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Abstract Multiplicative update rules are a well-known computational method
for nonnegative matrix factorization. Depending on the error measure between
two matrices, various types of multiplicative update rules have been proposed
so far. However, their convergence properties are not fully understood. This
paper provides a sufficient condition for a general multiplicative update rule
to have the global convergence property in the sense that any sequence of
solutions has at least one convergent subsequence and the limit of any conver-
gent subsequence is a stationary point of the optimization problem. Using this
condition, it is proved that many of the existing multiplicative update rules
have the global convergence property if they are modified slightly so that all
variables take positive values. This paper also proposes new multiplicative up-
date rules based on Kullback-Leibler, Gamma, and Rényi divergences. It is
shown that these three rules have the global convergence property if the same
modification as above is made.
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1 Introduction

Nonnegative matrix factorization (NMF), which was first introduced by Paatero
and Tapper [32], is a mathematical operation that decomposes a given nonneg-
ative matrix into two nonnegative low-rank factor matrices. Since the seminal
papers by Lee and Seung [28,29], NMF has attracted a lot of of attention from
researchers in different disciplines, and has been shown to be useful for many
applications in pattern recognition [18], text mining [3], document cluster-
ing [35,43], signal processing [10], music analysis [20,33], graph analysis [40],
cyber security [44], and so on.

NMF is formulated as an optimization problem in which an error between
the given nonnegative matrix and the product of two factor matrices is mini-
mized subject to the nonnegativity constraints on the factor matrices. Unlike
nonnegative rank factorization [2,4,5] which has a longer history, the ranks
of the factor matrices in NMF are allowed to be less than the maximum.
However, because the objective function is nonconvex with respect to the two
factor matrices, finding a global optimal solution is very difficult in general.
In fact, it has been proved that the NMF optimization problem is NP-hard
when the error is measured by Euclidean distance [39]. Therefore the goal in
solving an NMF optimization problem is to find a local optimal solution.

During the last two decades, many algorithms for NMF have been devel-
oped [6-9,11-13,15,17,19,21,23-25,27-29, 31,45]. The most well-known and
widely used algorithms are the two multiplicative update rules proposed by
Lee and Seung [28,29]: one is for NMF with Euclidean distance and the other
is for NMF with the generalized Kullback-Leibler divergence, also known as
I-divergence. The main idea behind their algorithms is to repeat the mini-
mization of an auxiliary function with respect to a subset of the variables
until a certain stopping condition is satisfied. Because the minimization of the
auxiliary function does not increase the error, it is guaranteed that the error
decreases monotonically. This idea was later applied to various error measures
such as Bregman divergence [11], a parametric divergence containing Euclidean
distance and I-divergence as special cases [27], a-divergence [7], Itakura-Saito
divergence [12], and S-divergence [13]. Furthermore, a unified method for de-
riving multiplicative update rules from a wide variety of error measures was
proposed by Yang and Oja [45]. Using this method, they obtained eleven dif-
ferent multiplicative update rules from a collection of error measures including
the ones mentioned above, Kullback-Leibler divergence, y-divergence, Rényi
divergence, and so on. Like the multiplicative update rules of Lee and Seung,
all update rules obtained by this method have the property that the error
decreases monotonically.
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Although the original multiplicative update rules have some good proper-
ties as stated above, they have a serious drawback that the convergence to a
stationary point is not guaranteed theoretically. The error decreases monoton-
ically, but this does not mean the convergence of the sequence of solutions. In
fact, it was shown by numerical experiments that the multiplicative update
rule based on Euclidean distance does not converge to an local optimal solution
for some problems [16]. Another drawback is that every multiplicative update
is not well-defined in the feasible region of the NMF optimization problem.
For example, if one of the two factor matrices is a zero matrix, the update
rule is not defined because the denominator is zero. Here we should note that
these two drawbacks are not independent but closely related to each other.

Many authors have studied the convergence property of the multiplica-
tive update rules proposed by Lee and Seung and their variants. Finesso and
Spreij [14] considered the I-divergence based multiplicative update rule and
proved the convergence of the left factor matrix and the product of the two
factor matrices under the assumption that the right factor matrix is normal-
ized after each update. Lin [30] considered a modified version of the Euclidean
distance based multiplicative update rule and proved that the sequence of so-
lutions converges to a stationary point in some sense. Gillis and Glineur [15]
considered another modified version of the Euclidean distance based multi-
plicative update rule, which returns a user-specified positive constant if the
original update rule returns a value less than the constant, and proved that
if the sequence of solutions converges then it is a stationary point. Takahashi
and Hibi [36] proved that the multiplicative update rules based on Euclidean
distance and I-divergence combined with the modification of Gillis and Glineur
have the global convergence property in the sense that any sequence of solu-
tions has at least one convergent subsequence and the limit of any convergent
subsequence is a stationary point. Badeau et al. [1] studied the local stability
of a generalized multiplicative update rules by Lyapunov’s stability theory and
showed that the local optimal solution is asymptotically stable if one of the
two factor matrices is fixed to a nonnegative constant matrix. Zhao and Tan
recently performed a unified convergence analysis of the multiplicative update
rules for NMF with ¢; regularization [47].

In this paper, we consider a wide class of error measures including Eu-
clidean distance, I-divergence and all other divergences mentioned above, and
provide a general sufficient condition on the error measure and the auxiliary
function for the obtained multiplicative update rule combined with the mod-
ification of Gillis and Glineur [15] to have the global convergence property
in the same sense as Takahashi and Hibi [36]. We then apply our results to
the eleven error measures considered by Yang and Oja [45], and show that
all of them satisfy the sufficient condition for the global convergence except
Kullback-Leibler divergence, ~-divergence and Rényi divergence. Finally, we
propose three new error measures based on these divergences and show that
the obtained update rules have the global convergence property.

It is often said that the multiplicative update rules are slow. In fact, many
faster algorithms have been proposed for NMF with Euclidean distance [8,
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9,15,17,21,23-25, 31]. Nevertheless, the multiplicative update rules are still
important because of its simplicity, easiness to implement, and applicability
to a wide range of error measures. We therefore focus our attention on the
multiplicative update rules in this paper, and clarify the global convergence
condition. For the convergence properties of other algorithms, see [6,19,25,26]
and references therein.

The rest of this paper is organized as follows. In Section 2, NMF and
the multiplicative update rule are briefly reviewed. In Section 3, the global
convergence of the modified multiplicative update rule is proved under some
mild assumptions on the error measure and the auxiliary function. In Section 4,
the result in Section 3 is applied to the eleven multiplicative updates obtained
by the unified method of Yang and Oja, and their global convergence is proved
except Kullback-Leibler divergence, 7-divergence, and Rényi divergence. In
Section 5, three new multiplicative update rules corresponding to these three
error measures are derived, and their global convergence is proved. In Section 6
we conclude the paper.

