N
N

N

HAL

open science

Primal-Dual Algorithms for Non-negative Matrix
Factorization with the Kullback-Leibler Divergence

Felipe Yanez, Francis Bach

» To cite this version:

Felipe Yanez, Francis Bach. Primal-Dual Algorithms for Non-negative Matrix Factorization with the
Kullback-Leibler Divergence. 2014. hal-01079229

HAL Id: hal-01079229
https://hal.science/hal-01079229

Preprint submitted on 31 Oct 2014

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-01079229
https://hal.archives-ouvertes.fr

Primal-Dual Algorithms for Non-negative Matrix Factorization
with the Kullback-Leibler Divergence

Felipe Yanez and Francis Bach

INRIA — SIERRA Project-Team
Département d’Informatique de I’Ecole Normale Supérieure
Paris, France

November 29, 2014

Abstract

Non-negative matrix factorization (NMF) approximates a given matrix as a product of two
non-negative matrices. Multiplicative algorithms deliver reliable results, but they show slow
convergence for high-dimensional data and may be stuck away from local minima. Gradient
descent methods have better behavior, but only apply to smooth losses such as the least-
squares loss. In this article, we propose a first-order primal-dual algorithm for non-negative
decomposition problems (where one factor is fixed) with the KL divergence, based on the
Chambolle-Pock algorithm. All required computations may be obtained in closed form and
we provide an efficient heuristic way to select step-sizes. By using alternating optimization,
our algorithm readily extends to NMF and, on synthetic examples, face recognition or music
source separation datasets, it is either faster than existing algorithms, or leads to improved
local optima, or both.

1 Introduction

The current development of techniques for big data applications has been extremely useful in many
fields including data analysis, bioinformatics and scientific computing. These techniques need to
handle large amounts of data and often rely on dimensionality reduction; this is often cast as
approximating a matrix with a low-rank element.

Non-negative matrix factorization (NMF) is a method that aims at finding part-based, lin-
ear representations of non-negative data by factorizing it as the product of two low-rank non-
negative matrices , ; , In |2_O_0_d, two multiplica-
tive algorithms for NMF were introduced by m, one that minimizes the conventional
least-squares error, and other one that minimizes the generalized Kullback-Leibler (KL) diver-

gence (Lee and Seung, 2000).

These algorithms extend to other losses and have been reported in different applications,
e.g., face recognition (Wang et all, 2005), music analysis (Févotte et all, [2009), and text min-
ing ,@) An important weakness of multiplicative algorithms is their slow convergence
rate in high-dimensional data and their susceptibility to become trapped in poor local optima ,
M) Gradient descent methods for NMF provide additional flexibility and fast convergence

[20_0j; Eiimﬂ_al], |ZDDS; |G_il]_i§, [2llll|) These methods have been extensively studied for the mini-

mization of the least-squares error , |ZD_O_’Z|; |Klmﬁ_al,|, |2_O_08)

The goal of this paper is to provide similar first-order methods for the KL divergence Wlth up-
dates as cheap as multiplicative updates. Our method builds on the recent work of




(M) which consider the alternating direction method of multipliers (ADMM) adapted to this

problem. We instead rely on the Chambolle-Pock algorithm (Iﬂmnmmm, |2QL1|), which

may be seen as a linearized version of ADMM, and thus we may reuse some of the tools developed

by Sun_and Févottd (2014) while having an empirically faster algorithm.

1.1 Contributions

The main contributions of this article are as follows:

— We propose a new primal-dual formulation for the convex KL decomposition problem in
and an extension to the non-convex problem of NMF by alternating minimization
in [Section 3.5l

— We provide a purely data-driven way to select all step-sizes of our algorithm in

— In our simulations in on synthetic examples, face recognition or music source sepa-
ration datasets, our algorithm is either faster than existing algorithms, or leads to improved
local optima, or both.

