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Abstract Nonnegative matrix factorization (NMF) is a standard linear dimen-
sionality reduction technique for nonnegative data sets. In order to measure the
discrepancy between the input data and the low-rank approximation, the Kullback-
Leibler (KL) divergence is one of the most widely used objective function for NMF.
It corresponds to the maximum likehood estimator when the underlying statistics
of the observed data sample follows a Poisson distribution, and KL, NMF is partic-
ularly meaningful for count data sets, such as documents or images. In this paper,
we first collect important properties of the KL objective function that are essential
to study the convergence of KL NMF algorithms. Second, together with review-
ing existing algorithms for solving KL. NMF, we propose three new algorithms
that guarantee the non-increasingness of the objective function. We also provide
a global convergence guarantee for one of our proposed algorithms. Finally, we
conduct extensive numerical experiments to provide a comprehensive picture of
the performances of the K. NMF algorithms.

Keywords nonnegative matrix factorization - Kullback-Leibler divergence -
Poisson distribution - algorithms

1 Introduction

Given a nonnegative matrix data V € RY"™" and a positive integer » < min(m, n),
nonnegative matrix factorization (NMF) is the problem of finding W € R"*" and
H € RLX" such that V' &~ WH. The quality of the approximation is measured
using an objective function, which typically has the form

D(VIWH) £y > " d(Vij|(WH)ij),

i=1j=1
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where d(z|y) is a scalar cost function such that d(z|y) > 0 for all z,y > 0 and
d(z]y) = 0 if and only if z = y. NMF is then written as the following problem

min D(VIWH).
WeRT ™", HER*™

The most widely used class of the scalar cost functions d(z|y) is the S-divergence [15]

s (@ + (B -1)y" = Bzy®~") i BeR\{0,1},
dg(zly) = {zlog § —z +y ifg=1,
%—logg—l if g =0.

In this paper, we are interested in the Kullback-Leibler (KL) divergence (also
known as the I-divergence), which is the S-divergence with 8 = 1. The KL NMF
problem can be rewritten as follows:

WeRT*" HER ™
where
Dxr(VIWH) =3~ (WH)i; = Viglog(WH)i;) + > (Vg log Vi — Vij).
i=1j=1 i=1j=1
With the convention that 0 x log0 = 0 and a X log0 = —oo for a > 0, the

objective function in is well-defined and it is an extended-value function, that
is, Dk, € [0, +00]. KL NMF is well-posed, that is, a solution always exists (see
Section for more details), but the solution is in general non-unique even when
removing the scaling and permutation ambiguities of the low-rank approximation
W H; see [17] and the references therein.

1.1 Motivation

Since the seminal paper of Lee and Seung [31], NMF has been shown to be a very
powerful model to extract perceptually meaningful features from high-dimensional
data sets. Applications include facial feature extraction [31L22], recovery and doc-
ument classification [3ILTIL[43], unmixing hyperspectral images [4,39]; see also [9]
18[17] and the references therein. The most widely used objective function for
NMEF is the Frobenius norm ||V — W H||% which corresponds to the S-divergence
with 8 = 2. For nonnegative data sets, the Frobenius norm is however not the
theoretically most reasonable choice. In fact, it corresponds to the maximum like-
lihood estimator in the presence of additive i.i.d. Gaussian noise. Under this noise
distribution, observing negative entries in a data set has a positive probability.
Moreover, many nonnegative data sets are sparse in which case Gaussian noise is
clearly not appropriate [3T}[14}8].

Let us assume that V;; is a sample of the random variable f/ij following the
Poisson distribution of parameter (W H);;, that is,

_ (WH)f e (Wi

ol for k=0,1,2,...

P(Vi; = k)
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Then the maximum likelihood estimator of W and H, given V, is the solution of
. The Poisson distribution is particularly well suited for integer-valued data sets,
such a documents represented by vector of word counts [833], or images which
can be interpreted as a photon counting process [23]. KL NMF has also been used
successfully in bioinformatics [35], e.g., to cluster samples of RNA sequencing gene
expression data [I0]. It is worth noting that KL NMF also makes sense when V
contains non-integer entries. In that case, V;; can be interpreted as the average of
several samples of the random variable f/;j

In the literature, NMF with the Frobenius norm (Fro NMF) has been thor-
oughly studied and well-documented. Among algorithms for Fro NMF, the block
coordinate (BC) methods, which update one block of the variables at a time, have
the best performance in practice, see for example [9,2849/[18/[1,24] and the refer-
ences therein. Note that one “block” here can be a full matrix, a column, a row,
or even just a scalar component of the matrices W or H. The objective function
of Fro NMF has several nice properties that allow us to apply some advanced
development of BC methods for solving composite block-wise convex optimiza-
tion problems, which subsume Fro NMF as a special case, to derive very efficient
algorithms with some rigorous convergence guarantee [2449]. One of the most
important properties is that the gradients of the objective with respect to W
and H, that is, W — Vw Drwo and H — Vg Dgyo, are Lipschitz-continuous over
W e RT™", H € R},*". Although the objective of KL NMF, similarly to Dryo, is
block-wise convex (that is, the function W +— Dxkr, and H — D1, are convex),
Dkq, is even not differentiable at W or H when (WH);; = 0 for some 4, j. Since
Dx1, does not possess the nice smooth properties of Fro NMF, the extension of
the analysis of BC methods from Fro NMF to KL. NMF is restricted. Proposing
a good algorithm for solving KL NMF is therefore a more difficult task compared
to the Fro NMF. In fact, there are much fewer papers studying algorithms for
KL NMF in the literature; in particular, algorithms with convergence guarantee
are scarce. To the best of our knowledge, the multiplicative updates (MU) with
some modification of KL NMF (see Section for more details) is the only al-
gorithm that has a subsequential convergence guarantee. Moreover, the MU are
the most widely used algorithm for KL, NMF, while it is well known that, for Fro
NMF, the MU are slow and should not be used; see [18] and the references therein.
These observations motivate this work which analyses in details the properties and
algorithms for KL NMF (/1))

1.2 Contribution and outline

Our main contribution is threefold.

1. In Section [2| we present important properties of KL, NMF for the conver-
gence analysis of KL-NMF algorithms. Some are well-known while others have
not yet been highlighted in the literature, to the best of our knowledge.

2. While existing algorithms for (|1)) are briefly reviewed in Section |3} we present
two new algorithms in Section They are (i) a block mirror descent method
(BMD), for which we prove the global convergence of its generated sequence to
a stationary point of a slightly perturbed version of KL NMF, and (ii) a scalar
Newton-type algorithm which monotonically decreases the objective function.
To the best of our knowledge, BMD is the first algorithm for K. NMF that
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has a global convergence guarantee. We also propose a hybridization between
the scalar Newton algorithm and the MU for which the objective function is
guaranteed to be non-increasing.

3. In Section [5, we perform extensive numerical experiments on synthetic as well
as real data sets to compare the performance of the algorithms. To the best of
our knowledge, this is the first time such a comparison is performed. It provides
a good picture on the performance of the algorithms in different scenarios.

We hope that the paper will be a good reference for whomever is using KL
NMF, or is interested in KL NMF algorithms.

2 Some properties of KL NMF

In the remainder of the paper, for simplicity, we denote D(V|W H) = Dkr,(V|WH)
since we only consider the KL divergence. The objective function of KL NMF
is not finite at every point of its constraint set since D(V|W H) = co when V;; > 0
and (WH);; = 0. This fact makes the convergence analysis of algorithms for
very challenging. Hence, in parallel with considering K. NMF (|1)), we propose to
study the following perturbed version

min D(V|WH) (2)
such that Wy, > e, Hy; > e for i € [m],j € [n],k € [r],

where € > 0, and [n] denotes the set {1,...,n}. Problem is equivalent to KL
NMF when € = 0. When ¢ > 0, the objective of is finite at every point
of its constraint set. Moreover, a solution of has all its entries strictly positive
when € > 0. However, for ¢ sufficiently small (we recommend to use the machine
precision), then such entries can be considered as zeros, which will not influence
the objective function of KL NMF much; see Proposition [I] below.

2.1 Existence of solutions

The following proposition proves the existence of solutions of Problem and pro-
vides a connection between the optimal value of and its perturbed problem
with € > 0. The proof is given in Appendix

Proposition 1 (A) Given e > 0 and a nonnegative matriz V, Problem attains
its minimum, that is, it has at least one optimal solution.

