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Block Majorization Minimization with Extrapolation and Application to 3-NMF*
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Abstract. We propose a Block Majorization Minimization method with Extrapolation (BMMe) for solving a
class of multiconvex optimization problems. The extrapolation parameters of BMMe are updated
using a novel adaptive update rule. By showing that block majorization minimization can be re-
formulated as a block mirror descent method, with the Bregman divergence adaptively updated at
each iteration, we establish subsequential convergence for BMMe. We use this method to design ef-
ficient algorithms to tackle nonnegative matrix factorization problems with S-divergences (3-NMF)
for 8 € [1,2]. These algorithms, which are multiplicative updates with extrapolation, benefit from
our novel results, which offer convergence guarantees. We also empirically illustrate the significant
acceleration of BMMe for S-NMF through extensive experiments.
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1. Introduction. In this paper, we consider the following class of multiconvex optimization
problems:

(1.1) min f(z1,...,Zs),
T, €X;
where x = (z1,...,x5) is decomposed into s blocks, X; C E; is a closed convex set fori =1,...,s,

[E; is a finite dimensional real linear space equipped with the norm ||-|[;) and the inner product
(*s+)(&) (we will omit the lower-script (i) when it is clear in the context), X = &1 x ... X5 C
intdom(f), and f:E=E; x--- x E; - RU{+00} is a differentiable function over the interior
of its domain. Throughout the paper, we assume f is lower bounded and multiconvex, that
is, x; — f(z) is convex.

1.1. Application to 3-NMF, 3 € [1,2]. Nonnegative matrix factorization (NMF) is a
standard linear dimensionality reduction method tailored for datasets with nonnegative values
[20]. Given a nonnegative data matrix, X > 0, and a factorization rank, r, NMF aims to
find two nonnegative matrices, W with r columns and H with r rows, such that X ~ WH.

“Received by the editors May 9, 2024; accepted for publication (in revised form) April 14, 2025; published
electronically August 13, 2025.

https://doi.org/10.1137 /24M1660188

Funding: The third and first authors acknowledge the support by the European Union (ERC consolidator,
eLinoR, 101085607).

fAcapela Group, Rue du Crossage 2a, 7012 Mons, Belgium (khanhhiennt@gmail.com).

Hnstitute of Data Sciences, Faculty of Engineering, Innopolis Univerity, Innopolis, Russia (V.Leplat@innopolis.ru).

§Department of Mathematics and Operational Research, University of Mons, 7000 Mons, Belgium (nicolas.
gillis@umons.ac.be).

1292

Copyright (©) by SIAM. Unauthorized reproduction of this article is prohibited.


https://doi.org/10.1137/24M1660188
mailto:khanhhiennt@gmail.com
mailto:V.Leplat@innopolis.ru
mailto:nicolas.gillis@umons.ac.be
mailto:nicolas.gillis@umons.ac.be

Downloaded 08/17/25 to 109.136.75.42 by Nicolas Gillis (nicolas.gillis@umons.ac.be). Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

BLOCK MAJORIZATION MINIMIZATION WITH EXTRAPOLATION 1293

The S-divergence is a widely used objective function in NMF to measure the difference between
the input matrix, X, and its low-rank approximation, W H [10]. This problem is referred to
as f-NMF and can be formulated in the form of (1.1) with two blocks of variables, W and H,
as follows: given X € R"™ and r, solve

1.2 min Dg(X,WH),
(1.2) WER™ X" W >e, sl )
HeR"™*"™ H>e

where Dg(X,WH)=3"" >, dg(Xi;,(WH);;), with

xlogz—a:—i—y for B =1,
dg(z,y) = 1 Y
B(B—1)

When = 2, dg is the Euclidean distance, and when g =1, it is the Kullback-Leibler (KL)
divergence; see section 4.3 for a discussion on the KL divergence. Note that we consider a
small positive lower bound, € > 0, for W and H to allow the convergence analysis. In practice,
we use the machine epsilon for ¢, which does not influence the objective function much [14].

(29 + (B—1)y’ — BayP~1) for1<p<2.

1.2. Previous works. Block coordinate descent (BCD) methods serve as conventional
techniques for addressing the multiblock problem (1.1). These approaches update one block
of variables at a time, while keeping the values of the other blocks fixed. There are three main
types of BCD methods: classical BCD [12, 39], proximal BCD [12], and proximal gradient
BCD [4, 6, 41]. These methods fall under the broader framework known as the block successive
upper-bound minimization algorithm (BSUM), as introduced in [36]. In BSUM, a block z; of =
is updated by minimizing a majorizer (also known as an upper-bound approximation function,
or a surrogate function; see Definition 2.1) of the corresponding block objective function.

To accelerate the convergence of BCD methods for nonconvex problems, a well-established
technique involves the use of extrapolation points in each block update, as seen in [43, 33, 35,
32, 15]. Recently, [16] proposed TITAN, an inertial block majorization-minimization frame-
work for solving a more general class of multiblock composite optimization problems than
(1.1), in which f is not required to be multiconvex. TITAN updates one block of x at a time
by selecting a majorizer function for the corresponding block objective function, incorporat-
ing inertial force into this majorizer, and then minimizing the resulting inertial majorizer.
Through suitable choices of majorizers and extrapolation operators, TITAN recovers sev-
eral known inertial methods and introduces new ones, as detailed in [16, section 4]. TITAN
has proven highly effective in addressing low-rank factorization problems using the Frobenius
norm, as demonstrated in [13, 16, 15, 42]. However, to ensure convergence, TITAN requires
the so-called nearly sufficiently decreasing property (NSDP) of the objective function between
iterations. The NSDP is satisfied in particular when the majorizer is strongly convex or when
the error function, that is, the difference between the majorizer and the objective, is lower
bounded by a quadratic function [16, section 2.2]. Such requirements pose issues in some sit-
uations; for example, the Jensen surrogate used to design the multiplicative updates (MU) for
standard S-NMF (see section 4.1 for the details) lacks strong convexity, and the corresponding
error function is not lower bounded by a quadratic function. In other words, although TITAN
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does not require f to be multiconvex, utilizing TITAN for accelerating the MU in the context
of -NMF is very challenging. This scenario corresponds to a specific instance of problem
(1.1).

Consider 5-NMF (1.2). For § = 2, NMF admits very efficient BCD algorithms with
theoretically grounded extrapolation [15] and heuristic-based extrapolation mechanisms [1].
Otherwise, the most widely used algorithm to tackle S-NMF is the multiplicative updates
(MU): for 1< <2,

X
[WT[WI%%]

(1.3) H MUKW H) =max | & H o reryn oy |

and W' « MU(X THT, WT), where o and U are the componentwise product and division
between two matrices, respectively, and (.)* denotes the componentwise exponent. The MU
are guaranteed to decrease the objective function [10]; see section 2.1 for more details. Note
that, by symmetry of the problem, since X = WH <= X' =H'WT, the MUs for H and
W are the same, up to transposition.

