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Abstract

Nonnegative Matrix Factorization (NMF) has attracted a great deal of attention as an effective
technique for dimensionality reduction of large-scale nonnegative data. Given a nonneg-
ative matrix, NMF aims to obtain two low-rank nonnegative factor matrices by solving
a constrained optimization problem. The Hierarchical Alternating Least Squares (HALS)
algorithm is a well-known and widely-used iterative method for solving such optimization
problems. However, the original update rule used in the HALS algorithm is not well defined.
In this paper, we propose a novel well-defined update rule of the HALS algorithm, and prove
its global convergence in the sense of Zangwill. Unlike conventional globally-convergent
update rules, the proposed one allows variables to take the value of zero and hence can obtain
sparse factor matrices. We also present two stopping conditions that guarantee the finite ter-
mination of the HALS algorithm. The practical usefulness of the proposed update rule is
shown through experiments using real-world datasets.

Keywords Nonnegative matrix factorization - Hierarchical alternating least squares
algorithm - Global convergence

1 Introduction

Dimensionality reduction methods for large-scale and high-dimensional data have been
actively studied in the fields of machine learning and signal processing because of their diverse
applications such as feature extraction and visualization (see [8] and references therein). In
recent years, Nonnegative Matrix Factorization (NMF) [2, 32] has attracted a great deal of
attention as an effective dimensionality reduction method for large-scale nonnegative data,
and has been successfully applied to various tasks such as image processing [4, 34], acoustic
signal processing [14, 31], network analysis [18, 22, 50], mobile sensor calibration [12] and
so on. A key difference between NMF and other dimensionality reduction methods such

This work was supported by JSPS KAKENHI Grant Number JP21H03510.

Bd  Norikazu Takahashi
takahashi @okayama-u.ac.jp

Graduate School of Natural Science and Technology, Okayama University, 3—1—1 Tsushima-naka,
Kita-ku, Okayama 700-8530, Japan

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10898-022-01167-7&domain=pdf
http://orcid.org/0000-0001-8222-5593

756 Journal of Global Optimization (2022) 84:755-781

Fig. 1 Nonnegative matrix N K N
factorization
HT K

M X M| W

Q

as the principal component analysis [51] is that the factor matrices obtained by NMF are
nonnegative and tend to be sparse [32]. Thus NMF can learn a parts-based representation of
the data [32].

Given an M x N nonnegative matrix X, NMF aims to decompose it into two nonnega-
tive factor matrices W and H of sizes M x K and N x K, respectively, so that WH T is
approximately equal to X, where K is much less than min{M, N} (see Fig. 1). The problem
of finding such factor matrices is often formulated as the constrained optimization problem:

1
minimize f(W, H) = 3 Ix - WHT”i
subjectto W > 0y, H > Onxk,

ey

where || - ||p denotes the Frobenius norm of matrices, and 0« is the I x J matrix of all
zeros. For matrices P and Q of the same size, P > @ means element-wise inequality.
The Frobenius norm can be replaced with one of several alternatives such as the I-divergence
[33], the Itakura-Saito divergence [ 14] and others [52]. Also, one or more regularization terms
can be added to the objective function in order to enforce desirable properties on the factor
matrices [24, 25, 40, 41]. As with many machine learning methods, the £;-regularization
term is often used in NMF.

Various methods for finding a local optimal solution of the optimization problem (1) have
been developed so far. Note that finding a global optimal solution is difficult in general
because it is known that (1) is NP-hard [49]. Most of the conventional methods update some
or all of the elements of one factor matrix at a time because the objective function f(W, H) is
not jointly convex but convex in W or H. For example, the multiplicative update rule (MUR)
[33], which is widely known as a simple and easy-to-implement method, alternately updates
W and H according to the rule derived from strictly convex functions called the auxiliary
functions [33]. An important advantage of the MUR is that the value of the objective function
decreases monotonically as long as division by zero does not occur. However, division by
zero is certainly possible in the MUR because elements of the factor matrices can become
zero. For this reason, convergence of the factor matrices is not guaranteed. In fact, it was
shown experimentally that the MUR sometimes fails to converge to a stationary point [19]. To
solve this problem, some authors proposed modified MURs [16, 35]. For example, Gillis and
Glineur [16] proposed to replace all values less than a positive constant € with € after updating
W and H using the original MUR. Their modified MUR was later proved by Takahashi and
Hibi [46] to be globally convergent in the sense of Zangwill [53] (see Definition 1 of the
present paper) to a stationary point of the corresponding optimization problem:

. 1 T2
minimize f(W, H) = > |x —wH"|;
subjectto W > ely«x, H > elyxk,

@

where 174 denotes the / x J matrix of all ones. Lin [35] proposed a different kind of
modified MUR and proved its global convergence to a stationary point of (1). However, this
modified MUR is much more complicated than the one mentioned above, and requires a
higher computational cost.
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Another well-known method for solving (1) is the Hierarchical Alternating Least Squares
(HALS) algorithm [6, 7], which is much faster than the MUR in many cases, and much simpler
than other fast algorithms [17, 20, 26, 28, 36, 54]. The HALS algorithm updates one column
of the factor matrices at a time according to the rule derived from the partial derivative of the
objective function with respect to the column. The value of the objective function decreases
monotonically if the columns of the factor matrices remain nonzero throughout the iterations
[27]. However, as with the MUR, elements of the factor matrices can become zero and this
may cause division by zero. To solve this problem, some authors proposed modified update
rules for the HALS algorithm [6, 15]. The one proposed by Cichocki ef al. [6] takes the
same approach as the modified MURs [16]. It replaces all values less than a positive constant
€ with € after updating each column of the factor matrices using the original update rule.
Although the global convergence to a stationary point of (2) has been proved [29], this update
rule cannot obtain sparse factor matrices for the same reason as stated above. In contrast, the
update rule given by Gillis [15] not only allows variables to be zero but also avoids division
by zero. Furthermore, the value of the objective function decreases monotonically under this
update rule. However, the global convergence to a stationary point of (1) is not guaranteed
because the level set of the objective function is unbounded.

In this paper, we propose a novel update rule for the HALS algorithm, and prove its
global convergence to a stationary point of (1) using Zangwill’s global convergence theorem
[53]. The proposed update rule is a combination of the original update rule, the update rule
of Gillis [15] and a normalization step. The normalization step is elaborately designed to
guarantee not only the boundedness of variables but also the closedness of the point-to-set
mapping representing the proposed update rule. We also present two stopping conditions that
guarantee the finite termination of the HALS algorithm using the proposed update rule. In
addition, the practical usefulness of the proposed update rule is shown through experiments
using real-world datasets.

