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1. Introduction

In machine learning, nonnegative matrix factorisation
(NMF) was introduced by Lee and Seung [1] as an alternative
to k-means clustering and principal component analysis
(PCA) for data analysis and compression (also see [2]). In
NME given a W X K nonnegative matrix X = {x, .}, where
v=1:W,7 =1:K, we seek positive matrices T and V such
that

Xy = [TV]v,r = Ztv,ivi,r) (1)

where i = 1 : I. We will refer to the W x I matrix T as the
template matrix, and I X K matrix V the excitation matrix.
The key property of NMF is that T and V are constrained
to be positive matrices. This is in contrast with PCA, where
there are no positivity constraints or k-means clustering
where each column of V is constrained to be a unit vector.
Subject to the positivity constraints, we seek a solution to the
following minimisation problem:

* .
(T,V)" =arg min DXIITV). (2)

Here, the function D is a suitably chosen error function. One
particular choice for D, on which we will focus here, is the

information (Kullback-Leibler) divergence, which we write
as

DXIIA) = _z (xv,r logi%r - AV,T + xv,r)- (3)

T T

Using Jensen’s inequality [3] and concavity of logx, it can
be shown that D(-) is nonnegative and D(X||A) = 0 if and
only if X = A. The objective in (2) could be minimised by
any suitable optimisation algorithm. Lee and Seung [1] have
proposed a very efficient variational bound minimisation
algorithm that has attractive convergence properties and
which has been successfully applied in various applications
in signal analysis and source separation, for example, [4-6].
The interpretation of NMF, like singular value decom-
position (SVD), as a low rank matrix approximation is
sufficient for the derivation of a useful inference algorithm;
yet this view arguably does not provide the complete picture
about assumptions underlying the statistical properties of X.
Therefore, we describe NMF from a statistical perspective
as a hierarchical model. In our framework, the original
nonnegative multiplicative update equations of NMF appear
as an expectation-maximisation (EM) algorithm for maxi-
mum likelihood estimation of a conditionally Poisson model
via data augmentation. Starting from this view, we develop
Bayesian extensions that facilitate more powerful modelling
and allow more sophisticated inference, such as Bayesian
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model selection. Inference in the resulting models can be
carried out easily using variational (structured mean field) or
Markov Chain Monte Carlo (Gibbs sampler). The resulting
algorithms outperform existing NMF strategies and open up
the way for a full Bayesian treatment for model selection
via computation of the marginal likelihoods (the evidence),
such as estimating the dimensions of the template matrix
or regularising overcomplete representations via automatic
relevance determination.

2. The Statistical Perspective

The interpretation of NMF as a low-rank matrix approxima-
tion is sufficient for the derivation of an inference algorithm;
yet this view arguably does not provide the complete
picture. In this section, we describe NMF from a statistical
perspective. This view will pave the way for developing
extensions that facilitate more realistic and flexible modelling
as well as more sophisticated inference, such as Bayesian
model selection.

Our first step is the derivation of the information diver-
gence error measure from a maximum likelihood principle.

We consider the following hierarchical model:
T ~p(T |60, V~p(V]e), (4)

Xy = st,i,r- (5)
i

Syix ~ PO(Syizs bivie)s

Here, @ (s;A) denotes the Poisson distribution of the ran-
dom variable s € Ny with nonnegative intensity parameter A,
where

PO(s;A) = exp(slogh — A —logI'(s + 1)) (6)

and I'(s + 1) = s! is the gamma function. The priors p(T |
-) and p(V | -) will be specified later. We call the variables

Si = {syir} latent sources. We can analytically marginalise
out the latent sources S = {S; - - - St} to obtain the marginal
likelihood

log p(X | T, V) =log > p(X | $)p(S| T, V)
S

=log[ [PO (xv,‘r; D byis Vi,r)
T i

= > > (% log[TV],, — [TV],,

(7)

—logT (x,, +1)).

This result follows from the well-known superposition
property of Poisson random variables [7], namely, when
si ~ PO(GiA) and x = sp + s + -+ + s;, then the
marginal probability is given by p(x) = PO(x;>; A;). The
maximisation of this objective in T and V is equivalent to
the minimisation of the information divergence in (3). In
the derivation of original NMF in [8], this objective is stated
first; the S variables are introduced implicitly later during the
optimisation on T and V. In the sequel, we show that this
algorithm is actually equivalent to EM, ignoring the priors

p(T|-)and p(V [ -).
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2.1. Maximum Likelihood and the EM Algorithm. The log-
likelihood of the observed data X can be written as

Lx(T,V) =log > p(X | p(S| T, V)
N

p(X,S| T, V) (8)

> >'q(8)log 20S) = Bemlql,
S

where g(S) is an instrumental distribution, that is arbitrary
provided that the sum on the right exists; g can only vanish
at a particular S only when p does so. Note that this
defines a lower bound to the log-likelihood. It can be shown
via functional derivatives and imposing the normalisation
condition >’¢q(S) = 1 via Lagrange multipliers that the lower
bound is tight for the exact posterior of the latent sources,
that is,

argr;l(%)XJBEM[Q] =p(SIX,T,V). )

Hence the log-likelihood can be maximised iteratively as
follows:

E Step ()" = p(S| X, T, vn-D),

M Step (T™, V™) = arg nTl);‘l/x(logp(S,X | T, V) g5y
(10)

Here, (f(x))P(x) = | p(x) f(x)dx, the expectation of some
function f(x) with respect to p(x). In the E step, we compute

the posterior distribution of S. This defines a lower bound on
the likelihood

3(")(T,V | T(n—l))V(nfl)) = (log p(§,X | T, V))q(s)m.
(11)

For many models in the exponential family, which includes
(5), the expectation on the right depends on the sufficient

statistics of q(S)(m and is readily available; in fact calculating
q(S) should be literally taken as calculating the sufficient
statistics of g(S). The lower bound is readily obtained as a
function of these sufficient statistics, and maximisation in the
M Step yields a fixed point equation.