As far as we know, there is currently no existing algorithm in the literature that accelerates
the MU while providing convergence guarantees. On the other hand, it is worth noting that
an algorithm with a guaranteed convergence in theory may not always translate to practical
success. For instance, the block mirror descent method, while being the sole algorithm to en-
sure global convergence in KL-NMF, does not yield effective performance in real applications,
as reported in [14].

1.3. Contribution and outline of the paper. Drawing inspiration from the versatility of
the BSUM framework [36] and the acceleration effect observed in TITAN [16], we introduce
BMMe, which stands for Block Majorization Minimization with Extrapolation, to address
problem (1.1). Leveraging the multiconvex structure in problem (1.1), BMMe does not need
the NSDP condition to ensure convergence; instead, block majorization minimization for
the multiconvex problem (1.1) is reformulated as a block mirror descent method, wherein the
Bregman divergence is adaptively updated at each iteration, and the extrapolation parameters
in BMMe are dynamically updated using a novel adaptive rule. We establish subsequential
convergence for BMMe, apply BMMe to tackle 5-NMF problems with 5 € [1,2], and showcase
the obtained acceleration effects through extensive numerical experiments.

To give an idea of the simplicity and acceleration of BMMe, let us show how it works for
B-NMF. Let (W, H) and (WP, HP) be the current and previous iterates, respectively. BMMe
will provide the following MU with extrapolation (MUe):

(1.4) H=H+ay[H—-H"]y, H<+MUX,W,H),

and similarly for W. We will show that MUe not only allows us to empirically accelerate
the convergence of the MU significantly for a negligible additional cost per iteration (see
Remark 1.1 below) and a slight modification of the original MU, but also has convergence
guarantees (Theorem 3.2). We will discuss in detail how to choose the extrapolation param-
eters ay and ag in section 3. It is important to note that no restarting step is required to
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ensure convergence. As a result, there is no need to compute objective function values during
the iterative process, which would otherwise incur significant computational expenses. We
will also show how to extend the MUe to regularized and constrained 5-NMF problems in
section 4.3. Figure 1 illustrates the behavior of MU versus MUe on the widely used CBCL
facial image dataset with r =49, as in the seminal paper of [20], which introduced NMF, and
with 8 =3/2. MUe is more than twice faster than MU: over 10 random initializations, it takes
MUe between 88 and 95 iterations with a median of 93 to obtain an objective smaller than
the MU with 200 iterations. We will provide more experiments in section 5 that confirm the
significant acceleration effect of MUe.

Remark 1.1 (time versus iterations). The extra cost of MUe compared to MU is only the
computation of the extrapolated point, H=H-+ ag[H — HP];. For the update of H, this
costs O(nr) operations and O(nr) memory. The MU itself requires the computation of W H in
O(mnr) operations and O(mn) memory, and multiplying [X]./[[W H]-*~#)] and [W H]-(8-1)
by W requires O(mnr) operations. The same observation holds for W where the role of
m and n are exchanged. For example, for the CBCL dataset experiment in Figure 1, with
m =361, n = 2429, r =49, MUe requires less than 1% more time than MU: on 30 runs with
1000 iterations, the average time for MU is 11.63 s and for MUe it is 11.71 s, which is about
0.7% more than MU. Given this negligible difference, for simplicity we report the iteration
number instead of the computational time when comparing MU with MUe. When comparing
with other algorithms, we will use the computational time.

The paper is organized as follows. In the next section, we provide preliminaries on ma-
jorizer functions, the majorization-minimization method, the multiplicative updates for (-
NMF, and nonconvex optimizations. In section 3, we describe our new proposed method,
BMMe, and prove its convergence properties. In section 4, we apply BMMe to solve standard
B-NMF, as well as an important regularized and constrained KL-NMF model, namely the
minimum-volume KL-NMF. We report numerical results in section 5 and conclude the paper
in section 6.

0 50 100 150 200
Tterations

Figure 1. MU versus MUe with Nesterov extrapolation sequence (3.10) on the CBCL dataset with r = 49.
Evolution of the median relative objective function values, over 10 random initial initializations, of B-NMF for
B =3/2 minus the smallest relative objective function found among all runs (denoted emin ).
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Notation. We denote [s] ={1,...,s}. We use Iy to denote the indicator function associated
to the set X. For a given matrix X, we denote by X.; and X;. the jth column and the ith
row of X, respectively. We denote the nonnegative part of X as [X]4+ = max(0, X) where the
max is taken componentwise. Given a multiblock differentiable function f:z = (z1,...,2,) €
E— f(x), we use V;f(x) to denote its partial derivative %g(f). We denote by e the vector of
all ones of appropriate dimension. '

2. Preliminaries.

2.1. Majorizer, majorization minimization method, and application to 3-NMF. We
adopt the following definition for a majorizer.

Definition 2.1 (majorizer). A continuous function g : Y x Y — R is called a majorizer
(or a surrogate function) of a differentiable function f over Y if the following conditions are
satisfied:

(a) g(z,z) = f(x) for allz€ ),

(b) g(z,y) > f(x) for all x,y €Y, and

(¢) Vig(z,z) =V f(z) for allz €.

It is important to note that condition (c) can be replaced by the condition on directional
derivatives as in [36, Assumption 1 (A3)], and the upcoming analysis still holds. For simplicity,
we use condition (c) in this paper. Let us give some examples of majorizers. The second and
third ones will play a pivotal role in this paper. More examples of majorizers can be found in
[25, 38, 16].

1. Lipschitz gradient majorizer (see, e.g., [43]). If V f is L-Lipschitz continuous over ),
then

9(.9) = () + (VT ()2 — )+ 5 o —

is called the Lipschitz gradient majorizer of f.
2. Bregman magjorizer (see, e.g., [28]). Suppose there exist a differentiable convex function
k and L > 0 such that x — Lk(z) — f(x) is convex. Then

(2.1) g(x,y) = f(y) +(Vf(y),z —y) + L(k(z) — k(y) — (VE(y),z — y))

is called a Bregman majorizer of f with kernel function x. When s = 1|.||%, the Bregman
majorizer coincides with the Lipschitz gradient majorizer.
3. Jensen majorizer (see, e.g., [8, 30, 19]). Suppose f:R — R is a convex function and

w €R" is a given vector. Define f:x € R" + f(w'z). Then
T
~ [ w;
g(z,y)=> oif <Oj(l’z‘ —yi)+ wTy> ;
i=1 t
where o; >0, 7, a; =1, and o; # 0 whenever w; # 0, is called a Jensen majorizer of f. The

term “Jensen” in the name of the majorizer comes from the fact that the Jensen inequality
for convex functions is used to form the majorizer. Indeed, by the Jensen inequality,

go‘lf <:§(fm _yi)+wT?J> > f(é;%’ [Zj(wz’—yz')erTyD =f(w'=).
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Choosing a; = ZH4 g(x,y) =0, 22 f(—:vz) is an example of a Jensen surrogate of f if g
is well defined.