(B) Let v = 371", 377, Vij. Denote D*(V,e) be the optimal value of Prob-
lem ([2)). We have D*(V,e) < D*(V,0) + (min{n + mr, m + nr}\/v + mne)e.

Proposition A) is known for the case € = 0; see for example [I6, Proposition
2.1], while Proposition [[{B) is new. Given § > 0, Proposition [[(B) shows that by
choosing ¢ such that min{n + mr,m + nr}y/ve + mne? = §, an optimal solution
of is a d-optimal solution of KL, NMF (|1)). Proposition B) shows that, for
sufficiently small, the objective function of ([2)) is not significantly larger than that
of . However, it says nothing on the corresponding optimal solutions. To the
best of our knowledge, no sensitivity analysis of the optimal solutions exist in the
NMF literature. In fact, there could exist several isolated optimal solutions (see,
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e.g., [19], for some examples) which makes a sensitivity analysis difficult in the
general case because the optimal solution can change drastically for an arbitrarily
small perturbation (leading to an infinite condition number of the problem). This
is an interesting direction of further research.

2.2 KKT and stationary points

A pair (W™, H") is a Karush-Kuhn-Tucker (KKT) point of if it satisfies the
KKT optimality condition of , that is, if the objective function f(W,H) :=
D(V,WH) is differentiable at (W*, H*), and for all ¢ € [m] and k € [r]: W}, > ¢
and

of
(GT ZHM Z VW(W* 5o 20 @)
{J'VLJ>O} (3)

Wi - L0 — o @)

and similarly for H*, by symmetry. A pair (W™, H*) is a stationary point of
if it is a feasible point of that lies in the domain of f and for all ¢ € [m] and
k € [r], it satisfies

of(W*, H”)

W (Wix — Wii) > 0 for any Wy > e, (4)

and similarly for H*. For Problem , it turns out that KKT points and stationary
points coincide. Since W, — e > 0, (Bp) and (@b) hold if and only if . ) holds.
Indeed, let (W™, H™) satisfy then choosing W, in (4) to be W3, + 1 gives (3p)
while choosing W,y in to be € or 2W;3, — ¢ gives ) The reverse direction is
obvious. The same reasoning applies to H™.

The following proposition provides an interesting property of KKT points of
KL NMF (|1), see [25, Theorem 1] for its proof. Note that this property does not
hold for its perturbed variant with € > 0.

Proposition 2 If (W*, H") is a KKT point of , then W*H™ preserves the
row sums and the column sums of V', that is,

Ve=W*H")e and e V=e¢ (W'H"),
where e denotes the vector of all ones of appropriate dimension.
Let us define the following notion of a scaled pair (W, H).

Definition 1 We say (W, H) is scaled if the optimal solution of the problem
minger D(V,aW H) is equal to 1.

Hence W H is scaled implies that one cannot multiply W H by a constant o (that
is, one cannot scale W H) to reduce the error K L(X, W H).

By Proposition (2} if (W*, H") is a KKT point of () then >, S Vig =
>ty 25— (W*H");; and hence is scaled. Moreover, we have the follovvlng result.
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Proposition 3 A pair (W, H) is scaled if and only if

Vi =) Y (WH);.

i=1j=1 i=1j=1

m n

Proof We have

D(V,aWH) =aY (WH)i; — Y _ Vijlog(WH),;

i3 2%}
=Y Vijloga+ Y (Vijlog Vij — Viy).
4,3 4,3
The result follows from the equation Vo D(V,aW H) = 0. O

Proposition [3} although simple to prove, is not present explicitly in the literature.
However, it is rather interesting from a practical point of view: any feasible solution
(W, H) to KL NMF can be improved simply by scaling it. In fact, combining
Definition []] and Proposition [3] we can compute

e Ve

a* = argminaeR D(V, (IWH) = m,

and scale W < a* W to improve the feasible solution (W, H). This could be used
within any algorithm for KL NMF.

2.3 Relative smoothness

In Section we will propose a new algorithm that globally converges to a sta-
tionary point of with € > 0, namely a block mirror descent method. An in-
strumental property of to prove such a result is relative smoothness. Let us
describe this property in details.

The objective D(V|W H) is convex in each block variable W and H, but it is not
jointly convex in (W, H). Furthermore, D(V|W H) does not possess the Lipschitz
smoothness property, that is, the derivative of D(V|W H) with respect to W or
H is not Lipschitz continuous. Recently, the authors in [3] and [37] introduce the
notion of relative smoothness that is a generalization of the Lipschitz smoothness.

Definition 2 [37], Definition 1.1] Let x(-) be any given differentiable convex func-
tion defined on a convex set (). The convex function g(-) is L-smooth relative to
k(-) on @ if for any x,y € intQ, there is a scalar L for which

9(y) < g(x) + (Vg(x),y — x) + LBy (y, x), (5)

where
Bi(y,z) := k(y) — (x) — (Vk(z),y — x), for all z,y € Q. (6)

The following proposition shows that, when restricted to a column of H,
the KL objective function is a relative smooth function. Since D(V|WH) =
D(VT|HTWT), this result implies that the KL objective function when restricted
to a row of W is also relative smooth.
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Proposition 4 [3, Lemma 7] Let v € R and W € RT"™", and

D(v|Wh) := Z ((I/Vh)Z — v;log(Wh); + vi logv; — w). (7)
i=1
Then the function h — D(v|Wh) is relative smooth to k(h) = —37%_, log h; with
the relative smooth constant L = ||v]|1.

2.4 Self-concordant properties

In Section we will propose a new monotone algorithm to solve , namely
a scalar Newton-type algorithm. An instrumental property of to prove the
monotonicity is the self-concordant properties of its objective function. Let us
first define a self-concordant function. We adopt the definition in [40, Chapter 5].

Consider a closed convex function g : E — R with an open domain. Fixing
a point x € dom(g) and a direction d € E, let ¢ (1) = g(z + 7d). We define
Dy(z)[d] = ¢3(0), D*g(2)[d, d] = ¢/(0), and D?g(x)[d, d,d] = ¢ (0).

Definition 3 We say the function g belongs to the class Fjs of self-concordant
functions with parameter M > 0, if

ID*g(x)[d, d, d]| < 2M|d|[324(),

where ||d|\2vzg(z) = (V%g(x)d,d) = ¢!(0). The function g is called standard self-
concordant when M = 1.

The scalar function g(z) = —log(z) is a standard self-concordant function; see
[40, Example 5.1.1]. The following proposition provides some useful properties to
determine the self-concordant constant of a function.

Proposition 5 [/0, Theorems 5.1.1 and 5.1.2]

(i) Let gi,g2 be self-concordant functions with constants My, Ma. Then the
function g(x) = agi(z)+Lg2(x), where a, B are positive constants, is self-concordant
with constant Mg=max {%Ml, ﬁMg}

(i) If g(-) is self-concordant with constant Mg, then ¢(z) = g(A(z)), where
A(x) = Azx+Db is a linear operator, is also self-concordant with constant My = M.

Using Proposition [p| we can prove that the objective of the perturbed KL NMF
problem is self-concordant with respect to a single entry of W and H.

Proposition 6 Given V € R7"*", W € RT"™" and H € R*", the scalar function

Hy; — D(VIWH) = i ( zn: WiaHaj — Vijlog Xn: WmHaj) + constant

i=1 a=1 a=1

is a self-concordant function with constant cm,; = maxy; v, >0} {\/17}
: ; 2

3 Existing algorithms

In this section, we briefly review the most efficient algorithms for KL, NMF.
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3.1 Multiplicative updates

Let us consider the linear regression problem: Given v € RT and W € RTXT,
minimizehe]Ri DKL (’U7 Wh)

For W fixed in KL, NMF, this is the subproblem to be solved for each column of
H. The multiplicative updates (MU) for solving this problem are given by

T _[v]
h « ho (VV[W>

WTeeT

where o and H are the component-wise product and division between two matri-

ces, respectively. They were derived by Richardson [42] and Lucy [38], who used
them for image restoration, and rectification and deconvolution in statistical as-
tronomy, respectively. This algorithm was later referred to as the Richardson-Lucy
algorithm, and is guaranteed to decrease the K. NMF objective function.