2.1.1. The E Step. To derive the posterior of the latent
sources, we observe that

pSX|T,V)

X, T,V) = .
pS| V) (X T, V)

(12)

For the model in (5), we have

logp(S,X | T, V)

= Z Z (Z ( —byiVirtSyir log(tv,ivi,r) - log r (Sv,i,r +1 ) )

+logé (xm - Zs,,),;, ))

(13)
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It follows from (5), (12), (13), and (7)
logp(S1X,T,V)

by,iVir
= Z Z (Z (Sv,i,r log<ﬁ) —logT(s)r + 1))
+1logT (%, +1) + logé(xw - st’l.‘T))
i

= Z Zlog M (Sv,l,‘n s SY Ly Xy Pl e va,I,r))
v T
(14)

where pyir: = tvi/D st Vi are the cell probabilities.
Here, M denotes a multinomial distribution defined by
pid(s=s)

M(s;x,p) = <S1 5 - * )Pl Py

= 5(x— Zs)x'np’
i=1 St s

where s = {s1,$,...,51}, P = {pl,pz,. .. ,p]}, and pr+p2+t

-+ pr = 1. Here, p;, i = 1- - - I are the cell probabilities,
and x is the index parameter where s; + s, + - - - + 57 = x.
The Kronecker delta function is defined by §(x) = 1 when
x = 0, and 8(x) = 0 otherwise. It is a standard result that the
marginal mean is

(si) = xpis (16)

that is, the expected value of each source s; is a fraction of the
observation, where the fraction is given by the corresponding
cell probability.

2.1.2. The M Step. Tt is indeed a good news that the posterior
has an analytic form. Since now the M step can be calculated
easily as follows:

(log p(§, X | T, V)>p(S\X,T,V)

= ZZ <Z( — tyiViet (Syir) 10g (t,ivir) — (log T (sy,iz +1)))
+ <log 1) (xm — Zi:sv,u) > )

Fortunately, for maximisation with respect to T and V, the
last two difficult terms are merely constant, and we need only
to maximise the simpler objective

Q(T,V) = ZZ <Z = byiVir + <5v,i,r>(n) log(tv,ivi,r)))>
(18)

(17)

where we only need the expected value of the sources given
by the previous values of the templates and excitations:

(n), (n)
t, i V;
= Xy, — 20T (19)

(5v,i,r>(n) T
St

Maximisation of the objective Q and substituting (sq,,,;r)(")
give the following fixed point equations:

S {snir)”
T VZT
atv, Z” b

(n) (
(n+1) zr<5v,i,r>(n) _ zrxvrv /z tn ;

tw zrvf,’? V 1 eri,r )
(20)
_ Zt(n 5vzr>(n)
av,T Vi ’
y > <51/z(r>(n _ 1(2 Zv xw/zz ”,)
: thn th(n

Equation (20) is identical to the multiplicative update rules of
[8]. However, our derivation via data augmentation obtains
the same result as an EM algorithm. It is interesting to note
that in literature, NMF is often described as EM-like; here, we
show that it is actually just an EM algorithm. We see that the
efficiency of NMF is due to the fact that the W X I x K object
(S) needs not to be explicitly calculated as we only need its
marginal statistics (sums across 7 or v).

We note that our model is valid when X is integer valued.
See [9] for a detailed discussion about consequences of this
issue. Here, we assume that for nonnegative real valued X R
we only consider the integer part, that is, we let X=X+ E,
where E is a noise matrix with entries uniformly drawn in
[0, 1). In practice, this is not an obstacle when the entries of
X are large.

The interpretation of NMF as a maximum likelihood
method in a Poisson model is mentioned in the original
NMEF paper [1] and discussed in more detail by [5, 10]. The
equivalence of NMF and probabilistic latent sematic analysis
is shown in [11]. Kameoka in [5] focuses on the optimisation
and gives an equivalent description using auxiliary function
maximisation. In contrast, the auxiliary variables can be
viewed as model variables (the sources s) that are analytically
integrated out [10]. A general framework is described in
[12]. Prior structures are placed on conditionally Gaus-
sian NMF models to enforce sparsity in [13]. However,
all of these approaches are based on regularisation, that
is, aim at calculating a maximum a posteriori estimate.
In contrast, we provided in this article a full Bayesian
treatment where the templates and excitations are integrated
out.

2.2. Hierarchical Prior Structure. Given the probabilistic
interpretation, it is possible to propose various hierarchical
prior structures to fit the requirements of an application.
Here we will describe a simple choice where we have a
conjugate prior as follows:

by
g(w,f;azp atf). (21)

1,7

b
. At Wl
tV,i ~ 9’ (tv,i) aq/,i) at )) Vi,T ~

V1
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FIGUure 1: (a) A schematic description of the NMF model with
data augmentation. (b) Graphical model with hyperparameters.
Each source element s,;, is Poisson distributed with intensity
t,ivir. The observations are given by x,, = >s,;,. In matrix
notation, we write X = > ;. We can analytically integrate out
over S. Due to superposition property of Poisson distribution,
intensities add up, and we obtain (X) = TV. Given X, the NMF
algorithm is shown to seek the maximum likelihood estimates of
the templates T and excitations V. In our Bayesian treatment, we
further assume that elements of T and V are Gamma distributed
with hyperparameters ©.

Here, § denotes the density of a gamma random variable x €
R, with shape a € R, and scale b € R, defined by

X

G(x;a,b) = exp((a —1)logx — A

logT(a) — alog b).
(22)

The primary motivation for choosing a Gamma distribution
is computational convenience: Gamma distribution is the
conjugate prior to Poisson intensity. The indexing highlights
the most general case where there are individual parameters
for each element t,; and v;;. Typically, we do not allow
many free hyperparameters but tie them depending upon
the requirements of an application. See Figure 1 for an
example. As an example, consider a model where we tie
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G(x;a,1/a)

0 02 04 06 038 1 1.2 14 16 18 2

F1GURE 2: (Left) The family of densities p(v;a,b = 1) = §(v;a, b/a)
with the same mean (v) = b = 1. Small values of a (for a < 1)
enforce sparser representations, and large values of a ~ 100 tie all
values to be close to a nonzero mean (nonsparse representation).

the hyperparameters such as a); = a, by; = V', a}, =

i,T
a’yand b, = b" fori = 1---I, v = 1---W, and
7 = 1--- K. This model is simple to interpret, where each
component of the templates and the excitations is drawn
independently from the Gamma family shown in Figure 2.
Qualitatively, the shape parameter a controls the sparsity
of the representation. Remember that 4(x;a,b/a) has the
mean b and standard deviation b/./a. Hence, for large a,
all coefficients will have more or less the same magnitude
b, and typical representations will be full. In contrast, for
small a, most of the coefficients will be very close to zero, and
only very few will be dominating, hence favouring a sparse
representation. The scale parameter b is adapted to give the
expected magnitude of each component.

To model missing data, that is, when some of the x, , are
not observed, we define a mask matrix M = {m, ;}, the same
size as X where m,, = 0, if x,, is missing and 1 otherwise
(see Appendix A.4 for details). Using the mask variables, the
observation model with missing data can be written as

pPX [ S)p(SIT,V)

My,r

= (P (xv,r | Sv,lzl,r)P (Sv,l:I,r | by1:1» Vl:I,r))
"t
(23)

The hierarchical model in (21) is more powerful than
the basic model of (5), in that it allows a lot of freedom
for more realistic modelling. First of all, the hyperparameters
can be estimated from examples of a certain class of source to
capture the invariant features. Another possibility is Bayesian
model selection, where we can compare alternative models
in terms of their marginal likelihood. This enables one to
estimate the model order, for example, the optimum number
of templates to represent a source.