2 NMF and Multiplicative Update Rules
2.1 NMF Optimization Problem

Given a nonnegative matrix X € R"*", where Ry denotes the set of non-
negative real numbers, we consider the problem of finding two nonnegative
matrices W € RT"™" and H € R}*" such that

X ~WH (1)

where 7 is a positive integer less than m and n. The operation that decomposes
a given nonnegative matrix X into two nonnegative factor matrices W and H
as shown in (1) is called nonnegative matrix factorization (NMF). Although
it is important in NMF how to choose the value of r, we do not consider this
issue in this paper. We simply assume that the value of r is given together
with X. Also, we assume throughout this paper that every row and column
of X has at least one nonzero entry. The problem of finding W and H in (1)
is formulated as a constrained optimization problem:

minimize D(W, H) 2)
subject to W > Opyxry, H > Opx,

where D(W, H) is a function representing the error between X and W H and
O, (Opxp, resp.) is the m X r (r X n, resp.) zero matrix. The inequality
signs between matrices are to be interpreted componentwise. In the remainder
of this paper, we call D(W, H) the error function. Also, we denote the feasible
region of (2) by Fo, that is, Fo = R7"*" x RI*™.
So far, various kinds of error functions such as the one based on Euclidean
distance:
D(W,H) =Y (X;; — (WH),;;)* (3)

ij
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where (W H);; denotes the (i, j)-th entry of the matrix WH € R™*", and
the one based on I-divergence:

D(W,H) = ZJ (X” In W) Xij + (WH)”>
have been used [45]. All of those error functions are in general continuous in
the interior of Fy, which is denoted by int Fy in this paper. However, some
of them are not well-defined on the boundary of Fy. Hence, when using such
an error function, we allow it take the value 4+oc0, that is, we regard it as an
extended real-valued function defined on .

2.2 Multiplicative Update Rules

Because (2) is not a convex optimization problem, it is difficult to find a
global optimal solution. As an approach to find a local optimal solution, a
class of iterative methods called multiplicative update rules [14,28,29,45] are
widely used. Given an error function D(W, H), a multiplicative update rule
is obtained in the following manner. First, an auxiliary function of the error
function is constructed in some way. The definition of the auxiliary function
is given below. Second, for each variable, a problem of finding a unique min-
imum point of the auxiliary function under some constraints is solved. If the
minimum point is explicitly expressed in terms of the current values of W and
H | this expression leads to the multiplicative update rule.
Let us now give a formal definition of the auxiliary function.

Definition 1 (Auxiliary Function) Given an error function D(W, H), any
D(W,H,W_ H) :int Fy x int Fy — R that satisfies

V(W,H,W, H) € int Fy x int 7y, DIW,H,W,H)>DW,H) (4)

and
V(W ,H) € int Fy, D(W,H,W,H):D(W,H) (5)

is called an auxiliary function of D(W, H).

It is important to note that we use only a single auxiliary function in this
paper, while two auxiliary functions have been used in the literature: one is
for W and the other is for H. The reason for doing this is to simplify the
analysis. In fact, the update rule for the entries of W and the update rule for
the entries of H are obtained from a common auxiliary function. When two
auxiliary functions are given, one can immediately obtain a single auxiliary
function by averaging them. If the obtained single auxiliary function satisfies
Assumptions 1-3 given later, our method can be applied.

Let D(W, H, W, H) be an auxiliary function of D(W, H). Let {(W®, HOY)}x,
be any sequence such that i) (W) H©) ¢ int Fy and ii) for each I > 0,
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W+ ig obtained from W® and H® as an optimal solution of the prob-
lem: _
minimize D(W,H® WO, HO) (©)
subject to W > O, %,
and iii) for each I > 0, H(*1) is obtained from W{+1) and H® as an optimal
solution of the problem:

minimize D(W D H Wi+t g O) (7)
subject to H > O;.xp,.-

Then the sequence {D(W®, H®V)1% 'is monotone decreasing because

D(W(lJrl),H(lJrl ) < D(W G = (G O = l))

D
D(W(Hl) HO w H(l))
<DWWO HO w HgO)
= D(

Here, the first inequality follows from (4), the second inequality follows from
the fact that H*Y is an optimal solution of (7), the third inequality follows
from the fact that W+1) is an optimal solution of (6), and the equality follows
from (5).

For example, using Lemma 9 given in Appendix A, we can obtain an aux-
iliary function of (3) as follows:

_ ~ w2
D(WaH7W7H):Z(WH)U - kj QZXU WH 1J+Z
ij WlkaJ ij

(8)
If (WO HW) € int Fy then the problem (6) with (8) has the unique op-
timal solution, which is explicitly expressed by W and H®W. Similarly, if
(WD HO) ¢ int Fy then the problem (7) with (8) has the unique opti-
mal solution, which is explicitly expressed by WU+ and H®. From these
expressions, a multiplicative update rule described by

) _ g (XHD)T )y
Wik - Wik (W(l)H(l)(H(l))T)ik ) (9)
i _ g (WD) X, (10)
kj kj ((W(l-i-l))Tw(l)H(l))kj

is obtained [28,29]. Note that the right-hand sides of (9) and (10) are positive
because we have assumed that every row and column of X has at least one
nonzero entry. Therefore, if (W), H(©) ¢ int Fy then (WO HO) ¢ int F
for all I > 1. Note also that the sequence {D(W® HW)1<  converges to
some constant because it is monotone decreasing and bounded from below.
However, this does not imply that the sequence {(W®, H®)} = converges
to a local optimal solution of (2). In addition, even if the sequence converges
to some point, it is not guaranteed that the limit point belongs to int Fy.
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The approach described above is not restricted to Euclidean distance but
can be applied to various error functions. In fact, Yang and Oja [45] proposed a
unified method to develop multiplicative update rules and applied it to eleven
error functions. Details will be given in Section 4.

2.3 Modified Multiplicative Update Rules

The multiplicative update rule given by (9) and (10) and other multiplicative
update rules [7,11-13,27,45] have a common serious problem that they are
not defined for all points in Fy. For example, if all entries in the k-th row of
H® are zero then the denominator of the right-hand side of (9) becomes zero.
One may think this is not a serious issue because if (W(O), H(O)) belongs to
int Fp then so does (W(l)7 H(l)) for all [ > 0, as mentioned above. However,
it may occur that some of the entries of W) and H® converges to zero as
| — oo. In this case, some of the entries of W) and H® may go to infinity
with . In order to avoid this situation, Gillis and Glineur [15] modified (9)
and (10) as

wy W (X(H(l))T)ik
w = max <€,Wik (W(l)H(l)(H(l))T)ik , .

(WEDNTX ),
((W(l+1))Tw(l)H(l))kj ’

nglfl) = max (6, H,glj) (12)
respectively, where € is a user-specified positive constant. This simple modifi-
cation is general and can be applied to all multiplicative update rules.

When a modified multiplicative update rule is used, it is natural to consider
a modified optimization problem:

minimize D(W, H)

subject to W > el,,x, H > €l,xp (13)

instead of the original optimization problem (2), where 1,,x, (1,xn, resp.) is
the m X r (r X n, resp.) matrix consisting of all ones. Let the feasible region
of the problem (13) be denoted by F, that is,

Fe= {(W,H) | W > elyy,, H> 61r><n}-

If (WO, H©) belongs to F, then the sequence {(W® H®)}® ' generated
by (11) and (12) is contained in F.. Moreover, if some entry of W) and H"
converges as | — oo, its limit point belongs to [e,00) because this is a closed
set.

Although the original multiplicative update rule given by (9) and (10) often
produces sparse matrices, the modified update rule given by (11) and (12)
always produces dense matrices because € is positive. However, if we replace
all € in the factor matrices produced by the modified update rule with zero, the
resulting matrices are expected to be sparse because local optimal solutions of
(2) or (13) are often located at the boundary of the feasible region.