There are many variants of NMF. For example, NMF with additional constraints such as
orthogonality [9], symmetry [37] and separability [1, 11, 43] have been extensively studied.
These variants are important not only from a theoretical viewpoint but also in practice. In
fact, they have many applications in document clustering, community detection, dictionary
learning and so on. However, we do not consider these variants in this paper because they
need their own specialized algorithms.

The remainder of this paper is organized as follows. In Sect. 2, notations and definitions
used in later sections are presented. In Sect. 3, the conventional update rules of the HALS
algorithm and their convergence property are reviewed. In Sect. 4, a novel update rule of the
HALS algorithm is proposed and its global convergence is proved. In Sect. 5, two stopping
conditions are presented and the finite termination of the HALS algorithm using these stop-
ping conditions is proved. In Sect. 6, some experimental results are presented to show the
practical usefulness of the proposed update rule. Section 7 introduces some variants of the
HALS algorithm to which the proposed update rule can be applied. Section 8 concludes this
work and discusses a possible future direction.

2 Notations and definitions

The sets of integers, nonnegative integers, and positive integers are denoted by Z, Z; and
74+, respectively. Similarly, the sets of real numbers, nonnegative real numbers, and positive
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real numbers are denoted by R, R and R |, respectively. The / x J matrix of all zeros and
that of all ones are denoted by 07 ; and 17 s, respectively.

For any vector v = (vy, v2, ..., v)T € R, ¢1- and £5-norms of v are denoted by ||lv|l1
and ||v||2, respectively. The notation [v]; represents the vector of which the i-th element is
given by max{0, v;} for all i. Similarly, for any vector v € R’ and any constant ¢ € R,
the notation [v]c represents the vector of which the i-th element is given by max{e, v;} for
all 7.

The feasible region of the constrained optimization problem (1) is denoted by F. That
is, F = RfXK X RﬁXK. We call (W, H) € RM*K 5 RN*K g stationary point of (1) if it
satisfies the Karush-Kuhn-Tucker (KKT) conditions:

W > 0yxk, (3a)

H > 0yxk, (3b)

Vw f(W,H) > Oyxk, (30)
Vuf(W,H) > Oyxk, (3d)
Vwf(W,H)OW =0yxk, (3e)
Vaf(W,H)O H =0yxk, (3f)

where
Vw f(W,H)=(WH" — X)H,
Vi f(W,H) = (HW' — X)W,
and O represents the element-wise product. The set of stationary points of (1) is denoted by
S.
Similarly, the feasible region of the constrained optimization problem (2) is denoted by

Fe..Thatis, . = [€, 00)M*K x[€, 0c0)N*K We call (W, H) € RM*K x RNxK a stationary
point of (2) if it satisfies the KKT conditions:

W > elyxk, (4a)

H > elyxk, (4b)

Vw f(W,H) > 0pxk, (40)

Vuaf(W,H) > Oyxk, (4d)

Vw f(W,H) O (W —elyxk) =0mxk, (4e)
Vuf(W,H)© (H —elyxk) =O0nxk, (4f)

The set of stationary points of (2) is denoted by S..

Many iterative algorithms for solving (1) have been proposed so far. Such an algo-
rithm starts with an initial point (W©, H©) e F and generates a sequence of points
(WO, H (t))}fio C F that is expected to converge to a stationary point of (1). Following to
Zangwill [53], we define the global convergence of an iterative algorithm for solving (1) as
follows.

Definition 1 (Global Convergence) An iterative algorithm for solving (1) is said to be globally
convergent to S if any sequence {(W®, H (t))}j’io C F generated by the algorithm has at
least one convergent subsequence and the limit of any convergent subsequence belongs to S.

Note that Definition 1 does not mean the convergence of the whole sequence (WO, H©O) 1720
to a stationary point. Nevertheless, the notion of global convergence as defined above is of
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great practical importance because the finite termination of the algorithm is guaranteed if we
relax the KKT conditions in a proper way and use them as the stopping condition [29, 46,
47].

Using Zangwill’s global convergence theorem [53], we can obtain a theorem that gives a
sufficient condition for an iterative algorithm for solving (1) to be globally convergent to S.
Before presenting the theorem, we introduce two important notions: point-to-set mappings
and their closedness. We consider every iterative algorithm for solving (1) as an iterative
process of defining a set of candidate points in the next iteration from the point in the current
iteration, and selecting one from the candidate points in some way. Each algorithm is thus
characterized by how to define the set of candidate points, which is represented by a point-
to-set mapping from F to its subsets. For point-to-set mappings from F to its subsets, their
closedness is defined as follows.

Definition 2 (Closed Mapping) A point-to-set mapping A from F to its subsets is said
to be closed on D C F if, for any sequence {(P ), Q(t))}j'io C F that converges to
(P Q) ¢ D and any sequence {(U", V(t))}?io C F such that (U®,v®) e
APO, QW) for all 1 € Z, and it converges to (U, V(™) ¢ F, their limits satisfy
(U(OO), V(OO)) c A(P(OO), Q(OO)).

It is often the case that the set A(W, H) consists of only one point in F for any (W, H) €
F. In this case, A can be considered as a point-to-point mapping from F to itself, and the
closedness defined above can be considered as the continuity of A.

Now we are ready to present a theorem that can be obtained as a direct consequence of
Zangwill’s global convergence theorem [53].

Theorem 1 Let A be the point-to-set mapping from [F to its subsets that represents an iterative
algorithm for solving (1). If A satisfies the following conditions then the algorithm is globally
convergent to S.

1. Any sequence {(W®, H(’))};’i0 generated by the mapping A in such a way that
WO, HOY ¢ Fand (WD, HEHDYy ¢ A(WD HD) forall t € 7 is contained in
a compact subset of F.

2. The mapping A does not increase the value of f. To be more specific, for any point
(W, H) € F, the following statements hold true.

(a) If (W, H) ¢ Sthen f(U,V) < f(W,H) forall (U,V) € A(W, H).
(b) If (W, H) € Sthen f(U,V) < f(W,H) forall (U,V) e AW, H).

3. The mapping A is closed on F \ S.

The global convergence of iterative algorithms for solving (2) and the closedness of point-
to-set mappings from F¢ to its subsets can be defined in the same way as above. Also, if we
replace F and S in Theorem 1 with F, and S, respectively, we obtain a theorem that gives
a sufficient condition for algorithms for solving (2) to be globally convergent to Se.