Given a majorizer of f, the minimization of f over X can be achieved by iteratively
minimizing its majorizer, using

T € argmin g(z, 2),

reX

where z! denotes the tth iterate. This is the majorization minimization (MM) method, which
guarantees, by properties of the majorizer, that f(z!*1) < f(a!) for all ¢; see [18, 38] for
tutorials.

Example with the multiplicative updates for 5-NMF. The standard MU for g-NMF, given
n (1.3), can be derived using the MM method. By symmetry of the problem, let us focus
on the update of H. Moreover, we have that Dg(X,WH) =), Dg(X.;, WH.), that is, the
objective function is separable w.r.t. each column of H, and hence one can focus w.l.o.g. on
the update of a single column of H. Let us therefore provide a majorizer for Dg(v, Wh) and
show how its closed-form solution leads to the MU (1.3).

The following proposition, which is a corollary of [10, Theorem 1], provides a Jensen
majorizer for h € R" — Dg(v,Wh) := 3", dg(v;, (Wh);) with 8 € [1,2], where v € R and
W e R are given.

Proposition 2.2 (see [10]). Let us denote © = Wh, and let h be such that ©; >0 and h; >0
for alli. Then the following function is a majorizer for h— Dg(v,Wh) with B € [1,2]:

zkhk D,
(2.2) g(h,h) ZZ dg (””U% )

i=1 k=1

With this surrogate, the MU obtained via the MM method [10, eq. 4.1] are as follows:

[v]
[WT [Wh} (2— [i)]

W T [WRG-)

argmin, . g(v,h) = max e,ho

Y

which leads to the MU in the matrix form (1.3). The term multiplicative in the name of the
algorithm is due to the fact that the new iterate is obtained by an elementwise multiplication
between the current iterate, h, and a correction factor.

2.2. Critical point and coordinatewise minimizer. Let us define three key notions for
our purpose: subdifferential, critical point, and coordinatewise minimizer.

Definition 2.3 (subdifferentials). Let g : E — R U {+o0} be a proper lower semicontinuous
function.
(i) For each x € domg, we denote 3g(x) as the Fréchet subdifferential of g at x which
contains vectors v € K satisfying

1
liminf —— —g(x) —(v,y —x)) > 0.
Jim inf IIy—fﬂH( 9(y) — g(x) — (v,y — x))

If z & dom g, then we set Og(x) = 0.
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(ii) The limiting-subdifferential Og(x) of g at x € dom g is defined as follows:
dg(z):={vek: Ia* =z, g(a¥) = g(x),v" € dg(a*), v* = v}.
Partial subdifferentials with respect to a subset of the variables are defined analogously by
considering the other variables as parameters.
Definition 2.4 (critical point). We call 2* € domg a critical point of g if 0 € Og (x*).
If z* is a local minimizer of g, then it is a critical point of g.

Definition 2.5 (coordinatewise minimizer). We call z* € dom f a coordinatewise minimizer
of problem (1.1) if

* * * * * * * * *
f(xl"'"xi—17$i’wi+17“‘7x8) é f(x17“‘7$i—1’xi’xi+1"“7ms) \VI$1 € Xi,

or, equivalently, (V;f(z*),z; —xf) > 0Vx; € Aj.

i

For problem (1.1), a critical point of f(x)+>_;_; Ix,(x;) must be a coordinatewise mini-
mizer.

3. Block Majorization Minimization with Extrapolation (BMMe). In this section, we
introduce BMMe (see Algorithm 3.1) and then prove its convergence (see Theorem 3.2).

Remark 3.1 (mappings P;). BMMe requires the mappings P;, one for each block of vari-
ables. There are multiple choices possible for a given case. For example, if dom(ff) is the

full space, then both [.]+ and the identity mapping would satisfy condition Z! € int dom(f}).

3
If dom(f!) is a convex cone, then P; (:Uf — xf_l) =[xt — xﬁ_l]c would satisfy the condition,

Algorithm 3.1. BMMe for solving problem (1.1).
1: Choose initial points x=1, 2 € dom(f). (Typically, z—=2z9.)
2: for t=0,... do
3: fori=1,...,sdo
4: Extrapolate block :

(3.1) i =zl + ol Py (af - xf_l) ,  where

e P; is a mapping such that ! € int dom(f}), where f} is defined in (3.3) (for
example, in 5-NMF, we use P(a) = [a]+; see section 4),
° aif are the extrapolation parameters; see section 3.2 for the conditions they need
to satisfy.
5: Update block i:

(3.2) x?l = argmin, .y, G;‘f(a:i, i’f),

where G! is a majorizer of f} over its domain.
6: end for
7: end for

Copyright (©) by SIAM. Unauthorized reproduction of this article is prohibited.
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where []¢ denotes the projection onto any closed convex subset C of dom(ff). This is what
we use for S-NMF, with P;(a) = [a]+ for all i.

3.1. Description of BMMe. BMMe (see Algorithm 3.1) updates one block of variables
at a time, say, x;, by minimizing a majorizer G% of

(3.3) fzt(xl) = f(x’i“,...,:cfﬂ,a:l, H_l,...,a:é),

where the other blocks of variables {x;};; are fixed, and t is the iteration index. The main
difference between BMMe and standard block MM (BMM) is that the majorizer in BMMe
is evaluated at the extrapolated block, Z! given in (3.1), while it is evaluated at the previous
iterate zf in BMM. The MUe (1.4) described in section 1.1 follows exactly this scheme; we
elaborate more on this specific case in section 4.2.
In the following, we explain the notation that will be used in what follows and then state
the convergence of BMMe.
e Denote fi(z;) := f(Z1,...,Ti_1,%,Tis1,...,Ts), where T is fixed. As assumed, the
function f;(-), for i € [], is C?HVG)X and admits a majorizer Gz(x)(~, -) over its domain.
T,T; (

;) = G (zi,@;) (i.e., we fix  and ;) and

e Given 7 and ;, we denote &, i

Dz zl(x“ Z) 85 (x“ z)
= &i(w) — &i(2h) — (V&(27), wi — ),
where we omit the superscript of gi(f,ii)
we can write

for notation succinctness. Using this notation,

(3.4) G (@i, 20) = Fil@s) + (VFi(), 25 — Bi) + Da s, (w1, 34),
where we use the facts that f;(Z;) = GZ@ (%4,%;) and V f;(%;) = VlG( )(j’:i,iji).

e Denote z(t) = (z tH,...,xfﬂ,xf,xfﬂ,..., zt), and let G = G(x( " be the majorizer
of ff, which is the notation used in Algorithm 3.1, and Dt = Dxu D g

Key observation for BMMe. Using the notation in (3.4) the MM update in (3.2) can be
rewritten as

(3.5) ottt € argmin ff (&) + (VfE(#), 2 — 24) + DL (x4, 24),

x, €EX;
which has the form of a mirror descent step with the Bregman divergence Di (x4, ;) being
adaptively updated at each iteration. This observation will be instrumental in proving the
convergence of BMMe.