8 Norikazu Takahashi et al.

3 Global Convergence of Modified Multiplicative Update Rules
3.1 Problem Setting and Main Result

In this section, we consider a general error function D(W, H), which is defined
on Fy as an extended real-valued function and satisfies the following properties:
i) it is continuously differentiable on int 7y (see Assumption 1 given below),
ii) DOW,H) > 0 for all (W, H) € Fy, and iii) DOW ,H) =0 if WH = X.
We then give a sufficient condition on D(W, H) and the auxiliary function
DWW, H, W/, ﬁ) for the modified update rule to have the global convergence
property in the sense of Zangwill [46]. For the update rule we are considering,
it is defined as follows.

Definition 2 (Global Convergence) Let € be a user-specified positive con-
stant. An update rule is said to have the global convergence property if, for
any initial point (W), H(®)) € F_, the sequence {(W©® H")1 ' oenerated
by the update rule has at least one convergent subsequence and the limit of
any convergent subsequence is a stationary point of the optimization problem
(13).

A stationary point of (13) is a point (W, H) € F. such that the following
conditions are satisfied (see, e.g., [36]):

14
15
16
17

VWD(W;I;I) > O’ULX’(‘?
VHD(Waﬁ) > O7'><na
VWD(W, -H) O] (€1m><7' - W) = 07n><7‘a

(
(
(
VaD(W,H)® (el,yn — H) = Oy, (

)
)
)
)
where Vy D(W, H) (Ve D(W, H), resp.) is the m xr (1 x n, resp.) matrix of
which the (¢, k)-th ((k, j)-th, resp.) entry is the value of 0D/0Wy, (0D /0Hy;,
resp.) at (W, H) and © denotes the componentwise multiplication of two
matrices of the same dimension. In this paper, the set of stationary points of
(13) is denoted by S..

We now give three assumptions about the error function and the auxiliary
function.

Assumption 1 D(W H) and D(W,H,W/,I/:I/) are continuously differen-
tiable on int Fy and int Fy X int Fy, respectively.

Assumption 2 For any (W, H ) € int Fy, the following equalities hold:
VwD(W,H,W,H)=VwD(W,H),
VuD(W,H, W, H)=VygD(W,H)

where VWD(W, HW, fi) (VHD(W, HW, IEI), resp.) is the m x r (r x n,

resp.) matrix of which (i, k)-th ((k, 7)-th, resp.) entry is the value of 9D /0W;
(0D/0Hy;, resp.) at (W,H, W, H).
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Assumption 3 D(W, H, W, H) satisfies the following conditions.
1. D(W, H, ﬁZ H) is separable in the sense that it is expressed as
D(W,H, W, ﬁ) = ZD}jk(Wik, Hyj, W, ﬁ) + DQ(W, ﬁ) + constant .
o ijk 18)
2. For each (W, H) € int Fy,

wie(Wig) = Z Dz‘lj}g(Wik7 Hy;, W, H)
J

is strictly convex in Ry and minimized at W}, € R, which is explicitly
expressed as
k= fi(W,H),

where R ; is the set of positive numbers. Also, for each (W, H ) € int Fy,

ok (Hij) & ZDiljk(Wika Hy, W, H)

is strictly convex in Ry and minimized at H rj € Ryt which is explicitly
expressed as
Hljj = gkj(W7 H) .
3. fi(W,H) is continuous in int Fy and, for each ¢ > 0, there exist ¢; > 0
and ¢ < 1 such that

Y(W,H)e F., fi(W,H)<cauWi. (19)

Also, gx;(W, H) is continuous in int 7y and, for each € > 0, there exist
di; > 0 and ¢; < 1 such that

V(W.H) € F., ge;(W,H) <dyH' . (20)

Under Assumptions 1-3, we can prove the global convergence of the mod-
ified update rule, as stated in the following theorem. The proof is given in the
next subsection.

Theorem 1 Suppose that an error function D(W, H) and an auxiliary func-
tion D(W,H, W H) of it satisfy Assumptions 1-3. Then, for any positive
constant €, the modified multiplicative update rule described by
W = max(e, fu (WO, HD)), (21)
HTY = max(e, gy (WD, HO)) (22)

has the global convergence property, where f;, and gi; are defined in Assump-
tion 3.
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If a modified update rule has the global convergence property, it is easy
to obtain an algorithm that terminates within a finite number of iterations
after finding an approximate solution. Let us relax the conditions (14)—(17) as
follows:

VwD(W,H) > —611,x, (23)
VaD(W,H) > —611,4,, (24)
(VwD(W ,H))ix > 61 = Wy, — € < 5o, (25)
(VaD(W,H))y; > 6, = Hy; — €<y, (26)

where §; and do are positive constants specified by the user. Employing these
conditions as a stopping criterion, we obtain the following algorithm.

Algorithm 1 Modified Multiplicative Update Algorithm

Input: XERTXH,TEN,E>O,61 >0, >0
Output: A point (W, H) € F. that satisfies (23)—(26)
1: Choose (W) H©) € F. and set [ = 0.
2: Find (WD HU+D) by the update rule described by (21) and (22).
3: If (W, H) = (WD H+D) ¢ F, satisfies (23)—(26) then return (W1 H+1D),
Otherwise add 1 to [ and go to Step 2.

The finite termination of this algorithm is guaranteed by the following
theorem. We omit the proof because it is the same as that of Theorem 2 in
Reference [36].

Theorem 2 Suppose that an error function D(W, H) and its auxiliary func-
tion D(W,H,W , H) satisfy Assumptions 1-3. Then, for any positive con-
stants €, 0; and do, Algorithm 1 stops within a finite number of iterations.

3.2 Relation to Existing Work

There are many results on the convergence properties of NMF algorithms
in the literature [6, 15,17, 21, 23, 25, 27, 29, 31]. However, most of them are
insufficient to prove that an approximate stationary point is always obtained
by the algorithm. As mentioned before, the monotone decrease of the error
value does not imply the convergence of the sequence of solutions. It is claimed
in some papers [6,15,21,23,25,31] that every limit point of the sequence of
solutions is a stationary point. However, this claim says nothing about the
convergence of the sequence or even the existence of a convergent subsequence.

The convergence of the sequence of solutions generated by the multiplica-
tive update rule was proved by some authors in different settings [14, 30, 47].
Finesso and Spreij [14] considered a variant of the I-divergence based multi-
plicative update rule, and proved the convergence of the right factor matrix
and the product of the two factor matrices. Lin [30] proved the convergence
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of a variant of the Euclidean distance based multiplicative update rule. A
common key feature of these two algorithms is that one of the two factor
matrices is normalized after each update. This guarantees the boundedness
of the corresponding factor matrix. Zhao and Tan [47] recently performed a
unified convergence analysis of the multiplicative update rules for NMF with
{1 regularization. They proved the boundedness of the sequence of solutions
by showing that the level set of the objective function is bounded. However,
this result relies on the existence of ¢; regularization terms, and cannot be
directly applied to NMF without regularizations.

The unified global convergence analysis in the present paper is a general-
ization of the results given by Takahashi and Hibi [36]. They showed that the
modification of Gillis and Glineur [15] is sufficient to guarantee the global con-
vergence of the multiplicative update rules based on Euclidean distance and
I-divergence. However, because these update rules were studied separately, it
was not clear what kind of conditions are required in general for the error
function and the auxiliary function in order for the obtained multiplicative
update rule to have the global convergence property.

