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Abstract

The purpose of this report is to give a thorough assessment of the Nonparametric Sparse
Factor Analysis (NSFA) model. We start by giving a brief description of Factor Analysis,
followed by an introduction to the Indian Buffet Process, a key component of the NSFA.
Then, we give the definition of the model, which we use to derive updates for a Gibbs
sampler. We discuss discrepancies between our derivations and the ones given by the
authors. Next, we evaluate our implementation in a simulation using a toy dataset, where
we find no issues with the program. We then proceed to apply it to a sub-sample of the
MNIST dataset. Finally, we offer a critical review of the paper based on our findings.

1 Introduction

Let Y € RP*N be a matrix of D observations of N variables. Factor Analysis (FA) proposes a
latent, lower dimensional structure for Y, expressed by the following equation:

Y =GX+E (1)

where X is a matrix of so called "latent factors”, of size K x N, G is a matrix of "loadings” or
"weights” of the observations onto the latent factors (of size D x K), and E is a matrix that can
be thought of as the error that is incurred when using G X to represent Y. The earliest prototype
of this model can be traced back to the work of the English psychologist Charles Spearman on
what he termed the "general intelligence factor” [1]. Soon this model was improved upon, and
it became extensively applied in a wide range of fields, most notably — due to its origin — in
psychology [2], but also in chemistry [3], marketing research [4], education [5], and others.

Historically, the literature on FA was dominated by the frequentist perspective. However, since
the mid 1990's there has been a growing interest in Bayesian approaches to this problem (see
[6] for a review). One of the main issues faced by Bayesian statisticians working in this model
was to develop methods to select the appropriate number of latent factors K. In this context,
the Non-parametric Sparse Factor Analysis (NSFA) model [7, [8] proposes a fully Bayesian non-
parametric approach to FA, which the authors claim has two key properties: first, it handles an



unbounded number of factors, through the use of the Indian Buffet Process (IBP) [9, [10] in the
prior of G, and second, the latent factors in the active set tend to show high sparsity (because of
the structure of the IBP). Interestingly, a couple of other approaches similar to the NSFA were
proposed concurrently, most notably [1I] and [12].

This report is organized as follows: Section [2] introduces the theory behind the IBP, which, as
previously stated, is a crucial component of the NSFA. Section [3 presents the NSFA formally, and
gives a detailed derivation of a Gibbs sampler for it. We highlight and discuss differences in our
results with respect to the ones that the authors obtain. Section /4| to checks our implementation
of the NSFA by applying it to a toy dataset. Section [5 shows an application of the model to a
real dataset. Finally, in Section [6] we discuss our findings and propose improvements based on
them.

2 The Indian Buffet Process

The Indian Buffet Process (IBP) is a stochastic process that defines a probability distribution
over the space of binary matrices with infinite columns, having the key property that the matrices
it produces tend to have high sparsity. Binary matrices are useful in the context of describing the
association of observed objects with hidden factors. In this setting, the d-th object is associated
with the k-th factor if in the binary matrix Z, we have z4, = 1.

2.1 The finite case

In order to derive this process, we will start by considering the case of finite binary matrices Z of
size D x K generated by sampling from the following model:
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We quickly notice that, because of the conjugacy of the Beta and the Bernoulli distributions, we
obtain the following conditional distribution for m:

D D
in (07
7Tk|{zdk}5:1 29 Beta (R + E Zgi, D — E Zdk + 1) (3)
d=1 d—1

Using this fact, we can now easily marginalize out 7 = {7, } from the model, by noting that:
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where m, = 25:1 Zqx is the number of 1's in the k-th column. Since the probability distribution
only depends on these quantities, and these are not affected by a relabeling of the {z,.}, we see
that p(Z) is exchangeable.

2.2 Equivalence classes

From the generative process described in [2] it is clear that we can obtain many distinct matrices
that produce equivalent allocations between objects and latent factors. Indeed, take any Z
generated by 2, and then shuffle its columns. It is clear that this new matrix could also have been
generated by this model, and also that the underlying association is preserved because factors
have only been relabeled. Moreover, since the collection of column sums {m} is preserved
under this transformation, both matrices have the same probability. Therefore, we would like to
"marginalize out” this irrelevant distinction between otherwise equivalent matrices.