In the context of NMF, Lee and Seung [31] derived these updates again, in a
matrix form, to update W and H alternatively in KL NMF. The MU can be easily
generalized to the perturbed KL NMF problem [45], and are given by

wT V] V] H
H <+ max aHoM , W <+ max s,WoM ) (8)
[WTeeT] [eeTH]

Note that, for e = 0, the max(e, -) can be removed since the entries of V, W and
H are nonnegative, which corresponds to the MU used by Lee and Seung.

The MU can be derived using the majorization-minimization (MM) framework,
which is a two-step approach:

1. majorization: find a majorizer, that is, a function that is equal to the objective
function at the current iterate while being larger everywhere else on the feasible
domain, and

2. minimization: minimize the majorizer to obtain the next iterate.

We refer the interested reader to [I3] for all the details. Moreover, the MU can be
shown to belong to a specific MM framework, namely, the block successive upper-
bound minimization (BSUM) framework [26L4T]. For completeness, we describe the
BSUM framework and its convergence guarantees in Appendix This allows to
provide convergence guarantees for the MU. Let us anaylze two cases separately.

8.1.1 Casee =0

In this case, the MU are not well-defined if (W H);; = 0 for some (4, 7). Further-
more, the MU would encounter a zero locking phenomenon, that is, the MU cannot
modify an entry of W or H when it is equal to 0. This phenomenon can be fixed
by choosing an initial pair with strictly positive entries. Moreover, the objective
function is not directionally differentiable when (W H);; = 0 and V;; > 0 for some
i,7. Hence, the convergence to stationary points obtained in [4I, Theorem 2] for
BSUM does not apply. In fact, [2I] provided a numerical evidence that the gen-
erated sequence may not converge to a KKT point, and, [8] Section 6.2] gave an
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example that MU may converge to a non KKT point. Although the convergence
of the generated sequence by MU is not guaranteed, it is worth noting that MU
in this case possesses an interesting scale-invariant property.

Proposition 7 Let ¢ = 0 and denote H™ (resp. W™ ) the update of H (resp. W)
after applying one MU of H (resp. of W) on (W, H). Suppose the MU for
H (resp. W) is well-defined, that is, (WH);; > 0 for all i,j and W has no zero
column (resp. H has no zero row). Then the MU of H preserve the column sum
of V, that is, e 'V = e (WH™), while the MU of W preserve the row sum of V,
that is, Ve = (Wt H)e.

Proof We prove the result for H, the result for W can be obtained by symmetry.
We have for j € [n] that

L WiV ]
; WH b= Z Z WZka] Z Z Wik s = lek 1lw//lk =

i=1k=1 1=1k=1

 — Zfil WlleJ WH)lJ Wi Vi
gg R W Z ’“JZWVH)Z

m T

Wik Hy
= Vi Vi O
3 Vit = 2V
Proposition |Z| shows that any iterate of the MU, except the first one, is scaled
(Definition . Hence, sometimes in the literature, the MU are used to scale the
pair (W, H) within KL NMF algorithms.

8.1.2 Case e >0

For this case, [41l Theorem 2] implies that every limit point of the generated
sequence of MU for solving Problem with € > 0 is a stationary point of Prob-
lem (which is also a KKT point, see Section . It is worth noting that
the sub-sequential convergence of MU in this case can also be proved by using
Zangwill’s convergence theory as in [45].

3.2 ADMM

The alternating direction method of multiplier (ADMM) is a standard technique
to tackle low-rank matrix approximation problems [29], and it was used to solve
KL NMF (1)) in [44]. The first step is to reformulate (1)) as

min D(V|V)
W,HW, ,H (9)

such that V = WHW =Wy H=H Wy >0,Hy >0,

where V, W, and Hy are auxiliary variables. ADMM alternately minimizes the
augmented Lagrangian of @D over the variables (V, W, H,W,, Hy), and updates
the dual variables at each iteration. We refer the reader to [44] for more details. It
is important noting that the objective is not monotonically decreasing under the
updates of ADMM. Also, convergence to stationary points is not guaranteed. In
fact, we will see in the numerical experiments that ADMM does not converge in
some cases.
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3.3 Primal-dual approach

In [50], Yanez and Bach proposed a first-order primal-dual (PD) algorithm for
KL NMF (1)). PD employs the primal-dual method proposed in [7] to tackle the
convex subproblems in the columns of H and rows of W see . To improve the
performance of the primal-dual method, PD uses an automatic heuristic selection
for the step sizes; see [B0] for the details. PD is a heuristic algorithm, and it does
not guarantee the monotonicity of the objective.

3.4 A cyclic coordinate descent method

In [28], Hsieh and Dhillon proposes to solve KL NMF using a cyclic coordi-
nate descent (CCD) method. CCD alternately updates the scalars W, or H;.
The subproblems in one variable are solved by a Newton method, in which a full
Newton step is used, without line search. Again, there is no convergence guarantee
for this algorithm, although the Newton method used to approximately solve the
subproblems in one variable may have some convergence guarantee, if properly
tuned. In fact, we realized that there is a gap in the convergence proof of the
Newton method without line search to the global minimum of the scalar subprob-
lems [28, Theorem 1]: Equation (29) is not correctly computed which makes the
proof incorrect. This observation motivated us to introduce a new scalar Newton-
type algorithm in Section Note that a similar algorithm was independently
developed in [36], along with an R package. Another R package is available that
implements both CCD and MU [6].

3.5 Two other algorithmic approaches

In [34], Li, Lebanon and Park proposed a Taylor series expansion to express Breg-
man divergences in term of Euclidean distances, leading to a heuristic scalar co-
ordinate descent algorithm for solving NMF problems with Bregman divergences.
The algorithm using this approach for solving K. NMF underperforms the CCD
method from [28], and hence we will not compare it in the numerical experiment
section.

More recently, Kim, Kim and Klabjan [30] proposed a scale invariant power
iteration (SCI-PI) algorithm to solve a class of scale invariant problems, and apply
it to KL NMF . To establish convergence results for SCI-PI (see [30, Theorem
9, 11]), the objective function of the scale invariant problem needs to be twice
continuously differentiable on an open set containing the set {z : ||z|| = 1}. How-
ever, the objective function of the corresponding sub-problem (see [30, Lemma 14])
when applying SCI-PI to KL NMF violates this condition. Therefore, the theory
of SCI-PI in [30] does not apply to K. NMF.

4 New members of the algorithm collection

In this section, we present two new algorithms for K. NMF, a block mirror descent
method in Section [£:I} and a new scalar Newton-type algorithm in Section [.2}



Algorithms for KL NMF 11

4.1 Block Mirror Descent Method

Let us first give details on the analysis of the block mirror descent (BMD) method
(Section [4.1.1), and then apply the result to solve the perturbed KL NMF prob-

lem (Section |4.1.2)).
4.1.1 BMD method

The standard gradient descent (GD) scheme for solving the smooth optimization
problem mingeq g(z), with g being L-smooth, uses the following classical update

. L
2F = arg Irgg {g(wk) + (Vg(ack),x—xk> + §||£L‘—$k||§} . (10)
xT

When g(-) is not L-smooth but L-relative smooth to x(-) (see Definition [2)), the
GD scheme can be generalized by replacing the Euclidean norm in by the
Bregman divergence B, leading to the following mirror descent step

P = argmin{g(«") + (Vg(a"), 2 — 2%) + LBy(w, 2*)}. (11)

Let us now present BMD, that uses the above generalized GD scheme, but up-
dating the variable block by block. For that, let us consider a problem of the
form

i 12
min f(x), (12)

where f is continuously differentiable on X, x := (21, z2,...,2s) and X = X1 X
Xo X -+ X Xg with X; (1 =1,2,...,s) being closed convex sets. Let us also make
the following assumption.
Assumption 1

(i) For all T € X, the function x; — f(Z1,...,Ti—1,Ti,Tit1,...,Ts) 1S CONVET
and relative smooth to ki(x;) with constant L;(T1,...,Ti—1,Tit1,-..,Ts)-

(ii) There exist positive constants L, and L; such that
Li < Li(i‘l, ey i1, Tid 1y e - ,.i‘s) <

L.
BMD for solving Problem is described in Algorithm

Algorithm 1 Block Mirror Descent for solving

1: Choose an initial point z® such that I? € intdomdA; for i =1,...,s.
2: for k=1,...do
3: fori=1,...,sdo
k+1 k41
4: Let flk(wl) = f(xl+ oo 7$ij1 7fci7xf+17 .. 7xls€)
5 Update

2! = arg min {/F(@}) +(VE@h), @i —af) + LiB, (iad)},  (13)

k _— k+1 k+1 &k k
where L7 = L;(zy ,...,xiil,xi_,'_l,...,xs).
6: end for

7: end for
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BMD described in Algorithm [1]|is structurally identical to the block Bregman
proximal gradient (BBPG) method presented in [46] with cyclic update. However,
BMD has an improvement over BBPG: it uses the step size 1/L¥ which is larger
than p/L¥ used in BBPG, as p € (0,1). Our convergence analysis of Algorithm
(Theorem [1] below, see its proof in Appendix is an extension of the primal
gradient scheme (which is BMD for s = 1) analysed in [37]. It is worth noting
that our result can be extended to composite optimization with essentially cyclic
regime by using the technique in [37, Section A.2] and [46] Section 2]. In this
paper, we only present the result of BMD with cyclic regime for to simplify
the presentation.