Zangwill’s global convergence theorem is well known as a powerful framework for proving
the global convergence of iterative algorithms. For example, it was used in proving the global
convergence of the concave-convex procedure [45], the decomposition method for support
vector machines [48], and the modified MUR for NMF [47].
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3 HALS algorithm

In this section, we review the HALS algorithm [6] for solving the optimization problem (1)
and some of its variants. We also review their convergence property.

Let the k-th columns of W and H be denoted by wy and ky, respectively. Then the problem
(1) is rewritten as follows:

2
K
1
minimize 3 X — ;wkhz )
= F
subject to wi > Oprx1, hx > Onx1, k=1,2,..., K.

The HALS algorithm, which can be viewed as a special case of the block coordinate descent
(BCD) method [27], updates 2K column vectors wy, wo, ..., wWg and ky, ho, ..., hg oneby
one in a fixed order so that the value of the objective function of (5) decreases monotonically.
When updating wy, the HALS algorithm considers all other variables as constants and solves
the following subproblem:

minimize pg(wg) = % H Rg - hkwg Hf: )
subject to wi > 0p7x1
where
K
Re=X— Y wph.
k=1,k#k

If hr#0x « 1, the objective function py(wy) is strictly convex and minimized at wy=Ryhy/
| ||%. Hence the subproblem (6) has the unique optimal solution wy = [R chi/ el %] " [27,
Theorem 2]. Similarly, when updating hy, the HALS algorithm considers all other variables
as constants and solves the following subproblem:

. . . 1 2
minimize g (hy) = 5 | R — wkthF @
subject to by > Oy .

Taking into account the correspondence between variables and constants in (6) and those
in (7), we can say that the subproblem (7) has the unique optimal solution hy =
[szk/nwk ||%]+ if wr # 0p7x1. Based on these analyses, the update rule described by

Rih
we < | e ®)
DR

RT
By — | 2% ©
hwel3 |,

is obtained [7, 23, 27]. In this paper, we call the algorithm based on this update rule the HALS
algorithm [7] though it is also called the rank-one residue iteration algorithm [23].
For the HALS algorithm, the following result is known.

Theorem 2 (Kimetal. [27]) Ifthe columns of W and H remain nonzero throughout the iter-
ations, every limit point of the sequence {(W(’), H®) }20 generated by the HALS algorithm
belongs to S.
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Note that the global convergence of the HALS algorithm is not guaranteed by this theo-
rem. There are two issues to consider. First, the assumption that the columns of W and H
remain nonzero throughout the iterations may not always be valid. Once w; becomes zero for
example, kj cannot be updated because the right-hand side of (9) becomes an indeterminate
form. Second, even though the assumption is valid, it may occur that the sequence generated
by the HALS algorithm has no limit point.

A simple way to avoid indeterminate forms is to use

Rih
R e A (10)
H

RT
hy | A2k (11)
fwild |,

instead of (8) and (9), where € is a small positive constant. This update rule was introduced by
Cichocki et al. [6] to avoid the numerical instability, but later proved to be globally convergent
as shown in the following theorem.

Theorem 3 (Kimura and Takahashi [29]) The HALS algorithm using the update rule
described by (10) and (11) is globally convergent to Sc.

Note that the update rule described by (10) and (11) does not perform NMF but positive
matrix factorization [39]. In addition, the limit of any convergent subsequence is not a sta-
tionary point of (1) but one of (2) as shown in Theorem 3. Hence this update rule produces
only dense factor matrices. One may claim that sparse factor matrices will be obtained if we
replace all € in the factor matrices with zeros and that the pair of the resulting sparse factor
matrices will be close to S. However, it is not clear whether this claim always holds true or
not.

Another simple way to avoid indeterminate forms is to use

[Rihy + Swil,y

w 12

¢ el + 8 (12)
RTw; + 8h

hi < M (13)
lwill5 + 8

instead of (8) and (9), where § is a positive constant. This update rule is derived from auxiliary
functions of pi(wy) and g (hy) [15]. Details will be shown in the proof of Lemma 2. For
this update rule, the following result is known.

Theorem 4 (Gillis [15]) Every limit point of the sequence {(W(’), H(’))};)i0 generated by
the HALS algorithm using the update rule described by (12) and (13) belongs to S.

Just like Theorem 2 for the original HALS algorithm, Theorem 4 says nothing about the
global convergence of the update rule described by (12) and (13) to S. The existence of a limit
point is not guaranteed even though the objective function value decreases monotonically
along the sequence {(W(‘ ) H®D) }20 generated by the update rule, because the level set of
the objective function f (W, H) is unbounded.
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4 New update rule and its global convergence

In this section, we propose a new update rule of the HALS algorithm and prove that it is
globally convergent to S.

4.1 Proposed update rule

The update rule we propose in this paper is described by
[Rihy + Swi]y

wy (14)
i ll3 + 8
_ {wk/nwknz, if wi £ O, s
uy, otherwise,
b < [Riwg], (16)

where § is a positive constant and uy is an arbitrary nonnegative unit vector. It is clear
that division by zero never occurs in the proposed update rule. The first formula (14) is the
same as (12). The second formula (15) is the normalization procedure for wy. The third
formula (16) is used instead of (9) because ||wg ||% = 1 always holds when hy is updated. The
normalization procedure plays an important role when we prove that any sequence generated
by the proposed update rule is contained in a compact subset of F.

In this paper, we focus our attention on the case where the columns of W are normalized,
but the alternative case where the columns of H are normalized can be dealt with in the same
way. Here we should note that the modified MUR [35] also uses a normalization procedure,
but this is slightly different from ours. It uses 07 instead of uy in (15).

A formal statement of the proposed update rule is presented in Algorithm 1. Note that
Step 4 is added to facilitate the global convergence analysis, though it is not necessary for
practical purpose. Note also that Steps 2 and 3 can be replaced with

- N (X — WHT)
B A TR

and Step 6 can be replaced with
b < [+ (X = WHT)' ka

for an efficient implementation (see Cichocki and Fan [5] for more details) . It is easy to
see that the proposed update rule has the same computational complexity per iteration as
the original update rule. The following theorem establishes the global convergence of the
proposed update rule.

Theorem 5 The HALS algorithm using the update rule shown in Algorithm 1 is globally
convergent to S.

This theorem can be proved by using Theorem 1. Details are shown in the next subsection.

4.2 Proof of Theorem 5

We prove Theorem 5 by using Theorem 1. Let the point-to-set mapping representing Algo-
rithm 1 be denoted by A. Also, let the point-to-set mappings corresponding to Steps 3, 4, 5
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Algorithm 1 Proposed Update Rule for NMF

Input: X e RN (W H) e F,6 e Ryy
Output: Updated (W, H) € F
: Setk < 1.

i Set Ry « X — 2521,12# wih.

s Setwy < [Ryhy + dwils/(Ihgll3 + ).

