form):

) - _[PXT];

YT M RXT, e ”
AT P,

Y e ©

where a small positive constant € prevents division by zero, P =Y and Q = AX.

The above algorithm (5)-(6), called often the Lee-Seung NMF algorithm can be considered as
a natural extension of the well known algorithm ISRA proposed first by Daube-Witherspoon and
Muehllehner [40] and investigated extensively by De Pierro and Byrne [41-45].

The above update rules can be written in a compact matrix form as

A « Ae[(PX")o(QX"+¢)], (7)
X « X®[(A"P)o(ATQ+¢)], (8)

where ® is the Hadamard (components-wise) product and © is element-wise division between two
matrices. In practice, the columns of the matrix A should be normalized to the unit ¢,-norm (typically,
p=D.

The original ISRA algorithm is relatively slow, and several heuristic approaches have been proposed
to speed it up. For example, a relaxation approach rises the multiplicative coefficients to some power
w € (0, 2], that is [7,47],

P X7\ Y

v o (lgxs) ¥
ATP],\ "

T — Ty <—[[ATQ]];:> , (10)

in order to achieve faster convergence.
Another frequently used cost function for the NMF is the generalized Kullback-Leibler divergence
(also called the I-divergence) [38]:

Dir(PllQ) =) <pit ln% — Pit + Qit) : (11)

it G

where Q = P = AX with entries git = [AX]j.
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Similar to the squared Euclidean cost function, the I-divergence is convex with respect to either A
or X, but it is not generally convex with respect to A and X jointly, so the minimization of such a cost
function can yield many local minima.

By minimizing the cost function (11) subject to the nonnegativity constraints, we can easily derive the
following multiplicative learning rule, referred to as the EMML algorithm (Expectation Maximization
Maximum Likelihood) [44,45]. The EMML algorithm is sometimes called the Richardson-Lucy
algorithm (RLA) or simply the EM algorithm [48-50]. In fact, the EMML algorithm was developed
for a fixed and known A. The Lee-Seung algorithm (which is in fact the EMML algorithm) based on the

I-divergence employs alternative switching between A and X [37,38]:

I

T Iy > ic1 CLIZJ (]th/<]ut)7 (12)
Zz’:1 Qi

a; < ay Zt 1 Ljt (pzt/QZt) 13

Zt 1jt

We shall derive the above algorithm in a much more general and flexible form in Section 3.
To accelerate the convergence of the EMML, we can apply the following heuristic extension of the
EMML algorithm [8,51]:

I w
D e Wi

T w
aij «— aij thl xjjf (plt/qlt) ’ (15)
D i1 Tjt

where the positive relaxation parameter w helps to improve the convergence (see Section 3.3).

In an enhanced form to reduce the computational cost, the denominators in (14) and (15) can be
ignored due to normalizing a; to the unit length of ¢;-norm:

[w]

X + Xo (AT (P0oQ) (16)
A « A® (PoQ X" [w] (17)
aij < aij/]all (18)

One of the objectives of this paper is develop generalized multiplicative NMF algorithms which are
robust with respect to noise and/or outliers and integrate (combine) both the ISRA and the EMML
algorithms into the more general a flexible one.

2. The Alpha-Beta Divergences

For positive measures P and Q consider the following new dissimilarity measure, which we shall

refer to as the AB-divergence:

a, « 6 o
D;Bﬁ)ﬂ:’HQ = Z(pthzt ﬁpit+ﬂ Of—‘f“ﬂ zt+ﬂ (19)

foroz,ﬂ,oa—l—ﬁ#o,
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or equivalently

a —a 1 0 Aea O A—«
DR PIQ) = R > (PthzAt - XPQ - TQQ) ; (20)
it

fora 20, a A\, A=a+ [ #0,
Note that, Equation (19) is a divergence since the following relationship holds:

L. L aes LT
— Py < o Pa Tl 1)
af Tt Bla+p)"" ala+ )"

fora, B,a+ 5 #0,

with equality holding for p;; = ¢;;. In Appendix A, we show that Equation (21) is a summarization
of three different inequalities of Young’s type, each one holding true for a different combination of the
signs of the constants: a3, a(a + () and S + ().

In order to avoid indeterminacy or singularity for certain values of parameters, the AB-divergence can
be extended by continuity (by applying 1’Hopital formula) to cover all the values of «, § € R, thus the

AB-divergence can be expressed or defined in a more explicit form:

DY ®IQ) = > d5 (i au). (22)
it
where
( o a+p8 5 a+,8)
Pods — it — fora,B,a+ 8 #0
laﬂ ( T (a8 ()
p;
E(pztn_t_pzt—i_qw) fOI'Oé?éO,ﬁ:O
« 1 qZ qZ -
d(Aéﬂ) (Pits qit) = = In pi (p—é) — 1) fora = —8 £ 0 (23)
1
22 qztln%_qzt—i_pzt fOI'OéIO,ﬁ#O
5 pzt
1
L 5 (In pir — Ing;r)? for o, B = 0.

2.1. Special Cases of the AB-Divergence

We shall now illustrate that a suitable choice of the («, ) parameters simplifies the AB-divergence
into some existing divergences, including the well-known Alpha- and Beta-divergences [4,7,19,35].
When o + § = 1 the AB-divergence reduces to the Alpha-divergence [4,33-35,52]

D PIQ) = DY (P|Q) "
( 1 a l-—a 1 £ 0 .
m Z (pthZt — (Pit + (Oé — )qn) or « % , O 7§ ,
it
= LS (el i, ot 1
= plt n q't - p’lt qzt or oo = , (25)
it 1
dit
Z (qit In—= — g+ pit) for a = 0.
\ it Dit
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On the other hand, when o = 1, it reduces to the Beta-divergence [8,9,19,32,53]

U ®PlQ = DY (P|Q) (26)

5 (p“qg e i (156)‘13?6) forg. 1o 70

1
2 Z (pit — qit)” for § =1,

1t
Z <pit In % — Pit + Qit) for 8 =0,
it

it

-1
Z In qzt—i—(qn) —1 for f = —
L Dit Dit

The AB-divergence gives to the standard Kullback-Leibler (KL) divergence (D (+,-)) for & = 1 and

(27)

B=0
DSE))(PH Q) = Dgkr (PH Q) = Z (pz't hl% — pa + Qit> ) (28)
o i

and reduces to the standard Itakura-Saito divergence (D;s(+,-)) fora = 1 and § = [8,53,54]