To this end, [10] propose the following strategy. First, let:
d—1

hax = Z2d717]2jk
j=1

We call hyy the "history” of the column k up to the d-th row. Note that h,x is an integer
corresponding to the decimal representation of the binary number formed by (zix, ..., Zg—1x),
taking the first row as the most significant place. Likewise, we can define the history for a whole

column as:
D
A .
j=1

which again is a decimal representation of the binary number formed by the k-th column, with
the first row as the most significant bit. Note that there are 2P — 1 distinct numbers that can
be specified with N bits. Thus, hy € {0, .., 2b — 1}. Also, hi uniquely determines the k-th
column of a binary matrix, because decimal representations are unique (this is not true for other
summaries of columns, like my). Now, suppose we have sorted the columns of Z such that:

ha1y = ha2) > ... > hyk)

where a(/) is a permutation of {1...K'}. Let us define the function /of(Z) such that:

/Of(Z) —> (Z~,a(1)v Z.'a(z), . Z~,a(K))

where z  is the k-th column of Z. Therefore, lof(Z) returns a matrix with the columns of Z
arranged in descending order of their histories. In [10], these types of matrices are referred to as
"left-ordered” (and hence the name of the function). We see that /of(-) maps many matrices to
the same unique left-ordered representation of them. Therefore, a natural equivalence relation
arises, with classes denoted by [Z], such that another binary matrix Z* belongs to this class if
and only if:

lof (Z*) = lof(Z)

Using lof(-), we will be able to resolve the non-uniqueness of the matrices produces by [2| that
convey the same structural associations between objects and factors. Let K} be the number of
columns in the matrix Z with history h:

K
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Using this definition, we can write:

2b_1 2b1
K=> K= KO+ZK,, Ko + K.
h=0



where Kj is the number of columns with the 0 history; i.e, the columns with only 0 entries. Then,

we can see that the number of binary matrices with the exact same counts of histories {Kj}
are:

D_ =

This is the number of matrices that have the same left-ordered representation, and therefore it
is the size of [Z]. Hence:
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The second equality uses the fact that we mentioned earlier, which is that shuffling columns of
Z preserves [4]

To simplify the expression above, note that for m, > 0:
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Using the same argument, we can see that:
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On the other hand, if m, = 0:
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Putting these together:
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Thus, going back and replacing this in the last line of 5, we get:
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Note that in the second line we have assumed that the columns with non-zero elements are the
first K, columns, since we are concerned with the equivalence class of left-ordered matrices.

2.3 Taking the limit

We are now ready to derive the limit as K — oo of the probability distribution for the equivalence
classes of left-ordered binary matrices. Of course, since K = Ky + K., and we are interested in
obtaining sparse representations, it is clear that the limit we are interested in is Ky — 0o as K,
remains finite. From this, it follows that the first term in the last line of [f] is not affected by the
limit. For the last term, we obtain:
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For the second term in [0 we note that:
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Next, for the 3rd term in [6]
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where Hp = ZjD:1 1/j. Finally, we see that the limit of P([Z]) becomes:
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One important property of this limiting distribution is that the rows are exchangeable under this
measure. Indeed, suppose we permute the rows of a given matrix Z. The number of active
columns is trivially conserved. Also, since the column counts m, are not affected, the terms
inside the product on the right remain constant. Finally, fix a history h in the original matrix,
and consider its count Kj,. By permuting rows, K, could arbitrarily change. However, all the
columns with history h will be equally affected by the permutation, so that history A’ created by
permuting h will have the same count Kj,. This will happen for every history. Hence, [], Kj! is
not affected by the permutation, and thus none of the terms are affected by it.

Note that Equation [7] differs slightly from Equation 7 in [8], as they have N! instead of D! in the
denominator inside the product. This is probably a typo, since N (the number of columns of the
data Y) is not associated in any sense with Z.