. Set hy < hy|lwg]l2. (This step is not necessary for practical purpose.)

: If wy # 0y 1 then set wy < wy /||wg 2. Otherwise set wy <— uy where uy is an arbitrary nonnegative
unit vector.

: Set hy, < [RZwk]+.

7: If k = K return (W, H) and stop. Otherwise set k <— k + 1 and go to Step 2.

[ S R S

[=))

and 6 of Algorithm 1 be denoted by DZV, S }(‘[, S]y‘/ and D,EI, respectively. Then A is expressed
as

A=DlosYostoDY o --oDMos)ostoDY

\\%

where o denotes the composition of mappings. The mappings D,", S,I:I and D,EI are given by

DY (W, H) ={(U, V) € Fluy = [Rihi + swi)s/(lhe]l3 + ),

up = wg foralllzgék,V:H},
SE(W,H)={(U,V) e F|U=W,v = hi|lwll2, v; = hy for all k # k},
DI W, H) = (U, V) € FIU = W, v = [Rewg]+, v; = hy forall k # k),

and the mapping S,:V(W, H) is given by
SZV(W, H)={(U,V) € Flui = wi/||will2, uy = wg for all k #k,V=H)}
if wg # Oprx1, and
S,}V(W, H)={U,V) € Fllulla=1,u; = w; forallk #k, V = H},

otherwise. Note that the set D,‘(N (W, H) consists of only one point in F, which is represented
as a continuous function of (W, H). The same can be said for S,I:I(W, H) and D,EI(W, H).

We now prove that the proposed update rule satisfies the second condition in Theorem 1.
Let us begin with the definition and an important property of the auxiliary function [33]
because it plays an important role in our proof.

Definition 3 (Auxiliary Function [33]) For a function g : Ry — R, a two-variable function

g : Ry x Ry — Ris called an auxiliary function of g if the following conditions hold:

—

g(x,x) =g(x) forallx € Ry,
g(x,y) > g(x) forallx,y € Ry.

»

Lemma1 Let g : Ry x Ry — R be an auxiliary function of g : Ry — R. If the inequality
g(a, b) < g(b, b) holds for nonnegative numbers a and b then g(a) < g(b). In particular, if
g(a,b) < g(b, b) then g(a) < g(b).

Proof 1f g(a, b) < g(b, b), we have

g(a) < gla,b) < g(b, b) = g(b). a7
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The first inequality follows from the second condition in Definition 3 and the equality follows
from the first condition in Definition 3. If g(a, b) is strictly less than g (b, b), it is clear from
(17) that g(a) < g(b). ]

Using Lemma 1, we obtain the following three lemmas.

Lemma 2 The objective function f(W, H) is nonincreasing under the proposed update rule
shown in Algorithm 1.

Proof The objective function is nonincreasing under the composite mapping S,}V o S,fl for
all k£ because the value of wkhg does not change before and after the composite mapping
is performed. Also, the objective function is nonincreasing under D,fl for all k because
h, = [ngk]+ is the unique optimal solution of (7) when ||wg||> = 1. So it suffices for us
to show that the objective function is nonincreasing under DZV for all k.

When the mapping DZV is performed, only w; = [wik, wak, .- ., wyrlT is updated. We
thus consider all variables other than wy as constants, and show that the value of py(wy), the
objective function of (6), does not increase. Note that py (wy) is rewritten as

M
Prwi) =Y puk (Wyik)

m=1

where
1 2
Pk (X) = 3 i)™ = hex|);
1 1
= S Ihel3x? = vy hux + S, 13 (18)
and r}, is the m-th row of Ry. For the function p,(x), we define a two-variable function
Pmk(x, y) as follows:
_ 8
Pk (X, ) = puk(x) + 2 (x = ) (19)

where § is a positive constant used in Algorithm 1. It is clear that p,,x (x, y) is an auxiliary
function of p,,x(x) and strongly convex in both x and y (but not jointly) [15, 42]. For each
value of y, the minimum point x* of p,,x(x, y) in Ry is uniquely determined as

rt hy + 38y
X = [rute +95], 5 ]+. (20)
lhxlly + 6

Therefore, by Lemma 1, we have
Pk (X™) < Pk (¥).

Substituting y = w,,k into this inequality, we have

([I‘Inhk + Swmk]+
Pmk\ ——> 35 <

=< Pmk(Wmk)
I3+ ) Pkt

from which we have
[Rihi + Swi]y i [":nhk + (Swmk]+
Pk\ ————— | = Pmk \ — > -
i3 + 8 = Ihel3 + 6
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M
=< Z Pmk (wmk)
m=1

= pr(wp).
This means that f (W, H) is nonincreasing under D,Y". O

Lemma 3 A point (W*, H*) is a stationary point of (1) if and only if wy is a stationary point
of (6) with hy = h fork = 1,2, ..., K and hy is a stationary point of (7) with wy = wy
fork=1,2,..., K.

Proof We omit the proof because it is similar to [29, Lemma 3]. O

Lemma4 Forany (W, H) € F, the following statements hold true.

1. If (W, H) ¢ Sthen f(U,V) < f(W, H) forall (U, V) € AW, H).
2. If (W, H) € Sthen f(U,V) < f(W, H) forall (U, V) € AW, H).

Proof 1t is clear from Lemma 2 that the second statement holds true. Thus we only have to
consider the first statement. Let (W, H) be any point in F \ S. It follows from Lemma 3
that there exists at least one k such that i) wy is not a stationary point of (6) or ii) kj is not a
stationary point of (7).

In the first case, there exists at least one m such that p;nk (W) < 0if wyr = 0 and
P;/nk(wmk) # 0 if wy,x > 0, where p,,x(x) is given by (18). For such an m, the auxiliary
function p,(x, y) of pmi(x), which is given by (19), satisfies

aﬁmk

W(wmka Wink) = p;nk (W) + Wik — Wink) = p;nk (Wink)

which is negative if w;,,y = 0 and nonzero if w,,; > 0. This means that x = w,, is not
the unique minimum point of P,k (x, wyk). Hence ppk (X*, Wmk) < Pmk (Wi, Wmk) Where
x* is the unique minimum point given by (20). From this inequality and Lemma 1, we have
Pk (X)) < pmi (wpni) which implies that
o (R FOWHL Y
l7icll3 + 8

Therefore, f(W, H) strictly decreases under the mapping A.
In the second case, we can show in the same way as above that (W, H) strictly decreases
under the mapping A. O

We next prove that the proposed update rule satisfies the first condition in Theorem 1. To
do so, for any point (W(O), H(O)) in F, we define the set ﬁ(W(O)’H(O)) as follows:

Lo goy ={(W,H) e FI fW,H) < fWO, HD), wgll> = 1 forall k).