Theorem 1 Suppose Assumption 18 satisfied. Let {a:k} be the sequence generated
by Algorithm [1} Let also ®(z) = f(x) + Y, Ix,(zi), where Ix, is the indicator
function of X;. We have

(i) @(xk) s non-increasing;

(ii) Suppose X; C int dom k;. If {x*} is bounded and ki(x;) is strongly convex
on bounded subsets of X; that contain {xF}, then every limit point of {x*} is a
critical point of @;

(@ii) If together with the conditions in (ii) we assume that Vk; and V;f are
Lipschitz continuous on bounded subsets of X; that contain {z¥}, then the whole
sequence {ack} converges to a critical point of P.

Let us now apply this new algorithm and convergence result to KL NMF.

4.1.2 BMD for KL NMF

Problem (2)) has the form of Problem . Proposition [4] allows us to apply BMD
to solve (|2), where the blocks of variables are the columns of H and the rows of W.
Using the notation of Proposition we have V, D(v|Wh) =37 (1— (V;/JT)) Wi .,

where W;.. is the i-th row of W, and By (h, h*) = Z;Zl (:TJ) — log % — 1. The
J J

following proposition provides the closed-form solution for the mirror descent step,
see its proof in [3, Section 5.2].

Proposition 8 Using the notation of Proposition[{] the problem

min {D(U|th) + (VaD(|Wh)[R*], b — h*) + LBy (h, hk)} (14)

has the following unique closed-form solution hEt1: forl e [r],

(hk+1)l = max (hk)l

— — JE . (15)
- e E i)

Recall that, h — D(v[Wh) is [|v||l1-relative smooth to r(h) = — > "_, log h;. To-
gether with Propositionwhich provides a closed-form solution of the update ,
we can therefore easily apply BMD to KL NMF. Assumption [I] is satisfied, and
Theorem |1| (i) implies that @(xk) is non-increasing. Moreover, using a similar
method as in the proof Proposition (1| and noting that @(:L‘k) < @(:L‘O), we can
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prove that BMD for KL, NMF with € > 0 generates a bounded sequence. To-
gether with the assumption x > €, we see that all conditions of Theorem (iii) are
satisfied. Hence, we obtain the following convergence guarantee for BMD applied

to .

Theorem 2 Algom'thm applied on the KL NMF problem monotonically de-
creases the objective function for any € > 0. Moreover, for € > 0, the generated
sequence by BMD is bounded and globally converges to a stationary point of .

It is important noting that Vk(h) is not Lipschitz continuous on bounded sets
containing 0. We hence cannot apply Theorem (iii) to the KL NMF problem .

4.2 A scalar Newton-type algorithm

In this section, we propose a new scalar Newton-type (SN) algorithm that makes
use of the self-concordant property of the objective function (see Section [2.4)) to
guarantee the non-increasingness for the objective sequence, that consequently
guarantees the convergence of the objective sequence since it is also bounded from
below. The motivation to propose this new method comes from our observation
that CCD does not come with any convergence guarantee, as explained in Sec-
tion [3-4] although it performs well in many cases.

Let us first have a brief review on Newton methods. Unconstrained minimiza-
tion problem of a self-concordant function can be efficiently solved by Newton
methods, see |40, Section 5.2]. Tran-Dinh et al. [47] brought the spirit of Newton
methods for unconstrained optimization to composite optimization problems of
the form

min ¥(z) := ¢(z) + ¢(z), (16)

zcR"

where ¢ (x) is a standard self-concordant function and ¢(x) is a proper, closed,
convex but possibly non-smooth function. In particular, the authors propose a
proximal Newton method (PNM) with the following update

2" = 2F 4 qpd”, (17)

k

where ay € (0,1] is a step size, d* = s* — 2* and

* = argmin {$(z") + (V") 2 — %) + S (2~ 2") Vu(at) (@ — o) + 9(a)}.
Denoting A\, = ||d¥|| .+ = ((dk)TVQQ/)(xk)dk)lm, it follows from [47, Theorem 6]
that when the stepsize ap = (1 + )\k)71 is used, then the PNM generates the
sequence z" satisfying ¥ (z"*1) < w(z) — w(\g), where w(t) =t — In(1 4 t).

Recall that the KL objective function with respect to a scalar component of
W or H is a self-concordant function, see Proposition [f} We can hence make use
of the update in to propose the SN method; see Algorithm

The following proposition proves that SN monotonically decreases the objective
function. The proof is provided in Appendix [A-4]

Proposition 9 The objective function for the perturbed KL-NMF problem 18
non-increasing under the updates of Algorithm[3
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Algorithm 2 SN for solving Problem

1: Choose initial points W > 0, H > 0.
2: Compute the self-concordant constants cyy,, and CHy; of the function Wj, — f and
Hy; — [, see Proposition [B}
3: repeat
4: Alternately update each scalar component of W and H. We update W;j several times
(similarly for Hy;) as follows.
5: Calculate

n n Hy, n 2
fiv,, = Hy—> Vi———, fiy, = Vi
= M 2 Vg e = 2V vy

/

fw,
and let s = max {Wzk - f‘//yl’“ ,0}7 d=s— Wy, and A = cw,,, f"/{,k |d].
Wik !

6: if ff <0 orf A < 0.683802 then

7 update W by a full proximal Newton step Wi « s,
8: else

9: update W;, by Wi < Wi + H%d.

10: end if

11: until some criteria is satisfied
t Such A guarantees that A2 + X +log(1 — \) > 0 implying that the objective is non-increasing
under a full Newton step; see the proof in Appendix

Table 1 Properties of KL NMF algorithms presented in this paper, applied on an m-by-
n matrix V to be approximated with a rank-r approximation W H. The parameter d is the
number of inner iterations.

Algorithms | Complexity | Convergence | Monotonicity | Reference
(flops)

MU O(mnr) v v Sec. 3.1
ADMM O(mnr) X X Sec. [32]
PD O(mnrd) X X Sec. [3.3]
CCD O(mnrd) X X Sec. [3.4]
BMD O(mnr) v v Sec. 1]
SN O(mnrd) X v Sec. [1.2]
SN-MU O(mnrd) X v Sec. 43|

4.3 A hybrid SN-MU algorithm

We recall that MU possesses an important property, namely that (W, H) scaled
after any MU update; see Proposition [7] On the other hand, we note that KKT
points of Problem are also scaled. However, SN does not possess this scale-
invariant property. Hence we propose to combine SN with MU to result in a hybrid
SN-MU algorithm. Specifically, we alternately run several SN steps before scaling
the sequence by running one or several updates of MU. In Section [5] we will use 10
steps of SN followed by one step of MU for all numerical experiments. As we will
see, this combination sometimes significantly improves the performance of SN.

5 Experiments

In this section, we report comparisons of the KL NMF algorithms listed in Table [T}
The second column of Table[I] provides the complexity of one iteration to update all
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entries of (W, H). The parameter d in the second column of PD, CCD, SN and SN-
MU is the number of inner iterations of one main iteration of updating (W, H). The
third column indicates whether the corresponding algorithm has some convergence
guarantee for its generated sequence. We note that, considering Problem with
€ > 0, MU guarantees a subsequential convergence while BMD guarantees a global
convergence. The fourth column indicates if the sequence of the objective function
values is non-decreasing.