2.4 Construction as a stochastic process
According to [9], the IBP can be derived starting from a simple stochastic process: assume
there are N customers in line at an Indian buffet, which has (countably) infinitely many dishes

available. The first client will draw a number from a Poisson(«), and then try the dishes in order

7



until he reaches said number. In this analogy, trying a dish means setting z;x = 1. The d-th
client (d > 1) will first choose to grab food from the dishes that have already been tried by
other customers. He will do so independently with z4 ~ Bernoulli(mgk/d), where myy is the
number of clients before / that have tried the k-th dish. Finally, he will try a number of new
dishes, by drawing from a Poisson(«/d). This process continues until all clients have selected
their dishes.

The authors in [10] argue that, if one corrects the non-exchangeability of the above process
(the order in which the clients come affects the result), then one is left with a process that
generates assignment matrices with probability distribution equal to [7] which we already have
seen is exchangeable.

Once it is established that the IBP can be modified to be exchangeable, it is reasonable to
ask what the mixing distribution is under which the process becomes independent, since this is
guaranteed to exist by de Finetti's theorem [13]. The answer was given by [14], where it is shown
that the mixing distribution corresponds to the Beta Process. They also show that sampling
from the exchangeable IBP is equivalent to sampling from a Beta-Bernoulli process in some
measurable space ({2, B), where the base measure of the Beta process is such that By(£2) = «,
and the concentration parameter is ¢ = 1.

2.5 A Gibbs sampler for the IBP

As a final step, we derive the full conditional distribution for an element zy, of a matrix Z. This
will allow us to construct a Markov Chain with stationary distribution equal to , so that we can
obtain samples from the IBP prior starting from any binary matrix. We will leverage this Gibbs
updates for Z when constructing a sampler for the factor model.

We will build first a Gibbs sampler for the finite case, and then proceed to take the limit as
K — oo.

2.5.1 The finite case

Let z_gx = Z \ {zqx}. By Bayes’ theorem:

]P)(de,z_dk) _ P(Z)
]P(Z_dk) P(Z_dk)

IP’(de\Z—dk) =



The numerator of the RHS is Equation [4] We need only compute the denominator:
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where m_g4x = my — z4,. From here, we can now obtain:
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Thus, in the finite case, we have the update rule:

Oé/K + m_gk
Plzgx = 1|z_gs) = —————— 8
(zak = lz-ar) = = KT D (8)
Using the above expression, it is easy to derive a Gibbs sampler for the finite case. Starting with
a random binary matrix, we apply the update rule sequentially by rows, until we reach the end of
the matrix, from where we then proceed to start a new iteration. The Markov chain produced by
this process will have as a stationary distribution the expression in Equation [4]

We could slightly alter the proposed Gibbs sampler so as to gain more insight into the infinite
case. Indeed, for each object d, we could deal separately with the columns where m, > 0 and
my = 0; that is, we distinguish between the columns that are empty (Kj in total) and the ones
that are not (K, in total). Note that my = 0 implies m_4, = 0 for all d, and that the expression



in Equation 8| applies regardless of the value of m_g4,. For each row d, the modified Gibbs
sampler proceeds in the following way: for columns with m, > 0, use the update rule in Equation
[l However, for empty columns, applying that update rule independently is equivalent to drawing
a number x4 of new columns from the Ky available, with probability distribution:

K
Ka|z_qx ~ Binomial (Ko, %) (9)

Then, we could sample without replacement x4 empty columns of Z and set z;, = 1 for them.

Each of these configurations has probability (:3)71 = %0_““’)'

2.5.2 A Gibbs sampler for the infinite case

Using the second Gibbs sampler, obtaining an extension for the infinite case is straightforward.
Indeed, the update rule for active columns becomes:

Kllnoo]P)(zdk =1lz_gx) = Kllm (10)

Note that this expression indicates that for active columns which are only associated with the
d-th row (i.e, m_qx = 0), the column is eliminated with probability one.