— We derive a cheap and efficient implementation (Algorithm 2]). Matlab code is available online

at: anonymized website

2 Problem Formulation

Let V € R*™ denote the n x m given matrix formed by m non-negative column vectors of
dimensionality n. Considering 7 < min(n,m), let W € RT"™" and H € R" be the matrix factors
such that

V ~ WH.

Two widely used cost functions for NMF are the conventional least-squares error (not detailed
herein), and the generalized KL divergence

prviwen = -3 3, fu (20 1)

i=1 j=1
+3 N (W), (1)
i=1 j=1

In this work, only the KL divergence is considered. Therefore, the optimization problem is as
follows:

n‘%%,{lrllrrgzoe D(V|WH). (2)

We recall that the previous problem is non-convex in both factors simultaneously, whereas
convex in each factor separately, i.e., the non-negative decomposition (ND) problems,

minimize D(V|WH) (3)
W >0

and minimize D(V||WH), (4)
H>0

are convex.

We now present two algorithms for NMF, multiplicative updates (IL_e_e_a.nd_S_euné, |20.0.d), and

the ADMM-based approach (Sun and Févotte, [2014).




2.1 Multiplicative updates

Lee and Seung (|2_O_Od) introduced two multiplicative updates algorithms for NMF. One minimizes
the conventional least-squares error, and the other one minimizes the KL divergence.

The NMF problem, for both losses, is a non-convex problem in W and H simultaneously, but
convex with respect to each variable taken separately; this make alternating optimization tech-
niques, i.e., solving at each iteration two separate convex problems, very adapted: first fixing H to

estimate W, and then fixing W to estimate H (IngngLS_@,mQ, [20_011; Févotte et a!.|, |21)Q_Q) The

multiplicative updates algorithms (like ours) follow this approach.

For the KL divergence loss, the multiplicative update rule (IL_e_e_ams_e;md, |2_0_0_d) for W and H
is as follows and may be derived from expectation-maximization (EM) for a certain probabilistic

model (Lee and Seund, [2000; [Févotte and Cemegil, 2009):

Zzzl Ho, Vi /(WH)i,

Wi, + W; , and
ia ia 22:1 Haz/
> Wi Vi /(WH);
H, + H = L £
e e > i1 Wia

The complexity per iteration is O(rmn).

2.2 Alternating direction method of multipliers (ADMM)
Sun_and Févottd (2014) propose an ADMM technique to solve by reformulating it as

minimize  D(V||X)

subject to X =YZ
Y-W,Z-H
W >0, H>0.

The updates for the primal variables W, H, X, Y and Z are as follows and involve certain
proximal operators for the KL loss which are the same as ours in

—1
YT o« <zzT v I) <ZXT +WT+1 <Za)T( - o@))

—1
7 <YTY i I) (YTX +H+ L (YTaX _ az>)

(PYZ —ax —1) + \/(pYZ —ax — 1) +4pV
2p

X <+~

W « <Y+lay)
L +

H « <z+laz> )
L +

Note that the primal updates require solving linear systems of sizes r x r, but that the overal
complexity remains O(rmn) per iteration (the same as multiplicative updates).

The updates for the dual variables ax, vy and agz are then:

ax Oéx—i-p(X—YZ)
ay « ay+p(Y-W)
oy, Oéz—i-p(Z—H).



This formulation introduces a regularization parameter, p € R, that needs to be tuned (in
our experiments we choose the best performing one from several candidates).

Our approach has the following differences: (1) we aim at solving alternatively convex problems
with a few steps of primal-dual algorithms for convex problems, as opposed to aiming at solving
directly the non-convex problem with an iterative approach, (2) for the convex decomposition
problem, we have certificates of guarantees, which can be of used for online methods for which
decomposition problems are repeatedly solved (Lefevre et all |2QL1|) and (3) we use a different
splitting method, namely the one of (Chambolle and Pock (IZD_]_]J), which does not require matrix

inversions, and which allows us to compute all step-sizes in a data-driven way.