5.1 Implementation

We have implemented MU and BMD in Matlab, SN in C++ and use its mex file
to run it from Matlab, as for CCD provided by the authorsE| (for which we have
fixed an issue on maintaining (W H);;, otherwise it sometimes run into numeri-
cal issues generating NaN objective function values because (W H);; could take
negative values). We use the Matlab code provided by the authors for ADMME|
and P[ﬂ We used the best possible programming language for each algorithm.
For example, if CCD was implemented on Matlab, it would be extremely slow
as it loops over each variable (and Matlab is very ineffective to handle loops).
On the other side, the MU run faster on Matlab because the main computa-
tional cost resides in matrix-matrix multiplications for which Matlab is more
effective than C++4. All tests are preformed using Matlab R2018a on a lap-
top Intel CORE i7-8550U CPU @1.8GHz 16GB RAM. The code is available at
https://github.com/LeThiKhanhHien/KLNMF. We choose the penalty parameter
of ADMM to be equal to 1 in all of the experiments. In each run for a data set,
we use the same random initialization and the same maximal running time for all
algorithms.

We use the Matlab commands W = rand(m,r) and H = rand(r,n) to generate
a random initial point; and to avoid initial points with a large value D(V, W H),

we then scale W and H by W = /aW, H = \/aH, where a = %, see
Definition |1 and Proposition |3 We define the relative error rel D(V, W H) to be
the objective D(V,WH) divided by }_, ; Vi; log (ZJ‘(/#’ and denote E(t) the
value of rel D(V,WH) — emin at time ¢, where enin is the smallest value among
all rel D(V, WH) produced by all algorithms and all initializations within the al-

lotted time. Hence E(t) goes to zero for the best run among all algorithms and
initializations.

5.2 Experiments with synthetic data sets

For each type of synthetic data sets, we generate 10 random matrices V', then for
each random V', we generate 10 random initial points.
5.2.1 Low-rank synthetic data sets

We will consider several types of low-rank synthetic data sets depending on the
parameter ¢ € (0,1] which is the density of the underlying factors, denoted W*

1 http://www.cs.utexas.edu/~cjhsieh/nmf
2 http://statweb.stanford.edu/~dlsun/admm.html
3 https://github.com/felipeyanez/nmf
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Table 2 Average error, standard deviation over 200 different runs for each type of low-rank
synthetic data sets (100 runs for each type with the size 200 x 200 or 500 x 500). The middle
column correspond to noiseless input matrices, the right column to noisy matrices using the
Poisson distribution. The second row corresponds to dense factors (£ = 1), the third row to

slightly sparse factors (¢ = 0.9), and the bottom row to sparse factors (¢ = 0.3).

Algorithm | mean + std (noiseless matrices) | mean + std (noisy matrices)
ADMM 2257101 +251910 4 8.03010 T £7.44510°3
CCD 1.1191073 +£9.145104 8.02510~1 +7.96610~3
SN 9.43210~% +£9.106 10— 8.026 10~ £8.01410-3
MU 1.4231073 +£1.154103 8.03210~ 1 £8.38010°3
BMD 7.962102 +7.325102 8.17210~ 1 + 1.890 102
PD 1.8031073 £ 1.551103 8.03310~ ! £8.52710°3
SN-MU 9.13310~% +£8.78010~ ¢ 8.026 10~ +£8.00910~3
ADMM 7.1071072+£1.12910° 1 8.49710- T £1.14910~2
CCD 7.807107° +3.642106 7.56310"1 +1.67110 2
SN 2.0131072 £1.33510~2 75641071 £1.661 1072
MU 8.79510~6 £+ 1.08810~° 7.57310~ 1 £1.75910~2
BMD 5.95010~2 £ 5.917 102 770310~ 1 £2.71510~2
PD 6.156102 +1.91710°8 7.56710~1 £ 1.70210~2
SN-MU 45151075 £ 6.72510~° 7.56410~ 1 +1.66110~2
ADMM 5.49310~ T £5.67110~ T 729210~ T £1.86910° T
CCD 1.3401073 £9.142103 5.76210~ 1 + 3.46210~2
SN 2.91110~1 £2.79010~1 5.76110"1 + 3.46810 2
MU 3.52510"4 +4.98510 3 5.75910~ 1 + 3.5021072
BMD 1.5921072 4+ 2.041 102 5.83010~ 1 +3.92410~2
PD 9.71110~* £ 6.808 103 5.76910~ 1 £ 3.41910~2
SN-MU 1.4681073 £+ 6.274103 5.76110" 1 + 3.46810 2

and H*. We will use ¢ = 1,0.9,0.3. More precisely, to generate a low-rank syn-
thetic data set V, we use the Matlab commands W* = sprand(m,r,¢) and
H* = sprand(r,n,£), where £ is the density of non-zero elements (that is, 1 — ¢
is the percentage of zero elements), and let V.= W*H". We will also either keep
V = W*H™ as is, which is the noiseless case, or generate each entry of V following
a Poisson distribution of parameters W*H™ as described in Section which is
a noisy case and is achieved with the Matlab command V = poissrnd(W*H™).

The results of applying the different algorithms on such matrices are reported
in Figure [I] for 200-by-200 matrices with r = 10, and in Figure [2] for 500-by-500
matrices with » = 20. We report the evolution of the median value of E(t). Al-
though this is not an ideal choice, comparing the performance in term of iterations
would be worse since the cost of one iteration can be rather different for each al-
gorithm; for example, CCD has inner iterations, which is not the case of MU. We
also report the average and standard deviation (std) of the relative errors over
200 runs for the 6 types of synthetic data sets (100 runs for each size 200 x 200
or 500 x 500) in Table [2| and provide a ranking over the total 1200 runs between
the different algorithms in Table |3f the ith entry of the ranking vector indicates
how many times the corresponding algorithm obtained the ith best solution (that
is, with the ith lowest objective function value). This table allows to see which
algorithms performs on average the best on these data sets.

For these low-rank synthetic data sets, let us discuss the behaviour of the
various algorithms:

— ADMM is not stable, it diverges in many cases. Although the results are for
ADMM with the penalty parameter ¢ = 1, we also tried other values for ¢ but
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Fig. 1 Median value of the error measure E(t) on 200 x 200 low-rank matrices for various
KL NMF algorithms (see Table . The left column corresponds to noiseless input matrices,
the right column to noisy matrices using the Poisson distribution. The top row corresponds to
dense factors (¢ = 1), the middle row to slightly sparse factors (¢ = 0.9), and the bottom row
to sparse factors (¢ = 0.3).

the algorithm still did not converge for the other values we have tried. ADMM
has the largest number of worst solutions (503 out of 1200). Note however
that it also has a high number of best solutions (301 out of 1200), because it
performs well in the simple scenario when the factors W and H are dense in
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Fig. 2 Median value of the error measure E(t) on 500 x 500 low-rank matrices for various KL

NMF algorithms (see Table , The left column corresponds to noiseless input matrices, and
the right column to noisy matrices using the Poisson distribution. The top row corresponds to
dense factors (£ = 1), the middle row to slightly sparse factors (¢ = 0.9), and the bottom row

to sparse factors (¢ = 0.3).

the absence of noise. In summary, ADMM is unstable but, when it converges,

it provides good solutions.
— CCD performs very well, among the best in most cases. When looking at

Table[2] we observe that CCD has average results, having most of its solutions
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Table 3 Ranking among 1200 different runs for low-rank synthetic data sets.

Algorithm ranking
ADMM (301, 6, 97, 121, 55, 117, 503)
CCD (52, 131, 302, 344, 328, 32, 11)
SN (148, 273, 249, 89, 109, 147, 185)
MU (140, 243, 172, 198, 369, 71, 7)
BMD (1, 0, 2, 26, 184, 522, 465)
PD (222, 217, 161, 164, 122, 293, 21)
SN-MU (343, 328, 214, 257, 32, 18, 8)

ranked third to fifth (out of 7). However, it has the second lowest average error
right after SN-MU.

— SN monotonically decreases the objective function, as proved in Proposition @
However, in some cases, it may converge rather slowly. Its ranking are well
distributed, hence it performs close to the average.

— SN-MU improves SN and performs well, in all cases among the best algorithms.
In fact, it obtained the lowest objective function values among all algorithm,
343 out of the 1200 experiments. Also, it generates only 8 out of 1200 solutions
as the worst solutions. Also, it has the lowest relative error on average.

— MU performs well, on average better than the other algorithms (it only provides
7 worst solutions, out of 1200 tests). It has a low relative error on average,
ranked third, right behind SN-MU and CDD.