Note that this is not a level set of f because of the conditions that ||w |2 = 1 for all k. The
next lemma shows the boundedness of this set.

Lemma5 The set E(W(O),H(O)) is bounded for any WO, H(O)) e F.

Proof Let (W, H) be any pointin L(W<o> HO)- It suffices for us to show that || i || is bounded
fork =1,2,..., K.Because g (hy) is convex, the inequality

qr(hie) > qr(v) + Ve () " (hye — v)
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= g () — (RTwi — wel3v)" (b — v)
= qe() — (Rfw — )" (g —v)

holds for any v € RN [3]. Substituting v = ngk + 1yx1, we have
1
g () = 2 IRk = we(Rgwe + 1) T + 1y (i = Riwe — 1),

Hence, the inequality gx (hy) < f(W©, H®) implies that
13, (b — Rjwy — 1y,1) < f(WO, HO)
from which we have

Ixll2 < Bkl
< fWO HO) 417 Rlwi + N
< fWO HOY 1T XT1y 4+ N.

This completes the proof. O

Using Lemma 5, we obtain the following lemma.

Lemma 6 Any sequence {(W(’), H") }Zo generated by Algorithm 1 is contained in a com-
pact subset of F.

Proof We easily see from Step 5 of Algorithm 1 that ||w,(<’) lo =1forallkand r € Z,,

where w,(f) is the k-th column of W) Also, it follows from Lemma 2 that f(W, H®) <
FOWO HOD) forall t € Z,. Therefore (W, H®) € Lo goy, forallt € Ziy.

Because C(Ww), HO) is bounded as shown in Lemma 5, the sequence {(W(’), H (t))}j’io is
contained in a compact subset of F. O

We finally prove that the proposed update rule satisfies the third condition in Theorem 1.
The next lemma shows the closedness of the point-to-set mappings S\, S;V Yy SIV(V.

Lemma7 The point-to-set mappings Sy', S;V, e, SIV(V are closed on F.

Proof Let {(W®, H")}%°, and {(UY, V(’))}j'io be any two convergent sequences in F that
satisfy (U, VD) e SN(W®, HD) forall t € Z. Let (W, H®) and (U™, V*))
be the limits of these two sequences. It is clear from the definition of S,:V that IIuI(J) lo =1

forallt € Z,, ug) = w](;’) forallk # kandt € Zy,and V) = H® forall t € Z,. We

first consider the case where w,(coo) # 0p7x1. In this case, S,:N(W(Oo), H(oo)) consists only of

the point
(c0) (c0) "’/(coo) (c0) (c0) (00)
o0 (0.¢] oo oo o0
wl ,...,wkil,T,wk+l,...,u)K ,H
lw, 2

and {(UY, V(t))}fio converges to it. We next consider the case where w,(coo) = 0p7x1. In this

case, S,:V(W(Oo), H©) is the set of all (W, H) € F such that |Jwi|» = 1, w; = wl(;o) for
allk # kand H = H™). Also, (U, V) satisfies [|lu{"" |2 = 1, uf;"’) - wf;‘” for all
k # k and V() = H(®® Therefore, we have (U, V(®)) ¢ S,Y"(W(Oo), H®)). O
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and £3

Given a point (W, H®) e F, we define £! E?W(O),H(O)) WO g©) 3

wO gOy
follows:

L ={(W,H)ye F|f(W,H) < f(WO, HO),

1
(W(O),H«J))
lwill2 < p and [lhell2 < vi for all &}

L ={(W,H) e F|f(W,H) < f(WO HO)

2
wO gO)y
lwill2 <tk + omax (X) v /8 and [y ll2 < vi for all &},

c? ={(W,H)e F|f(W,H) < f(WO, HO),

wO, gO)y
lwell2 < ik + Omax (X)vi /3 and
Akll2 < vi(uk + omax (X)vi/8) for all k}

where
k= max{1, llw” |12},
ve = max(f (WO, HO) + 15, X 1y + N, [18]12)
fork = 1,2,..., K and omax(X) is the largest singular value of X. It is clear that all of

the three sets defined above are compact subsets of F. It is also clear that (W@, H©®) ¢

Ezw(o) HOY' Furthermore, the following lemma holds.

Lemma 8 The following statements are true fork = 1,2, ..., K.
1. If(W,H) € £2W<0>’H(0)) then DY (W, H) € ‘?wwxm%'

2. If(W,H) e E%W(O)’ o), then SHW, H) € E?W(O), HO)Y

3 AW H) €L o, then S (W, H) € Lyo goy.

4. If (W, H) € Ly gy, then DF(W, H) € ﬁzw«»,m%'
Proof We first prove the first statement. Suppose that (W, H) € £2W<0), HOY: Then |wg |2 <
i and ||k |2 < v hold. Using these inequalities, we have

[Rihi + dwi ]+

1hgll3 + 8 8

_ H Xhy + Swy

2 2

IA

1

EIIthllz + lwkll2
< Omax (X)
- 1)

< Omax (X)
- 1)

lell2 + llwgll2

Vk + Uk

: w 2
which means that D" (W, H) C K(W“”,H(O))'

‘We next prove the second statement. Suppose that (W, H) € £(2W(°), HO): Then [|wg |2 <
(omax (X)vi /8 + i) and ||k |2 < vk hold. Using these inequalities, we have

Omax (X)

5 Vi +M1<>

IRkl lwellz < vk (

: H 3
which means that S;" (W, H) C ['(W(O),H(O))'
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The third statement is clear from the definition of the point-to-set mapping S\, and the
fourth statement is clear from the proof of Lemma 5. O

From Lemma 8, we can restrict the domains of the point-to-set mappings D,Y", S,If, S,?V,

H 1 2 3 : :
Dy’ to ['(W(O),H(O))’ E(W(()),H(O))’ L(W«”,H(O)) and E(W(O),H(O)), respectively. This means that

we can restrict the domain of the point-to-set mapping A to £: The next lemma

wO HOy"

shows the closedness of A restricted to E(IW(O)! HOY'

1

Lemma9 For any WO HOY ¢ F, the point-to-set mapping A restricted to £(W<0>,H(°))

; 1
is closed on E(W“”,H(O))’

Proof 1t is clear that the composite mapping S,I(rI o D,Y" from L',(l to the subsets of

L3
wO gO)y
of DY that the composite mapping DX o SW from £3
k k= k (

wO HO)
is closed on its domain for all k. Also, it follows from Lemma 7 and the continuity