Finally, it is important to make a comment on the stopping condition. Some
authors [17,31] used a stopping condition similar to the one in Algorithm 1.
Roughly speaking, their condition corresponds to (23)—(26) with d, = 0. In
this case, the finite termination of the algorithm is not guaranteed.

3.3 Proof of Theorem 1

We prove Theorem 1 by Zangwill’s global convergence theorem [46], which
has been used extensively to prove the convergence of various algorithms (see
[38,42] for example).

Theorem 3 (Zangwill [46]) Let A be a point-to-set mapping defined on a
space V that assigns to every point € V a subset of V. Let {x(l)}fio be a
sequence generated satisfying (%) € V and ('t € A(z(®). Also let a solution
set {2 C V be given. Suppose that the following three statements hold true.

1. All points ) are in a compact set X C V.

2. There is a continuous function Z : V. — R such that i) if  is not a
solution then Z(y) < Z(x) for any y € A(x), and ii) if = is a solution then
Z(y) < Z(z) for any y € A(z).

3. The mapping A is closed at points outside (2.

Then the limit of any convergent subsequence of {x(l)}fio is a solution.

In the following discussion, we express for simplicity (21) and (22) as
W) = Ay (WO HOY) and HHD = A, (WD HWO), respectively. Fur-
thermore, we express the update process from (W, HW) to (WD Fri+1))
as (WD HEDY = AW HO), Then the mapping A is expressed in
terms of A; and A, as follows:

AWO HOY = (A4, (WO, HD), Ay (A4, (WO, HY), HD)).
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Note that A is not a point-to-set mapping but a point-to-point mapping defined
on F.. In this case, the closedness of A in Theorem 3 reduces to the continuity
of A. Therefore, it suffices to show that the following statements hold true.

1. (Boundedness) For any initial point (W) H(©)) € F,, the sequence {( W), H®)}
generated by the update rule A belongs to a compact subset of F..
2. (Monotoneness) There exists a function Z : F. — R such that

(W,H) ¢S = Z(AW,H)) < Z(W,H),
(W,H)eS. = Z(AW,H)) < Z(W,H),

where S, is the set of stationary points of (13).
3. (Continuity) A is continuous in F, \ S..

We first consider the first statement. Our proof is based on the following
lemma.

Lemma 1 (Katayama et al. [22]) Let € be any positive constant. Let f be
a mapping from [e,00) to R. If there exist a positive constant ¢ and a constant
¢ less than 1 such that

Ve >e flx) < cx?

then any sequence {x(l)}fio generated by the update rule:
Y = max(e, f(z1)), 1=0,1,2,...
with the initial value 2(°) > € is contained in a closed and bounded set.

Some illustrative examples for Lemma 1 are shown in Fig. 1. In Fig. 1(a),
two sequences generated by z(t1) = max(e, f(z(®)) with ¢ = 0.1 and f(z) =
1.52%% are plotted. The sequence starting from z(®) = 0.2 increases mono-
tonically and converges to the unique fixed point. The sequence starting from
2(9) = 3.2 decreases monotonically and converges to the fixed point. In Fig. 1(b),
the sequence generated by (1) = max(e, f(z®)) with 2(® = 0.7, ¢ = 0.2
and f(r) = 1.527%8 —0.28 is plotted. We see from the figure that it converges
to periodic sequence with period 2.

In view of Assumption 3 and Lemma 1, we immediately obtain the following
lemma.

Lemma 2 Let € be any positive constant. If Assumption 3 holds then, for any
initial point (W, H©) € F,, the sequence {(W© H®)}  generated by
(21) and (22) is contained in a closed and bounded set.

We next consider the third statement. The continuity of the mapping A is
shown as follows.

Lemma 3 Let ¢ be any positive constant. If Assumption 3 holds then the
mapping A : F. — F. is continuous.
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Fig. 1 Illustrative examples for Lemma 1. (a) Two sequences generated by 2+ =
max(e, f(x)) with € = 0.1 and f(z) = 1.52%3. (b) A sequence generated by z(!t1) =
max(e, f(zM)) with € = 0.2 and f(z) = 1.52798 — 0.28.

Proof By Assumption 3, f;; and g, are continuous. Also, for any positive con-
stant €, the mapping max(e, -) is continuous. So (21), which is the composition
of fir and max(e,-), and (22), which is the composition of gi; and max(e, -),
are both continuous. Furthermore, because the mapping A is the composition
of (21) and (22), it is continuous. O

We finally consider the second statement. As the first step, we discuss the
relationship between the stationary points of (13) and the mapping A in the
following two lemmas.

Lemma 4 Let € be any positive constant. Let (W, ﬁ) be any point in F.. If
Assumption 3 holds then the optimization problem:

minimize D(W,H, W, H) 27)
subject to W > €l,,, «»

has a unique optimal solution which is given by A;(W, H). Similarly, if As-
sumption 3 hold then the optimization problem:

minimize D(W,H,W7I:I) (28)
subject to H > €l

has a unique optimal solution which is given by AQ(W, H ).

Proof We prove only the first part because the second one can be proved in

the same way. Because D(W ,H, W H) is separable by Assumption 3, the

problem (27) can be divided into mr independent problems of the form:
minimize 3 D}jk(Wihﬁkijvﬁ)

29
subject to Wj > €. (29)
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It follows from Assumption 3 that w, (W) = > D} (Wi, H;, W, H) has
a unique minimum point given by fik(W,I:I) e Ry . If flk(W,I:I) > €
then it is apparently the unique optimal solution of (29). Otherwise, € is the
unique optimal solution of (29) because, by Assumption 3, u;x(W;i) is strictly
convex in R, . Therefore, the unique optimal solution of (29) is given by

max(e, fir(W, H)) = (Ay (W, H));p. O

Lemma 5 Under Assumptions 1-3, the necessary and sufficient condition for
(W, H) € F. to be a stationary point of (13) is that W and H are the unique
optimal solutions of (27) and (28), respectively.

Proof As shown in the proof of Lemma 4, the necessary and sufficient condition

for W > €l,,,x, to be the unique optimal solution of (27) is that

2 {ZO, if Wik>€, (30)

ik, (W,
bk W) S ol i i, —

By Assumptions 2 and 3, we have

. oD

(W,H,W H)

= (VwD(W,H.W.H))

= (YwD(W. 1)) .
ik

Therefore, (30) is rewritten as

. Ao =0, if W‘k > €
visk, (VwD(W,H)) B

! wD( )ik{>0,1fWik=6,
which is equivalent to the conjunction of (14) and (16). We can show in the
same way as above that the necessary and sufficient condition for H > €1,
to be the unique optimal solution of (28) is equivalent to the conjunction of
(15) and (17). O

Using Lemmas 4 and 5, we can prove the monotoneness of the error function
as follows.