3.2. Convergence of BMMe. We present the convergence of BMMe in Theorem 3.2. All
the technical proofs, except for our main Theorem 3.2, are relegated to Appendix A.

Theorem 3.2. Consider BMMe described in Algorithm 3.1 for solving problem (1.1). We
assume that the function x;— ng) (x4,Z;) is convex for any given T and Z;. Furthermore, we
assume the following conditions are satisfied.

(C1) Continuity. For i € [s], if 2" — Z when t — oo, then Gi(at, ) — Gl(-j) (X4, 2;) for any
¥t — 2 and £t — &;, and GZ- (-,+) is a majorizer of fi(+).
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(C2) Implicit Lipschitz gradient majorizer. At iteration t of Algorithm 3.1, for i € [s], there
exists a constant C; >0 such that

(3.6) D (. 27) < Cilla} = &]|* = Ciloq)?||Pilaf — ai I

(C3) The sequence of extrapolation parameters satisfies

(3.7) > (@)?|Pi(at — 2l )|? < 400 foriels).

t=1

Then we have

(3.8) ZZDt at, 2t < 4oo,

t=1 i=1

and the sequence generated by BMMe (Algorithm 3.1), {x'}i>0, is bounded if f has bounded
level sets.
Furthermore, under the condition
(C4) limy—oo ||zt — 21| =0 when limy_,o DL (xl,xfﬂ) 0,
any limit point of {x'}>0 is a critical point of f( )+ I ().

Before proving Theorem 3.2, let us discuss its conditions:

o If Dy (z4,%;) < Ci|lw; — %)%, then (3.6) is satisfied. This condition means f;(-) is
actually upper bounded by a Lipschitz gradient majorizer. However, it is crucial to re-
alize that the introduction of C; is primarily for the purpose of the convergence proof.
Employing a Lipschitz gradient majorizer for updating x; is discouraged due to the
potential issue of C; being excessively large (this situation can result in an overly di-
minishing /small step size, rendering the approach inefficient in practical applications).
For example, C; = O(1/¢2) in the case of KL-NMF; see the proof of Theorem 4.4.

o If G!(,#!) is ;-strongly convex, then condition (C4) is satisfied (here 6; is a constant
independent of {z(*"} and {mf}), since ;-strong convexity implies

DL (ad,24™1) > % — .

e We see that the update in (3.5) has the form of an accelerated mirror descent (AMD)
method [40] for the one-block convex problem. Hence, it makes sense to involve
the extrapolation sequences that are used in AMD. This strategy has been used in
[43, 15, 16]. An example of choosing the extrapolation parameters satisfying (3.7) is

1
3.9 ol = min { aly,,, ¢ }
(3.9) {N 12 Py — 2l ]|

where ¢ > 1, ¢ is any large constant and oy, is the extrapolation sequence defined by
no =1,

1 / -1
(310) Nt = 5 (1 +4/1+ 477t2—1> a?\/es m#
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Another choice is replacing o'y, in (3.9) by af = =1 [40]. In our experiments, we
observe that when c is large enough, a! coincides with oy, (or a%). A motivation to
choose aly,, is that, for the one-block problem with an L-smooth convex objective,
BMMe with the Lipschitz gradient majorizer recovers the famous Nesterov fast gradi-
ent method, which is an optimal first-order method. However, it is pertinent to note
that the best choice may vary depending on the particular application and dataset
characteristics.

Proof of Theorem 3.2. Since GL(-,-) is a majorizer of z; — f!(z;),
(3.11) i) S Gi 30 = f(3) + (V@) o — 1) + Diy (a7, 20).
Applying Proposition A.1 in Appendix A.1 for (3.5) with ¢(z;) = fi(&!) + (VfH(&h), z; — &)

(2

and fixing z = !, we get

(3.12) cp(ﬂ:z)—l—DAt(a:Z, ) > o(x t+1)—|—Dt (ztt? At)—i—Dt (i, 2.
Hence, from (3.11) and (3.12), for all x; € &;, we have

(3.13) Fiafth) < ol@i) + Dy (i, &) — Dy (i, 277).

On the other hand, since f}(-) is convex, we have p(x;) < f!(x;). Therefore, we obtain the
following inequality for all x; € &;
(3.14) FH) + Dl (i, ™) < ff (@) + D (4, ).

Taking z; = x! in (3.14), using the assumption in (3.6), and summing up the inequalities from
i1 =1 to s, we obtain

A +ZDt zh o) < +ZC NP =27,

which further implies the followmg inequality for all T >1:

(3.15) 2Tt +ZZDt wh, i) < +ZZC )2 (1Pi(af — 2|1

t=1 i=1 t=1 i=1

From (3.15) and the condition in (3.7) we have (3.8) and { f(z!) }+>0 is bounded. Hence {x'};>¢
is also bounded if f is assumed to have bounded level sets.

Suppose z* is a limit point of {z*}; that is, there exists a subsequence {z**} converging
to z*. From (3.8), we have Dt (2!, 2t™) — 0. Hence, {2**'} also converges to z*. On the

other hand, as of||P;(z! )H — 0, we have #! — z}. From the update in (3.2),
th B Gt < Gl (g, 214) Vs € X
Taking ¢ — 0o, from condition (C1), we have
Gi(z],27) < Gilws,a7) Vi € A,
where G;(-,-) is a majorizer of z; — f}(z;) = (x7,... VT, iy T]q, .-+, 0,). Hence,
0€d(Gi(xf,a]) + I, (2F)) fori=1,... s.
Finally, using [3, Proposition 2.1] and noting that V1G;(z},z}) = V;f(z*), this implies that