3 Proposed Method

In this section we present a formulation of the convex KL decomposition problem as a first-order
primal-dual algorithm (FPA), followed by the proposed NMF technique.

3.1 Primal and dual computation

We consider a vector a € R and a matrix K € Rﬁxq as known parameters, and 2 € RY as an
unknown vector to be estimated, where the following expression holds,

a~ Kz,

and we aim at minimizing the KL divergence between a and Kx.

This is equivalent to a ND problem as defined in Problems (@) and (), considering a as a
column of the given data, K as the fixed factor, and x as a column of the estimated factor, i.e., in
a and x are column vectors of V' and W' with the same index and K is H', and
in a and x are columns of V and H with the same index and K is W.

The convex ND problem with KL divergence is thus

p p
minimize — Z a; (log(K;z/a;) + 1) + Z Kz, (5)

q
veRy i=1 i=1

which may be written as

migier)r(lize F(Kz)+ G(x), (6)
with
F(z) = =Y a;(log(zi/a;) + 1)
i=1

p
G(x) = 1xt0+ZKﬂ-
i=1

Following [Pock et all (2009); IChambolle and Pock (2011), we obtain the dual problem

maximize — F*(y) — G*(—K"y),
yey

with
F'(y) = sup {yTz - F(Z)} = - Zp:ai log (—y;)
=1
G*(y) = sup {yTw - G(w)} = Ly<KT1-
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We then get the dual problem

.. T
ngz_xﬁnjulz(eTl a'log (—y). (7)

In order to provide a certificate of optimality, we have to make sure that the constraint
KT(—y) = K1 is satisfied. Therefore, when it is not satisfied, we project as follows:
T T
y < y/max{K (-y)o K 1},

where © represents the entry-wise division operator.

3.2 Primal-dual algorithm

The general FPA framework of the approach proposed by (Chambolle and Pock for [Problem (6)]is
presented in

Algorithm 1: First-order primal-dual algorithm.

Select K € RE*? z € RY, 5 > 0, and 7 > 0;
Set T =x5q9 =z, and y = Kux;

for N iterations do
Y < ProX,p«(y — o K7);
T prox,.q(x — 7K*y);
T4 20 — Toid;
Told < T;

end

return z* = z.

requires the computation of proximal operators prox, z-(y) and prox.,.,(z). These
are defined as follows:

o=yl
prox,p«(y) = argmin{ ——— + F*(v) », and
v 20
2
prox (r) = argmin {M + G(u)} .
u 2T

For further details, see (Boyd and Vandenberghé, 2004; Rockafellatl, [1997).

Using the convex functions F* and G, we can easily solve the problems for the proximal
operators and derive the following closed-form solution operators

1
prox,p-(y) = 3 <y —\Vyouy +40a> , and
prox (z) = <x - TKT1>
+

The detailed derivation of these operators may be found in the [Appendix] the first one was already
computed by Sun and Févottd (2014).




3.3 Automatic heuristic selection of ¢ and 7

In this section, we provide a heuristic way to select o and 7 without user intervention, based on the

convergence result of (Chambolle and Pock (l20_ll|, Theorem 1), which states that (a) the step-sizes
have to satisfy 70|/ K||? < 1, where || K|| = max{||Kz| : € X with ||z|| < 1} is the largest singular
value of K; and (b) the convergence rate is controlled by the quantity

B S
20 27 ’
where (z*,y*) is an optimal primal/dual pair. If (z*,y*) was known, we could thus consider
the following minimization problem with the constraint 7o | K|* < 1:

%12 _x]2
minl!yo v +on ol

0,7 20 2T
. x|12 _ ax|2
o 20‘ 2

Applying first order conditions, we find that
g lyo—yil t w2t L
[0 — = | K] lyo — y*Il [1K]

However, we do not know the optimal pair (z*,y*) and we use heuristic replacements. That
is, we consider the unknown constants « and (3, and assume that z* = a1 and y* = 51 solve
Problems ({)) and (7). Letting (x¢,y0) = (0,0) we have

lzo —2*|| = laly/g and |lyo — y”|| = [B]v/P-

Plugging z* to [Problem (5)| we are able to find that a = llTTI?l > 0. Now, using optimality
conditions: y* o (Kx*) = —a, we obtain f = —1.