Lemma 6 Let € be any positive constant. Under Assumptions 1-3, the fol-
lowing propositions hold true:

(W,H) ¢ S. = D(AWW,H)) < D(W,H), (31)

(W,H) e S. = D(AW,H))=D(W,H). (32)
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Proof We first prove (32). Let (W, H) be any point in S. Then, it follows
from Lemma 5 that W and H are the unique optimal solutions of (27) and
(28), respectively. Furthermore, it follows from Lemma 4 that W = 4, (W, H )
and H = Ay(W, H). Therefore, we have

A(W7 ﬁ) = (Al(Wa ﬁ)a AQ(AI(Wa ﬁ)7 ﬁ))
= (Al(Wa ﬁ)a AQ(W7 ﬁ))
= (Wa ﬁ)
which implies that D(A(W,H)) = D(W, H). We next prove (31). Note that
if (W, H ) ¢ S, then, by Lemma 5, at least one of the following two statements
holds: i) W' is not the unique optimal solution of (27), that is, W # Al(W H)

and ii) H is not the unique optimal solution of (28), that is, H # Ay (W, H).
If the first statement holds, we have

DW,H)=DW,H,W,H)

>D(A( )HWH)

= D(A\(W,H), H) - D(A,(W,H), H)

+ (Al(W,H),H,W,H)
ZD(Al(Wv'H)7ﬁ)

=D(A(W H),H, A (W,H),H)
ZD(Al(Wvﬁ)vAQ(Al(Wvﬁ)vﬁ)7Al(W7H) )
= D(A(W, I?I>7A2(A1(W, H), H))

— D(A1(W, H), As(A1(W, H), H))

+ D(Ay (W, H), Ay(Ay (W, H), H), Ay(W, H),H)
ZD(Al(WvH)vAZ(Al(Wvﬁ)7ﬁ))

= D(A(W, H))

If the first statement does not hold but the second one does, we have
D(W,H)=D(W,H,W,H)
(W, Ax(W, H), W, H)
(W, Ay(W, H)) — D(W, Ay(W, H))
+ D(W,Ay(W,H), W, H)
> D(W, Ay(W, H))
= D(A(W,H)).

>

T ©

Therefore, the inequality D(A(W, H)) < D(W, H) holds in both cases. O
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Table 1 Error functions considered by Yang and Oja [45].

Name D(W,H)

Euclidean distance Z” (Xa5 — (WH)1])2

I-divergence E” (Xi] In (v;(i;{])” — Xij + (WH)Z])

Dual I-divergence i ((WH)” In % - (WH);; + Xij)

Itakura-Saito divergence Eij (7 In ((“})(7;;)”) + (V;(i;;)” - 1)

a-divergence ﬁ i) (aX” +(1-a)(WH);; — X,’*I(WH)zl;O‘> (a#0,1)
5 divergence s, (X” x{j—(;vmi B ijﬂ_[;sz#l) (B£0,-1)
Log-Quad cost i ((Xl-] — (WH);;)? + X;;In (wi(i;lj)” — X+ (WH)U)
a3-Bregman divergence i (XZ - Xﬂ - (WH)$, + (WH)EJ

~(@WH)" = BWH)]T)(Xi; — (WH);) (@>1,0<3<1)

. i P . X; Xij/ X pg Xpa
Kullback-Leibler divergence 37, = )J(M In ((WH)LT// Z],:;(WH)W;)
. 1 1
~-divergence m (ln (sz X’]JrW) +~In (Z”(W H)LI*W)

~ 1+ (2, x”<WH>7j)) (v #0,-1)

PR X; ’ WH); 1=e
Rényi divergence p%l In (Z” <qu ;pq) (Z‘(,Q(W;;)pq) ) (p>0,p#1)

4 Application of Theorem 1 to Multiplicative Update Rules
Derived by the Unified Method of Yang and Oja

Theorem 1 can be applied to various multiplicative update rules to prove their
global convergence. In this section, we apply it to the eleven multiplicative
update rules derived from the error functions shown in Table 1! by the uni-
fied method proposed by Yang and Oja [45]. To make the analysis simpler,
we assume for the moment that X is a positive matrix. Then all error func-
tions in Table 1 are well-defined on Fy as extended real-valued functions. For
each of the first eight error functions (Euclidean distance, I-divergence, Dual
I-divergence, Itakura-Saito divergence, a-divergence, 8-divergence, Log-Quad
cost and af-Bregman divergence), we show later that the auxiliary function
derived by the method of Yang and Oja satisfies all conditions in Assump-
tions 1-3. This means that the modified update rules obtained from these
error functions have the global convergence property. In contrast, for the last
three error functions, the global convergence of the modified update rule can-
not be proved by Theorem 1 because the inequalities (19) and (20) are not
satisfied. This issue is discussed in the next section.

1 The error function based on Kullback-Leibler divergence in Table 1 is slightly different
from the one in [45]. Instead of assuming that 3°,; X;; = 1, X;; has been replaced with
Xij/ qu Xpq so that the result can be applied to a general nonnegative matrix X.
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Let D(W,H) be a given error function. The procedure of the unified
method of Yang and Oja to derive a multiplicative update rule from D(W, H)
is summarized as follows.

1. If D(W, H) contains one or more logarithmic functions then we replace
each of them with a generalized polynomial by using the following rela-
tionship:

w1
Inz= lim ——. (33)
=0t

2. Applying Lemmas 8-10 given in Appendix A and then taking the limit
i — 0T if necessary, we can derive an auxiliary function of D(W, H).
Note that we may need to apply L’Hopital’s rule when taking the limit.
The derived auxiliary function is expressed in the form of (18) and, for
any (W, H) Eiint]:?, both uZAk(V[{m) £ >_; Db Wik, Hyj, W, H) and
vk (Hig) 255, D}y (Wik, Hyj, W, H) are strictly convex in Ry .

3. Let (W, H) € int F, be the current solution. Solving the equations u/, (W) =
0 and vy, j (Hkj) = 0, we obtain multiplicative update formulae for W;;, and
Hjy;, respectively.

Carrying out this procedure for each of the eleven error functions shown in
Table 1, we obtain eleven auxiliary functions in the form of (18). Table 2 shows
the formula for the first term Dilj Wik, Hyj, W/, H ) of the auxiliary function
for each error function. It is easily seen that every auxiliary function shown
in Table 2 satisfies Assumptions 1, Assumption 2, and the first and Egco/rid
conditions of Assumption 3. It is also seen that every D}jk(Wik,ij, W, H)
is expressed as aujk(mkaj)bl + agijk(Wikaj)b2 where b; # by and A1k
and agi;; are independent of Wy, and Hy,. Therefore, letting w;,(Wig) £
> ngk(Wik,ﬁkj, W, H) where (W, H) € int F; and solving the equation
ul, (Wik) = 0, we obtain Wy, = fzk(W, ﬁ) The formulae for f;,(W,H)
are shown in Reference [45]2. Similarly, letting vy; (Hy;) =Y, D} (Wik, H,
W, H) and solving the equation vy (Hiz) = 0, we obtain Hy; = gr; (W, H).
Finally, by simple algebraic manipulations, we can prove that f;,(W, H) and
gr; (W, H) are upper bounded for the first eight error functions. Upper bounds
for fir,(W, H) are explicitly given in Reference [22].

Let us next consider the case where X has a zero entry. For Dual I-
divergence and a-divergence with a negative a, there exists a pair (i, k) such
that both > D}jk(Wik,ij, W,ﬁ) and f;,(W, H) are not defined. There-
fore, these error functions need a stronger assumption that X is positive. For
Itakura-Saito divergence, 8-divergence with 3 less than —1, «-divergence with
~v less than —1, D(W, H) contains a constant term which takes +o00. However,
if we construct a new error function from the remaining terms, it is well-defined

on Fy as an extended real-valued function. Also, both Zj D}jk (Wik, H;j, W/, ﬁ)

2 In the case of Kullback-Leibler divergence, Xij in f;, (W, H) must be replaced with
Xij/ qu Xpq-
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and f;, (W, H) are well-defined on R} x Ry X int Fy and int Fp, respec-
tively, for all (i, k). As for other functions, D(W, H) is well-defined on Fy even
though some entries of X are zero. In addition, Zj D}jk(Wik, Hy;, W, ﬁ) and
fir(W, H) are well-defined on R, x Ry x int Fy and int Fy, respectively,
for all (i, k).