1 .
WO HO) to the subsets of E(W(O),H‘O)) is

closed on its domain for all k. Because L? is acompact subset of F, by [53, Corollary

W(O),H(U))

4.2.1], the composite mapping (D} o §}) o (SH o D) from Eé to the subsets of

wO HO)

is closed on its domain for all k. Furthermore, since [,z is a compact

1
E(W(O),H«))) w0 HO)
subset of F, by [53, Corollary 4.2.1], we can conclude that A, which is a composition of the

. H W H W . 1 . . .
mappings (D’ o §;") o (S} o Dy"), restricted to L:(W(O),H“”) is closed on its domain. O

We should note that even if u; in Step 5 of Algorithm 1 is replaced with a constant
nonnegative unit vector such as (1/+/M)1x1 and (1, 0,0, ..., 0)T we can prove Theorem 5
without changing the definition of the mapping S,fv‘

5 Stopping conditions

We have proved that the HALS algorithm using the proposed update rule shown in Algorithm 1
is globally convergent to S in the sense of Definition 1. Therefore, combining this update rule
with an appropriate stopping condition, we can design an algorithm that always stops in a
finite number of iterations. In this section, we consider two approaches for deriving stopping
conditions.

5.1 Relaxed KKT conditions

The first approach, which has already been used in the literature [29, 30, 38, 44, 46, 47], is
to relax the KKT conditions (3) as follows:

(Vw f(W, H)), = —kc1, i wpg < k2,
|(Vw (W, H)) | < k1, if wk > &2,
m=1,2,....M, k=1,2,... K, Q1)
(Vaf(W, H)),y > —«1, if by < k2,
|(Vaf(W, H))| < k1, if hye > K2,
n=12,...,N, k=1,2,...,K (22)
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Algorithm 2 HALS Algorithm for NMF using Algorithm 1 and Relaxed KKT Conditions.

Input: X € RN, (WO HO) e 7.5, 11,12 € Ryt
Output: (W, H) € F satistying (21) and (22)

1: Set (W, H) < (WO, HO),

2: If (21) and (22) hold, return (W, H) and stop.

3: Update (W, H) using Algorithm 1, and go to Step 2.

where k1 and k; are positive constants.

The HALS algorithm for NMF using Algorithm 1 and the stopping condition described
by (21) and (22) is shown in Algorithm 2. For this algorithm, the following theorem holds.
The proof is omitted because it is similar to that of Theorem 2 in [46].

Theorem 6 Algorithm 2 stops in a finite number of iterations.

5.2 Projected gradient norm

The second approach is to make use of the projected gradient [36]. To be more specific, the
inequality

Vo, (W, H) < 1y, WO, H) (23)

is used as the stopping condition, where 71 and 1, are positive constants, and ¥, (W, H) is
defined as

VoW H) = [ |GYW. D} + [Ghow. b},

The notations G}Z (W, H)and Gg (W, H) denote amodified projected gradients with respect
to W and H, respectively, which are defined by

min{0, (Vw f(W, H))mi}, if wur = 72,

GW W, H)pr =
(G (W, H)hm {(vwf(w,H»mk, if Wy > 72

and

min{0, (Vg f(W, H)ni}, if hpr < 12,

H —
(G, (W, H))px = i(va(W’ H))uk, if hyp > 1.

Note that our definition of the projected gradient is slightly different from the one used in
the literature [20, 26, 27, 36], which corresponds to the case where 7o = 0. It is clear that
if (W, H) is a stationary point of (1) then (23) is satisfied because ., (W, H) = 0 holds.
Therefore, (23) is considered as relaxed KKT conditions.

The proposed HALS algorithm for NMF using Algorithm 1 and the stopping condition
(23) is shown in Algorithm 3. For this algorithm, the following theorem holds.

Theorem 7 Algorithm 3 stops in a finite number of iterations.

Proof The proof is done by contradiction. We first assume that Algorithm 3 does not stop
for some (W(O), H (0)) e F. Let {(W(”, H (’))};’20 be an infinite sequence generated by
Algorithm 3. Then, we see from Step 1 that wtz(W(O), H®) must be positive. Also, by
Theorem 5, this sequence has at least one subsequence that converges to a stationary point
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of (1). Let {(W®), H(’f))}j’io be one of such subsequences and (W H®) e F be its
limit. Because the limit is a stationary point of (1), it satisfies

>0, ifw =0,

v mequ =
( w i )mk =0, if () > 0,

mk

m=12,....M, k=1,2,...,K,

if h(‘;j) =0,

n=12,. ,k=1,2,..

Let us define a positive constant j as

T Y, (WO, HO).

1
K= /MK NK

Because Vw f (W, H) and Vg f (W, H) are continuous on F, the following statements hold
true.

1. For any (m, k) such that (wa(W(oo), H©)Y),.x = 0, there exists a positive integer Ir\z{
such that

(Vw fFWD HDY), <
foralli > Ir%(.

2. For any (m, k) such that (Vy f(W© H©®)) . > 0, there exists a positive integer I)Z(
such that

(Vw fFWD HDy), >0, v <o

forall i > I,\,x(.
3. For any (n, k) such that (VHf(W(oo), H(Oo)))nk = 0, there exists a positive integer Ir]l'}(
such that

(Va fW H@DY) <

foralli > Iﬂ.
4. For any (n, k) such that (Vg f(W© | H®)),, > 0, there exists a positive integer IE{
such that

(Vi f WD HO)e >0, i) <o
forall i > Irlfk.
From these statements, we see that
(@YW, HO | <, m=1,2 M, k=12, K,
(GEWD HO)| <, n=1.2 N, k=12 K

foralli > I =max{l)),..., I}, I}, ..., I}};}. Therefore, the inequality

Yo (WO HD) = IGH WO, HO)2 + |G W, 7|2
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Algorithm 3 HALS Algorithm for NMF using Algorithm 1 and Projected Gradient-Based

Stopping Condition

Input: X e RN (WO HO) e 75,1, 1 e Ry

Output: (W, H) € F satisfying (23)

1. If WTZ(W(O), H(O)) = 0, return (W(O), H(O)) and stop. Otherwise set (W, H) <« (W(O), H(O)) and
E < X-WHT,

2: Update (W, H) and E using Algorithm 1.

3: If (23) holds, return (W, H) and stop. Otherwise go to Step 2.