For inactive columns, we see that by taking the limit of the expression in |§] (and with a slight
abuse of notation), we obtain:

o o/K \ .. a(Ke/K)\ .. ra
Kd|Z_dk = Klinoo Binomial (KO, m) = Poisson (Kll_rgom = Poisson <5>
(11)

Note that this distribution is the same as the one the last client uses to select new plates after
sampling the foods already selected by others. This is a consequence of the exchangeability of the
IBP prior. The above tells us that, in the infinite case, after we finish updating the components of
the d-th row associated with active columns, we proceed to initialize k4 of the leftmost inactive
columns (since we are concerned only with the /of equivalence class) by setting zyx = 1 for them
while leaving everything else equal to 0.

3 Nonparametric Sparse Factor Analysis

By leveraging the IBP prior, the authors in [8] propose a model for Factor Analysis (Equation (1)),
called the Nonparametric Sparse Factor Analysis (NSFA) model, with two interesting properties:
an unbounded number of latent factors, and a sparsity inducing prior for the mixing matrix. The
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structure of the model is:

a ~ Gamma(e, )
Z|a ~ IBP(a)
d ~ Gamma(c, do)
Akld g Gamma(c, d)
gakl Zak M % zakN (8aki 0, X Y) + (1 — zak)do(gax) (12)
Xkn If’g N(O, 1)
b ~ Gamma(ao, bo)
qlb i Inv-Gamma(a, b)
Yol G, X, ¥ ind N(Gx,, ¥)

where ¥ = diag(¢1, ..., ¢p). Note that the prior on gy« uses a type of spike-and-slab prior [15].
In more recent works [11], [16], this prior has been made independent from Z, by making the
following modifications:

gael M X N(0, A1) Vol Z, G, xo, W N((G © Z)xn, W)

where ©® is the Hadamard product. This formulation is equivalent to the one proposed by the au-
thors, but allows the prior on gy to have a density, which makes the model more tractable.

3.1 Gibbs sampler for the NSFA
3.1.1 Update for the mixture coefficients

Since the prior on gy does not have a density (because of the spike at 0), we need to integrate
this variable out in order to be able to update zyx, and then use this to sample g4x. Since zyi is
a binary variable, it suffices to find the ratio:

]P(de = 1| Y, —)
]P)(de == 0| Y, —)

because the constraint of the numerator and denominator summing to 1 gives the complete
distribution. Note that:

P(de = 1|Y, —) _ p(Y|de = 1, —)]P)(de = 1|Z—dk)
P(zge =0Y, =) p(Y|zak = 0, —)P(zgx = 0]z_q«)

(13)

The ratio on the right can be obtained from [10] so we only need to calculate the first ratio on
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the RHS. We start with the denominator:

p(Y|zak =0, =) = p(Y|gaxk = 0, g—ax, X, ¥)

N
1
(27) —D/21y 1/2exp (—— yn — G*x, Ty-! yn—G*x,,)
oV CORGNR U Gx) TV ) e

N
1. A
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) oM e T[exp (2 ET

n=1

where G* is equal to G but has a 0 in the (d, k) position, and E 2 Y - G*X. We move on now
to the numerator of the first ratio in the RHS of [13t

p(Y|zagk =1,—) = / p(Y|gak, &—dar, X, ¥)p(&ar| k) dEax
8dk

N
1
_/ gdk’)\k H 27T D/2’W| 1/2 eXp ( 2( n — GXn)TW_l(yn - GXn)) dgdk
8dk n=1
In order to make sense of the integral above, it will be useful to decompose the terms inside the
exp(-):

(Vo — Gx) "Wy, — Gx,) =y Wy, — 2y W LGx, + (Gx,) T ¥ 1Gx,
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d
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Also:
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Putting all of the above together, we obtain:

- 1 [ xi,85 Xkn8dk
p(Y|zak =1, =) = p(Y|zak =0, —)/ P(gax| k) HeXP (—§ {% + -2 v Edn}) dgak