3. Full Bayesian Inference

Below, we describe various interesting problems that can
be cast to Bayesian inference problems. In signal analysis
and feature extraction with NMF, we may wish to calculate
the posterior distribution of templates and excitations,
given data and hyperparameters ® = (©',0"). Another
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(1) Initialise:

LY = E” ~ (A Bi/A)
(2) forn =1... MAXITER do
(3)  Source sufficient statistics

(4) Means
E i a1 g
EY = ol x g

(6) Means of Logs
LY = exp(¥(al)) .5 B

(8) end for

- n— n— n-1)T
Mo 10D e (X M)AV L)L

- n-1)T n— n—
s = LY e (VX M)V LYY

o = A+ 3"

o = A, +3
(5)  Optional: Compute Bound (See Appendix, (A.13))

(7)  Optional: Update Hyperparameters (See Appendix, Section A.5)

LYV = E" ~ g(-;A,,B,/A,)

B! = L/(A/B+ ME" )
B = 1./(A,./B, +E” M)

LY = exp(¥(al)) . B

ArcoriTHM 1: Variational nonnegative matrix factorisation.

important quantity is the marginal likelihood (also known
as the evidence), where

p(X | ©) = dedvzp(X 1)p(S | T, V)p(T, V | ©).
S
(24)

The marginal likelihood can be used to estimate the hyper-
parameters, given examples of a source class

OFf = argm@axp(X | ©) (25)
or to compare two given models via Bayes factors
(X 10)
1(0,0;) = “F——F—+. 26
( 1 2) P(X | @2) ( )

This latter quantity is particularly useful for comparing
different classes of models. Unfortunately, the integrations
required cannot be computed in closed form. In the sequel,
we will describe the Gibbs sampler and variational Bayes as
approximate inference strategies.

3.1. Variational Bayes. We sketch here the Variational Bayes
(VB) [3, 14] method to bound the marginal log-likelihood as

PX,S, T,V | ©)

£x(©®) = log p(X | ©) = ZJd(T, V)qlog ;
S

= (log p(X,S,V, T | @), + Hlq] = Bvslql,
(27)

where g = q(S,T,V) is an instrumental distribution, and
H{q] is its entropy. The bound is tight for the exact posterior
q(S,T,V) = p(S§,T,V | X,0) but as this distribution is
complex, we assume a factorised form for the instrumental

distribution by ignoring some of the couplings present in the
exact posterior as follows:

a(S, T, V) = q($)q(T)g(V)

_ (ﬂq()) (E[q<tv,i)) (TTatv)) = TTao

i,T acC

(28)

where @« € C = {{S8},{T},{V}} denotes set of disjoint
clusters. Hence, we are no longer guaranteed to attain the
exact marginal likelihood £Lx(®). Yet, the bound property
is preserved, and the strategy of VB is to optimise the
bound. Although the best g distribution respecting the
factorisation is not available in closed form, it turns out that
alocal optimum can be attained by the following fixed point
iteration:

gyt o exp((log p(X, S, T,V 1 ) ), (29)
where g-« = q/qa. This iteration monotonically improves
the individual factors of the g distribution, that is, 8 [q(”)] <
B[q"V] for n = 1,2,... given an initialisation q®). The
order is not important for convergence; one could visit
blocks in arbitrary order. However, in general, the attained
fixed point depends upon the order of the updates as well
as the starting point ¢()(-). We choose the following update
order in our derivations:

q($)™V oc exp((log p(X, S, T, V | @))q(T)(n)q(V)(n)),

(30)
q(T)(n+1) oc eXp((lOg p(X, S, T,V | ®)>q(s)(n+l)q(v)(n)),

(31)
q(V)(n+1) ocC eXp((lOg p(X, S, T, 14 | @))q(s)(n+l)q(T)(n+l)).

(32)

3.2. Variational Update Equations and Sufficient Statistics.
The expectations of (log p(X,S,T,V | ©)) are functions



of the sufficient statistics of g (see the expression in the
Appendix A.2). The update equation for the latent sources
(30) leads to the following:

q (SV,I:I,T) oc exp (Z (Sv,i,r ( (10g tv,i) + (lOg Vi ))

- logr(sv,i,r + 1 ) (xVT Z&/zr)

o< M(Sy,1,05- -

Xy,t5 Py,L1s - - -

s SyiTy e s Sy LT

:Pv,i,r; oo >pv,I,T))

exp((logt,;) + (logvi.))
i exp ((logt,) + (logviz))’

<5v,i,r>

pv,i,‘r =
= xv,rpv,i,r-
(33)

These equations are analogous to the multinomial posterior
of EM given in (14); only the computation of cell probabil-
ities is different. The excitation and template distributions
and their sufficient statistics follow from the properties of the
gamma distribution:

q(ty,i) o< exp((aﬁ,’i + > (i) — 1) log (t,,;)

T
af;,i
- (r + Z(Vi,r>)tv,i>
Vi T
o< G (b5 b 1o Byi)

-1

ab;=al i+ (suie), /ﬁ’i,iz(bt +> (vir ) ,
T 'Vl

exp ((logt,)) = exp(¥(a;))B) s

(ti) = &850

Q(Vi,r) oc eXp((“:‘/,r + Z(%,i,r) - 1)10g Vir

ay, V)
- (ZV’T + ;(tv,»)vur)

oc g’(Vi,ri(X}/,T: ZT)’
al -
‘X;‘,,r Ea;’,r+z<5v,i,r>1 Zr = (ﬁ"’Z(tv,z)) >
v 0T v

exp((logvir)) = exp(¥(ai,)) i

(Vie) = & B
(34)

3.3. Efficient Implementation. One of the attractive features
of NMF is easy and efficient implementation. In this section,
we derive that the update equations of Section 3.2 in compact
matrix notation are to illustrate that these attractive prop-
erties are retained for the full Bayesian treatment. A subtle
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but key point in the efficiency of the algorithm is that we
can avoid explicitly storing and computing the W X I x K
object (S), as we only need the marginal statistics during
optimisation. Consider (33). We can write

Z 51/11' varpvzr
= exp((log ;)

XZ( Xz )

(> eXP( <10g by >)6XP( <10g Vie)))

x exp((logviz)),

I = Lok ((X/(LLy))Ly).