Table 1 Statistics of the datasets

R . Features (M) Instances (N) Classes (K)
used in the experiments

Olivetti 4096 400 40
CLUTO (tr41) 7454 878 10
< uvMK ¥+ NK

T Y, (WO, HO)

holds for all i > I. This means that the stopping condition (23) holds in a finite number of
iterations. However, this contradicts the assumption that Algorithm 3 does not stop. O

6 Numerical experiments

In order to examine the practical performance of the proposed update rule, the authors con-
ducted numerical experiments using the real-world datasets: Olivetti' and CLUTO? (tr41).
The former is a dataset of face images, and the latter is that of documents. The statistics
of these two datasets is shown in Table 1. In the experiments, two global-convergence-
guaranteed update rules were applied to the nonnegative matrices obtained from the datasets.
One is Algorithm 1 (denoted as ‘proposed’) and the other is the update rule described by
(10) and (11) (denoted as ‘positive’). These two update rules are compared in terms of the
evolution of the objective function value and the number of unsatisfied inequalities in the
relaxed KKT conditions, and the characteristics of the obtained factor matrices.

Experimental setup is shown in Table 2. The value of § in the proposed update rule is
set to 1073 in all experiments, while the value of € in the positive one is set to 1074 or
1078 depending on the experiment. The iteration is terminated when the stopping condition
described by (21) and (22) is satisfied or the number of iterations reaches 500. The values
of k1 and k7 in the stopping condition are set to 1.0 and 2e¢, respectively, in all experiments.
Note that the finite termination of the positive update rule is guaranteed if « is greater than
€. This can be proved in the same way as Theorem 7 (see [29] for details). Three different
initial solutions are generated for each dataset in such a way that each element is drawn from
independent uniform distributions on the intervals [0, 1], [0, 0.5] and [0, 0.25] which are
called the ‘large’, ‘medium’ and ‘small’ initial solutions, respectively.

Results of Experiment 1 are summarized in Fig. 2 and Table 3. Figure 2 shows the evolution
of the objective function value and the number of unsatisfied inequalities in (21) and (22).

1 https://scikit-learn.org/0.19/datasets/olivetti_faces.html.
2 http://glaros.dtc.umn.edu/gkhome/views/cluto.
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Table 2 Experimental setup
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N > > 2
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w
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Dataset 8 € K1 K2
Experiment I Olivetti 108 107* 10 2x107¢
Experiment 2 Olivetti 108 108 10 2x107%
Experiment3 CLUTO (r4dl) 1078 107% 10 2x10~*
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Fig. 2 The evolution of the objective function value (left column) and the number of unsatisfied inequalities
in (21) and (22) (right column) in Experiment 1. The first, second and third rows show the results for the large,
medium and small initial solutions, respectively
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Table 3 Characteristics of the solutions obtained by the proposed and positive update rules in Experiment 1.
The notation ‘positive+replacement’ means that all € in the factor matrices obtained by the positive update
rule are replaced with zero

Initial solution Large Medium Small
Iterations (proposed) 271 245 234
Iterations (positive) 500 500 83
Objective function value (proposed) 2651.977 2665.153 2650.139
Objective function value (positive) 2619.553 2622.726 2786.625
Variables at the lower bound (proposed) 40017 40850 39429
Variables at the lower bound (positive) 41630 40340 42450
Unsatisfied inequalities (proposed) 0 0 0
Unsatisfied inequalities (positive) 7059 4729 0
Unsatisfied inequalities (positive+replacement) 40639 28311 4

We easily see from the figure that the two update rules decrease the objective function value
in a similar way until one of them satisfies the stopping condition. In contrast, the behavior
of these update rules with respect to the number of unsatisfied inequalities is quite different.
The proposed update rule decreases the number at a similar rate for all the initial solutions,
and satisfies the stopping condition between 200 and 300 iterations. This is because the
normalization process is included in the proposed update rule. The positive update rule
decreases the number very slowly, and cannot satisfy the stopping condition in 500 iterations
for the large and medium initial solutions, while for the small initial solution it decreases the
number very fast and satisfies the stopping condition in less than 100 iterations.

Table 3 shows the characteristics of the solutions obtained by the proposed and positive
update rules. Some important facts are observed in this table. The first one is that a small
objective function value does not necessarily mean that the number of unsatisfied inequalities
is small. In fact, the solution obtained by the positive update rule for the large initial solution
gives the smallest objective function value and the largest number of unsatisfied inequalities.
Also, the solution obtained by the positive update rule for the small initial solution gives the
largest objective function value but satisfies all the inequalities. The second fact is that about
a quarter of the variables are at the lower bound in all cases. Hence the solutions obtained
by the proposed update rule are sparse because the lower bound is zero. In contrast, the
solutions obtained by the positive update rule are dense because the lower bound is a positive
constant €. The third fact is that the replacement of all € with zero in each solution obtained
by the positive update rule increases the number of unsatisfied inequalities. In particular,
the replacement changes a solution that satisfies the stopping condition to another one that
does not. It is thus not always possible to find a sparse solution that satisfies the relaxed
KKT conditions using the positive update rule, while we can always do it using the proposed
update rule. This is an advantage of the proposed update rule against the positive one.

Results of Experiment 2 are summarized in Fig. 3 and Table 4 just like Experiment 1. The
evolution of the objective function value and the number of unsatisfied inequalities in (21)
and (22) shown in Fig. 3 are similar to those in Experiment 1 (see Fig. 2), though the values
of € and k» are quite different. The characteristics shown in Table 4 are similar to those in
Table 3 but there is one important difference. The number of unsatisfied inequalities is zero
before and after the replacement of all € with zero in the solution obtained by the positive
update rule for the small initial solution. This indicates that we can find a sparse solution that
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Fig. 3 The evolution of the objective function value (left column) and the number of unsatisfied inequalities
in (21) and (22) (right column) in Experiment 2. The first, second and third rows show the results for the large,
medium and small initial solutions, respectively

satisfies the relaxed KKT conditions using the positive update rule if the magnitude of the
initial solution and the value of € are sufficiently small. However, it is difficult in general to
know in advance how small these values should be.