DYV (PIQ) = Dis(P| Q)=Z(I q—’i#%—l) (29)
o i i
Using the 1 — a deformed logarithm defined as
Iny_a(z) = Zaa_ L a0 (30)
In z, a =0,

where z > 0, observe that the AB-divergence is symmetric with respect to both arguments for o« = 3 # 0

and takes the form of a metric distance
Oé (63 1
5 (PIQ) = De(nio(P)|n-a(Q) =5 (nia(pi) — nia(ai)’. 31)
it
in the transform domain ¢(z) = Iny_,(z). As particular cases, this includes the scaled squared Euclidean

distance (for & = 1) and the Hellinger distance (for o = 0.5).
For both o — 0 and 3 — 0, the AB-divergence converges to the Log-Euclidean distance defined as

aa 1
Dl (PQ) = lim DY (PQ) = 5 >~ (npu — lngi)”. (32)
1t

2.2.  Properties of AB-Divergence: Duality, Inversion and Scaling

Let us denote by P-"! the one to one transformation that raises each positive element of the matrix
P to the power r, i.e., each entry is raised to power r, that is p},. According to the definition of the
AB-divergence, we can easily check that it satisfies the following duality property (see Figure 1)

Dy PIQ) = DYYQIP), (33)
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and inversion property

DYy (PIQ) = DY (P QY). (34)

The above properties can be considered as a particular case of the scaling property of parameters o and
£ by a common factor w € R\ {0}. The divergence whose parameters has been rescaled is proportional
to original divergence with both arguments raised to the common factor, i.e.,

wao,w ]' (e w - |w
Di?(PlQ) = DG @ Q). (35)

The scaling of o and (3 by a common factor w < 1 can be seen as a ‘zoom-in’ on the arguments P and
Q. This zoom gives more relevance to the smaller values over the large values. On the other hand, for
w > 1yields a ‘zoom-out’ effect were the smaller values decrease their relevance at the expense of large
values whose relevance is increased (see Figure 1).

Figure 1. Graphical illustration of duality and inversion properties of the AB-divergence. On
the alpha-beta plane are indicated as special important cases particular divergences by points
and lines, especially Kullback-Leibler divergence D, Hellinger Distance Dy, Euclidean

) (8)

distance Dp, Itakura-Saito distance D;g, Alpha-divergence D! , and Beta-divergence D

BAL

D(BBD()(P”Q):D(:BB)(Q”P)

D(EO(PHQ):DE(lnI—ﬂ(P)Hln]—(x(Q))

Dy(P|lQ)
#(PlIQ)

@0 p =LDKL plole
b, (Pl0) a5 (PllQ) 2z (P

v

-1
Dy(InP|nQ)

Dy (P|Q)

DY (P|Q)=—D(P"Q")

(p|Q)=D%" (P10

By scaling arguments of the AB-divergence by a positive scaling factor ¢ > 0, it yields the following
relation

DY (ePleQ) = <D (PQ). (36)
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These basic properties imply that whenever o« # 0, we can rewrite the AB-divergence in terms of a
g—order Beta-divergence combined with an a-zoom of its arguments as

o 1 l’g «@ [e%
PP PIQ) = i @ rQl) a7)
1 ﬁ o «
= @DE‘WP'[ Q). (38)
Similarly, for « + 8 # 0, the AB-divergence can also be expressed in terms of Tﬁ—order
Alpha-divergence with an (« + /3)-zoom of the arguments (see Figure 2) as
1 (s%5-a%7)
04/3) P — D a+ﬁ a+ﬁ P [a+0] [a+0] 39
PIQ) = 57 G (39
1 (55
_ D atp) (Pp-lathl Q [a+5] (40)
illustrating that the AB-divergence equals toan -5 3 -order Alpha-divergence with an (a+ /3)-zoom in of
the arguments. On the other hand D, 0‘1 1) can be seen as an Alpha-divergence of order vy /(a1 + f31) of

(042 B2)

a zoom-out of the arguments (with o —i— B1 > 1). Note that, D, can be seen as the Alpha-divergence

of order aa /(ay + ) with a zoom-in of its arguments with ay + B2 < 1 (see Figure 2).

Figure 2. Illustrations how the AB-divergence for o +  # 0 can be expressed via scaled
Alpha-divergences.

&, \) _
D% (P|Q)=

D(D( +B ) P [ +B, ]HQ o, +ﬁ]

B=0

D5 (Pll)= py'(p|Q)

(‘X " )2D£% u)(P[ +B]||Q[ ~+B~])
2T P2
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When o # 0 and § = 0, the AB-divergence can be expressed in terms of the Kullback-Leibler

divergence with an c-zoom of its arguments

[0 ]' a (03
Di®IQ) = D4 (P Q) (41)

_ iDKL (P )| Q1) (42)

D;
B O[2 Z <p7,t1n_t _pzt+ta> ' (43)

When o + 8 = 0 with a # 0 and § # 0, the AB-divergence can also be expressed in terms of a

generalized Itakura-Saito distance with an a-zoom of the arguments

1

Dl (PIQ) = 5D (P Q1) (44)
]‘ « Bae’

= 2l (P Q) S
1 Gt | Dl

= = <1np—(§+—9f—1>. (46)
it it it

Remark: The generalized Itakura-Saito distance is scale-invariant, i.e,
DY (P Q) = DYy (P cQ), 47)

with any ¢ > 0.
Note that, from the AB-divergence, a more general scale-invariant divergence can be obtained by the

monotonic nonlinear transformations:

sztqzt - In (Z pthzt> v a, 5 (48)

leading to the following scale-invariant divergence given by

DA P|Q) = ot 5 ———In <Zpa+6) ln (Z qa+b’> —In (sztqzt>

L) (3 W)“

Ctﬁ Z pthn

which generalizes a family of Gamma-divergences [35].

for a#0, B#0, a+F#0. (49)

The divergence (49) is scale-invariant in a more general context

D (PQ) = DY (c1 Plles Q) (50)

for any positive scale factors c¢; and cs.
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2.3.  Why is AB-Divergence Potentially Robust?

To illustrate the role of the hyperparameters o and [ on the robustness of the AB-divergence with
respect to errors and noises, we shall compare the behavior of the AB-divergence with the standard
Kullback-Leibler divergence. We shall assume, without loss of generality, that the proposed factorization
model Q (for given noisy P) is a function of the vector of parameters 6 and that each of its elements
¢(@) > 0 is non-negative for a certain range of parameters ©.

The estimator 6 obtained for the Kullback-Leibler divergence between two discrete positive measures
P and Q, is a solution of

0Dk (P|Q) Jqit Dit
- _ 1 Y =0 51
90 — 06 "\ g ’ b
while, for the Beta-divergence, the estimator solves
an(B?) (PHQ) it B Pit
=B \" W~/ —2 P )l =0. 52
96 90 "™\ g (52)

The main difference between both equations is in the weighting factors qft for the Beta-divergence which
are controlled by the parameter 3. In the context of probability distributions, these weighting factors may
control the influence of likelihood ratios p;;/g;;. It has been shown [55] and [56] that the parameter
determines a tradeoff between robustness to outliers (for 5 > 0) and efficiency (for S near 0). In the
special case of 3 = 1 the Euclidean distance is obtained, which is known to be more robust and less
efficient than the Kullback-Leibler divergence 5 = 0.