From these observations, we obtain the following lemma.

Lemma 7 For Euclidean distance, I-divergence, Itakura-Saito divergence, a-
divergence with a positive «, B-divergence, Log-Quad cost and a/f3-Bregman
divergence, the auxiliary function shown in Table 2 satisfies all conditions
in Assumptions 1-3. For Dual I-divergence and a-divergence with a negative
«, the auxiliary function satisfies all conditions in Assumptions 1-3 if X is
positive.

By Lemma 7 and Theorem 1, we immediately obtain the following theorem.

Theorem 4 For Euclidean distance, I-divergence, Itakura-Saito divergence,
a-divergence with a positive «, S-divergence, Log-Quad cost and a-Bregman
divergence, the modified multiplicative update rule obtained by the unified
method of Yang and Oja has the global convergence property for any positive
constant €. For Dual I-divergence and a-divergence with a negative «, the
modified multiplicative update rule has the global convergence property for
any positive constant € if X is positive.

5 New Multiplicative Update Rules for Kullback-Leibler, Gamma
and Rényi Divergences

In the previous section, we proved the global convergence of the modified
multiplicative update rule described by (21) and (22) for the first eight error
functions shown in Table 1. As for the last three (Kullback-Leibler divergence,
~-divergence and Rényi divergence), the multiplicative update rule can be
derived, but the boundedness of the sequence {(W® H®)}< = cannot be
proved. A possible reason is that the value of the error function does not
change even though W and H are multiplied by any positive scalar. In other
words, we can increase the values of nonzero entries of W and H as much as
we want, while keeping the value of the error function fixed. As a simple way
to avoid this situation, we add a regularization term

2
C
5 (Z Xij — Z(WH)ij> (34)
ij ij
to each error function, where C' is any positive constant. Applying Lem-
mas 8-10, we obtain new auxiliary functions for Kullback-Leibler divergence,
~v-divergence and Rényi divergence. How to derive the auxiliary function for
Kullback-Leibler divergence is explained in Appendix B. Although other aux-
iliary function is omitted due to space constraints, they are obtained in a
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Table 2 Auxiliary functions obtained from the error functions in Table 1 by the method
of Yang and Oja.

Error function D}jk(Wfk, Hyj, W, ﬁ)

Euclidean distance —2X;;WipHyj + (WH); (W, kaJ) YWy Hyj)?

I-divergence _XU(WH)«;;‘ Wik:chj In(WipHyj) + Wik Hyj

Dual I-divergence (m(Wik,ij) +1n (Xfl (VT/ﬁ)M(Wzkﬁw)—l) - 1) Wi Hyj
Itakura-Saito divergence (WH) IW,kaJ + Xij (WH) (Wzk Hk])z( Wi Hyj)~ 1

a-divergence E ikHy; — m (WH) Q(W,ka/)“( WixHii)'~® (a#0,1)

B-divergence

1)B>1 *Xij(ﬁi/ﬁ)ﬁ_l Wi Hij + /i+1 (WH)! (Wikaj)7ﬁ<Wikaj)ﬁ+l
2)0<p<1 — L X (WH)T (Wi Hyg)' =8 (Wi, Hyg)?
+m(WH)v (Wik Hy) =P (Wi, Hy ) P
3)B<0,8# -1 5 Xeg(WH) (Wa Hij)' =P (Wi Hi)? + (W H) Wik Hy,
Log-Quad cost ((WH ij + 1) (WlkaJ) (Wlkaj)2

Xij (WH)! +2) Wap Hyy In(Wik Hyj)
af3-Bre, di ( — a=1_ BA-8) w81 (., 77, \1—o (1. N
gman divergence (o= DWH)S + BO=D G E)) (W Hieg) (Wi Hj)
+ (%(Wﬁ)zﬁ + 5(Wﬁ)5;2) Xij (Wi Hyeg )28 (Wi, Hi )~
(@a>1,0<B<1)
Kullback-Leibler divergence (3, (W H)pq) ™ Wix Hj — (3 pq Xpg) ™+ Xij (W H) 3 Wig Hy; In(Wig i)
~-divergence
-1 — - —_— ~
1)y>0 55 (S WH)Y) (WH)], Wik Hyg) ™ (Wi Hyg) '+
-1 — e~ ~
(S0 Xm(WH)gq) X (WH)] W iy In(Wii i)
2) v <0,y #—1 (ZM(WH)“W) (WH)], Wiy, Hy,;
— -1 ey~ ~ N1—7 !
%(Z,,q qu(WH)Zq) Xyg(WH) (Wikaj) (Wi Hp;5)

Rényi divergence

p>1 *117,, (qu X{,‘q(f/[v/fl)}];") X7 (WH) r ( zkch]) (WikHpj)1 =
—_—~— -1
+ (S0 (WH)pg)  WarHi
20<p<1 - (qu X,ﬁ’q(vT/ﬁ);;ﬂ) X2(WH) Wi Hy,j n(Wi Hyj)

~— —1
+ (qu(WH)m) Wik Hpj

similar way. All of the three auxiliary functions satisfy Assumption 1, As-
sumption 2, and the first and second conditions of Assumption 3. Also, each
DUk(VVm7 ij,W H) can be expressed as amk(WmH;@]) 1 +a2”k(Wzkaj)b2
where b1 # by and @155 and ag;5, are independent of Wy, and Hy;. Therefore,
the multiplicative update rules can be obtained from the auxiliary functions.
The formulae for f;, (W, H) for the three error functions are shown in Ta-
ble 3. Furthermore, for each of the three error functions, it is easy to prove
that f;x (W, H) and g;5(W, H) satisty the third condition of Assumption 3.
Upper bounds for f;,(W, H) on F. are shown in Table 4, and how to derive
the upper bound for Kullback-Leibler divergence is described in Appendix C.

From these results, we obtain the following theorem.
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Table 3 Multiplicative update rules obtained from the last three error functions in Table 1
with regularization term.

Error function fik(W,H)

Kullback-Leibler divergence

- ((qu Xp0) 75, Xy WH) S Hig +C 5y, X0 5, Hi ) ;
TN\ (e WH) ) TS Higg + Oy (WH)py 3 Hi
X ((qu Xpg(WH)3q) ' 35 ij(WH)Zf] Hyj +C 3 Xpg 225 Hij > !
P\ (S WH) LS (WH) Hy + C 5, (WH)pg 5 Hi

~-divergence

YA+ ity >0

wheren—{l/(l_,y)y if v<0,v#-1

(g X WH) . P) VS XE(WH) P Hij + C Xy Xpg X5 Hig \”
(3 pg(WH)pg) =1 325 Hygj + C 3, (WH ) pq 32 Higj

Rényi divergence Wik (

_[1/pif p>1
Where"—{l, ifo<p<1

Table 4 Upper bounds for f;; (W, H) in Table 3 on Fe.