*

x* is a critical point of (1.1). [ ]
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Complexity, scalability, and practical implementation aspects. BMMe serves as an acceler-
ated version of the block majorization-minimization method (BMM). In essence, while BMM
updates each block x; by ﬂ:ZH = argmin, . y. G!(z;,z%), BMMe achieves the same by replacing
xf by an extrapolation point 2!, which is computed with a marginal additional cost, namely
O(n) operations, where n is the number of variables. Consequently, BMMe inherits crucial
properties regarding complexity, scalability, and practical implementation from BMM. BMM
updates one block of variables at a time while keeping others fixed, thus scaling effectively
with data size in terms of the number of block variables. However, the complexity of each
block update grows with the dimension of the block variable. The efficiency of BMM heavily
relies on selecting suitable majorizers, ensuring closed-form solutions for block updates, and
thus circumventing the need for outer solvers in large-scale problems (this may help avoid
substantial computational resources). The choice of appropriate majorizers is pivotal and
application-specific; for instance, in applications utilizing the S-NMF model, Jensen majoriz-
ers are commonly and effectively employed; see section 4 below for the details. Moreover, it is
worth noting that a properly designed majorizer allows for the computation of its closed-form
minimizer in an elementwise manner. This characteristic is particularly beneficial for handling
large-scale problems, as it can be efficiently executed on a parallel computation platform.

Iteration complexity. Iteration complexity of BMM-type methods is a challenging topic,
especially for nonconvex problems. Considering the use of general majorizers together with
inertial /extrapolated parameters in each block update, the work that is most related to our
paper is [16]. As explained in [16, Remark 9], as long as a global convergence (that is, the
whole generated sequence converges to a critical point) is guaranteed, a convergence rate
for the generated sequence can be derived by using the same technique as in the proof of [2,
Theorem 2]. In fact, the technique of [2] has been commonly used to establish the convergence
rate in other block coordinate methods, for which specific majorizers are used in each block
update (for example, [43] uses Lipschitz gradient majorizers). However, it is challenging to
extend the result to BMMe. Along with the Kurdyka—Lojasiewicz assumption, the BMM-
type methods with extrapolation, such as [16, 43], need to establish the NSDP, as discussed
in section 1.2. And as such, extending the usual convergence rate result to BMMe is an open
question. A recent work [24] establishes iteration complexity of a BMM method for solving
constrained nonconvex nonsmooth problems; however, the majorizers are required to have
a Lipschitz gradient, which is not satisfied by many Bregman majorizers.

4. Application of BMMe to 3-NMF. Before presenting the application of BMMe to the
standard S-NMF problem with § € [1,2] (section 4.2), and a constrained and regularized
KL-NMF problem (section 4.3), we briefly discuss the majorizers for the -divergences.

4.1. Majorizer of the 3-divergence, 3 € [1,2]. Recall that the function defined in (2.2)
is a majorizer for h— Dg(v, Wh), where © = Wh; see Proposition 2.2. The function g(-,-) is
twice continuously differentiable over {(h,h):h>¢e,h >}, and

= " Wik _ hy
i=1 k k

where d7(z,y) denotes the second derivative with respect to y of (z,y) — dg(z,y).
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On the other hand, as already noted in section 2.1,

Dg(X,WH)=> Dg(X;,WH;)=> Dg(X;,H'W;]).
j=1 i=1

Hence a majorizer of H — Dg(X,W H) while fixing W is given by

(4.2) Gy (H,H) = ZQJ(W)(H:j’ﬁ:j)a
j=1

where g§W)(H:j,fI:j) is the majorizer of H.; — Dg(X.;, WH.;), which is defined as in (2.2)
with v = X.;. Similarly, the following function is a majorizer of W — Dg(X, W H) while fixing
H:

(43 UATOES DI AN AN
i=1
where gZ(H)(VVZT,WZT) is the majorizer of W,! + Dg(X,;l, HTW,!) defined as in (2.2) with v

being replaced by XZT and W being replaced by H .

Note that there exist other majorizers for f-NMF—for example, majorizers for both vari-
ables simultaneously [26], for ¢;-regularized S-NMF with sum-to-one constraints [27], and
quadratic majorizers for the KL divergence [34].

Remark 4.1 (choice of majorizer). Incorporating a regularization term A|z; — zf|? in the
Jensen surrogate to have a strongly convexity majorizer would fulfill the conditions outlined
in TITAN [16]. However, this is not recommended, as it would result in a regularized Jensen
surrogate that lacks a closed-form solution for the subproblem, necessitating an outer solver
and requiring adaptation of the convergence analysis of TITAN to accommodate inexact
solutions (the current analysis of TITAN does not support inexact solutions). In contrast, the
extrapolation strategy employed by BMMe will preserve the closed-form update for 5-NMF
in its iterative step by embedding the extrapolation point directly into the majorizer.

4.2. MU with extrapolation for 3-NMF, 3 € [1,2]. We consider the standard S-NMF
problem in (1.2) with 8 € [1,2]. Applying Algorithm 3.1 to solve problem (1.2), we get MUe, a
multiplicative update method with extrapolation described in Algorithm 4.1. The convergence
property of MUe is given in Theorem 4.2; see Appendix A.2 for the proof.

Theorem 4.2. Suppose the extrapolation parameters in Algorithm 4.1 are chosen such that
they are bounded and

(4.4) Y (@) IH = H4|* < +oo, and Y (afy)?||[WF = W4 || < +oc.
t=1 t=1

Then MUe (Algorithm 4.1) generates a bounded sequence and any one of its limit points,
(W*,H*), is a KKT point of problem (1.2), that is,

W*>e, Vg Dg(X,W*H*) >0, (Vi Ds(X,W*H*),W* —cee') =0,

and stmilarly for H*.
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Algorithm 4.1. MUe for solving S-NMF (1.2).

1: Choose initial points (W=, WY H~1 H?) >e> 0.
2: for t=0,... do
3:  Compute extrapolation points:

Wt=W! 4o, [Wt - W1,
H'=H' + ol [HY — H7 M,
where al;, and o, satisfy (4.4).
4:  Update the two blocks of variables:

W = argminG (W, W) = MU(X T, (H') T, (W) T)T [see (1.3)],
W>e

H'"™! = argminGL(H, H') = MU(X, W' HY),
H>e
where G =G\ and G4 =G be the majorizers defined in (4.3) with H = H!
and (4.2) with W = WL respectively.
5: end for

4.3. MUe for constrained and regularized KL-NMF. The KL divergence is especially
relevant when the statistical characteristics of the observed data samples conform to a Poisson
distribution, turning KL-NMF into a meaningful choice for count datasets such as images
[37], documents [20], and single-cell sequencing [7]. In numerous scenarios, there are specific
additional constraints and regularizers to add to KL-NMF. For example, the minimum-volume
(min-vol) KL-NMF, which incorporates a regularizer encouraging the columns of matrix W to
have a small volume, along with a normalization constraints (such as H e =e or W'e=¢),
enhances identifiability /uniqueness [23, 11], a crucial aspect in various applications such as
hyperspectral imaging [29] and audio source separation [21]. In this section, we consider the
following general regularized KL-NMF problem:

(4.5) min_ {f(W, H) = Dict, (X, WH) + M1 (W) + dada(H) },

WeQw ,HeQn
where Qu = {W W >e,W € Qw} and Qp :={H : H > ¢, H € Qg }. We assume that there
exist continuous functions Ly, (W) >0 and Ly, (H) > 0 such that for all W,W € {W : W >
0,WeQw}and H He{H:H>0,HecQg}, we have

e i La(T)
2

P1 (W) < o1(W, W) := 1 (W) + (Vor (W), W = W) + W —Ww|J?

do(H) < §o(H, H) := ¢o(H) + (Voo (H), H — H) + L@( )

(4.6)
1H — H|>.