(35)

Here, the denominator has to be nonzero. In the last line, we
have represented the expression in compact notation where
we define the following matrices:

E ={{t)}, L= {exp({logt,))},
= {z(sv,i,r>}> Ay = {af/,i}’

By = {bf/,i}) o = {“i,i}’ B, = {ﬂiz})
E,={(vir)}, Ly = {exp((logviz))},

%, = { sm>7§

B, = {be}’ B, = { :/T}

The matrices subscripted with ¢ are in RY>! and with v are
in RXK, For notational convenience, we define .* and ./ as
elementwise matrix multiplication and division, respectively,
and 1y as a W x 1 vector of ones. After straightforward
substitutions, we obtain the variational nonnegative matrix
factorisation algorithm, that can compactly be expressed as
in panel Algorithm 1.

Similarly, an iterative conditional modes (ICM) algo-
rithm can be derived to compute the maximum a posteriori
(MAP) solution (see Appendix A.4):

Vi= (A +V.x (TT((M.*x X)./(TV))))

(36)

®y = {“ZT}’

(37)
/(A,./B, + TTM),
T:=(Ar+T.% (M.xX)./(TV)VT))
(38)
J(An/Bi+ MVT).

Note that when the shape parameters go to zero, that is,
A, A, — 0, we obtain the maximum likelihood NMF
algorithm.

3.4. Markov Chain Monte Carlo, the Gibbs Sampler. Monte

Carlo methods [15, 16] are powerful computational tech-
niques to estimate expectations of form

N
E=(f(0)p = %Zf (x) = Ex, (39)
n=1
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(1) Initialize:

TO = G(-3A,B;) v
(2) forn=1... MAXITER do
(3)  Sample Sources
(4) fort=1---Ky=1---Wdo

(5)
(6)
(7)

SM(y,1:1,7)
end for

str

(8)  Sample Templates
a’ = A +3" B =
T ~ §(T; 0", ")

(9)  Sample Excitations
NN T

VO~ G (Vi B)
(10) end for

~ g(';AV»BV)

pg,ﬁ):“ =T D 1:1). % Ve U(1: L) /(T V(y,1: 1)V D(1:1,7))

(n)
~ M(S‘V,IZI,T;x‘V,T) p‘y:ql;],f)

= > S
v

1./(A,./B, + (13, T D) T1})

1./(An/Be + 1y (VD1 T)

ALGORITHM 2: Gibbs sampler for nonnegative matrix factorisation.

where xV are independent samples drawn from p(x). Under
mild conditions on f, the estimate EN converges to the true
expectation for N — oo. The difficulty here is obtaining
independent samples {x()};_;...y from complicated distri-
butions.

The Markov Chain Monte Carlo (MCMC) techniques
generate subsequent samples from a Markov chain defined by
a transition kernel 7, that is, one generates xD conditioned
on x as follows:

x(i+1)

~ T (x| xD). (40)
Note that the transition kernel 7 is not needed explicitly
in practice; all is needed is a procedure to sample a new
configuration, given the previous one. Perhaps surprisingly,
even though subsequent samples are correlated, provided
that T satisfies certain ergodicity conditions, (39) remains
still valid, and estimated expectations converge to their
true values when number of samples N goes to infinity
[15]. To design a transition kernel 7 such that the desired
distribution is the stationary distribution, that is, p(x) =
| dxX'T (x | x')p(x'), many alternative strategies can be
employed [16]. One particularly convenient and simple
procedure is the Gibbs sampler where one samples each block
of variables from full conditional distributions. For the NMF
model, a possible Gibbs sampler is

Sntl) o p(S | T V(">,X,®),
T(n+1) - P(T | V("),S(”H) X @)
V(n+1) ~ p(V | S(n+1),Tn+1 X @)

(41)

Note that this procedure implicitly defines a transition kernel
T (- | +). It can be shown [15] that the stationary distribution
of T is the exact posterior p(S,T,V | X,0). Eventually,
the Gibbs sampler converges regardless of the order that
the blocks are visited, provided that each block is visited
infinitely often in the limit n — oo. However, the rate of

convergence is very difficult to assess as it depends upon
the order of the updates as well as the starting configuration
(T, v SO Tt is instructive to contrast above (41) with
the variational update of (30)—(32): algorithmically the two
approaches are quite similar. The pseudo-code is given in
Algorithm 2.

3.4.1. Marginal Likelihood Estimation with Chib’s Method.
The marginal likelihood can be estimated from the samples
generated by the Gibbs sampler using a method proposed
by Chib [17]. Suppose we have run the block Gibbs sampler
until convergence and have N samples as follows:

{T(n)}n:I:N’ {V( {S(H)}H:I:N'

The marginal likelihood is (omitting hyperparameters ®)

n)}nzlzN’ (42)

p(V,T,8,X)

p(V.T.8 | X)" (43)

pX) =
This equation holds for all points (V,T,S). We choose
a point in the configuration space; provided that the
distribution is unimodal, a good candidate is a configuration

near the mode (YN", \N/, §). The numerator in (43) is easy to
evaluate. The denominator is

(44)

p(VES1X) = p(V I T,8X)p(T15,X)p(5 1 X)

1,90 1931 X).
The first term is full conditional, so it is available for the
Gibbs sampler. The third term is

p(S1X) = Jdv dT p(S| V,T,X)p(V,T | X)
X (45)

N (§\ v T X).

u[\/]Z



The second term is trickier

~

p(T18) = Jva(T" V.p(V18).  (46)

The first term here is full conditional. However, the original
Gibbs run gives us only samples from p(V | X), not p(V | g).
The idea is to run the Gibbs sampler for M further iterations
where we sample from (Vém), Tém)) ~p(V,T|S = S), that

is, with S clamped at S. The resulting estimate is

O -
p(T18)~ Mmzzlp(T RZER)) (47)

Chib’s method estimates the marginal likelihood as follows:
logp(X | ©) = logp(\N/, 7,8 X | 0) - logp(XN/, .5 X,0)

~logp(V,T,5,X | ®) —log p(V | T, S, 0)
M ~ ~
~log > p(T 1 V{",5,0)

m=1

N
~log > p(§| V™, T, X,0) +log(MN).
n=1

(48)

4. Simulations

Our goal is to illustrate our approach in a model selection
context. We first illustrate that the variational approximation
to the marginal likelihood is close to the one obtained from
the Gibbs sampler via Chib’s method. Then, we compare
the quality of solutions we obtain via Variational NMF
and compare them to the original NMF on a prediction
task. Finally, we focus on reconstruction quality in the
overcomplete case where the standard NMF is subject to
overfitting.