On the other hand, for the Alpha-divergence, the estimating equation takes a different form

w it In,_ (]ﬁ) —-0.

06 08

= (53)
qit

In this case, the influence of the values of individual ratios p;;/g;; are controlled not by weighting factors
but by the deformed logarithm of order 1 — «. This feature can be interpreted as a zoom or over-weight
of the interesting details of the likelihood ratio. For o > 1 (a zoom-out), we emphasize the relative
importance of larger values of the ratio p;; /q;;, whereas for @ < 1 (a zoom-in), we put more emphasis on
smaller values of p;;/q;; (see Figure 3). The major consequence is the inclusive (o« — 00) and exclusive
(av <~ —o0) behavior of the Alpha-divergence discussed in [52].

The estimating equation for the Alpha-Beta divergence combines both effects:

9 iaéﬁ)( H ) g +8-1
Dap PIQ) _ 5~ 0 jovst gy (/g = 0, 54
00 e L o (pu/u) O
v weights a—zoom

and therefore is much more flexible and powerful regarding insensitivity to error and noise.

As illustrated in Figure 3, depending on value of o, we can zoom-in or zoom-out the interesting
sets of the ratios p;/q;; and simultaneously weight these ratios by scaling factors q;\t_l controlled by
the parameter A = o + 3. Therefore, the parameter o can be used to control the influence of large or
small ratios in the estimator, while the parameter [ provides some control on the weighting of the ratios
depending on the demand to better fit to larger or smaller values of the model.
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Figure 3. Graphical illustration how the set parameters («, ) can control influence of
individual ratios p;/q;. The dash-doted line (o« + 8 = 1) shows the region where the
multiplicative weighting factor q;ﬁw ~!in the estimating equations is constant and equal to
unity. The dashed line (o« = 1) shows the region where the order of the deformed logarithm
of pit/qi: is constant and equal to that of the standard Kullback-Leibler divergence.

ﬂA

AN Downweights the ratios

AN /{p,t/q,t wrlwere q;; is small.

AN
Downweights the ratios / 2
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—
7

1
1
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N | p;:/q; w.r.t. the larger ones.
|
1
N

v

1
1
L}
}
}
. . 1 .
Downweights the larger ratios ! N
p;/q; w.r.t. the smaller ones. X
|
1

3. Generalized Multiplicative Algorithms for NMF
3.1. Derivation of Multiplicative NMF Algorithms Based on the AB-Divergence

We shall now develop generalized and flexible NMF algorithms (see Equation (1)) by employing the
AB-divergence with Y = P = [p;] € RV, Q = [gir] = AX € RY*T, where ¢i = pir = [AX]y; =
>_; @ijrj. In this case, the gradient of the AB-divergence (20) can be expressed in a compact form (for
any «, 5 € R) in terms of an 1 — « deformed logarithm (see (30))

oD, ~ (p)
= S ey (), (55)
8$jt ;qt 7 qit
oDy o A1 (pit)
— a2 = - i_ € ln —a e . (56)
8aij tzlqt e Qit

The new multiplicative learning algorithm is gradient descent based, in the natural parameter space ¢ ()

of the proposed divergence:

8D(O‘75)
T < ¢*1 <¢($Jt) - thagb(;i)) ) 57)
J
aD(aﬂ)
ag; — ¢ <¢(aij) — 7’”%) . (58)
ij

These updates can be considered as a generalization of the exponentiated gradient (EG) [57].
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In general, such a nonlinear scaling (or transformation) provides a stable solution and the obtained
gradients are much better behaved in the ¢ space. We use the 1 — o deformed logarithm transformation

®(z) = In;_4(2), whose inverse transformation is a 1 — « deformed exponential

exp(z) for a=0,
¢ H(2) =exp_o(2) =< (1+ az)é for a«#0 and1+ az >0, (59)
0 for a#0 and 1+ az < 0.

For positive measures z > 0, the direct transformation ¢(z) and the composition ¢~*(4(2)) are bijective
functions which define a one to one correspondence, so we have ¢~ (¢(2)) = 2.

By choosing suitable learning rates
2a—1 2a—1
Ts a;;
Nt = ———) M= (60)

= —= )
A1 A—1
§ Qij 9t § Tt
t=1

i=1

a new multiplicative NMF algorithm (refereed to as the AB-multiplicative NMF algorithm) is
obtained as:

~ ayq)! Pit
19 Uit 2

Tjt <= Tjt €XP1_gq E :“7“‘1——;:1 Iny_q ('ﬁ‘) ,
i—1 Zi:l Aij G5t it

ZT Tt q/\_l Pit
J 1 7
—1 Zt:l Tjt Gyt it

In these equations, the deformed logarithm of order 1 — « of the quotients p;;/q;; plays a key role

(61)

to control relative error terms whose weighted mean provides the multiplicative corrections. This
deformation in the relative error is controlled by the parameter . The parameter a > 1 gives more
relevance to the large values of the quotient, while the case of a < 1 puts more emphasis on smaller
values of the quotient. On the other hand, the parameter A — 1 (where A = « + [3) controls the influence
of the values of the approximation (¢;;) on the weighing of the deformed error terms. For A = 1, this
influence disappears.

It is interesting to note that the multiplicative term of the main updates

My(z,w,S) = exp,_, w; Iny_o (2) |, (62)

1
Z Wi jes

€S

can be interpreted as a weighted generalized mean across the elements with indices in the set S.
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Depending on the value of o, we obtain as particular cases: the minimum of the vector z (for

a — —00), its weighted harmonic mean (o = —1), the weighted geometric mean (o = 0), the arithmetic

mean (o = 1), the weighted quadratic mean (« = 2) and the maximum of the vector (o« — o0), i.e.,

( .
min{zy,..., 2.}, a — —00,
n n -1
Z Z w;
Wy - s a = _15
=1 =1
Wy
i

My(z,w,{1,...,n}) =1 n

. L 1/2
2
= g w; z; , a=2,
(Zi_1 Wi )

([ max{zy, ..., 2.}, a — 00.

The generalized weighted means are monotonically increasing functions of «, i.e., if a; < a9, then

M,,(z,w,S) < My, (z,w,5) .

(63)

(64)

Thus, by increasing the values of «, we puts more emphasis on large relative errors in the update

formulas (61).
In the special case of o # 0, the above update rules can be simplified as:
I 1/a
Z ij Py Qiﬁt_l
Tj & Tj 1—11— ,
Z a;; q§+671
i=1
1/a

T
a [—1
E :xjt Pit i
=1

T

a+B—1
E :xjt it
t=1

where ¢;; = [AX];; and at every iteration the columns of A are normalized to the unit length.