Results of Experiment 3 are summarized in Fig. 4 and Table 5. The evolution of the
objective function value and the number of unsatisfied inequalities in (21) and (22) shown
in Fig. 4 are similar to those in Experiment 1 (see Fig. 2), though the dataset is different.
The characteristics shown in Table 5 are also similar to those in Table 3 but there are two
main differences. One is that a solution with a smaller objective function value satisfies more
inequalities in (21) and (22). The other is that the number of variables at the lower bound in
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Table 4 Characteristics of the solutions obtained by the proposed and positive update rules in Experiment 2

Initial solution Large Medium Small
Iterations (proposed) 271 245 234
Iterations (positive) 500 500 84
Objective function value (proposed) 2651.977 2665.153 2650.139
Objective function value (positive) 2632.812 2612.250 2783.772
Variables at the lower bound (proposed) 40017 40850 39429
Variables at the lower bound (positive) 41912 40942 42430
Unsatisfied inequalities (proposed) 0 0 0
Unsatisfied inequalities (positive) 21481 13133 0
Unsatisfied inequalities (positive+replacement) 45555 34177 0

Table 5 Characteristics of the solutions obtained by the proposed and positive update rules in Experiment 3

Initial solution Large Medium Small
Iterations (proposed) 286 328 271
Iterations (positive) 500 500 182
Objective function value (proposed) 504367.3 504367.3 504367.3
Objective function value (positive) 504440.2 504402.8 504386.0
Variables at the lower bound (proposed) 42377 42377 42378
Variables at the lower bound (positive) 49595 47846 46570
Unsatisfied inequalities (proposed) 0 0 0
Unsatisfied inequalities (positive) 71 2 0
Unsatisfied inequalities (positive+replacement) 5556 1041 49

Table 6 Characteristics of the solutions obtained by the proposed and positive update rules in Experiment 4

Initial solution Large Medium Small
Iterations (proposed) 286 328 271
Iterations (positive) 209 245 182
Objective function value (proposed) 504367.3 504367.3 504367.3
Objective function value (positive) 504367.3 504367.3 504367.3
Variables at the lower bound (proposed) 42377 42377 42378
Variables at the lower bound (positive) 42384 42377 42385
Unsatisfied inequalities (proposed) 0 0 0
Unsatisfied inequalities (positive) 0 0 0
Unsatisfied inequalities (positive+replacement) 0 0 0

each solution obtained by the positive update rule is higher than that in the corresponding
solution obtained by the proposed update rule.

Results of Experiment 4 are summarized in Fig. 5 and Table 6. As for the proposed
update rule, the evolution of the objective function value and the number of unsatisfied
inequalities in (21) and (22) are similar to those in Experiment 3 (see Fig. 4). In contrast,
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Fig.4 The evolution of the objective function value (left column) and the number of unsatisfied inequalities
in (21) and (22) (right column) in Experiment 3. The first, second and third rows show the results for the large,
medium and small initial solutions, respectively

the behavior of the positive update rule is quite different from that in Experiment 3. The
number of unsatisfied inequalities decreases faster than the proposed update rule for all the
initial solutions, and reaches zero in less than 200 iterations. All the solutions obtained by the
proposed and positive update rules have almost the same objective function value and very
similar numbers of unsatisfied inequalities, as shown in Table 6. In addition, the number of
unsatisfied inequalities is not affected by the replacement of all € with zero for all the solutions
obtained by the positive update rule. This indicates that we can find a sparse solution that
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Fig.5 The evolution of the objective function value (left column) and the number of unsatisfied inequalities
in (21) and (22) (right column) in Experiment 4. The first, second and third rows show the results for the large,
medium and small initial solutions, respectively

satisfies the relaxed KKT conditions using the positive update rule if the magnitude of the
initial solution and the value of € are properly selected.
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7 Applicability of proposed update rule to variants of HALS algorithm

In this section, we introduce some variants of the HALS algorithm to which our update rule
can be applied in order to guarantee the well-definedness and/or the global convergence. First
one is the accelerated HALS algorithm [17]. The idea behind this algorithm is very simple.
In each iteration, W is updated several times while H is fixed, and then H is updated several
times while W is fixed. It was shown through experiments using image and text datasets that
this algorithm significantly outperforms the original HALS algorithm [17]. Now we claim
that the global convergence of this algorithm is guaranteed if Algorithm 1 is incorporated
into it. In each iteration, the algorithm updates all columns of W several times using the
update rule in Step 3, next updates all columns of W and H using Steps 4 and 5 once, and
then updates all columns of H several times using the update rule in Step 6.

The second one is the fast coordinate descent algorithm with variable selection [26]. In each
iteration, M rows of W are updated one by one and then N rows of H are updated one by one.
Each row of W or H is updated by repeating the following two steps until some condition
is satisfied: i) selection of one element based on the potential decrease in the objective
function value, and ii) update of the selected element. It was shown through experiments using
synthetic and real-world datasets that this algorithm is considerably faster than conventional
algorithms [26]. Again, we claim that the global convergence of this algorithm is guaranteed if
Algorithm 1 is incorporated into it. To be more specific, when each row of W or H is updated,
the update rule in Step 3 or Step 6 of Algorithm 1 can be used for both the computation of the
potential decrease in the objective function value and the update of the selected element. One
important point is that the normalization procedure in Steps 4 and 5 should be done between
the update of M rows of W and the update of N rows of H.

The third one is the randomized HALS algorithm [13] which is based on the probabilistic
framework for low-rank approximations [21]. In the first step, this algorithm constructs a
surrogate matrix B € RL*N with K < L « M as follows. First, X is multiplied by a
random matrix € RV*L to get ¥ = X Q. Next, a matrix Q € RM*L with orthogonal
columns is obtained by performing the QR-decomposition of Y. Finally, the surrogate matrix
is obtained by B = QTX . The surrogate matrix B obtained like this is expected to capture the
essential information of X. In the next step, this algorithm solves the optimization problem:

1 — TR
minimize HB ~WH HF
subject to QW > Oprix, H > Onyx

by an iterative algorithm very similar to the HALS algorithm. It was shown through experi-
ments using hand-written digits and face image datasets that the randomized HALS algorithm
has a substantially lower computational cost than the deterministic one, and attains almost
the same reconstruction error as the deterministic one [13]. The technique used in our update
rule can be easily applied to this algorithm in order to ensure that it is well-defined.

In addition to these three, there are many other algorithms to which our update rule can
be applied. One example is the distributed HALS algorithm for multiagent networks [10].
This algorithm is based on the update rule given by (10) and (11) to guarantee the global
convergence. By using one of our update rules, this algorithm can find a stationary point of
the original optimization problem (1).
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8 Conclusions

In this paper, we have proposed a novel update rule of the HALS algorithm for NMF, and
proved its global convergence using Zangwill’s global convergence theorem. The proposed
update rule has the same computational complexity per iteration as the update rule in the
original HALS algorithm. In addition, unlike the global-convergence-guaranteed update rules
in the literature [29, 30], the proposed update rule does not restrict the range of each variable
to a subset of R . This allows us to obtain sparse factor matrices. We have also given two
types of stopping conditions and proved the finite termination of the proposed update rule
combined with these stopping conditions.

One future direction of this work is to extend our results to Nonnegative Tensor Factoriza-
tion (NTF) [7, 55] which is expected to be used in various applications such as recommender
systems [56], while the global convergence property has not yet been analyzed in depth.
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