8dk n=1
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Therefore:

Y|izy =1, — e 1 (A x2n x,,
R
! gdkn 1
1 2 A n
27?)\ —1/2 Hex < 5{ 2 {Xk"+ ,ﬂ Xk gdkEdn}) dgax
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Finally, we can obtain a simple form for the ratios of the likelihoods conditioned on zy:

T
p(ylzdk — 0, _) - (27T>\k ) . exp 2 {gdk)\ + 2gdk)\,u} dgdk

1
= (2nA ) Y2 exp <§Au2) (2mA~1)Y/2 (17)

/A 1
= Tk exp (5)\/f>

Here we used the normalizing constant of a normal random variable with known mean p and
precision A. Now, we can go back to Equation [13]to obtain:

]P(de = 1’ Y, —) )\k 1 2 m_qgk
=\ —exp| A\ | =—
]P)(de = O’Y, —) A 2 D — m_gqk
We note that the last ratio on the RHS of this expression (ratio for the priors) is slightly different
from Equation (12) in [8], as they show a N — 1 term instead of the corresponding number of
rows of Z, which is Dff] We attribute this to a typo, as there are a couple of others throughout
the paper, because D can be arbitrarily different from N (they are dictated by the data Y).
Moreover, a paper cited by the authors [17], shows that our derivation is correct (use 5 =1 in

Eq. 3). Thus, we use our result instead for experiments. From this, it's straightforward to get
the Gibbs update for zyy:

Ak exp )\Mz m_dk
P(zg = 1Y, —) = \/7 ) ot (18)

1+ /3 exp (3A?) o=t

D—m_ gk

!Note that in [8], Equation (8) does have the right expression on the RHS. The LHS has a minor typo, though
(using z_g, instead of z_g;).
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Having sampled z4x, we can move on to obtaining an update for ggx. Indeed, if z;x = 0, we
simply set gy« = 0. Otherwise:

p(Y|—=)p(gax|zax = 1, =)
p(Yl|zak =1,-)

A g2
(2m0gY) 2 T (2m) 22 W] 2 exp (~ (v — )W (v — Gx)

p(gaklzak =1,Y,—) =

A

Vi o (33) TIL,(2m) 02| w12 o (-3 ETUA1E, )

1 1
= (2mA7) 2 exp (—EM2 — 58+ Aﬂgdk>

= (2727 M2 exp (_%(gdk - u)2>

Therefore, we conclude that the Gibbs update for the mixture components is:

gaklY, — ~ zax N (gak; 11, A1) + (1 — Zax)do(gax) (19)

3.1.2 Adding new features

Following the same structure presented in Section [2.5.2 once we have updated the components
of the matrix Z of a given object d associated with the active columns (including dropping the
ones which were only used at row d), we proceed to sample x4 new columns for said object and
set z4, = 1 for those positions. Note that for rows distinct to d, these new columns will be left
unchanged at 0.

However, we now need to account for both the latent features X, and the mixture matrix G,
which will also grow as the active components of Z expand. In other words, we need to consider
a joint update for (kq, X’,g’T), where X’ is a matrix of size kg X N composed of the new latent
features to be added to X, and g'" is a vector of size k4 x 1 containing the new elements of G at
row d. Note that we need not worry about sampling new elements of G at rows different of d,
because, as stated in the preceding paragraph, Z is zero in those places, and so the corresponding
elements in G are also 0 (recall its prior).

Now, the authors of the paper argue that while it is not possible to integrate out both X’ and
g'" from this update, it is feasible to do that for either of them. They state that, because the
number of elements in X’ is far more than in g’7, we should marginalize the former. Therefore,
we consider the random variable ¢ £ (kq4, g'T).

Since the full conditional for ¢ does not have a closed form, the authors include a Metropolis-
Hastings step within the Gibbs sampler [18]. As a proposal, their first attempt is to sample from
the priors of kg and g'":

J(§) = p(rala)p(g'" |k, M) = Poisson (ra; 7) N (8" Oy A r,)

with v £ 3. Note that this equation again differs from the one presented in [8], as the authors

use v = /(D — 1) instead. We believe that this is likely a typo, as the paper from which the

15



authors draw the idea for the MH step has the same expression as us (use 5 = 1 in Eq. 6 of
[17]). Hence, we will use our derivation in the implementation.