Error function Upper bound

11
Kullback-Leibler divergence (ﬁ + i qu qu) 2 W,fc

) 1 1 LS _J1/(147),if >0

~-divergence (m + o qu qu) W where n = { 1/(1 =), if y<0, v#—1
o 1 i L [ 1/p,if p>1

Rényi divergence (<3mTC + o qu X”’?) Wik where 7 = { 1, if0o<p<l1

Theorem 5 For Kullback-Leibler divergence, ~y-divergence and Rényi diver-
gence with the regularization term (34), the modified multiplicative update
rule obtained by the unified method of Yang and Oja has the global conver-
gence property for any positive constant e.

6 Conclusions

A unified global convergence analysis of the multiplicative update rule for
NMF has been presented. We have given a sufficient condition on the error
function and the auxiliary function for a slightly modified version of the mul-
tiplicative update rule to have the global convergence property in the sense
that any sequence of solutions contains at least one convergent subsequence
and the limit of any convergent subsequence is a stationary point of the cor-
responding optimization problem. This result can be applied to a wide variety
of multiplicative update rules to examine their global convergence. In fact, we
have proved the global convergence of eleven different multiplicative update
rules.

Recently, many variants of NMF have been proposed (see the review paper
by Wang and Zhang [41] and references therein). Extending the results in this
paper to such variants is an interesting and important direction for future
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research. Another interesting direction is to develop a method for determining
the global convergence of the modified multiplicative update rule only from the
error function. The motivation of this problem comes from the observation that
the multiplicative update rule is uniquely determined by the error function if
we assume that the auxiliary function is always derived by the method of Yang
and Oja.

A How to Derive Auxiliary Functions

In the unified method of Yang and Oja [45], an auxiliary function is systematically derived
from a given generalized polynomial by using three rules. They are described by the fol-
lowing lemmas. Because the mathematical expressions differ from those in [45] due to the
introduction of the framework of a single auxiliary function, we provide proofs for the sake
of readers’ convenience.

d
Lemma 8 Suppose that the error function is expressed as D(W, H) = a (Z” b (WH)f])
where a and c are nonzero constants, b;; are positive constants, and d is a constant other
than 0 or 1. If £(x) 2 az? is convex in Ry 4, let

d—1 cd
D W.H) =a (W HC. (W HE. %
D(W7H7W7H) - <Z bl](WH)”) izijJ(WH)'L] <(Wﬁ’) > .

ij ©J

If £(z) is concave in Ry 4, let

d d—1
D(W,H,W H)=a (Z by (WH)%) +ad (Z bij (WH);%J)
ij ij
X <Z bij(WH)S; — Zbij(WH)fj> .
ij ij
Then D(W, H, W, H) is an auxiliary function of D(W, H), and satisfies the conditions in
Assumptions 1 and 2.

Proof There are two cases to consider: One is that &(x) £ az? is convex, and the other is

that &(x) is concave. In either case, it is easy to see that the following statements hold true:
1. D(W,H,W,H)=D(W, H) for all (W, H) € Fo,
2. D(W,H, W, H) is differentiable at any point in int Fy x int Fo, and
3. VwD(W,H,W,H) =VywDW,H)and Vg DW,H, W ,H) = Vg D(W, H) for all
(W, H) € int Fp.
Therefore, it suffices for us to show that
D(W,H,W,H)> DWW, H)
for all (W, H, w, f:f) € int Fo x int Fo. Suppose first that £(z) = az? is convex in Ry .

Then, for any numbers x11, 12, ..., Zmn and any positive numbers A1, A\12, ..., Amn such
that Zij Aij = 1, it follows from Jensen’s inequality that

Tqj
>\ij

(D miy | =¢ ZAzJiU Sz)\ijﬁ(
ij ij i ij



22 Norikazu Takahashi et al.

Substituting zi; = bi;(WH)S; and \ij = bij(WH)S,;/ S, bpg(W H)S, into this equation,
we have

d
D(W,H)=a (> b;(WH)S;
ij
<aY bij(ﬁ;i)jz < _ by(WH)G )d
77 2opg bpa(WH)Gq \bij(WH)F; /30, bpa(WH)G,
d—1 cd
—a (WH)S, avane. [ (WH)i

=D(W,H,W,H).

Suppose next that &(x) = ax?

the following inequality holds:

is concave in R4 4. Then, for any positive numbers z and &,

&(x) <&(@) +€'(@)(z — 7).

Substituting @ = 3=, by (WH){; and 2 =3, bu(ﬁvfﬁ)fj into this inequality, we have

d
D(W,H)=a (> bi;(WH);
iJ
d
<a > b;(WH)S
ij
d—1
+ ad Zb”(ﬁ;ﬁ)fj Zb”(WH)f] - Zb”(wji);]
ij ij ij
= D(W,H,W,H)
which completes the proof. O

Lemma 9 Suppose that the error function is expressed as D(W,H) = .. ai; (WH)?J-

where a;; are nonzero constants and b is a constant other than 0 or 1. If &;;(x) = aijmb is
convex in Ry, let

Dij(W, H, W, H) = ai;(WH)}, "> (Wix Hyj) '~ (Wi Hyj)® -
k

If &;;(x) is concave in Ry, let
Dij (W, H, ﬁ;, ﬁ) = a”(ﬁ'fﬁ)?] —+ aijb(ﬁv/ﬁ)?fl ((WH)” — (ﬁ//ﬁ)”) .

Then D(W,H, W, H) = i) D;;(W,H, W, H) is an auxiliary function of D(W, H), and
satisfies the conditions in Assumptions 1 and 2.

Proof Let Dijj(W,H) = a;; (WH)Z There are two cases to consider: One is that &;(z) £
aiij is convex and the other is that &;;(x) is concave. In either case, we easily see that the
following statements hold true:

1. Dy(W,H,W,H) = D;;(W, H) for all (W, H) € int Fo,

2. D;;(W,H,W, H) is differentiable at any point in int 7o x int Fo, and
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3. VWD”-(W, lfI, W7 ﬁ) = VwDi]‘(W, IfI) and VHDij(W, ﬁ, W, ﬁ) = VHD”-(VAV, ﬁ)
for all (W, H) € int Fo.
Therefore, it suffices for us to show that
Dyj(W,H,W,H) > Di;(W, H)
for all (W, H, ﬁ;, ﬁ) € int Fo x int Fo. Suppose first that &;(z) = aij:r;b is convex in Ry 4.

Then, for any numbers z1,x2,...,z, and any positive numbers A1, A2,..., A, such that
>k Ak =1, it follows from Jensen’s inequality that

k
Substituting xp = Wi Hy; and A\ = Wzkﬁk]/(ﬁvfﬁ)lj into this equation, we have

Dy (W, H) = a;j(WH)?;
— . b
< Z V,[fl,k,vk] a;j <~ l/Vlk ﬂN >
» (WH); Wi Hyj /(W H);j
= aij(Wﬁ)?j_l Z(Wikﬁkj)lib(wikaj)b
k

= Dyj(W,H,W,H).

Suppose next that &;;(z) = aijmb is concave in Ry . Then, for any positive numbers x and
Z, the following inequality holds:

ij(w) < & () + &1, (@)(x — 7).
Substituting « = (WH);; and & = (Wﬁ)” into this inequality, we have
Dij(W, H) = aij(WH);
< ai;(WH)Y + aib(WH)? ! ((WH)z'j - (Wﬁ)i])
= D;j(W,H,W,H)
which completes the proof. O

Lemma 10 Suppose that the error function is expressed as D(W, H) = Ztijk agije(Wik ij)bf'

where ay;j; are nonzero constants and b: are constants, ati]-k:cbt is convex in Ry, and
{bt} contains at least two distinct nonzero numbers. Let bmax = max{bs |b; # 0} and

bmin = min{b; | b # 0}. Let us define Dtijk(W, H, W/, ﬁ) on int Fo X int Fo as follows:
1. If bt S {bminabmaXaO}v let

Dyiji(W, H, W, H) = ay;jx (W, Hy;)’ .