— BMD converges very slowly (it only provides a solution among the third best
ones in 3 cases out of 1200). Although it is the only algorithm with global
convergence guarantee (Proposition , this comes at the expense of slow con-
vergence.

— PD performs well, although it provides in many cases (293 out of 1200) the
second worst solutions.

In summary, SN-MU performs on average the best, followed by the MU, CCD,
PD, and SN. ADMM does not always converge but can produce good solutions.
BMD has strong convergence guarantees but converges very slowly. However, there
is no clear winner, and, depending on the types of data sets, some algorithms might
perform better than others.

5.2.2 Full-rank synthetic data sets

We generate a full-rank synthetic data set V' by the Matlab command V =
rand(m,n). Results for full-rank synthetic 200 x 200 (with » = 10) and 500 x 500
(with » = 20) data sets are reported in Figure [3] We also report the average, the
standard deviation of the relative errors and the ranking vector over 200 runs (100
runs for each size) in Table

We observe that the behavior can be quite different than in the low-rank cases.
In particular,

— CCD now clearly performs best in term of convergence speed and average
relative error.

— The MU, CCD and SN-MU performs well, while BMD and SN perform rela-
tively poorly (they never produce the best solution).

— ADMM never converges, and produces the worst solution in all cases.
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Fig. 3 Median value of E(t) on Full-rank synthetic data sets: left - 200 x 200, right - 500 x 500.

Table 4 Average error, standard deviation and ranking among 200 different runs for full-rank
synthetic data sets.

Algorithm mean + std ranking

ADMM 9.36910~ T £2.77410~2 (0, 0,0, 0, 0, 0, 200)
CCD 8.70910"1 +1.41810~2 | (138, 27, 23, 12, 0, 0, 0)

SN 8.92310~ 1 +3.21810~2 (0, 0,0, 0, 47, 153, 0)
MU 8.71710~1 +1.48010~2 (12, 62, 91, 35, 0, 0, 0)

BMD 8.83510~1 +2.3701072 (0, 0, 0, 0, 153, 47, 0)
PD 8.71610~1 +1.486 102 (37, 93, 58, 12, 0, 0, 0)
SN-MU 8.79310~1 £2.24110~2 (13, 18, 28, 141, 0, 0, 0)

Table 5 Real data sets

Data set [ size [ run time (seconds)
Audio [20]
mary 129 x 586 25
prelude JSB 129 x 2582 45
ShanHur sunrise 129 x 4102 75
voice cell 129 x 2181 45
Images [31,127]
cbclim 361 x 2429 50
ORLfaces 10304 x 400 95
Documents [51]
classic 7094 x 41681 500
hitech 2301 x 10080 500
reviews 4069 x 18483 500
sports 8580 x 14870 500
ohscal 11162 x 11465 500
lal 3204 x 31472 500

5.3 Experiments with real data sets

We report in this section experiments on various widely used real data sets that
are summarized in Table [l We use r = 10 for all real data sets.

5.3.1 Audio data sets

For each audio data set, we generate 30 random initial points. We report the
evolution of the median of E(t) in Figure [4] and report the average, the standard
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Table 6 Average error, standard deviation and ranking among 120 different runs for audio

data sets.

Algorithm mean =+ std ranking

ADMM 2.53310~1 £ 1.916 101 (0,0,0,0, 1, 110, 9)
CCD 7.588102 4+ 4.853 102 (5, 42, 33, 23, 17, 0, 0)

SN 5.21310~1 £2.00210~1 (0,0,0,0,0,9, 111)

MU 7.4681072 4+ 4.84910°2 (89,7,13,7,4,0,0)
BMD 7.898 1072 4+ 4.946 1072 (0, 12, 21, 25, 61, 1, 0)
PD 7.642102 4+ 4.841 102 (9, 20, 23, 46, 22, 0, 0)
SN-MU 7.4981072 4+ 4.8151072 (17, 39, 30, 19, 15, 0, 0)

deviation of the relative errors and the ranking vector over 120 runs (30 runs for
each audio data set) in Table @
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Fig. 4 Median value of E(t) on audio data sets: top left - mary, top right - prelude JSB,
bottom left - ShanHur sunrise, bottom right - voice cell.

As for full-rank synthethic data sets, ADMM diverges while SN and BMD con-
verges slowly. However, for these data sets, MU outperforms the other algorithms,

followed by CCD, SN-MU, and PD.
5.3.2 Image data sets

As for audio data sets, we generate 30 random initial points. We report the result
in Figure [5] and Table
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Fig. 5 Median value of E(¢) on image data sets: left - cbclim, right - ORLfaces.

Table 7 Average error, standard deviation and ranking among 60 different runs for the 2

image data sets.

Algorithm mean =+ std ranking
ADMM 5.49210~ T £ 2.167 10T (0, 0,0, 0,0, 0, 60)
CCD 3.339101 + 1529101 (51, 8,0, 1,0,0,0)
SN 3.56910~ 1 +£1.67910~1 (0, 0, 0, 0, 60, 0, 0)
MU 3.35410~1 +1.53310~1 (8, 37, 10, 5, 0, 0, 0)
BMD 3.97710~1 +£1.86710~1 (0, 0,0, 0, 0, 60, 0)
PD 3.37910~ 1 £ 1.550101 (0, 4, 34, 22, 0, 0, 0)
SN-MU 3.387107 1 £1.56510~! (1, 11, 16, 32, 0, 0, 0)

Table 8 Average error, standard deviation and rankin;

ument data sets.

g among 60 different run

Algorithm mean + std ranking

ADMM 2.33310° £3.27610~ T (0, 0,0, 0,0, 10, 50)
CCD 5.36610~1 +3.48310°2 | (37,3,16,4,0,0,0)
SN 5.38810~ 1 + 3.44310~2 (3, 13, 30, 14, 0, 0, 0)
MU 5.40210~1 £ 3.394 102 4,9, 7, 40, 0, 0, 0)
BMD 6.0571071 +2.47610~2 (0, 0,0, 0, 60, 0, 0)
PD 1.78310° + 2.270 10° (0, 0,0, 0, 0, 50, 10)
SN-MU 5.37010~1 £ 3.47210~2 (16, 35, 7, 2, 0, 0, 0)

80

s on the doc-

As for full-rank and audio data sets, ADMM diverges, and SN and BMD con-
verge slowly. CCD outperforms the other algorithms followed by MU, SN-MU and

PD (in that order).

5.8.8 Document data sets

For each document data set, we generate 10 random initial points and record the
final relative errors (the reason of using only 10 initializations is that these data
sets are rather large, and the computational time is high—we used 500 seconds for
each run as shown on Table . We report the average, the standard deviation
of the final relative errors and the ranking vector over 60 runs (10 runs for each
document data set) in Table

We observe that, CCD performs best, followed by SN-MU, in terms of the

average relative error.
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Performance profiles. Figure [f] reports the performance profiles for the experi-
ments for synthetic (left) and real (right) data sets. It displays the performance
of each algorithm as a function of p > 0. For a given value of p, we define the
performance of an algorithm as follows

#{solution (W, H) | rel D(V,WH) — rel D(V, W*H*) < p}

fruns

performance(p) =

(18)
where a solution (W, H) is the final pair obtained within the total allotted time by
the algorithm, and (W*, H*) is the best solution obtained among all algorithms
using the same initialization. Hence, for example, performance(0) aggregates the
values of the rankings at the first position provided in Tables [3}4] for the synthetic
data sets, and in Tables for the real data sets.

Performance profiles allow us to compare the algorithms meaningfully over
different instances [12], that is, different matrices and initializations in our case.
Looking at the curves for p equal zero, we observe the percentage of the time
each algorithm was able to obtain the best solution. The right of the curve, as
p increases, reports the robustness of an algorithm, that is, the percentage of
times it was able to obtain a solution close to the best solutions found among all
algorithms. In all cases, the higher the curve the better.
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Fig. 6 Performance profile for all experiments; see (18). On the left: synthetic data set, on
the right: real data sets.