Q5 < Qyj

The above multiplicative update rules can be written in a compact matrix forms as

X « X® (AT(P ™ @ Q F-1) o (ATQ l*t-1)) el
A« Ae (P eqQll) X o (qQ et xr)) M

or even more compactly:

X +— X® ((ATZ) %) (ATQ'[O“"B_”)) .[1/047

A « A® ((z2XT) o (Q -1 xT))

(65)

(66)

(67)
(68)

(69)
(70)
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where Z =P @ @ Q- 15-1,

In order to fix the scaling indeterminacy between the columns of A and the rows of X, in practice,
after each iteration, we can usually evaluate the /;-norm of the columns of A and normalize the elements
of the matrices as

Tij = Tij 2y Qg aij < aij/ Zapj : (71)
p

This normalization does not alter Q = AX, thus, preserving the value of the AB-divergence.

The above novel algorithms are natural extensions of many existing algorithms for NMF, including the
ISRA, EMML, Lee-Seung algorithms and Alpha- and Beta-multiplicative NMF algorithms [7,58]. For
example, by selecting o 4+ § = 1, we obtain the Alpha-NMF algorithm, for « = 1, we have Beta-NMF
algorithms, for « = —/3 # 0 we obtain a family of multiplicative NMF algorithms based on the extended
Itakura-Saito distance [8,53]. Furthermore, for « = 1 and 5 = 1, we obtain the ISRA algorithm and for
a = 1and 8 = 0 we obtain the EMML algorithm.

It is important to note that in low-rank approximations, we do not need access to all input data p;;.
In other words, the above algorithms can be applied for low-rank approximations even if some data are
missing or they are purposely omitted or ignored. For large-scale problems, the learning rules can be
written in a more efficient form by restricting the generalized mean only to those elements whose indices
belong to a preselected subsets S C {1,...,7} and S; C {1,..., I} of the whole set of indices.

Using a duality property (Dgléﬂ )(P||Q) = Dféa)(QHP)) of the AB-divergence, we obtain now the
dual update rules:

A—1
Q5 P; q;
Tjt <= Tjt €XPy1_g (Z ZJ—tA—l In; g (_t>> ’

ies; 2wies; Yij Pit Dit
A1
ay @ oxPrg | ) sty Iy (-) : (72)
teST ZtGST Tjt Pit Pit

which for § # 0 reduce to

1/8
-1 B
ijtpg Tit
teSr

a+pB—1 ’
E , Ljt Pit

teSr

1 8 1/B
Z @ij Py it
1€ST

+8-1
Zaijpfé ’

i€ST

(73)

3.2.  Conditions for a Monotonic Descent of AB-Divergence

In this section, we first explain the basic principle of auxiliary function method, which allows us to
establish conditions for which NMF update rules provide monotonic descent of the cost function during
iterative process. In other words, we analyze the conditions for the existence of auxiliary functions

that justify the monotonous descent in the AB-divergence under multiplicative update rules of the form
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(61). NMF update formulas with such property have been previously obtained for certain particular
divergences: in [38,41] for the Euclidean distance and Kullback-Leibler divergence, in [58] for the
Alpha-Divergence and in [59-61] for the Beta-divergence.

Let Q%) = A®MX®) denote our current factorization model of the observations in the k-th iteration,
and let {Q*+1} denote our candidate model for the next k + 1-iteration. In the following, we adopt the
notation { Q" } = {A®) X*)} to refer compactly to the non-negative factors of the decompositions.

An auxiliary function G({Q*+Y} {Q®}:P) for the surrogate optimization of the divergence
should satisfy

GH{Q™ Y {QW}P) > G({Q*V} {QW VL P) = DY (P|QEHY), (74)

with equality holding for {Q®} = {Q®*+1)},

In analogy to the Expectation Maximization techniques developed in [38,41,58], our objective is
to find a convex upper bound of the AB divergence and to replace the minimization of the original
AB-divergence by an iterative optimization of the auxiliary function.

Given the factors of the current factorization model {Q(*)}, the factors of the next candidate {Q*+1)}

are chosen as
{QU¥V} = arg min G({Q}, {Q"1}:P). (75)

where, for simplicity, the minimization is usually carried out with respect to only one of the factors A or
X of {Q}, while keeping the other factor fixed and common in {Q**V}, {Q®)} and {Q}.

Assuming that auxiliary function is found, a monotonic descent of the AB-divergence is a
consequence of the chain of inequalities:

D PIQ®) = G{Q®},{Q"W};P) (76)
g G{Q* 1}, {QW};P) (77)
2 GQty, Q) P) 78)
= Dy (PIQtY). (79

The inequality (a) is due to the optimization in (75), while the inequality (b) reflects the definition of the
auxiliary function in (74).

3.3. A Conditional Auxiliary Function

It is shown in Appendix B that under a certain condition, the function

GUQH}, [Q® ZZ% ({Q®w (pmqft’) (80)
(k) (.’“) (k+1)_ (k+1)

where 7/ ({Q"}) = % and quLM @0
i 7 ({Q®Y)

is an auxiliary function for the surrogate optimization of D (P\ |Q). The required condition is, at

(4) (])]

each iteration, the convexity of v B (pit, gi+) with respect to all ¢it € [min; ¢;;’, max; q;’|.
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Recall that Q® = AM®X® corresponds to the current iteration, while a candidate
model QU+ = AK*+DX(+1) for the next iteration, is the solution of the optimization problem (75).
For updating A at each iteration, we keep X*+1) equal to X*) and find the global minimum of the
auxiliary function G({A*+D X* TAF) X *)1-P) with respect to A*+1),

By setting the following derivative to zero

QG(AX, Q(k);P) ,3 1 d (k)\ A (k) Q5 Dit
8%]. = Uy (qzt) ajjt In;_, a(_]g) —1In;_, m =0, (82)

t=1 ij

and solving with respect to a;; = ( 2

(k+1) () ZT (Q‘(f))kl 95(']:) Dit
— ? J 7

k
=1 -1 (it )Hx}e) it

Analogously, for the intermediate factorized model Q) = A*+tDX®)  the global minimum of the
auxiliary function G(A*+DXE+D LA KD X(F)1:P) with respect to the new update X*1), while
keeping A = A**D is given by

(k+1) (k) Lo (@) et Pit
) iJ )

xjt = :th €XP1_qo E 7 1 h’ll N7 . (84)
o1 e 1(qz(t)))\ 1a( ) qz'(t)

The above two equations match with the updates proposed in (61). As previously indicated, a sufficient

yields

condition for a monotonic descent of the AB-divergence is the convexity of terms d%_f ) (pit, Gt ) for all
it € [min; qftj ), max; qft)] At this point, it is illustrative to interpret the elements cjff ) defined in (81)
as linear predlctlons the factorization model ¢;; = > ; Qi Tt obtained from the components a;;x;; and
factors v/ ({QW1).