2. If bt ¢ {bmin7 bma)u 0} and
(a) if (br > 1)V ((bs = 1) A (agizk > 0)), let
a1t (

B A7 I i T — P bmax
Dyiju(W,H,W,H) = Wig Hyoj)bt ~Pmax (Wi Hy )

max

~ ~ b
+ agijr (Wi Hyj) (1— : ) ,

bmax
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(b) if (by < 1)V ((be = 1) A (agiji < 0)), let

_ —~ Qi ik bt . bmin
Dyijie(W, H, W, H) = 952 (W3 )bt ~bmin (Wi Hyj)

min

B b
+ apiji (Wi Hyj) bt (1— : ) .

bmin

Then D(W,H,ﬁ},ﬁ) = Zn’jk Dtijk(W7 H, f/Iv/, ﬁ) is an auxiliary function of D(W, H),
and strictly convex in int Fo. Furthermore, D(W, H, W, " ) satisfies the conditions in As-
sumptions 1 and 2.

Proof Let Dy, (W, H) = atijk(Wikaj)bt. There are three cases to consider depending

on the values of a;j, and bi. In either case, we easily see that Dtijk(W,H, W/,ﬁ) is
differentiable at any point in int Fo X int Fp and that

Vw Dyiju (W, H, W, H) = Vy Dy (W, H)
VerDiiji (W, H,W,H) = Vg Dy, (W, H)

hold for all (W, I:I) € Fo. Also, it has already been shown by Yang and Oja [45, Lemma 2]
that D(W, H,W, H) is an auxiliary function of D(W, H). 0O

B Derivation of Auxiliary Function for Kullback-Leibler
Divergence with Regularization Term

We derive an auxiliary function for Kullback-Leibler divergence with the regularization term
by using the unified method of Yang and Oja. First of all, we rewrite the error function by
using (33) as follows:

1
D(W,H) = lim — (Dl(W, H) + Do(W, H) + D3(W, H) + Dy(W, H))
p—0t [

+ZE Xoq (zXqu> (ZX”>

where

I
Dy(W,H) = <Z(WH)ij> ,

Da( (WH)",
Zz ~Xom j

D3(W *—MCZXU ZWH)lJ7

2
DuW, H) = <Z(WH)“-> :

ij

Let us assume that p is a sufficiently small positive constant. Applying Lemmas 8 and 9 to
these functions, we have the following auxiliary functions:

n—1 ©
Dy(W,H,W,H) = u(Z(ﬁ?ﬁ)ij> S WikHpj + (1— ) <Z(ﬁ7§)”> ,

ij ijk ij
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Dy(W,H, W, H) Z Z X (WH) (Wi Hyej) = (Wik Higg )V,
rq k

Ds(W,H, W, H) —NCZX” > WikHg;,
ijk
Da(W,H, W, H) = "< Z(WH > (Wikﬁkj)_l (Wi Hij)2.
ijk

The exponents of Wy Hy; in these auxiliary functions are 1, p, 1 and 2. The minimum is u
and the maximum is 2. So we apply Lemma 10 to some of these auxiliary functions to obtain
an auxiliary function of D(W, H) such that the exponents of W;; Hy; are restricted to u
and 2. Applying Lemma 10 to D1, we obtain another auxiliary function of D; as follows:

Di(W,H,W,H) = ’;<Z<WH)ij> > (WikHyj) ™ (Wi Hij)?
ij

L(-8) (Z(W’m)

Applying Lemma 10 to D3, we obtain another auxiliary function of D3 as follows:

ijk

Ds(W,H, W, H)
= —CZXU > (Wi Hyg) ™M (Wi Hig ) + (1= )C Y~ X+ > (WH)yy
ij

ijk i
As a result, we have the following auxiliary function:
_ ~ 1 (= — —_
DW,H,W, H) = lim+<D1(W,H,W,H)+D2(W,H,W,H)
Iz

pn—0

T (W, HL W, ) + Di(W, HL W, m)

Xij N X
" Z qu Xpq : <qu qu) (Z XZ]) .

Because

lim <D1(W,H,W7ﬁ) + Da(W,H, W, H)
n—0+

T (W HL W) + Di(W, HL W, fn) _

we apply L’Hoépital’s rule. Then we have

-1
D(W,H,W:ﬁ)=;<2(ﬁ7ﬁ)u> > (Wi Hyy) ™" (Wik Hyj)?
ij ijk

- = +1n<Z(WH )

]

Z Z qu (WH);;'In ((WH ”) S Wik Hy,

k
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Wi Hp
E: (WH) IE Wi HiiIn | k9
Z qu ” ! Wik Hy;
Wi H
7C§ X > WzkaJm( ik ’”)
ijk Wzkaj

-C Z Xij - > (WH)y;

C o
Ty D> (WH)ij -y (Wi Hyy) ™ (Wir Hyj)?
i ijk

() (ZX”>

which can be rewritten in the form of (18) with

—1

_ ~ 1 — —_

Djj(Wik, Hyj, W, H) = 2<Z(WH)M> (Wig Hyey) ™ (Wip, Hy)?
prq

Xij -1 o
— = (WH), W Hyj In(W;, H;j)
qu Xpq ’ ! !

_CZqu Wit Hyj In(Wyp, Hyj)

) Z(W’ﬁ)pq - (Wik He) ™ (Wi Hi)?
pq

C Derivation of Upper Bound for Multiplicative Update Rule
Obtained from Kullback-Leibler Divergence With Regularization
Term

For the first multiplicative update rule shown in Table 3, which is obtained from Kullback-
Leibler divergence with the regularization term, we derive an upper bound for f;x (W, H)
on Fe. By simple mathematical manipulations, we have the following inequalities:

Xij 1 %
22 qu (WH) Hyj+ C g Xpg 22 Higj

Fir(W, H) < Wi CZW(WH)pq S, s

=

X,
it WHG ey Y X,

O WH)p s, ey | 50 (WH) g

< Wik

Here note that

Xij -1
2 Tq X, WH);; Hij Xi;

225 Hj - XJ: 2 pq Xpa N 2q Hrq




A unified global convergence analysis of multiplicative update rules for NMF 27

and

1 1 1 1
< = < ,
YpgWH)pg 3 WiHrg Wi 30, Hig — enWyg

Therefore we have

-

En
rq

1
1 1 1 2
Fi(W, H) < Wi (63m0 + prq> :
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Erratum Sheet

Norikazu Takahashi, Jiro Katayama, Masato Seki and Jun’ichi Takeuchi, “A unified global conver-
gence analysis of multiplicative update rules for nonnegative matrix factorization”, Computational
Optimization and Applications, vol.71, no.1, pp.221-250, 2018.

1. Eq.(10) on Page 226 is not correct. It should be replaced with

I+1 l ((W(H_I))TX)’C'
Hl(cj ) H() J

T kg ((W(l+1))Tw(l+1)H(l))kj (10)
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