Furthermore, Ly, (W) and Ly, (H) in (4.6) are upper bounded by Ly, and Ly,, respectively.
We focus on the min-vol regularizer, ¢ (W) = det(W W +61I), and Qu = {W | W'e = e}
[21]. In that case, ¢1 (W) satisfies this condition, as proved in Lemma 4.3; see Appendix A.3
for the proof.
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Lemma 4.3. The function ¢1(W) = log det(W TW 4 61) with 6 > 0 satisfies the condition
in (4.6) with Ly, (W) =2||(WTW + 6I)~ 1|2, which is upper bounded by 2/3.

We will use the following majorizer for H — f(W, H) while fixing W:

(4.7) Zgj (H.j, Hj) + M\dp1(W) + oo (H, H),

where ¢o(H,H) is defined as in (4.6) and g§W) is defined as in (4.2). Similarly, we use the
following majorizer for W — f(W, H) while fixing H:

(4.8) G W) =" e (WL WD) + My (W, W) + Aaga(H),
=1

where ¢1 (W, W) is defined as in (4.6), and g( ) is defined as in (4.3). Applying Algorithm 3.1
to solve problem (4.5), we get Algorithm B.1, a BMMe algorithm for regularized and con-
strained KL-NMF; see its detailed descrlg)tlon in Appendix B. It works exactly as Algo-
rithm 4.1, but the majorizers G = and Gb = G(Wt+ ) are defined as in (4.8) with
H = H! and as in (4.7) with W = Wt“, respectively. The convergence property of Algo-
rithm B.1 is given in Theorem 4.4; see Appendix A.4 for the proof.

Theorem 4.4. Suppose the extrapolation parameters a%/v and oefq satisfy (4.4). Then BMMe
applied to problem (4.5) (Algorithm B.1) generates a bounded sequence, and any one of its limit
points is a coordinatewise minimizer of problem (4.5).

BMMe for solving problem (4.5) (Algorithm B.1) is not necessarily straightforward to
implement, because its updates might not have closed forms. In the following, we derive such
updates in the special case of min-vol KL-NMF [21]:

min Dy (X, WH) + M logdet(WTW +61)
W>e,H>e
(4.9) such that eTVV;jzl,jzl,...,r
The update of H is, as in (1.3), taking § = 1. The following lemma provides the update of
W see Appendix A.5 for the proof.

Lemma 4.5. For notation succinctness, let W = W* + by Wt =W, and H = H'L.
BMMe for solving (4.9) (Algorithm B.1) updates W as follows:

(4.10) Wemax( ;( B2—|—[[32]2+4)\1L¢,1(W)Bl]l/2>>,
where
Ly (W) = 20(W W +81) 7}, By = [V[;‘*;I]va,

By=ce HT + \(A— Ly, (W)W +eu'),
A=2WWTW 46D, p=(u1,..., )",
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and p, for k=1,...,r, is the unique solution of 2?21 Wik(ur) = 1. We can determine pu,
by using the bisection method over px € [p, , 1], where

uk=j:r{}§{{mﬂjk, e = :rrllgfmﬂjk,
(4.11) . 1 . t “ s
Ajk = 1~ (4A1Lg, (W)brm —1/m — > (H)ik) + Lo, (W)W — Ajs,

1 i=1
with by =31, Xy, and 5= HTW].

5. Numerical experiments. In this section, we show the empirical acceleration effect of
BMMe. We use the Nesterov extrapolation parameters (3.10). All experiments have been
performed on a laptop computer with Intel Core i7-11800H @ 2.30 GHz and 16 GB memory
with MATLAB R2021b. The code is available from https://github.com/vleplat/BMMe.

5.1. B-NMF for hyperspectral imaging. We consider f-NMF (1.2) with 8= 3/2, which
is among the best NMF models for hyperspectral unmixing [9]. For this problem, the MU is
the workhorse approach, and we compare it to MUe: Figure 2 provides the median evolution
of objective function values for the Cuprite dataset (m = 188, n = 47750, r = 20); see the
supplementary material section SM1 for more details and experiments on 3 other datasets
with similar observations. There is a significant acceleration effect: on average, MUe requires
only 41 iterations to obtain a smaller objective than MU with 100 iterations.

5.2. KL-NMF for topic modeling and imaging. We now consider KLL-NMF, which is the
workhorse NMF model for topic modeling and also widely used in imaging; see section 4.3.
We compare MUe with MU and the cyclic coordinate descent (CCD) method of [17]. As
reported in [14], MU and CCD are the state of the art for KL-NMF (sometimes one performs
best, and sometimes the other does). Figure 3 shows the median evolution of the relative
objective function for two datasets: a dense image dataset (ORL, m = 10304, n = 400), and

0 20 40 60 80 100
Iterations

Figure 2. Median relative objective function of B-NMF for = 3/2 minus the smallest objective function
found among 10 random initializations (denoted emin ).
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I ‘
5 —-=-MUe
| - - CCD
=102
5%10'3
Q Ittt e U

200 300 400 500
time (s.)

Figure 3. Median relative objective function of KL-NMF minus the smallest objective function found among
10 runs (denoted emin) w.r.t. CPU time: (left) ORL, (right) hitech, with r =10 in both cases. Note that MU,
MUe, and CCD, respectively, perform on average 7579, 6949, and 616 iterations for ORL, and 885, 886 and
343 iterations for hitech in the considered time intervals.

) — Cmin

=

B — MU

= e MUe

10 oMM
MMe

0 0.2 0.4 0.6 0.8 1
time (s.)