Figure [6] confirms our observations: CCD, MU and SN-MU perform the best.
On synthetic data sets, SN-MU provides the best solutions in most cases (left part
of the left figure), while on real data sets, MU and CCD perform better (left part
of the right figure). In terms of robustness, the three algorithms are comparable:
their curves get closer together as p increases. Note that, as we have observed as
well, PD performs on par with CCD, MU and SN-MU on synthetic data sets, while
it is less effective for real data sets as it does not reach a performance of 1 even
for p=1.
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5.4 Conclusions of the numerical experiments

Surprisingly, for KL NMF, the behaviour of the algorithms can be highly depen-
dent on the input data. For example, CCD performs best for images and docu-
ments, while MU performs best for audio data sets. To the best of our knowledge,
this has not been reported in the literature. As far as we know, most papers
focus only on a few numerical examples, introducing an undesirable bias towards
certain algorithms. It is interesting to note that for Fro NMF, such different behav-
iors depending on the input data has not been reported in the literature, despite
numerous studies. The reason is most likely that KL, NMF is a more difficult opti-
mization problem, for which the subproblem in W and H, although convex, does
not admit an L-Lipschitz gradient.

The main take-home message of our experiments is that CCD, SN-MU and
MU appear to be the most reliable algorithms for KL NMF, performing among
the best in most scenarios.

6 Conclusion

In this paper, we have presented important properties of KL NMF that are useful
to analyze algorithms (Section . Then, we have reviewed existing algorithms,
and proposed three new algorithms: a block mirror descent (BMD) method with
global convergence guarantees, a scalar Newton-type (SN) algorithm which mono-
tonically decreases the objective function, and an hybridization between SN and
MU. Finally, in Section [5] we performed extensive numerical experiments on syn-
thetic and real data sets. Although no KL NMF algorithms clearly outperforms
the others, it appears that the CCD, MU and SN-MU provide the best results on
average.
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A Technical proofs
A.1 Proof of Proposition

Proposition (A) Given € > 0 and a nonnegative matrix V, Problem attains its
minimum, that is, it has at least one optimal solution.

(B) Let v = 377", 3%, Vi;. Denote D*(V,¢) be the optimal value of Problem @). we
have D*(V,e) < D*(V,0) + (min{n + mr, m + nr}y/v + mne)e.

Proof Problem can be rewritten as follows
wllr} D(V|(W + cee )(H + seeT)) (19)
such that Wy, > 0, Hy; > 0 for i € [m], k € [r],j € [n].
We note that
(W +cee")(H+eee)=WH +e(Wee' +ee’ H) +e2ee’. (20)

Let us now prove the parts (A) and (B) of Proposition [1| separately.
(A) We note that

1 T T v, W e T\, H €
~D(V|(W H - D(— RSN H
» (VI(W +cee' )(H +eee')) » (ﬁ—f—ﬁee )(\ﬁ 7
Then we have
D*(V,e) =vD*(V/v,e/\/v). (21)
Let us now consider Problem with V such that 337" 357 ; Vi; = 1. In the following, we
separate the proof into 2 cases: £ = 0, which corresponds to the original K. NMF Problem ,

and € > 0, for which the objective of Problem (19) is finite at every pair of non-negative
matrices (W, H).

Case 1: € = 0. We use the methodology in the proof of [16, Proposition 2.1]. We first observe
that WH = Y°7_; W. ;H; ., hence without loss of generality we can consider the case when
H has no zero rows; otherwise we could then consider Problem with smaller rank than r.
Given a feasible solution (W, H) of (), let hy, = >_7—1 Hy; and let Diag(h) be the diagonal

matrix with its diagonal being h. We then have (W, H), where W = WDiag(h) and H =
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(Diag(h))~1H, is also a feasible solution of and it preserves the objective value since
WH = WH. We observe that 3" ; Hy; = 1. Hence, we can restrict our search for the
optimal solution to the set

A1 ={(W,H): W,H >0,He = e}.

We note that limg_o(z — Vjjlogz) = +oo for a given Vj; > 0, and = — (z — Vj;logz) is
a decreasing function when x < Vj;. Therefore, there exists a positive constant § such that
(WH);; > ¢ for all 4,5 with V;; > 0; otherwise, if for all > 0 there exists (¢,7) with V;; > 0
that (WH);; < ¢ then we can choose arbitrary small 6 < min{Vj; : V;; > 0} which makes
(WH);; — Vi log(WH )i;j arbitrary large. Therefore, we can further restrict the constraint set
of ( . to the set

Az = {(W, H) : (W, H) € Ay, (WH)ij > 69(i,5) € {(i,j) : Vij > 0}}.

It follows from [32], Theorem 2] (see also Sectionn that given a feasible solution (W, H), a

multiplicative update step I/V,c = Wi (3], Vi >0 (WH - L) /(371 Hiy), for i € [m], k € [r],
supposed to be well-defined, decreases the objective function. Hence, given (W, H) € Az, we
observe that

m m Hy Vi "o Wik Hi Vi S
2k = W Gy, T 2w 2
Therefore, we can further restrict our search for the optimal solutions of (1) to
Az = {(W,H) : (W, H) € A1,We =Ve,(WH);; > &¥(i,j) € {(3,5) : Vij > 0}}.
By choosing appropriate &, we note that (W,1/nee’) € Az with Wi, = 1/m > Vi for

i € [m],k € [r], then the set A3 is non-empty. We see that A3 is closed and bounded, and
D(V|W H)) is continuous on A3, hence, Problem has at least one solution.

Case 2: ¢ > 0. When ¢ > 0, we see (0,0) is a feasible solution of . Let

m n
C = f-(0,0) = mnre? — log(re?) + Z Z VijlogVij — 1
i=1j=1

We then can restrict our search for the optimal solutions of Problem (19) to the constraint set
Ay ={(W,H) : W,H >0, f«(W,H) < C}. Using inequality logz < z — 1 for all z > 0, we
obtain

JeW,H) 2373 (1= Vi) (WH)ij +e(Wee +ee H)ij+2) +> > Vijlog Vi
1=1j=1 =1 1
m ]”l j
ZZ - Vij)(e ZWZIC+EEHICJ + €2 +ZZV”10gV”
i1=1j=1 i=1j5=1
> (mn —1)e? + (1 — vmax)e( ZWZk—i-mZHkJ)-&-ZZv”bng
i=1j=1

where vmax = max;; Vjj, we use (WH);; > 0 in the second inequality and Z Vi; =1 in the
third inequality. Hence, from f. (W, H) < C, W and H are bounded. Therefore, A4 is bounded.
We also see that A4 is closed; hence, it is a compact set. The objective of is continuous
on this set since € > 0. Therefore, Problem (19) has at least one solution.

(B) Let us fix € > 0. Note that all points of A3 are feasible solutions of Problem (I9). We
hence have

D*(V,e) < min f-(W,H)

(W,H)e Ag
< i D(VIWH W,H)— D(VIWH
< (W,III;I)%A;; V| )+ (W,HI}&)DE(As(fe( , H) vl ) (22)
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where in the first inequality we use the fact that the optimal value over bigger set does not
exceed the optimal value over smaller set. On the other hand, it follows from (20]) and the case
>2;,; Vij = 1 that, for (W, H) € Az, we have

m n

fe W, H)=DVIWH) =35 (> Wi +¢ > Hyj +¢?)
k=1 k=1

i=1j=1

_ iiv log (W +eee")(H +eee));;
ij
i=1j=1 (WH)i;

< ne + mre + mne?.
Hence D*(V,e) < D*(V,0) + ne 4+ mre + mne?. By exchanging the role of W and H' and
noting that D(V|WH) = D(VT|HTW ), we can prove a similar bound D*(V,¢) < D*(V,0)+
me + nre + mne?. Together with , we obtain Result (B).

A.2 BSUM framework for the MU

MU is a block successive upper-bound minimization algorithm (BSUM) in which each column
of H and each row of W are updated by minimizing majorized functions of the KL objective.
Let us first introduce BSUM, then derive MU for solving .

BSUM was proposed in [41] to solve the minimization problem in . Putting in the
notations of , first, let us formally define a majorized function.

Definition 4 A function u; : X; X X — R is said to majorize f(z) if
ui(zi, x) = f(z),Ve € X,
i(Yi, @) 2> f(@15- -5 Tim1, Yiy Tig 15 - -5 Ts), VY € Xy w € XL

Using the majorized functions, at iteration k, BSUM fixes the latest values of block j # ¢ and
updates block z; by

(23)

xf = argzinei%i ui(xi,x’f,...,mfﬁl,xf_l,wf_‘fll,...,mf_l). (24)
From Definition [4] we have
f(xk) = ul(x’f,:c’f, e ,xf) > ul(xlerl,x’f,...,:r:’;)
> f(xy k+1 czk o2k :uz(xlg,xlerl,x’Q“,...,xf)
> up (b, b+ 2, L ah) > ek by ak) > > ).