More importantly, this equation reveals something problematic with the proposal: in order to draw
g'T (a vector of length rg4), we actually need to first sample x4 precision values \,. Otherwise,
it is unclear what variance will be used for sampling g’”. Nevertheless, this can be easily fixed by
expanding the proposal to & = (kg, N, g'"), where )\ is a vector of length x4 with the required

precisions. |f we also use the prior as the proposal, we obtain:

J(&) = Poisson(kq4;7) l_d[ Gamma(Ag; ¢, d)N(g; 0, (V) ™)
k=1

Now, in spite of the above, the authors find that simply using the prior for k4 results in proposals
that are too often equal to zero. Because of this, they modify it to allow for greater flexibility:

J(kq) = (1 — 7)Poisson(kq; \y) + 7l(kg = 1) (20)

where 7 € [0, 1] and A\ > 0 are additional parameters (the latter should not be confused with the
one in Equation . In other words, the new proposal becomes a mixture between a modified
prior and a point mass at 1. Using this in the proposal for £, we get an acceptance probability
equal to min{1, ac_,¢- }, with:

o PLETY, IEE) _ p(YIE, —p(E | )I(ElE) o

TS T NG e T p(YIE )pE )

Here the authors make a questionable remark, which is that, in the MH sense, the "current
state” is & = (), which leads them to conclude that p({|—) = J(£]€*) = 1. The problem is that
this contradicts one of the consequences of Kolmogorov's axioms; namely, that P(()) = 0 in any
probability space. In fact, dividing by the expression p(£|Y, —) in the acceptance ratio wouldn't
make sense in the first place.

One way to fix this issue is to make the subtle correction that the proposal & = (kg, N, g") if
kg > 0, and £ = (kg = 0) otherwise. This would be compatible with the intuition that the
current state is actually k4 = 0, meaning that we don't add columns and nothing changes if the
proposal gets rejected. Using this convention in leads to:

p(Y1€", —)p(€"|—)J(ElE7)

T T T (YIE, D)p(E[)IEE)
_ p(YIE —)p(E =) (g = 0)
p(Y]=)P(rig = 0]a) J(E[E)
_ p(YIE —)p(rala)p(V|d)p(e |19, N) (15 = 0) (22)
p(Y[—)P(rq = 0la)J(ka)p(N[d)p(g7 K, V)

_ p(YI€" =) prale) J(kg = 0)
p(Y|-)  J(ra) PB(rg =0la)
—_—————— e — —

aj ap ac
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Note that, since we chose to use the prior as the proposal for X', it is not present in ag_¢-.
However, compare the above with Eq. 14 in [3]:

__p(YIE ) plrgle)
T (Y1) ()
—_———— ——

ay ap

This equation is problematic, since in the case when the proposal £* is actually k4 = 0 (i.e, not
modifying anything), we get a;_,¢ # 1, which contradicts a direct consequence of the standard
MH step (to see this, simply replace £* by £ in Equation . This occurs because, although the
likelihoods cancel, we have:

 P(kg=0la) eO*D
2(rg = 0) = J(rg=0) 1-7

which can be either lower or greater than 1, depending on (A, 7). However, this situation is
corrected in our derivation in 22 because:

p(Y]=) P(rg = 0le) J(kg = 0)

%= (VD) Jrg =0) Blig = 0fa)

This result holds for any proposal J(k4) such that J(ky = 0) > 0. Sadly, there is no hint we can
use in [17] to check if our derivation is correct, since they use the prior of x4 for the proposal, so
that everything cancels out. However, they do not mention that £ = (). In any case, we believe
that there is substantial evidence to show that Equation is correct, so that we will use this in
our implementation.