Appendix C, provides necessary and sufficient conditions for the convexity of dgfj_f ) (pit, Giz) With
respect to ;. Depending on the parameter [, it is required that one of the following condition be

satisfied:

Dit > c(a,B) for B<min{l,1—al,

QZt

always convex for [ € [min{l,1 — a}, max{1,1 — a}|, (5)
pzt

<c(a,p) for B >max{l,1—a},

%t

where the upper and lower bounds depend on the function

C(Oé,ﬁ) = €XP1_q (%) ’ (86)

whose contour plot is shown in Figure 4(b).
The convexity of the divergence w.r.t. ¢; holds for the parameters («, ) within the convex cone of
f € [min{l,1 —a}, max{1, 1 — a}]. Therefore, for this set of parameters, the monotonic descent in the

AB-divergence with the update formulas (83), (84) is guaranteed.
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Figure 4. Convexity analysis of dffjf ) (pit, Git) W.L.t. G;¢ in the (o, 5) plane.

beta
beta

alpha alpha

(a) The region in gray shows the convex cones, delimited (b) Contour plot of the bound ¢(«, 3) on the ratio of % In the
by the lines « + f = 1 and § = 1, that guarantee plot the areas between isolines are filled using constant colors.
the convexity of dfféﬂ )(-, -) with respect to the second The figure reveals a discontinuity towards oo in the upper-part
argument. and right-part of the straight lines.

On the other hand, even when § ¢ [min{l,1 — a}, max{l 1 — a}], we can still guarantee the
monotonic descent if the set of estimators ¢;; € [min; cjf,f ), max; qlt ] is bounded and sufficiently close to
p;i so that they satisfy the conditions (85). Figure 4(b) illustrates this property demonstrating that if the
ratios % approach unity, the convexity of the divergence w.r.t. ¢;; holds for an increasing size of («, J)
plane. In other words, for sufficiently small relative errors between p;; and ¢;;, the update formulas (83),
(84) still guarantee a monotonic descent of the AB-divergence, within a reasonable wide range of the
hyperparameters (v, ).

3.4.  Unconditional Auxiliary Function

The conditions of the previous section for a monotonic descent can be avoided by upper-bounding
d%’f ) (pit, Gix) with another function J( a.8) (pit, Qit; qff )) which is convex with respect to ¢;; and, at the

same time, tangent to the former curve at ¢;; = qff ), ie.,

d(a’ﬂ (pits qit) < J(,ﬁ’gﬂ) (pit,(jit; qff)) ) 87)
where
a5 (v ald’) = 5 (v alf ). (88)
and

82d(a’ﬂ (pita Git; q§f))

(89)
aqzt
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Similarly to the approach in [59-61] for the Beta-divergence, we have constructed an auxiliary function

for the AB-divergence by linearizing those additive concave terms of the AB-divergence:

, A k
Ci( o) (pit,qz'tsqi(t)> =

(@) s N (g )+~ l(q, e
B(a +ﬁ/8) oo +ﬁ5) a@ o et
pzt Q'Lt pthzt
Blat+p)  ala+p)  af’
i’ it o)) p%(Q§f))ﬁ‘1( g
\ 5(a+5) (Oé—i-ﬁ) af Git — 43 )

Q™ Rl

Q@™

The upper-bounds for singular cases can be obtained by continuity using L.’Hoépitals formula.

The unconditional auxiliary function for the surrogate minimization of the AB-divergence

o,
Dy

(P||Q) is now given by

G{Qr{Q"}

where 77 ({QM}) =

it g
(k). (k)

ij Ljt
(k)

i

a
and

0 =

P) =3 D@ 4 (

(k+1)

CL

ryzt

4(7)

k
Dit, q@'t ; C],(t )> )

(k+1)
gt

‘{Q®y)

(90)

oD

The alternating minimization of the above auxiliary function with respect to A and X yields the

following stabilized iterations (with monotonic descent of the AB-divergence):

L)

where

The stabilized formulas (92), (93) coincide with (83), (84), except for the exponent w(«

i T (k) (k) w(:8)
(2 ()]
ij —a (k k —a k ’
| t=1 Zt:l(qit)))\_l xﬁt) qz(t)
i I ~(k)yA—1  (k+1) w(e,f)
20 | ox Z (@ )™ laij Dit
It pl—a — ZI 1(q(f))>‘_1 a(l.H—l) 11—« q(f) )
L i= 7 i ©j 7
4
1 a=0, =1,
0 a=0,8#1,
«
0,2 <11
wep)={ 1= 70 a<ah
1 a#oage[é_laé]a
«
Y a0 81
L Q + /B . 1 7é « o

(92)

(93)

(94)

,3), which is

shown in Figure 5. This exponent is bounded between zero and one, and plays a similar role in the

multiplicative update to that of the normalized step-size in an additive gradient descent update. Its

purpose is to slow down the convergence so as to guarantee monotonic descent of the cost function. This

is a consequence of the fact that the multiplicative correction term is progressively contracted towards

the unity as w(

a, ) — 0. For the same reason, the stabilized formulas completely stop the updates for

a = 0 and  # 1. Therefore, for « close to zero, we recommend to prevent this undesirable situation by

enforcing a positive lower-bound in the value of exponent w(«

,B)-
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Figure 5. Surface plot of the exponent w(«, /3), whose role in the multiplicative update is
similar to that of a normalized step-size in an additive gradient descent update.
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3.5.  Multiplicative NMF Algorithms for Large-Scale Low-Rank Approximation

In practice, for low-rank approximations with J < min{/, 7'} we do not need to process or save the
whole data matrix Y, nor is it necessary to perform computations at each iteration step of the products
of the whole estimated matrices Y7 A or YXT (see Figure 6).

Figure 6. Conceptual factorization model of block-wise data processing for a large-scale
NMEF. Instead of processing the whole matrix P =Y € ]RerT, we can process much smaller
block matrices Y, € Rfc and Y, € RfXT and the corresponding factor matrices X, =
Bl = [b1,,b2s,. .. by, )7 € R and A, = [a1,,,a9,,,...,a;,] € R with J <
C << Tand J < R << I. For simplicity of graphical illustration, we have selected the
first C' columns of the matrices P and X and the first R rows of A.