The updated version of the parameters is:

\/ﬁ 1 d q «
c=,]/-—— and 7= ,/-"——.
q ol K| p K]l

Finally, an automatic heuristic selection of step sizes ¢ and 7 is as follows:

o= \/7_72?:1[(2‘1 and T — \/‘_121;:1@@'

 VAIK Y a VPIKIZ, K

Note the invariance by rescaling of a and K.

3.4 Implementation

The proposed method is based on[Algorithm 1] The required parameters to solve each ND problem
are

 [Problem (3] " K H

ma — (VT)Z. T (WT)Z



1TH1
la%w/ 1T |H|| m K+~ W

1TvT s r < H,;

BT Vi er1||H||
o [Problem (4)

-a%Vi

1Twi
"o =W

17V,
T \/71TW1||W||

The previous summary treats each ND problem by columns. For algorithmic efficiency, we
work directly with the matrices, e.g., a € R}*™ instead of R’,. We also include normalization
steps such that the columns of W have sums equal to 1. The stopping criteria is enabled for
maximum number of iterations (access to data) and for duality gap tolerance.

3.5 Extension to NMF

A pseudo-code of the first-order primal-dual algorithm for non-negative matrix factorization can
be found in [Algorithm 2] It corresponds to alternating between minimizing with respect to H and
minimizing with respect to W. A key algorithmic choice is the number of inner iterations iteryp
of the convex method, which we consider in

The running-time complexity is still O(rnm) for each inner iterations. Note moreover, that
computing the largest singular value of H or W (required for the heuristic selection of step-sizes
everytime we switch from one convex problem to the other) is of order O(r max{m,n}) and is thus
negligible compared to the iteration cost.

3.6 Extension to topic models

Probabilistic latent semantic analysis dﬂgfmanﬂ, |_19_QQ) or latent Dirichlet allocation (M,

), generative probabilistic models for collections of discrete data, have been extensively used
in text analysis. Their formulations are related to ours in where we just need to
include an additional constraint: 172 = 1. In this sense, if we modify G, i.e., G(z) = {172 =
1; =0} + 1T Kz, we can use to find the latent topics. It is important to mention
that herein prox,;(x) does not have a closed solution, but can be efficiently solved with dedicated

methods for orthogonal projections on the simplex (IMam]@n_am;ig_ﬂfm]_d, |_19ﬁg)

4 Experimental Results

The proposed technique was tested on synthetic data, the CBCL face images database and a music
excerpt from a recognized jazz song by Louis Armstrong & His Hot Five. The performance of
the proposed first-order primal-dual algorithm (FPA) was compared against the traditional mul-
tiplicative updates algorithm (MUA) by LLee and Seung (IZDDﬂ) and the contemporary alternating

direction method of multipliers (ADMM) by [Sun and Févotte (2014). The three techniques were
implemented in Matlab.

4.1 Synthetic data

A given matrix V of size n = 200 and m = 1000 is randomly generated from the uniform distribu-
tion ¢(0, 750). The low-rank element was set to r» = 15. Initializations Wy and Hy are defined by
the standard normal distribution’s magnitude plus a small offset.

4.1.1 ND problem

To examine the accuracy of our method, we first apply to convex ND problems for
fixed values of n, m and r, solving separately Problems (3)) and (). For both problems, we set



Algorithm 2: Proposed technique.