The only element that remains to be computed in Equation is the ratio of the likelihoods.
First, note that:

p<Y|5* H p(Yarlé' =) p(Yal€ =) yp P(Yarl€' —) (Yl —)
d'=1 P Yd”_ p(yd‘_) d'd P(Yd':’—) P(Yd‘—)

1

The last line uses the fact that £* is a proposal that only concerns the object d. Next, note

that:
N

p(Yale", =) = [ p(Yanl€™ H/ (Yaulx,, €, —)p(xt)dx,

n=1

where x/ is the n-th column of X’, and therefore a vector of length k4. We will derive the integral
inside the product for an arbitrary n. First, recall from the definition of the model in Equation

[12 that:
Yan|G, Xn, Vg ~ N((Gxn)d, ¥d) X~ N0y ley)
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Using G' = (GT,g'7)7 and x* = (x,, X}), we get that:
Yan = (G'x3)a = Yan = ((GT.&'T)T (%0, X0))a = Yan — (Gxa)a — (&'7) X}, = Ean — (&'T) "X,

where £ =Y — GX (not to be confused with the one used in Section . Therefore:

pYanbey € -)p00) = (2rvi) 2 exp (5o [Ean = (€717 ) 2 *eesp (-3¢, )

E?2 1 E (g/T)TX/ 1 7
— (2x 1/2(p\~kd/2 exp | — dn T TX,/7 24 dn n _X/n x,’,
(2mpq) /%(2m) pn = 5y (B T) =t
X’ng’TX’
1 1 E2,  Ei(g' )X
— (27 1/2 o Kq/2 ex __X/T |:_ / /T+ I :| 5/ _ —dn 4 —dn n
(2mehg)~"%(2m) Pl =3 n\wdgg o| X0 2, o
M
1 T E2 Edn T _
= (2m1pg)"V2(2m) " P exp | —=x' ) Mx!, — —dn "M M
(2m) 2 (2n) ) TR AN

my
E2 1
(2m1hg) 1/2(27'(') *d/2 exp ( ﬁ + 2m,?Mm,,) exp (——(x’nT — m,,)TI\/I(x'nT —m,
d
where:
1 E,,
Ma —ggT+1, my, 2~ mig T (23)

(0 Yy

Also, M is invertible because of Lemma (see Appendlx. since ¢—gg is a real, symmetric
matrix. Using the results from above, we have:

/ p(Yanlx,, €5, —)p(x.)dx, =

n

E2 1 1
(2mipg) ~H2(21) 7F /% exp < 2zZn + mT/\/Im,,) / exp (—E(Xf: —m)TM('] - mn)) dx
d X,’1

E2 1
= (2mtg)/2(2m) " exp ( T mTan> ()l 112
d

E2 1
= (27r¢d)_1/2|l\/l\_1/2 exp ( 212” + mT/\/Imn>
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And from here we obtain:

N /\
E? 1
p(Yq €5 —) = 2mhg) Y2 M| Y2 exp —dn 4 = mTl\/Imn
(Ye:l&" —) J_l( a) "M 20,

=<2wd>N/2\Mr”/2exp< s Eatets ZmTan)

The expression for p(Yy.|—) can be directly obtained from the model definition in Equation
12

N
p(Ya|—) = H (Yanl—)

which means that the likelihood ratio becomes:
1 N
aj = \I\/I|—N/2 exp (5 Zl mnTI\/Im,,> (24)

This equation differs from Equation 20 in [8] by the factor (2)N*¢/2, which comes their expression
for p(Y4.|€*, —). This could be simply a typo, or an error if the authors didn't consider the term
(27)7"¢/2 in the prior for x/, which cancels with the one arising from the integral of the Gaussian
kernel. Again, we can't be sure that theirs is a typo or not, but all the steps we have shown here
seem to be accurate derivations. Hence, we will stick with our version for the implementation.
Hence, the acceptance ratio becomes:

d¢¢x = djdpdc

N :
_ 1 Poisson(kq4; ) O
N/2 1 T d 7/ _ (A—1)
= |M)| exp (2 EZl m, I\/Im,,> A= )Po (I-—m)e”