Model Order Determination. To test our approach, we gener-
ate synthetic data from the hierarchical model in (21) with
W = 16, K = 10, and the number of sources I;;ye = 5.
The inference task is to find the correct number of sources,
given X. The hyperparameters of the true model are set to
a,; = a* = 10, b}; = b' = 1, and
bj, = b” = 100. In the first experiment, the hyperparameters
are assumed to be known and in the second are jointly
estimated from data, using hyperparameter adaptation. We
evaluate the marginal likelihood for models with the number
of templates I = 1---10, with the Gibbs sampler using
Chib’s method and variational lower bound 8 via variational
Bayes. We run the Gibbs sampler for MAXITER = 10000
steps following a burn-in period of 5000 steps; then we
clamp the sources S and continue the simulation for a
further 10 000 steps to estimate quantities required by Chib’s
method. We run the variational algorithm until convergence
of the bound or 10000 iterations, whichever occurs first.
In Figure 3(a), we show a comparison of the variational
estimate with the average of 5 independent runs obtained
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FiGure 3: Model selection results. (a) Comparison of model
selection by variational bound (squares) and marginal likelihood
estimated by Chib’s (circles) method. The hyperparameters are
assumed to be known. (b) Box-plot of marginal likelihood esti-
mated by Chib’s method using 5000, 10000, and 10000 iterations
for burn-in, free, and clamped sampling. The boxes show the lower
quartile, median, and upper quartile values. (c) Model selection by
variational bound when hyperparameters are unknown and jointly
estimated.

via Chib’s method. We observe, that both methods give
consistent results. In Figure 4, we show the lower bound
as a function of model order I, where for each I, the
bound is optimised independently by jointly optimising
hyperparameters a;, by, a,, and b, using the equations derived
in the appendix. We observe, that the correct model order
can be inferred even when the hyperparameters are unknown
a priori. This is potentially useful for estimation of model
order from real data.
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FIGURE 4: Model selection using variational bound with adapted
hyperparameters on face data 16 x 16 with I* = 27 (a) and 32 x 32
with I* = 42 (b).

As real data, we use a version of the Olivetti face image
database (K = 400 images of 64 x 64 pixels available at
http://www.cs.toronto.edu/~roweis/data/olivettifaces.mat).
We further downsampled to 16 X 16 or 32 X 32 pixels, hence
our data matrix X is 16% x 400 or 32% x 400. We use a model
with tied hyperparameters as a),; = a', b}, ; = b*,a}, = a*,and
b/, = b", where all hyperparameters are jointly estimated.
In Figure 4, bottom, we show results of model order
determination for this dataset with joint hyperparameter
adaptation. Here, we run the variational algorithm for each
model order I = 1---100 independently and evaluate the
lower bound after optimising the hyperparameters. The
Gibbs sampler is not found practical and is omitted here.
The lower bound behaves as is expected from marginal
likelihood, reflecting the tradeoff between too many and too
few templates. Higher resolution implies more templates,
consistent with our intuition that detail requires more
templates for accurate representation.

We also investigate the nature of the representations
(see Figure5). Here, for each independent run, we fix
the values of shape parameters to (a’,a”) = [(10,10),
(0.1,0.1),(10,0.2),(10,0.5)] and only estimate b’ and b".
This corresponds to enforcing sparse or nonsparse t and
v. Each column shows I = 36 templates estimated from
the dataset conditioned on hyperparameters. The middle
image is the same template image above weighted with
the excitations corresponding to the reconstruction (the
expected value of the predictive distribution) below. Here,
we clearly see the effect of the hyperparameters. In the
first condition (af,a") = (10,10), the prior does not
enforces sparsity to the templates and excitations. Hence,

for the representation of a given image, there are many
active templates. In the second condition, we try to force
both matrices to be sparse with (a’,a") = (0.1,0.1).
Here, the result is not satisfactory as isolated components
of the templates are zeroed, giving a representation that
looks like one contaminated by “salt-and-pepper” noise.
The third condition ((a’,a") = (10,0.2)) forces only the
excitations to be sparse. Here, we observe that the templates
correspond to some average face images. Qualitatively, each
image is reconstructed using a superposition of a few of
these templates. In the final representation, we enforce
sparsity in the templates but not in the excitations. Here,
our estimate finds templates that correspond to parts of
individual face images (eyebrows, lips, etc.). This solution,
intuitively corresponding to a parsimonious representation,
also is the best in terms of the marginal likelihood. With
proper initialisation, our variational procedure is able to find
such solutions.

Prediction. We now compare variational Bayesian NMF with
the maximum likelihood NMF on a missing data prediction
task.

To illustrate the self regularisation effect, we set up an
experiment in which we select a subset of the face data
consisting of 50 images. From half of the images, we remove
the same patch (Figure 6) and predict the missing pixels.
This is a rather small dataset for this task, as we have only
10 images for each of the 5 different persons, and half of
these images have missing data at the same spot. We measure
the quality of the prediction in terms of signal-to-noise ratio
(SNR). The missing values are reconstructed using the mean
of the predictive distribution Xpred = (X)poxsreve) =
T*V*, where T* and V* are point estimates of the template
and excitation matrix. We compare our variational algorithm
with the classical NMF. For each algorithm, we test two
different versions. The variational algorithms differ in how
we estimate T* and V*. In the first variational algorithm,
we use a crude estimate of T* and V* as the mean of the
approximating g distribution. In the second condition, after
convergence of hyperparameters via VB, we reinitialise T and
V randomly and switch to an ICM algorithm (see (38)). This
strategy finds a local mode (T*, V*) of the exact posterior
distribution. In NME, we test two initialisation strategies: in
the first condition, we initialise the templates randomly; in
the second, we set them equal to the images in the dataset
with random perturbations.

In Figure 6, we show the reconstruction results for a
typical run, for a model with I = 100 templates. Note
that this is an overcomplete model, with twice as many
templates as there are images. To characterise the nature of
the estimated template and excitation matrices, we use the
sparseness criteria [18] of an m X n matrix X, defined as
Sparseness (X) = (y/n — (351X, )/(S ;X2 2/ (s —
1). This measure is 1 when the matrix X has only a
single nonzero entry and 0 when all entries are equal.
We see that the variational algorithms are superior in this
case in terms of SNR as well as the visual quality of the
reconstruction. This is perhaps not surprising, since with
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FiGure 5: Templates, excitations for a particular example, and the reconstructions obtained for different hyperparameter settings. B is the

lower bound for the whole dataset.

maximum likelihood estimation; if the model order is not
carefully chosen, generalisation performance is poor: the
“noise” in the observed data is fitted but the prediction
quality drops on new data. An interesting observation is that
highly sparse solutions (either in templates or excitations) do
not give the best result; the solution that balances both seems
to be the best in this setting. This example illustrates that
sparseness in itself may not be necessarily a good criteria to
optimise; for model selection, the marginal likelihood should
be used as the natural quantity.