Select V € R*™, Wy € R, and Hy € R™;
Set W =W =W, =W, H=H =H,; = Hy, and x = WH;
while stopping criteria not reached do

Normalize W and set o0 = /2 1T1\;FH1HH 1, 7=.,/L 1T11T{¥”TH” 1, and H(—x ") < H1;

for iteryp iterations do

X —x —oo(WH)'
XT%%<XT—\/XTOXT—|—4JOVT);
W'« (WT—TO(H(XT—{—I)))Jr
Wl —2w' —-w/

W/, WT;

end
. T T
Normalize H and set o = \/él%viml’ T = \/2#1\”]“,”1, and WT(—y) < W1,

for iteryp iterations do

X<—x—ao(WI:I);

X3 (x—Vxox+dooV);
H(—(H—TO(WT(X+1)))+
I:I<—2H—H01d;

Hyq <+ H;

end

end

return W* =W, and H* = H.

the number of iterations of the traditional MUA and contemporary ADMM to 1200, as well as
for the proposed FPA. Optimal factors W* and H* are obtained by running 5000 iterations of
the MUA, starting from Wy and Hg. For the first ND problem, we fix H to H* and estimate W
starting from Wy; for the second one, we fix W to W* and estimate H from Hy. The optimal
regularization parameter of ADMM, the tuning parameter that controls the convergence rate, is
p = 0.15 (small values imply larger step sizes, which may result in faster convergence but also
instability). present us the distance to optimum of MUA and ADMM, as well as for
the primal and dual of our technique that reveals strong duality. The FPA and ADMM algorithm
converge to the same point, whereas the MUA exhibits slow convergence. Note moreover the
significant advantage towards our algorithm FPA, together with the fact that we set automatically

all step-sizes. In we illustrate the distance to optimum versus time of the three
methods.

4.1.2 NMF problem

The setting is slightly different as in the ND experiment, we increased the problem dimension to
n = 250, m = 2000 and r = 50, and repeat both previously presented experiments. For all methods,
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Figure 1: ND on synthetic data. (a-b) Distance to optimum versus iteration number. Distance to
optimum reveals the difference between the values of the objective function and optimal point, p*.
In the case of the dual function values, the distance to optimum is the difference between p* and
the dual points. (c-d) Distance to optimum versus time.

we set the number of iterations to 3000. The parameter iteryp indicates the number of iterations
to solve each ND problem. We set iteryp to 5 iterations. To have a fair comparison between
algorithms, for FPA, the number of iterations means access to data, i.e., we use 5 iterations to solve

(as well as for [Problem (4)]), and repeat this 600 times. The optimal regularization
parameter of the ADMM is here p = 1.

In[Figure 2 we present the objective function of the three algorithm for the non-convex[Problem (2)]
The MUA initially reports high decrement in the objective, but as time increases it exhibits evi-
dent slow tail convergence. The FPA primal objective decreases dramatically in only seconds (few
iterations), and furthermore, it presents fast tail convergence achieving the lowest objective value.
The ADMM has poor initial performance, but then achieves an optimal value similar to the one
obtained by FPA. In order to show that FPA converges faster and with lower computational cost,
we store the cost function values and computation times at each iteration. The total time required
by the FPA was 190s, whereas 205s by the ADMM and 473s by the MUA. Then we analyze the
ADMM and MUA for the same time 190s (the vertical dotted line in , i.e., 2786 and
1211 iterations, respectively: the competitive algorithms have a significantly larger cost function
for the same running time. The result of this experiment is illustrated in The results
considering the objective function versus iteration number may be found in the

4.1.3 NMF with warm restarts

The problem dimension is n = 150, m = 2000 and r; = 50. We run 3000 iterations of each method
using initializations W and Hy; then we increase ten times the low-rank element, ro = 100; and
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Figure 2: NMF on synthetic data. Recall that the dual function is not presented due to the
non-convexity of the NMF problem.