Y A X

T T
( -
- mamiel g
I — C
\ ——
C J

(1% T) (Ix.J) (JxT)



Entropy 2011, 13 154

In other words, in order to perform the basic low-rank NMF
Y=P=AX+E,

we need to perform two associated nonnegative matrix factorizations using much smaller-scale matrices

for large-scale problems, given by

Y, =AX+E,, for fixed (known) A, (95)
Y.=AX_.+ E,., for fixed (known) X, (96)

where Y, € RfXT and Y. € ]Rfrxc are the matrices constructed from the selected rows and columns
of the matrix Y, respectively. Analogously, we can construct the reduced matrices: A, € Rf” and
X, € Rixc by using the same indices for the columns and rows as those used for the construction
of the data sub-matrices Y. and Y,. In practice, it is usually sufficient to choose: J < R < 4J and
J < C <4,

Using this approach, we can formulate the update learning rule for a large-scale multiplicative NMF
as (see Figure 6)

X « Xo (AT(Y,™ @ Q1) o (ATQ,l+s-1)) 1/ (97)
A« A (Y. ® QM) XI) o (Q 1 xT)) ", 98)
Q = AX, Q -=AX, (99)

In fact, we need to save only two reduced set of data matrices Y, € RfXT and Y, € Rfrxc. For example,
for large dense data matrix Y &€ RiXT with I =T = 10°and J = 10 and R = C = 50, we need to save
only 107 nonzero entries instead of 10'° entries, thus reducing memory requirement 1000 times.

We can modify and extend AB NMF algorithms in several ways. First of all, we can use for update of
matrices A and X two different cost functions, under the assumption that both the functions are convex
with respect to one set of updated parameters (another set is assumed to be fixed). In a special case,
we can use two AB-divergences (with two different sets of parameters: one ng’ﬁ 4 (Y||AX) for the
estimation of A and fixed X, and another one Dﬁfg X )(Y] |AX) for the estimation of X and fixed A).
This leads to the following updates rules

X « X o (AT(Y, @ Q1)) o (ATQ,lex+5x-1)) -[wx/axl, (100)
A« Aw (Y@ Q) XT) o (-t XT)) ™ o
Qr - Ar X, Qc - A'XC (102)

In order to accelerate the convergence of the algorithm, we can estimate one of the factor matrices, e.g.,
A by using the ALS (Alternating Least Squares) algorithm [7]. This leads to the following modified
update rules which can still be robust with respect to X for suitably chosen set of the parameters.

X « X® (AT(Y,™ @ (A, X)P1)) o (AT(A,X) leto-10)) -/ (103)

A < max{Y,XI(X, X)) e} (104)

Another alternative exists, which allows us to use different cost functions and algorithms for each of the
factor matrices.
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Furthermore, it would be very interesting to apply AB-multiplicative NMF algorithms for inverse
problems in which matrix A is known and we need to estimate only matrix X for ill-conditioned and
noisy data [62,63].

4. Simulations and Experimental Results

We have conducted extensive simulations with experiments designed specifically to address the

following aspects:

e What is approximately a range of parameters alpha and beta for which the AB-multiplicative NMF
algorithm exhibits the balance between relatively fastest convergence and good performance.

e What is approximately the range of parameters of alpha and beta for which the AB-multiplicative
NMF algorithm provides a stable solution independent of how many iterations are needed.

e How robust is the AB-multiplicative NMF algorithm to noisy mixtures under multiplicative
Gaussian noise, additive Gaussian noise, spiky biased noise? In other words, find a reasonable
range of parameters for which the AB-multiplicative NMF algorithm gives improved performance

when the data are contaminated by the different types of noise.

In order to test the performance of the AB-divergence for the NMF problem, we considered the matrix
X* with three non-negative sources (rows) shown in Figure 7(a). These sources were obtained by
superposing pairs of signals from the “ACsincpos10” benchmark of the NMFLAB toolbox and truncating
their length to the first 250 samples [7]. We mix these sources with a random mixing matrix A* of
dimension 25 x 5, whose elements were drawn independently from a uniform random distribution in the
unit interval. This way, we obtain a noiseless observation matrix P = A*X* whose first five rows are
displayed in Figure 7(b).

Figure 7. Illustration of simulation experiments with three nonnegative sources and their
typical mixtures using a randomly generated (uniformly distributed) mixing matrix (rows of
a data matrix P = AX + E are denoted by p1, po, -..).
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(a) Three sources (nonnegative components) (b) Five noiseless mixtures with uniform random

mixing matrix
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Our objective is to reconstruct from the noisy data P, the matrix X of the nonnegative sources and
the mixing matrix A, by ignoring the scaling and permutation ambiguities.

The performance was evaluated with the mean Signal to Interference Ratio (SIR) of the estimated
factorization model AX and the mean SIR of the estimated sources (the rows of the X) [7].

We evaluate the proposed NMF algorithm in (61) based on the AB-divergence for very large number
of pairs of values of («, ), and a wide range of their values. The algorithm used a single trial random
initialization, followed by a refinement which consist of running ten initial iterations of the algorithm
with (a, 8) = (0.5,0.5). This initialization phase serves to approach the model to the observations
(AX — P) which is important for guaranteing the posterior monotonic descent in the divergence when
the parameters are arbitrary, as discussed in Section 3.3. Then, we ran only 250 iterations of the proposed
NMF algorithm for the selected pair of parameters (o, (3).

To address the influence of noise, the observations were modeled as P = Q* + E, where Q* = A*X*
and E denote, respectively, the desired components and the additive noise. To cater for different types of
noises, we assume that the elements of the additive noise e;; are functions of the noiseless model ¢;; and
of another noise z;;, which was independent of ¢},. Moreover, we also assume that the signal ¢}, and the
noise z;; combine additively to give the observations in the deformed logarithm domain as

lnl—a*(pit) = 1n1—a*(‘];’kt) + lnl—a*(zit); (105)

which is controlled by the parameter o*. Solving for the observations, we obtain

Pit = expy_ox (IN1_a+(g5;) + 1o+ (2i0)) - (106)
or equivalently,
q} Zit ,a* =0, multiplicative noise,
Dit = q + zit , o =1, additive noise, (107)

()™ + (za)™") o #0, additive noise in a deformed log-domain.

Such approach allows us to model, under one single umbrella, noises of multiplicative type, additive
noises, and other noises that act additively in a transformed domain, together with their distributions.

In order to generate the observations, we should assume first a probability density function g(Zz;;) for
Zit = Iny_o+(2), the noise in the transformed domain. This distribution is corrected, when necessary, to
the nearby distribution that satisfies the positivity constraint of the observations.

In the following, we assume that the noise in the transformed domain z;; is Gaussian. Figure 8 presents
mixtures obtained for this noise under different values of «*. The transformation (106) of the Gaussian

density g(Zz;;) leads to the marginal distribution of the observations

(11— (pie) — Iy (q5))°

1 —
f(pirlai) = Noremey e 207 » Dpit >0, (108)

—Q
ODjt

which can be recognized as a deformed log-Gaussian distribution (of order 1 —a*), with mean Iny _ .« (q;)

2

and variance o“. This distribution is exact for multiplicative noise (a* = 0), since in this case no

correction of the distribution is necessary to guarantee the non-negativity of the observations. For the
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remaining cases the distribution is only approximate, but the approximation improves when o* is not far

from zero or when ¢;; is sufficient large for all 4, ¢, and for o sufficient small.