In other words, BSUM produces a non-increasing sequence {f(z*)}. In the following, we give
a majorized function for D(¢t|Wh) defined in .

Proposition 10 [71, Lemma 3] Let

m _ k
upmu (h, hk) = Z ( Z th (10g(Wilhl) — log %) + t;logt; — ti>.

i=1
Then uyy (b, hF) majorizes the function h — D(t|Wh).
When BSUM uses uny (-, -) to update a column h of H (similarly for a row of W) by hFt1 =

: : nk t,W; :
arg ming > umu (h, h*), we obtain (hFt1), = max{zgll)‘fvil Zznl (thl) 75} , leading to
the MU. More specifically, the updates of MU for solving Problem are
Wi Vi
Zl 1 WH Zlril (WH);
wt :maX{Wk — ( )” } H —max{Hk-il],s}. (25)
ik Y Hi T Wi

We note that the non-increasing property of f(z*) produced by BSUM for Problem does
not guarantee the convergence of {*}. To guarantee some convergence for {z*}, we need € > 0
for the objective function to be directionally differentiable, which is not the case when € = 0,
(WH);; =0 and V;; > 0 for some i, j.
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A.3 Proof of Theorem [1]

Theorem I: 11k Suppose Assumption [1] I is satisfied. Let {*} be the sequence generated by Al-
gorithm l Let also @(x) = f(x) + >, Ix,(x;), where Iy, is the indicator function of X;. We
have

(i) #(=*) is non-increasing;

(ii) Suppose X; C int dom ;. If {z*} is bounded and ;(z;) is strongly convex on bounded
subsets of A; that contain {z¥}, then every limit point of {x*} is a critical point of &;

(iii) If together with the conditions in (ii) we assume that Vk; and V;f are Lipschitz
continuous on bounded convex subsets of X; that contain {«¥}, then the whole sequence {z*}
converges to a critical point of @.

Proof We follow the methodology established in [5] that bases on the following theorem to
prove the global convergence of BMD.

Theorem 3 Let & : RNV — (—oco, +00] be a proper and lower semicontinuous function which
is bounded from below. Let A be a generic algorithm which generates a bounded sequence {x*}
by bt € A(zF), k =0,1,... Assume that the following conditions are satisfied.

(B1) Sufficient decrease property: There exists some p1 > 0 such that

pillz® — "% < B(aF) — B(zF ), VE=0,1,....
(B2) Boundedness of subgradient: There exists some pa > 0 such that
[wh | < pofla® — 2, w®) € od(ak), ¥k =0,1,...
(B3) KL property: ® is a KL function.
(B4) A continuity condition: If a subsequence {x*n} converges to T then ®(zFn) — &(Z)
as n — oo.
Then 332, ||lz* — 2% +1|| < 0o and {z*} converges to a critical point of &.

We will prove Theorem 1] (iii) by verifying all the conditions in Theorem [3| for . Let us
first recall the following three-point property.

Proposition 11 (Property 1 of [48]) Let 2t = argminy,cx; ¢(u) + Bx(u, 2), where ¢ is a
proper convex function, X; is convexr and B, is the Bregman distance with respect to k;. Then
for all uw € X; we have

B(u) + B, 2) > B(=4) + Bulz*,2) + Bu(u, 2*).
Denote &% (z;) = fF(z;) + Ix,(z;). We have
FE@ETY) < D) + (VEF@F), af T — 2F)) + LEBy, (21T, af)

< E@D) (V@) @i — o)) + LB, (@i, 2F) — LY By, (i, 2)
< fF(@) + LEBg, (2, 2F) — LEB,, (z, 25T,
where the first inequality uses Assumptionm the second inequality uses Proposition@applied
for and the third uses convexity of f;. Note that Iy, (z) =0 if x € X and Ix,(z) = 400
otherwise. Hence, for all z;,
¢?(xf+1) < @(mlf+1,...,m§j1 mi,mf+1,...,x§) (B,@ (mz,:p ) — Bk, (wi,mf+1)). (26)

19

Choosing z = :tf in , we have 45;“ (ziﬁq) < 45;“ (zf) — L;Bx, (xf,xi.ﬁq). Therefore,
D(a"F) — Z‘Pk (@) = @f (2f) < - ZL B, («f, 2 ). (27)

From , we see that @(mk) is non-increasing. Theorem i) is proved.
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As {z*} is assumed to be bounded, then there exists positive constants A; such that
||a:f|| < A;,i=1,...,s, for all k. Suppose a subsequence zF» — z*. As X is closed convex
set and z¥» € X, then z* € X. Hence, &(zF») — &(z*), i.e., the continuity condition (B4) is
satisfied.

Since k; is strongly convex on the sets {z; : z; € X}, ||acf|\ < A;}, we have By, (xf, forl) >
oi/2||zk - xf'HHQ, for some constant ;. Hence, from we derive the sufficient decrease
property (B1) and 3°%2, ||z* — 2%*1||2 < +oo. Consequently, ||z — 2#*1|| — 0. Then we
also have zFntl — z* In we let k = kn, — oo and note that z7 € X; C intdom k;,
then we obtain &(z*) < &(z7,...,%4,...,25), Vo;. This means z} is a local minimizer of
ming, ¢(x3,...,2,...,2%). Hence 0 € 9;P(x*), for i = 1,...s. In other words, we have 0 €
0P (z*), i.e., Theorem [1f (ii) is proved.

To prove Theorem [1] (iii), it remains to verify the boundedness of subgradients. From [2}
Proposition 2.1] we have

0P (zF) = 0®1 (2F) x 0s®(2F) = {V1f(a®) + 8lx, ()} x ... x {Vsf(2F) 4+ 0lx, (aF)}.
1t follows from that 0 € VfF(zk) + 8[;(1.(93?"'1) + Lf'H (Vni(:cf+1) — Vki(zF)). Hence,

warl = Vif(ka“l) + 0lx, (a:’f+1)

(28)
= Vif (@) — VfE@r) + LE (Vki(2F) — Viki(aFTh) € 08, (zF11).
As V;f and Vk; are Lipschitz continuous on {z; : ||z¥|| < A;}, we derive from (28) that

there exists some constant a; such that wa+1|| < ap||z® — «FtY|, for i = 1,...,s. Then the
boundedness of subgradients in (B4) is satisfied. Theorem [I|is proved.

A.4 Proof of Proposition [J]

Proposition @ The objective function for the perturbed KL-NMF problem is non-
increasing under the updates of Algorithm @

Proof We note that if g(x) is a self-concordant function with constant ¢ then c? g(z) is a
standard self-concordant function. Hence, using the result of [47, Theorem 6] (see also Section
2.4]), we derive that the objective function of is strictly decreasing when a damp Newton step
is used. We now prove the proposition for the case when a full Newton step is used, that is when
. . fiv,
the gradient f¥//Vk < 0or A <0.683802 and the update of W;j then is W«I =s=W;r— f‘,/Y““
’ Wik
Consider the case f"/V“C < 0. Let us use fy,, to denote the objective of with respect
to W;j. Considering the function Wy +— g(W;) = f‘//Vk with W;, > 0, we see that g(Wyy)

is a concave function. Hence, we have g(W;) —g(Wi) < g’(Wzk)(W;}; — W;i). This implies

fw, . fiv, .
’ / 17" ik . + ik ]
that f + < me fWik f//ik = 0. Since Wy, — W, = f”uc < 0 and Wy, = fw,, is

convex, we then obtain fw,, > fi.+ + f‘,/v*' Wik — W;};) > fi+ - Hence, the objective of
ik Y ik

is non-increasing when we update W to W;.

Consider the case A < 0.683802. Denote W = Wy + ad. When a = 1 we have W, = s,
that is when a full proximal Newton step is applied. It follows from [47, Inequality (58)] that
fwa < fwy, — aA? +w.(a) for a € (0, 1], where wy (t) = —t — log(1 —t). Hence, when o = 1
we get fwa < fw,, — (AZ + X +log(1 — A)). It is not difficult to see that when A < 0.683802
the value of A2 + X +log(1 — \) is positive. Hence, in this case, a full proximal Newton step
also decreases the objective function.
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