On the same face dataset, we compare the prediction
error in terms of the SNR for varying model order I. Our goal
is to compare the prediction performance of the full Bayesian
approach with the ML-NMF for a range of conditions
(under-complete, complete, and overcomplete). The results
shown in Figure 7 are averages of several runs with hyper-
parameter adaptation and different hyperparameter tying. In
the simulations, the shape parameters are tied always as a;, =
a” (and a),; = a'). The scale parameters are untied or tied as
(b¥,bt) (across sources) or b/, b! (different for each source)

and jointly optimised. Regardless of the hyperparameter
tying structure, the results were quite similar. The best SNR
values are attained with untied scale parameters for both
excitations and templates.

We observe that, due to the implicit self-regularisation
in the Bayesian approach, the prediction performance is
not very sensitive to the model order and is immune to
overfitting. In contrast, the ML-NMF with random initial-
isation is prone to overfitting, and prediction performance
drops with increasing model order. Interestingly, when we
initialise the ML-NMEF algorithm to true data points with
small perturbations, the prediction performance in terms of
SNR improves. Note that this strategy would not be possible
for data where the pixels were truly missing. However, visual
inspection shows that the interpolation can still be “patchy”
(see Figure 6).

We observe that hyperparameter adaptation is crucial
for obtaining good prediction performance. In our simu-
lations, results for VB without hyperparameter adaptation
were occasionally poorer than the ML estimates. Good
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FIGURE 6: Results of a typical run. (a) Example images from the dataset. (b) Comparison of the reconstruction accuracy of different methods
in terms of SNR (in dB), organised according to the sparseness of the solution. (c) (from left to right). The ground truth, data with missing
pixels. The reconstructions of VB, VB + ICM, and ML-NMF with two initialisation strategies (1 = random, 2 = to image).

initialisation of the shape hyperparameters seems to be also
important. We obtain best results when initialising the shape
hyperparameters asymmetrically, for example, a” < 1 and
a' > 10 (see 3rd and 4th panels from left in Figure 5).
When the shape hyper-parameters are initialised to small
a’,a' < 1, the EM seems to get stuck in a local minima
more often. Consequently, the prediction results are poorer.
We have also carried out tests with more undercomplete
representations when the model order is low I < 10. For
these simulations, while the marginal likelihood was in
favour of the VB solutions, we have not observed statistically
significant differences between VB and ML in terms of SNR.
The SNR improvement of VB over ML was on average about
0.1 dB only.

5. Discussion and Conclusions

In this paper, we have investigated KL-NMF from a sta-
tistical perspective. We have shown that KL minimisation
formulation the original algorithm can be derived from a
probabilistic model where the observations are superposi-

tion of I independent Poisson-distributed latent sources.
Here, the template and excitation matrices turn out to
be latent intensity parameters. The interpretation of NMF
as a maximum likelihood method in a Poisson model is
mentioned in the original NMF paper [1] and discussed in
more detail by [5, 10], and [5] focuses on the optimisation
and gives an equivalent description using auxiliary function
maximisation. In contrast, [10] illustrates that the auxiliary
variables can be viewed as model variables (the sources s)
that are analytically integrated out. The relationship between
KL divergence and the Poisson distribution is not just a
lucky coincidence. There exists a duality between divergence
functions and exponential family distributions. If a cost
function is a Bregman divergence, there exists a regular
exponential family where minimising the cost corresponds
to maximum likelihood parameter estimation [19]; also see
[12] it in the context of matrix factorisation models.

The novel observation in the current article is the exact
characterisation of the approximating distribution q(S) or
full conditionals p(S | T, V,X) as a product of multinomial
distributions, leading to a richer approximation distribution
than a naive mean field or single site Gibbs (which would



12
15F é E E E-
) A %
10f |
) .
2
m 1
N A i
) g
O | . . . 1
| ) " 75 100
Model order (1)
S v ML NMF1
= VB-ICM A ML NMF2

FIGURE 7: Average SNR results for model orders I = 1,25,50,
75,100 covering undercomplete, complete, and overcomplete cases.
Comparison of VB, VB + ICM, and ML-NMF with two initialisa-
tion strategies (1 = random, 2 = to image).

freeze due to deterministic p(X | §)). This conjugate
form leads to significant simplifications in full Bayesian
integration. Apart from the conditionally Gaussian case,
NMF with KL objective seems to be unique in this respect.
For several other distance metrics D(-|-), we find that full
Bayesian inference not as practical as p(S | T, V,X) is not
standard.

We have also shown that the standard KL-NMF algo-
rithm with multiplicative update rules is in fact an EM
algorithm with data augmentation. Extending upon this
observation, we have developed an hierarchical model with
conjugate Gamma priors. We have developed a variational
Bayes algorithm and a Gibbs sampler for inference in this
hierarchical model. We have also developed methods for
estimating the marginal likelihood for model selection. This
is an additional feature that is lacking in existing NMF
approaches with regularisation, where only MAP estimates
are obtained, such as [13, 18, 20].

Our simulations suggest that the variational bound seems
to be a reasonable approximation to the marginal likelihood
and can guide model selection for NME The computational
requirements are comparable to the ML-NME A potentially
time-consuming step in the implementation of the varia-
tional algorithm is the evaluation of the ¥ function but this
step can also be replaced by a simple piecewise polynomial
approximation since exp(¥(x)) ~ x — 0.5 for x > 5.

We first compare the variational inference with a Gibbs
sampler. In our simulations, we observe that both algorithms
give qualitatively very similar results, both for inference of
templates and excitations as well as model order selection.
We find the variational approach somewhat more practical
as it can be expressed as simple matrix operations, where
both the fixed point equations as well as the bound can
be compactly and efficiently implemented using matrix
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computation software. In contrast, our Gibbs sampler is
computationally more demanding, and the calculation of
marginal likelihood is somewhat more tricky. With our
implementation of both algorithms, the variational method
is faster by a factor of around 13. Reference implementations
of both algorithms in Matlab are available from the following
url: http://www.cmpe.boun.edu.tr/~cemgil/bnmf/.

In terms of computational requirements, the variational
procedure has several advantages. First, we circumvent
sampling from multinomial variables, which is the main
computational bottleneck with the Gibbs sampler. Whilst
efficient algorithms are developed for multinomial sampling
[21], the procedure is time consuming when the number
of latent sources I is large. In contrast, the variational
method estimates the expected sufficient statistics directly
by elementary matrix operations. Another advantage is
hyperparameter estimation. In principle, it is possible to
maximise the marginal likelihood via a Monte Carlo EM
procedure [22, 23]; yet this potentially requires many more
iterations. In contrast, the evaluation of the derivatives of
the lower bound is straightforward and can be implemented
without much additional computational cost.