finally run 2000 more iterations, producing Wo and Hs. The idea is to use as initializations the
estimations obtained after the first 3000 iterations, W1 and Hj, considering that the low-rank
element changed. A trivial solution could be to include random entries so that W; and H; have
the proper dimensions, but that increases the objective value, diminishing the estimations. On
the other hand, if we include zero entries so that Wy and H; have the proper dimensions, we
would be in a saddle-point where none of the algorithms could perform. However, if we set only
one factor with zero entries, [Wy, c1] € R"*" with ¢ = 0, and the other one with non-zero values,
[Hy;v] € R™*™ we still maintain the same last objective value and perform FPA. In this situation,
MUA cannot perform either (because of the absorbing of zeros), therefore we try some values of
¢ to run the algorithm. illustrates the proposed experiment. Notice that as ¢ — 0, the
MUA starts to get stuck in a poor local optima, i.e., the one obtained with W1 and H;. ADMM
has a similar behavior as FPA, therefore, it is not displayed.

10 . .
—8—MUAC=1
c —8— MUACc=0.01
ie) MUA ¢ = 0.0001
‘g‘ —A—FPA (iter, /=5)c=0
4
2 10°¢
(0]
=
2
S
3
10}

1000 2000 3000 4000 5000
Number of iterations

Figure 3: NMF with warm restarts on synthetic data. Value of the objective function at each
iteration.

4.2 MIT-CBCL Face Database #1

We use the CBCL face images database (@, ) composed of m = 2429 images of size n = 361
pixels. The low-rank element was set to r = 49. shows samples from the database.

Our next experiment is to determine the optimal the number of iterations for the current
database. Therefore, we run 3000 iterations of FPA, using 3, 5, 10 and 15 iterations for the ND
problem. The MUA and ADMM (p=50) algorithms are performing as well. illustrates
the decay of the objective function of the FPA, MUA and ADMM algorithms.
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Figure 4: MIT-CBCL Face Database #1 samples.
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(a) Objective function versus iteration number. (b) Objective versus iteration number (zoomed).

Figure 5: NMF on the CBCL database. Value of the objective function at each iteration solving
varying the number of iterations to solve each ND problem.
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We appreciate that setting the number of iterations to 3 yield to over-alternation, whereas using
15 or even more iterations result in an under-alternating method. Using 10 iterations reveal good
performance, but the best trade-off is obtained with 5 iterations. Therefore, we set iteryp = 5,
i.e., the number of iterations to solve [Problem (3)[ and [Problem (4)| All following results in the
MIT-CBCL Face Database #1 are with the same setting.

Finally, in [Figure 6 (a)| we present the objective function of the three algorithm for the non-
convex where all algorithms perform similarly. However, in the zoomed [Figure 6 (b)|

we can appreciate that the MUA presents the slowest convergence, whereas the proposed method
the fastest one. The results considering the objective function versus iteration number may be

found in the

: 10 ,
—8— MUA —— MUA
S .6 —&— ADMM (p = 50) c —— ADMM (p = 50)
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e e
2 2
o o
= =
S ©
jod 8
., 9
O 107} o
0 2 2 3
10 10 10 10
Time (s) Time (s)
(a) Objective function versus time. (b) Objective function versus time (zoomed).

Figure 6: NMF on the CBCL face image database.

4.3 Music excerpt from the song “My Heart (Will Always Lead Me Back to
You)”

The last experiment is to decompose a 108-second-long music excerpt from “My Heart (Will Always
Lead Me Back to You)” by Louis Armstrong & His Hot Five in the 1920s (I&;mml_l, Iz)ﬂﬂ)
The time-domain recorded signal is illustrated in

1

0.5}

0

Amplitude

-0.57

0 20 40 60 80 100
Time (s)

Figure 7: Time-domain recorded signal.

The recording consists of a trumpet, a double bass, a clarinet, a trombone, and a piano. The
recorded signal is original unprocessed mono material contaminated with noise. The signal was
downsampled to 11025 kHz, yielding 1,19x10% samples. The Fourier Transform of the recorded
signal was computed using a sinebell analysis window of length 23 ms with 50% overlap between
two frames, leading to m = 9312 frames and n = 129 frequency bins. Additionally, we set r = 10.

illustrates the previously described spectrogram.
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Figure 8: Log-power spectrogram.