Figure 4. Fvolution of the median relative errors (see (5.1)), minus the smallest relative error found among
the 20 random initializations, of min-vol KL-NMF (4.9) of the four algorithms. Note that MU, MUe, MM, and
MMe, respectively, perform on average 94, 92, 304, and 278 iterations within one second.

a sparse document dataset (hitech, m = 2301, n = 10080). For ORL, CCD and MU perform
similarly, while MUe performs the best. For hitech, MUe and CCD perform similarly, while
they outperform MU. In all cases, MUe provides a significant acceleration effect to MU. Similar
observations hold for 6 other datasets; see the supplementary material section SM2.

5.3. Min-vol KL-NMF for audio datasets. We address problem (4.9) in the context of
blind audio source separation [21]. We compare the following algorithms: MU with H update
from (1.3) and W update from Lemma 4.5, its extrapolated variant, MUe, a recent MM
algorithm by [22], denoted MM, and MMe incorporating the BMMe extrapolation step in MM.

Figure 4 displays the median relative objective function values,

Dy (X,WH)+ Xogdet(WW +61)
Dir(X,(Xe/n)eT) ’

(5.1) GTQZ(W,H) =

minus the smallest relative objective found, for the prelude from J.S. Bach (m = 129, n =
2292, r = 16); see the supplementary material section SM3 for two other datasets and more
details. MUe exhibits accelerated convergence compared to MU. MM ranks second, while
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its new variant, MMe, integrating the proposed extrapolation, consistently achieves the best
performance. This better performance stems from the nature of the majorizer employed for
the logdet term, which offers a more accurate approximation. It is worth noting that the
majorizer used by MMe satisfies neither condition (c¢) of Definition 2.1 nor Assumption 1 (A3)
of [36], and hence Theorem 3.2 does not apply to MMe.

6. Conclusion and further work. In this paper, we considered multiconvex optimization
(1.1). We proposed a new, simple yet effective acceleration mechanism for the Block Majoriza-
tion Minimization method incorporating Extrapolation (BMMe). We established subsequen-
tial convergence of BMMe, and leveraged it to accelerate multiplicative updates for various
NMF problems. Through numerous numerical experiments conducted on diverse datasets,
namely documents, images, and audio datasets, we showcased the remarkable acceleration
impact achieved by BMMe. Further work includes the use of BMMe for other NMF models
and algorithms [26, 27] and other applications, such as nonnegative tensor decompositions,
and new theoretical developments, such as relaxing condition (c) in Definition 2.1 (definition
of a majorizer) or the condition on directional derivatives [36, Assumption 1(A3)], extending
to the case when the subproblems in each block of variables are not convex,' or studying
iteration complexity of BMMe (see the paragraph at the end of section 3).

Appendix A. Technical proofs.

A.1. Proof of Proposition A.1. To prove our convergence result for BMMe in Theo-
rem 3.2, we need the following useful proposition, which is an extension of Property 1 of [40].

Proposition A.1. Let 2t = argminycy p(u) + B¢ (u, z), where ¢ is a proper convex function,
Y is a closed convex set, and Be(u,z) = {(u) — &(2) — (VE(2),u — z), where £ is a convex
differentiable function in u while fixing z (note that & may also depend on z, and we should use
€@ for €, but we omit the superscript for notation succinctness). Then for all u €Y we have

o(u) + Be(u, 2) > p(z7) + Be(2, 2) + Be(u, 2 7).
Proof. The optimality condition gives us
(@ (1) +ViBe(zt,2),u—2%) >0 Vue),
where ¢'(27) is a subgradient of  at z*. Furthermore, as ¢ is convex, we have
p(u) 2 (") + (¢ (z7),u—2").
Hence, for all ue ),

o(u) + Be(u,2) > p(z7) = (VuBe (21, 2),u — 27) + Be(u, 2)
p(27) = (VE(zT) = VE(2),u — 27) + &(u) — €(2) — (VE(2),u—2)
o(zh) —i—Bg(er,z) +B§(u,z+). ]

"We need the convexity assumption for the proof of Theorem 3.2 and Proposition A.1. Without convexity,
we cannot establish the inequality (3.15), which is key to prove Theorem 3.2.
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A.2. Proof of Theorem 4.2. Let us first prove that the ggnerz}ted sequence of Algo-
rithm 4.1 is bounded. For simplicity, we denote W = W' and H = H' in the following. We
have

m Xij m 7, :
- i Wagraes Hij Wik [WH]”)

HE = Hyy o) 2 WP
S Wik ((WH] )81 = S 1Wzk([WH]za )Pt
2 kjWik({gV%Z)M S, oy, K
—~ Wy(WH;)Y = Y wH) oS WaHy,
< Y Hy, Xij < Y Xij.
i=1 Wiy 5 €

Hence, {H'};>¢ is bounded. Similarly we can prove that {W'};>( is bounded.

Now we verify the conditions of Theorem 3.2. Note that W — GgH)(I/V, W) and H —
G(W) (H, H) are convex.

Condition (C1) of Theorem 3.2. We see that (W, H,H) G(W)(H H) is continuously
differentiable over {(W,H,H): W > &, H > ¢, H > ¢}. Furthermore, suppose (W't H') —
(W, H); then we have W >¢ and H > ¢ as Wt > ¢ and H! >¢. Hence, it is not difficult to
verify that G% satisfies condition (C1) of Theorem 3.2, and similarly for Gt.

Condition (C2) of Theorem 3.2. Considering condition (C2) of Theorem 3.2, if we fix =
and z; € V;, where )); is a closed convex set, and Gl@ (+,Z;) is twice continuously differentiable
over ); and the norm of its Hessian is upper bounded by 2C; over );, then by the descent
lemma [31], we have

GO (2, 7)< filds) + (VFi(@:), w1 — &) + Cillws — &> Vas € i

This implies that

Dz 3, (i, &) = Gz@ (i, %) — (fi(@) + (VFi(F), 2 — 33)) < Cil|lzi — &> Y, €V,

and hence that condition (C2) is satisfied.

Now c0n51der Algorithm 4.1. Note that W' >e, H' >¢, H' = H' + of,[H' — H*"'], > ¢,
Wt =W+ ol LWt — W1, > ¢, and we have proved that {(Wt,Ht)}tzo generated by
Algorithm 4.1 is bounded. This implies that {WW*};>o and {H'};>¢ are also bounded. We
verify (C2) for block H, and it is similar for block W recall that Ggw) is defined in (4.2).
Consider the compact set C={(H,H): H>e,H >¢,|/(H, H)|| < Cy}, where Cy is a positive
constant such that C contains (H t,ﬁ t). Since GQW , with W > ¢, is twice continuously
differentiable over the compact set C, the Hessian V%Gg(-,ﬁt) is bounded by a constant
that is independent of W' and Ht. As discussed above, this implies that condition (C2) of
Theorem 3.2 is satisfied.