The efficiency of the Gibbs sampler could be improved
by working out the distribution of the sufficient statistics
of sources directly (namely, quantities > ;s,;; Or >.,8y;r)
to circumvent multinomial sampling. Unfortunately, for
the sum of binomial random variables with different cell
probability parameters, the sum does not have a simple form
but various approximations are possible [24].

Inference based on VB is easy to implement but at
the end of the day, the fixed point iteration is just a
gradient-based lower bound optimisation procedure, and
second order Newton methods can provide more efficient
alternatives. For NMF models, there exist many conditional
independence relations, hence the Hessian matrix has a
special block structure [12]. It is certainly interesting to
develop efficient inference methods that make use of the
special block structure of the Hessian matrix. However, as
our primary goal was a practical full Bayesian treatment,
we have not investigated this path yet. Another approach in
this direction is using alternative deterministic integration
techniques such as expectation propagation (EP) [25]. Those
techniques work directly on an approximation of the true
marginal likelihood rather than a bound. A related approach
known as expectation consistent (EC) inference is used with
success in related source separation problems [26].

From a modelling perspective, our hierarchical model
provides some attractive properties. It is easy to incorpo-
rate prior knowledge about individual latent sources via
hyperparameters, and one can easily capture variability in
the templates and excitations that is potentially useful for
developing robust techniques. The prior structure here is
qualitatively similar to an entropic prior [20, 27], and we
find qualitatively similar representations to the ones found
by NMF reported earlier by [1, 18]. However, none of
the above mentioned methods provide an estimate of the
marginal likelihood, which is useful for model selection. Our
generative model formulation can be extended in various
ways to suit the specific needs of particular applications. For
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example, one can enforce more structured prior models such
as chains or fields [10]. As a second possibility, the Poisson
observation model can be replaced with other models such
as clipped Gaussian, Gamma, or Gaussians which lead to
alternative source separation algorithms. For example, the
case of Gaussian sources where the excitations and templates
correspond to the variances is discussed in [28].

Our main contribution here is the development of a
principled and practical way to estimate both the optimal
sparsity criteria and model order, in terms of marginal
likelihood. By maximising the bound on marginal likelihood,
we have a method where all the hyperparameters can be esti-
mated from data, and the appropriate sparseness criteria is
found automatically. We believe that our approach provides
a practical improvement to the highly popular KL-NMF
algorithm without incurring much additional computational
cost.

Appendix

A. Standard Distributions in Exponential Form,
Their Sufficient Statistics and Entropies

(i) Gamma
g(Asa,b) = exp( +(a—1)logh — %/\ —logT'(a) — alogb),
(Ayg = ab (log)t)g = Y(a) + log(b),

Hg[A] = —(log g>g =—(a—1)¥(a) +logb+a+logl(a).
(A.1)

Here, ¥ denotes the digamma function defined as
Y(a) = dlogI'(a)/da.

(ii) Poisson
PO(s;A) = exp(slogh — A —log (s + 1)),

(s)po = A

(A2)

(iii) Multinomial
M (s; x,p)

= 6<x - Zsi) exp (log F(x+1)+i(si log pi—logl"(si+l))),

i=1

(si)y = xpi.
(A3)

Here, s = {s1,52,...,8}, P = {p1,p2>...,p1}, and
prtprt+---+tpr= l.Here,pi,iz 1-- -1 are the
cell probabilities, and x is the index parameter where
s1+$2+ - - - +5; = x. The entropy is given as follows:

1
HM [SV,I:I,T] = _logr(xv,r + 1) - Z(Sv,i,1>log Pv,i,r
i=1
I
+ Z <108 T (syir+1))— <10g 0 (xv,r _251/,1',1-> > .
i=1 i

(A4)
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A closed form expression for the entropy is not known due
to (logT'(s + 1)) terms but asymptotic expansions exist [29,
30]. Computationally efficient sampling from a multinomial
distribution is not trivial; see [21] for a comparison of
various methods and detailed discussion of tradeoffs.

A.1. Summary of the Generative Model. We have the follow-
ing. Indices:

i=1---1,source index;

v =1---W,Row (frequency bin) index;

7 =1---K,Column (time frame) index;

t,,i: template variable at vth row of the ith source

b,
by ~ 9 (tv,i§ ai,,,‘; %): (A.5)
av,i
v;r: excitation variable of the ith source at 7th column
v bZT
Vie ~ G| virsal L, ) (A.6)

i,T

Sy,irt source variable of ith source at vth row (frequency bin)
and tth column (time frame)
(A7)

Syt ~ ?O(Swﬂ,i,ﬁ tv,iVi,T);

Xy,7: Observation at vth row (frequency bin) and rth column
(time frame)

(A.8)

Xyr ~ st,i,r-
i

A.2. Expression of the Full Joint Distribution. Here, ¢ =
PGS T,V I0) =pX | S)p(SIT,V)p(V | @)p(V | ),

log ¢ = Z Z Z(—t%ivi,rﬂmﬂ log(t,ivir) —log [ (s, +1))
v i T
+ ZZlog 8<xw - Zsy,,‘,1>
VT i
t
+ Z Z + (a,; — 1)logt,; — %tw —logI'(a};)
v i i

2
()

Vi

a’
+ Z Z + (a; — 1)log v — ﬁvi,r —logT(al,)
T i 1L,T

b,
—-ay, log(av’ )

1,7

(A.9)

A.3. The Variational Bound. The variational bound in (27)
can be written as

Lx(0) =logp(X | ©) = (log¢), + Hlq] = Bvs,
(A.10)
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where the energy term is given by the expectation of the
expression in Appendix A.2, and H[g] denotes the entropy
of the variational approximation distribution g where the
individual entropies are defined in Appendix A:

Hlq] = —(logq)

Z ZHM [51/,1:1 T

v

+ 2 2 Hyltw] + 2. 2 H[vie

(A.11)

One potential problem is that this expression requires the
entropy of a multinomial distribution for which there is
no known simple expression. This is due to terms of form
(logT'(s + 1)) where only asymptotic expansions are known.
Fortunately, the difficult terms in the energy term can be
canceled by the corresponding terms in the entropy term,
and one obtains the following expression that only depends
on known sufficient statistics:

B = _z Z Z(tv,i> <Vi,r>
+ 2. > (logty) (aiz
+ Z Z <108 Vi,r) (a}},r

-1+ ;(5%1‘,1))
1+ S

N

PRI
T

—logT(a},;) — ai;log (

:z‘tr
==
SN——

C?‘

v
zT)
T

v
1y

— %(vw) —logT(a},) — alrlog<

Q

I

+ Z Z( logT(x,,+1) — Z(Sw/,i,‘rﬂOgP%iJ)
+ZZ(
+Z Z —(at,—

a;—1)¥(ay;) +log By, + ay; +1logT ()

() +log B o +log I (ajy)).
(A12)

After some careful manipulations, the following expression
is obtained where log L denotes here elementwise logarithm
of matrix L:

— EE, —logT(X +1))

B=>>(
+> > =X (((

J(LLy,)
+> > —(An/By) % E,

voi

L;.x log(L¢))Ly+Le(Ly . % log(L,)))

—log(LLy))

— log F(At) +At Lk IOg(At/Bt)

Computational Intelligence and Neuroscience

+ Z Z“"* (logp, +1) +1ogT (a;)

voi

+ZZ (A,./B,)
H2 2

.xE,—logT(A,)+A, .xlog(A,./B,)

(log B, +1) +log I'(a,).