The decomposition of the song is produced by the three algorithms. We initialize them with
the same random values Wy and Hy. For a fair competition, the number of iterations is set to
5000 for MUA and ADMM, and for our algorithm FPA we consider it as access to data, i.e., we
use 5 iterations for the ND, repeating it 1000 times. For comparison, we measure the computation
time of the three techniques. FPA has a run time of 13 min, whereas the ADMM (p = 10) one of
15 min and the MUA one of 80 min.

5
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c —— - | —-—
S —L— égf’;ﬂmé&[, io5)) 8 [ —8— ADMM (p = 10)
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g |
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(a) Objective function versus time. (b) Objective function versus time (zoomed).

Figure 9: NMF on an excerpt of Armstrong’s song.

In this experiment, illustrates the evolution of the objective of the three techniques
along time. Initially the MUA obtained the lowest objective value, but as previously discussed,
as the number of iterations increases the MUA starts exhibiting evident slow tail convergence and
since approximately 100s it is reached by the FPA and shows no further substantial decrement,
i.e., it gets stuck in a worse local optima. FPA converges to a slight lower cost value, overpassing
MUA. Finally, ADMM reveals a slow initial performance on this dataset, but later converges to
a similar point as the previous algorithms. The results considering the objective function versus

iteration number may be found in the

5 Conclusion

We have presented an alternating projected gradient descent technique for NMF that minimizes
the KL divergence loss; this approach solves convex ND problems with the FPA. Our approach
demonstrated faster convergence than the traditional MUA by Lee and Seung (2000) and contem-
porary ADMM by |Sun_and Févottd (|2_Ql_4|) The FPA introduces a new parameter, the number of
iterations for each convex ND problem. Experiments reveal that the number of iterations is mostly
bounded between 3 and 10 iterations, which leads to a trivial tuning by the user. Therefore, our
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algorithm affords reasonable simplicity, where further user manipulation is not required. Finally,
an extension to latent Dirichlet allocation and probabilistic latent semantic indexing can be easily
implemented using our proposed method, thus allowing to go beyond the potential slowness of the
expectation-maximization (EM) algorithm.
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Appendix

Derivation of proximal operators

The definition of the proximal operator of F* and G, i.e., (I + c0F*)"!(y) and (I + 70G)~!(z),

respectively, is as follows (Pock et all, 2009; [Chambolle and Pock, |2QL1|)

20
Ju — x|
2T

v —ull2
(I +00F") Y(y) = arg min {M + F*(v)} , and
(I+70G) ' (z) = arg mgn { + G(u)} ,

where 0F* and OG are the subgradients of the convex functions F* and G.

To facilitate the computation of (I + cdF*)~1(y), we consider Moreau’s identity

-1

y = (I+70F) " (y)+o <I+ %w) (%)
= Prox,p-(y) + o proxp/,(y/o).

Let us consider the variable v € ), and using Moreau’s identity, we can compute

pProx,p-(y) = y— 0 Pproxp,(y/o)

2
= y—aargmin{z Hv— gH —|—F(v)}
v 2 o

o
2

n 2

_ : ol o 2uy Y v;

= y—UaTgmUm{El§<Ui—T+U—g>—ai<log<a—i>+1>}
1=

n
) o
= y—aargmvm{g —v?—yivi—ailog(vi)}.

i=1

= y—aargmin{
v

Applying first order conditions to obtain the minimum:

d (o a;
d—vi{gvf—yivi—ailog(vi)}:o = ov; yl_v_;:O
— av?—yzvz—al—o
yi £ 1/y? + 4oa;
— Vi =

l
<
|

Y
o

Finally, the proximal operator is as follows:

1
prox,p«(y) = 3 < - \/yoy—{—llaa) .