Condition (C4) of Theorem 3.2. Finally, from (4.1), we see that V} gj( )(h, h) is lower
bounded by a positive constant when h > ¢, h> e, W >e, and h, h, and W is upper bounded.
Hence condition (C4) of Theorem 3.2 is satisfied.
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By Theorem 3.2, any limit point (W*, H*) of the generated sequence is a coordinatewise
minimizer of problem (1.2). Hence,

W*>e, (VwDg(X,W*H*),W —W*)>0 VW >¢,

Al
(A1) H*>e, (VpDg(X,W*H*),H—H*)>0 VH>e.

By choosing H = H* + E(; ;) in (A.1) for each (7,7), where E, j) is a matrix with a single
component equal to 1 at position (4,7) and the other being 0, we get Vg Dg(X,W*H*) > 0.
Similarly, we have Vy Dg(X,W*H*) > 0. By choosing H = cee! and H = 2H* —cee! in
(A.1), we have %(e — H};) = 0. Similarly, we also have %VV_*H*)(E - W) =0.

These coincide with the KKT conditions, and hence we conclude the proéjf.

A.3. Proof of Lemma 4.3. We have

(W) <o (W) +(WTW +6D) L, WTWw —wTw)
<O W)+ QWWTW +60)" LW = W)+ |(WTW +61) Yo |W — W3
<G (W) + (Vor (W), W = W) + [(WTW +61) 2| W = W%,

where we use the concavity of log dgt(-) for the first inequality and the property that W —
(WTW +6D)~L, WTW) is 2||(WTW + 6I)~||2-smooth for the second inequality.

A.4. Proof of Theorem 4.4. We verify the conditions of Theorem 3.2. It is similar to the
case of standard S-NMF with § € [1,2]; we have that W — GgH)(VV, W) and H — GgW) (H,H)
are convex and condition (C1) is satisfied.

Condition (C2) of Theorem 3.2. At iteration ¢, we verify (C2) for block H (recall that GgW)
is defined in (4.7)), and it is similar for block W, by symmetry. For notation succinctness, in
the following we denote W = W't and H = H*. Note that W' > ¢ and H' = H* 4 o, [H! —
H'"'], >¢. We observe that GgW) is separable with respect to the columns H.;, j=1,...,n,
of H. Specifically,

G (H, ) = (o) (Hg, ) + Do (Hog, H) )+ Maa (W),
j=1

where @%(H;j,ﬁ) = ¢o(H) + [V¢2(ﬁ)]$(H;j —H;)+ L"’22(H) |H.; — H.;||>. Hence, as discussed
above in the proof of Theorem 4.2, it is sufficient to prove that the norm of the Hessian
V,QL(QJ(»W)(h,H;j) + Ao (h, H)), forAj = 1,...,n~, is upper bounded over h > ¢ by a cor_lstant
that is independent of W' and H'. As Ly, (H) is assumed to be upper bounded by Ly,, it
is sufficient to prove that V,ngj(w)(h, H .j) is upper bounded over h > e.

We have

o Wi vi () o Wikhye v @) O Wighi v ®) O v
v2 W h) = ki B — / < RTRTLSNT L
LR D e (TR D s DD 2.2

Vi 62 -
where we used hy > € in (a) and Wikhy < 9; = > ket Wirhy in (b). Hence Condition (C2) is

satisfied. Together with (4.4), this implies that the generated sequence of Algorithm B.1 is
bounded as the objective of (4.5) has bounded level sets.
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Finally, as the generated sequence is upper bounded and W > ¢, H > ¢, and H> €, We
see that V,%k gJ(-W)(h, h) is lower bounded by a positive constant, which implies that condition
(C4) is satisfied.

A.5. Proof of Lemma 4.5. The update of W is given by

41 . Ay i T ThT " P
Wt arg&g;Gl(VV, W)= ;g (Wi , Wi )+ Mgt (W, V)
st. e We=1,k=1,...,r

(A.2)

Problem (A.2) is equivalent to

. L S T,
gvnzggle%%ﬁ(m p) =G (W, W)+ (W e—e,pu).

Since L(-,u) is convex, L(W,pu) — 400 when ||W| — +oo, and L£L(W,-) is linear, we have
strong duality [5, Proposition 4.4.2]; that is,

i LW, p) = in £(W, ).
min max (W, ) max min (W, )

On the other hand, as W L(W, u) is separable with respect to each Wj;, of W, minimizing
this function over W > € reduces to minimizing scalar strongly convex functions of Wj over
Wip>efor j=1,....,n, k=1,...,r:

. “(H Wik 1 T
AEALASELY 9 | _— H")iyWs
vé“{Z a o (g )+ 2 (DT

1 . .
+ M (Ajijk + §L¢1(W)(Wj - ij)2> + ijﬁ‘k}v

where v =H TW]T. This optimization problem can be rewritten as

~

. 1 2
Jin, —b1 log(Wjg) + ba Wi, + 5)\1L¢1 W)Wk,

which has the optimal solution
1
Wik (k) = max <€7 5 (—62 + (b5 + b3b1)1/2)> 7
where

" (H)ipXii o+ .
b= I =4, ),

1

=1
bo (i) = Y (H )ik + M (Aji = Lo, (W) Wik + ).
=1
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In matrix form, we have (4.10). We need to find ju, such that >°%_; Wik () = 1. We have
Wik (pr) = max(e, ¥jx(1x)), where ¥ (ux) = %(—bQ + /b3 + 4b3b1). Note that gy — Wik ()

is a decreasing function since

1 A1bo
; = -M+——=]<0
@ijk(ﬂk:) 5 ( 1 b% T dbsby )
We then apply the bisection method to find the solution of ) ?:1 Wik(ui) = 1. To determine

the segment containing py, we note that if € < 1/n, then Wy (f1;1) = 1/n, where fij;, is defined
as in (4.11). Hence, py, € [y, ,11;,], where p, and 7z, are defined as in (4.11).

Appendix B. BMMe for solving constrained and regularized KL-NMF (4.5). Algo-
rithm B.1 is BMMe for the specific case of constrained and regularized KL-NMF.

Algorithm B.1. BMMe for solving constrained and regularized KL-NMF (4.5).

1: Choose initial points W=t >, W9>¢ H 1 >¢ H' >¢.
2: fort=1,...do
3:  Compute extrapolation points:

Wt=wW!+al, (Wt - Wt 1),
H'=H'+oly[H' — H Y,

where of;, and o, satisfy the condition of Theorem 4.2.
4:  Update the two blocks of variables:

W e argminG, (W, W),
WeQw

H'™ € argminG,(H, HY),
HeQp

(B.1)

where Gt = Y an = ") are the majorizers defined in (4.8) with H = H?
here G =G and G4 = GV j

and (4.7) with W = WL respectively.
5: end for
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