Figure 8. Illustration of the effect of the parameter o™ on the noisy observations (p; denotes
the first row of the matrix P). Dashed lines corresponds to noiseless mixtures and solid lines
to the noisy mixtures that obtained when adding noise in the deformed logarithm (In;_,+(+))
domain. The noise distribution was Gaussian of zero mean and with a variance chosen so as
to obtain an SNR of 20 dB in the deformed logarithm domain. In the top panel the value of
the deformation parameter o* = 0, resulting a multiplicative noise that distorts more strongly
signals ¢}, with larger values. For the middle panel o* = 1, resulting in an additive Gaussian
noise that equally affects all ¢}, independently of their values. For the bottom panel, a* = 3,

distorting more strongly small values of ¢;.
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Interestingly, the log-likelihood of the matrix of observations for mutually independent components,
distributed according to (108), is

70{* 1 a* a*
nf(PIQ) = =Y In(Varopl ™) = D" (PIQ). (109)
it
Therefore, provided that (108) is sufficiently accurate, the maximization of the likelihood of the
observations is equivalent to the minimization of the AB-divergence for (a*, a*), that is,
argm(gxlnf(P|Q) = arngianL‘a;’a*)(PHQ). (110)

Figure 9 presents the simulation results for mixtures with multiplicative noise. Usually, performances
with SIR > 15 dB are considered successful. Observe that the domain where the performance is
satisfactory is restricted to o« + 8 > —0.5, otherwise some terms could be extremely small due the
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inversion of the arguments of the AB-divergence. In other words, for o + 5 < —0.5 there is too strong
enhancement of the observations that correspond to the values of the model close to zero, deteriorating
the performance. In our simulations we restricted the minimum value of entries of the true factorization

model to a very small value of 107",

Figure 9. Performance of the AB-multiplicative NMF algorithm in the presence of
multiplicative noise (o = 0). The distribution of the noise in the transformed domain z;; is
Gaussian of zero mean and with variance set to obtain an SNR of 20 dB in the In(-) domain.
The rows of the observation matrix are shown in the top panel, the equivalent additive noise
E = P — Q" is displayed at the middle panel and the performance results are presented at the
bottom panels. As theoretically expected, the best SIR of the model (26.7 dB) was achieved
in the neighborhood of (0, 0), the parameters for which the likelihood of these observations
is maximized. On the other hand, the best mean SIR of the sources (18.0 dB) and of the
mixture (21.1 dB) are both obtained for (¢, 3) close to (—1.0, 1.0).
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We confirmed this by extensive computer simulations. As theoretically predicted, for a Gaussian
distribution of the noise Zz; with a* = 0, the best performance in the reconstruction of desired
components was obtained in the neighborhood of the origin of the («,/3) plane. The generalized

Itakura-Saito divergence of Equation (46) gives usually a reasonable or best performance for the
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estimation of X and A. The result of the simulation can be interpreted in light of the discussion presented
in Section 2.3. As the multiplicative noise increases the distortion at large values of the model, the
best performance was obtained for those parameters that prevent the inversion of the arguments of the
divergence and, at the same time, suppress the observations that correspond with larger values of the
model. This leads to the close to optimal choice of the parameters that satisfy equation oo + 5 = 0.

The performance for the case of additive Gaussian noise (a* = 1) is presented in Figure 10. For
an SNR of 20 dB, the distribution of the noisy observations was approximately Gaussian, since only
1% of the coordinates of the matrix P were rectified to enforce positivity. This justifies the best
performance for the NMF model in the neighborhood of the pair («, ) = (1, 1), since according to (110)
minimizing this divergence approximately maximizes the likelihood of these observations. Additionally,
we observed poor performance for negative values of a, explained by the large ratios p;; /¢;; being much
more unreliable, due to the distortion of the noise for the small values of ¢;, together with the rectifying

of the negative observations.

Figure 10. Performance of the AB-multiplicative NMF algorithm for 25 mixtures with
additive Gaussian noise and SNR of 20 dB. The best performance for AX was for an SIR of
31.1 dB, obtained for («, 5) = (0.8,0.7), that is, close to the pair (1, 1) that approximately
maximizes the likelihood of the observations. The best performance for X and A was
obtained in the vicinity of (—0.2, 0.8), with respective mean SIRs of 17.7 dB and 20.5 dB.
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Figure 11 shows simulation results with a* = 3, the case for which the effect of the noise was more
pronounced for the small values of ¢;;. The noise in the transformed domain was again Gaussian and
set to an SNR (in this domain) of 20 dB. In this case, the distribution of the observation was no longer
sufficiently close to Gaussian because 11% of the entries of the matrix P were rectified to enforce their
positivity. The graphs reveal that the best performance was obtained for the pair («, 5) = (0.9, 4.0) that
is quite close to a Beta-divergence. As a consequence of the strong distortion by the noise the small
values of the factorization model the large and small ratios p;; /g;; were not reliable, leaving as preferable
the values of « close to unity. On the other hand, the ratios associated with small ¢;; should be penalized,
what leads to a larger parameter 3 as a robust choice against the contamination of the small values of
the model.

Figure 11. Performance of the AB-multiplicative NMF algorithm when the observations are
contaminated with Gaussian noise in the In; .« (-) domain, for o* = 3. The best performance
for AX was for an SIR of 22.6 dB obtained for (c, 8) = (0.9,4.0). A best SIR of 16.1 dB
for X was obtained for («, ) = (0.5, 1.7), which gave an SIR for A of 19.1 dB.
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The last two simulations, shown in Figures 12 and 13, illustrate the effect of uniform spiky noise
which was activated with a probability of 0.1 and contained a bias in its mean. When the observations are

biased downwards by the noise the performance improves for a positive « since, as Figure 3 illustrates,
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in this case the « suppresses the smaller ratios p;;/q;;. On the other hand, for a positive bias we have
the opposite effect, resulting in the negative values of o being preferable. With these changes in «, the
value of 3 should be modified accordingly to be in the vicinity of —« plus a given offset, so as to avoid
an excessive penalty for observations that correspond to the large or small values of the factorization
model ¢;;.