For the second proximal operator, we consider u € X and compute prox (z) as
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pu— — K'
argrgng{ 5 + E iU
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= <x — TKT1>

+ G(u)}

prox,g(z) = arggltlg{

+

Synthetic data: additional results
NMF problem

A given matrix V of size n = 250 and m = 2000 is randomly generated from the uniform distribu-
tion (0, 750). The low-rank element was set to » = 50. For the three methods, we set the number
of iterations to 3000. We set iterp to b iterations. The optimal tuning parameter of the ADMM
is here p = 1. In we present the objective function versus iteration number of the three
algorithms for the non-convex NMF problem.

10 4

10 ‘ 10 ‘ ‘
—8— MUA —&— MUA
c —@— ADMM (p = 1) c —8— ADMM (p=1)
2 —AFPA (iter  =5) o —A— FPA (iter,  =5)
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2 O e ———
8 10° 3
i) o
o (@)
— . K
10° 10° 2500 2600 2700 2800 2900 3000
Number of iterations Number of iterations
(a) Objective versus iteration number. (b) Zoomed version.

Figure 10: NMF on synthetic data. It is important to recall that the dual function is not presented
due to the non-convexity of the NMF problem.

MIT-CBCL Face Database #1: additional results
ND problem

We solve convex ND problems for fixed values of n, m and r, setting the number of iterations of
all algorithms to 1500. Optimal factors W* and H* are obtained by running 5000 iterations of the
MUA. The optimal tuning parameter of the ADMM is here p = 0.1. [Figure 11 (a-b)|presents us the
distance to optimum of the MUA and ADMM, as well as for the primal and dual of our technique
that reveals strong duality in all experiments. In [Figure 11 (c-d)| we illustrate the distance to
optimum versus time of the three methods.

NMF problem

For all methods, we set the number of iterations to 3000. We set iteryp to 5 iterations. The
optimal tuning parameter of the ADMM is here p = 50. In we present the objective
function versus iteration number of the three algorithms.

Features learned from the CBCL face image database

The features learned from the CBCL face image database obtained with the three algorithms is
presented in The figure reveals the parts-based learned by the algorithm, i.e. W.
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Figure 11: Distance to optimum versus (a-b) iteration number, and (c-d) time.
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Figure 12: NMF on the CBCL face image database.

“My Heart (Will Always Lead Me Back to You)”: additional results
ND problem

We solve convex ND problems for fixed values of n, m and r, setting the number of iterations of
all algorithms to 2000. Optimal factors W* and H* are obtained by running 5000 iterations of the
MUA. The optimal tuning parameter of the ADMM is here p = 0.5. [Figure 14 (a-b)|presents us the
distance to optimum of the MUA and ADMM, as well as for the primal and dual of our technique
that reveals strong duality in all experiments. In [Figure 14 (c-d)} we illustrate the distance to
optimum versus time of the three methods.

NMF problem

For all methods, we set the number of iterations to 5000. We set iteryp to 5 iterations. The
optimal tuning parameter of the ADMM is here p = 10. In we present the objective
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(a) MUA. (b) ADMM. (c) FPA.

Figure 13: Features learned from the CBCL face image database.
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Figure 14: Distance to optimum versus (a-b) iteration number, and (c-d) time.

function versus iteration number of the three algorithms.

19



—8— MUA 4.6 + VUA :
c —@— ADMM (p = 10)
_% —A— FPA (iter  =5) é I ’ég&"méﬁ; ; 2
5 2 4.55(
o
g s |
10t S 4.5}
5 £
© o
5 . & 4.451 ‘ —— A
10 10 4000 4200 4400 4600 4800 5000
Number of iterations Number of iterations
(a) Objective versus iteration number. (b) Zoomed version.

Figure 15: NMF on an excerpt of Armstrongs song.

Features learned from the song

The decomposition of the song by Louis Armstrong and band obtained with the proposed FPA
is presented in revealing the parts-based learned by the algorithm, i.e., W. The time-

domain signal is recovered from Wiener filtering (Févotte et alJ, Q)DQ)
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Figure 16: Decomposition of Louis Armstrong and band song.
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