(A.13)

A.4. Handling Missing Data and MAP Estimation. When
there is missing data, that is, when some of the x,; are not
observed, computation is still straightforward in our frame-
work and can be accomplished by a simple modification to
the original algorithm. We first define a mask matrix M =
{m, .}, same size as X, where

0,
My,r =
1,

Using the mask variables, the observation model with
missing data can be written as follows:

Xy, 1S Missing,
(A.14)
otherwise.

pPX [ 8p(SIT,V)

= [T(n(

My,r

Xy, | S‘I/,I:I,T)p(SV,IZI,T | b1, VIJI,T))

(A.15)

The prior is not affected. Hence, we merely replace the first
two lines of the expression for the full joint distribution
(given in the Appendix A.2) as follows:

10g¢ = szv,TZ( - tv,iVi,r + Syi,t log(tv,ivi,‘r)
v T i

—logT(syir+1))

+> > my. log 8<xv,f - st,i,r) +
v T i

(A.16)

Consequently, it is easy to see that

q(viz) o< exp ( (aZT + > My (Syie) — 1) logvi,

v

(V # St i)
o< § (vizs e, B ) (A.17)

11 = azr"'ZmVT(szT)

-1

v
a:
Zr = (b:T + va,1<tv,i>)
LT v
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By a derivation analogous to one detailed in Section 3.3, we
see that the excitation update equations in Algorithm 1, line
4, can be written using matrix notation as follows:

¥, =Ly,.x (L] (M.% X)./(L:L,)))
(A.18)

a, =A,+3,, B, =1./(A,./B, + E/M).
The update rules for the templates are similar. Note that
when there is no missing data, we have M = 1y /1 which
gives the original algorithm. The bound in (A.13) can also be
easily modified for handling missing data. We merely replace
X — M. * X and the first term E,E, — M. * E;E,.

We conclude this subsection by noting that the standard
NMEF update equations, given in (20), can be also rewritten
to handle missing data as follows:

vt — v g (TT((M.* X)./(TV)))./(TTM),

T = T e (M. X)/(TV)VT)./(MVT).

(A.19)

Here, the denominator has to be nonzero. Similarly, an
iterative conditional modes (ICM) algorithm can be derived
to compute the maximum a posteriori (MAP) solution as
follows:

VoD = (A, + VW % (TT((M. % X)./(TV))))
/(Ay./B, + T™M),
(A.20)
T = (A + T™ % (M. % X)./(TV)VT))

J(An/B,+ MVT).

Note that when the shape parameters go to zero, that is,
A, A, — 0, we obtain the maximum likelihood NMF
algorithm.

A.5. Hyperparameter Optimisation. The hyperparameters
® = (@,0") can be estimated by maximising the bound
in 13. Below, we will derive the results for the excitations;
the results for templates are similar. The solution for shape
parameters involves finding the zero of a function f(a) — ¢,
where

f(a) =loga—V¥(a)+1,

* fﬁl(C).

The solution can be found by Newton’s method by iteration
of the following fixed point equation:

(A.21)

L) ) _ flam) —c

f(a™)

_ g _ log(@®) —¥(@) +1-c_ )
1/a® — ¥’ (am)

(A.22)

It is well known that Newton iterations can diverge if started
away from the root. Occasionally, we observe that a can
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become negative. If this is the case, we set A" — A /2 and
try again. The digamma ¥ function and its derivative ¥’ are
available in numeric computation libraries (e.g., in Matlab as
psi(0,a) and psi(1,a), resp.).

The derivation of the hyperparameter update equations
is straightforward:

0B )
aaZT - <10g Viﬂ') blvT (Vl T> (ai,r)

—logb, +loga;, +1 =0,

= loga}”r - ‘P(azr) +1
4 (A.23)
= ) (logvis) ~logb,),
bi,r
aCB alT
v = ( 11) v 0,
abi,r (bZT)z lTth

va = <Vi,1—> .

Tying parameters across 7 as a; = a;, and b} = b}, yields

1
= S {logyie) — S (vie) ~ K¥(a))
~>logb!, + K

=logal —¥(a}) +1,

fz< Vir)

(A.24)

— ({logvi.) — log b{r)),

08B a;
oby Z(bv) Vie)

zT az ‘r<vl T)
by = .
' 2‘1’ lT

bV Zal’l”

Tying parameters across 7 and i, a” = a;, and b” = b}, yields

c=loga" - ¥(a") +1,

zz(<”"

((logvi;) — log b}j,)),

(A.25)

1
’T - ﬁz Zaiv,f’
1 i T

Zi ZT a;,,T(Vi,T)
Zi ZT a;’,‘r ‘

8bV

b =
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The derivation of the template parameters is exactly anal-
ogous. We can express the update equations once again in
compact matrix notation as follows:

Z — EM. /B —log(L(./B™),

Z, Not tied,
(ZIEK) R Tie columns (over 1),
C—1(17
(171), Tie rows (over i),
1771
%, Tie all (over 7 and i),

A*D — SolveByNewton (A, C),

EY, Not tied,
Tie columns (over 7),

J(17AM)),

(

BUD 1
( Tie rows (over i),
(

J(17 A 1)) 1, Tie all (over T and i).

(A.26)

Here, we assume SolveByNewton(A, C) is a matrix-valued
function that finds root C;; = f(A; ;) for each element of A,
starting from the initial matrix Ao. If C is a scalar or vector,
it is repeated over the missing index to implement parameter
tying. For example, if C is a I X 1 vector and Ag is I X K,
we assume C; = ¢;, for all 7 = 1---K, and the output is
the same size as Ay. This is only a notational convenience;
an actual implementation can be achieved more efficiently.
Again, the implementation of the template parameters is
exactly analogous; merely replace above the subscripts as
vy —t,(i,7) = (vi) and (I,K) — (W, I).
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