Figure 12. Performance for biased (non-zero mean) and spiky, additive noise. For a* = 1,
we have uniform noise with support in the negative unit interval, which is a spiky or sparse
in the sense that it is only activated with a probability of 0.1, i.e., it corrupts only 10% of
observed samples. The best SIR results were obtained around the line (o, 1 — «) for both

positive and large values of a.
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Figure 13. Performance for multiplicative noise that is positively biased and spiky (activated

with a probability of 0.1). For a* = 0, the noise in the In(-) domain (Z;;) followed a uniform

distribution with support in the unit interval. The best SIR results were obtained along the

line (v, —«v) for negative values of a.
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5. Conclusions

250

15

We have introduced the generalized Alpha-Beta divergence which serves as a flexible and robust cost

function and forms a basis for the development of a new class of generalized multiplicative algorithms
for NMF. Natural extensions of the Lee-Seung, ISRA, EMML and other NMF algorithms have been
presented, in order to obtain more flexible and robust solutions with respect to different contaminations

of the data by noise. This class of algorithms allows us to reconstruct (recover) the original signals and

to estimate the mixing matrices, even when the observed data are imprecise and/or corrupted by noise.
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The optimal choice of the tuning parameters o and 3 depends strongly both on the distribution of noise
and the way it contaminates the data. However, it should be emphasized that we are not expecting that
the AB-multiplicative NMF algorithms proposed in this paper will work well for any set of parameters.

In summary, we have rigorously derived a new family of robust AB-multiplicative NMF algorithms
using the generalized Alpha-Beta Divergence which unifies and extends a number of the existing
divergences. The proposed AB-multiplicative NMF algorithms have been shown to work for wide
sets of parameters and combine smoothly many existing NMF algorithms. Moreover, they are also
adopted for large-scale low-rank approximation problems. Extensive simulation results have confirmed
that the developed algorithms are efficient, robust and stable for a wide range of parameters. The
proposed algorithms can also be extended to Nonnegative Tensor Factorizations and Nonnegative Tucker

Decompositions in a straightforward manner.
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Appendix
A. Non-negativity of the AB-divergence

In this appendix we prove that AB-divergence is nonnegative for any values of o and /3, and is equal
to zero if and only if P = Q.
For any nonnegative real numbers x and y, and for any positive real numbers a and b that are Holder

conjugate i.e., a~' + b~! = 1, Young’s inequality states that
@ yb
<=+ L (111)
a b

with equality only for 2% = ¢/°.

We shall now show how the non-negativity of the proposed divergence rest on three different
inequalities of the Young’s type, each one holding true for a different combination of the signs of the
constants: of3, a(a + ) and f(a + ).

For af8 > 0, ala+ ) > 0and B(a + 3) > 0, wesetz = p%, y = ¢oa = (o + )/ and
b= (a+ B)/p, to obtain

atB By 2t8
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Foraf < 0,a(a+ ) >0and B+ B) < Owesetx =py, "q;, © ~y=4¢qy; ° ,a=a(a+p)

and b = —«/3, to obtain
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Finally, for a8 < 0, a(a + 8) < 0O and B(a + 8) > Owesetz = p, © ¢y =p, 7 .
a=f/(a+ p)and b = —f/a, to obtain
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The three considered cases exhaust all the possibilities for the sign of the constants: a3, a(a + ) and
B(a + ). Inequalities (112)-(114) can be summarized as the joint inequality:

1 B 1 o+ 1 a+p
—Paly < Pt (115)
ap Bla+p)"" afa+3)™"

fora, B,a+ 5 #0,

where the equality holds only for p;; = ¢;. This above inequality justifies the non-negativity of the
divergence defined in (19).

B. Proof of the Conditional Auxiliary Function Character of G({Q**V} {Q™"}; P)

The factorization model of the observations Q(k) at a k-th iteration is a sum of rank-one matrices, so
that

J
) =Y )l Z% {Q®}) ¢, (116)

7=1
where the parameter

NOMD
7 ({QM}) = ”—” >0, (117)

qit

denotes the normalized contribution of the j™ rank-one component to the model qff . For a given

auxiliary function and since ) _; ’y ({Q ()1) = 1, the elements of the matrix Q*+! resulting from

the minimization in (75) can also be expressed by the convex sum

(k+1)  (k+1)

(k1) W ro®1y 40) 20) _ g P
i =2 QP a where g = — L=l (118)
- 7 ({Q®M})
In this context the (jl(t') elements represent a prediction of q( +)
(k+1), (k+1)
]t

obtained from the j"-rank-one
component (a;;
by 'Yz't ({Q })

If, additionally, the convexity of d(féﬁ ) (pit, Gir) w.r.t. the second argument holds true in the interval

[min; ¢, max; ¢7)] and for each i, ¢, the function

G{Q** "}, {Q¥ ZZv b ds5y? (pa ) (119)

), assuming that proportions of the components in the model are still governed

can be lower-bounded by means of Jensen’s inequality

ZZ% {Q™} diy” (pdf) > Zd“ﬁ) (mev {Q™}) q> (120)

>From (118), observe that the previous lower bound is the AB-divergence

> d) (me% {Q™}) qzt> = DY (P|Q¥HY). (121)
it
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thus confirming that

GH{Q*},{Q®}; P) > DY (P|Q*HY) = G{Q*V}, {Q*HV; P, (122)

and proving the desired result: G({Q**V} {Q™};P) is an auxiliary function for the surrogate
optimization of the AB-divergence provided that the convexity of d(j’j’gﬁ ) (pit, Gie) for G €

[min; qu ), max; qu§ )] and each 4, ¢, is guaranteed at each iteration.

C. Necessary and Sufficient Conditions for Convexity

The convexity of the divergence with respect to the model (the second argument of the divergence)
is an important property in the designing of update formulas with monotonic descent. The second order
partial derivative of the divergence in (23) with respect to the second argument is given by

82d(a76) i i i B
ol qit
For o = 0, the proof of convexity for = 1 is obvious from Equation (123). On the other hand, for

a # 0, after the substitution of the deformed logarithm in (123) by its definition, a sufficient condition
for the nonnegativity of the second partial derivative

2 5(e,8) [
o 1— .
0*dyp (fztaqw) _ (1+ 5} [(@) _1]) qg-ﬁ-ﬁ—Q? (124)
aqit @ it
1 —
> (1——@) g, (125)
o)
> 0, (126)
is given by
1—
5 0,1 (127)
Q

After combining the cases in a single expression the sufficient condition for the divergence d(ﬂf ) (pit, Git)

to be convex w.r.t. the second argument becomes
f € [min{l,1 — a}, max{1,1 — a}|. (128)

Figure 4(a) illustrates the domain where this sufficient condition is satisfied in the («, 3) plane.

We can continue further with the analysis to obtain the necessary and sufficient conditions for the
convexity after solving directly (123). Depending on the value of /3, one of the following conditions
should be satisfied

bit >c(a, ) for B <min{l,1—a},

dit

always convex for [ € [min{l,1— a}, max{l,1— a}|, (129)
bit <c(a,p) for B >max{l,1—a},

it

where the upper and lower bounds depend on the function

C(Oé,ﬁ) = €XP1_q (ﬁ) : (130)
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A contour plot of ¢(a, 3) is shown in Figure 4(b).
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