Poisson(rq; Ay) + ml(kg = 1)
(25)
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Assuming that the proposal is accepted, we need to additionally sample the matrix X’.

p(YIX'. €, —)p(X")

(Ylé’ =)
p(YalX', €, —)p(X')

p(Yal€*, =)
H,I)I:I(27rwd)_1/2(27r)_"d/2 exp (—% + %m,TMm,,) exp <—%(x’,77- —m,)TM(x'] — m,,))

(270q) N2 MM exp (= 51 E] Eg. + § SO0, mTMm, )
(2700g) M2 exp (=5 EJ B+ 120y mIMm, ) TTN,(2m) " exp (= 3(x'7 — my) T M(x

(2700q) N2 M|~ exp (=51 E] Eg. + § S0 mTMmy )

p(X'E" Y, =) =

N
1
= Tln) 2P esp (5T = m W] )

Hence:

xle, Y, — % N(ma, M7Y) (26)

It is important to note that this step is entirely missing from the original paper. Moreover, the
fact that we recovered exactly the functional form for N'(m,, M), suggests that our expression
for p(Yq.|€*, —) is the correct one, and therefore that our acceptance ratio (i.e, without the term
(27)N%a/2) is correct.

3.1.3 Update for the parameter of the IBP

Since we have put a prior on «, its parameters can be updated using:

p(alZ) o< p(Z|a)p(e)
o p([Z]|a)p(a)

K
efleffa aK+ e*OCHD 1_1 (D B mk)!(mk — 1)|

X o

Hf» 1 K! k=1 D!
o e tKe—1g—alf+Hp)
Hence:
a|Z ~ Gamma(e + K, f + Hp) (27)
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3.1.4 Updates for the latent variables

The update for the n-th component of X is obtained from:
P(xal Y, =) o< p(¥alxa, —)P(xn)

1
o exp (—5 [(y,, — Gx,) "V (y, — Gx,) + anx,,])

1
o< exp <—§ 2y, ¥ Gx, + x] TV Gx, + x,fx,,])
1
= exp —5 —2ynTlI/*1Gx,, + an\{GTll/*lG + IK+} Xp
)
1
—exp | —= [x/ Ax, — 2y WTIGAT! Ax,
2 <
L wl
Hence:
Xl Y\ = ~ N (ptn, A7) (28)
with:
ANEGTUIG + Ik, pn 2AIGT Uy, (29)

By Lemma 1] (see Appendix, we know that A is non-singular because G’ ¥~1G is a symmetric
real matrix.

3.1.5 Update for the factors’ precisions

From the definition of the model in Equation [12] we know that the Markov blanket of A\, includes
(G.k, Zk). Hence:

P()\k\ Gk, Z:k) X P( G:k’)\kv Z:k)p()\k|d)

- [ H (27r>\;1)—1/2e—pkg§k] )\i—1e—,\kd

d:zg=1

. )\kmk/2+c_1e—>\k(d+(1/2) o1 8%)

Thus:

D
1 1
)\k]G:k,Z:kNGamma <C+§mk,d+52g3k) (30)

d=1
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The update for the common parameter d is obtained from:

p(dl{Me} o p(d) [ T p(Aeld)

Ky
x dco—le—ddo H dce—)\kd
k=1
K.
_ dco+cK+flefd(do+Zk:1 k)

Therefore:

k=1

Ky
d|{\¢} ~ Gamma (co + K do+ Y /\k>

3.1.6 Update for the noise variances

From the model definition in Equation [12] we have that:

p(V|Y, =) o p(Y|¥, =)p(¥)

= p(¥)

=

1. .
(20) O] ey (~SETVE, )
D
1d=1

_ _ 1 N p2
o H ¢—a—1e—b/wd¢d N/2e zwd Zn:l Edn

3
I
—

E2
d

:]2

3
Il

OCHw a-N/2-1 =5 (b+3 S00 E5,)
d=1

Thus:
VglY Inv-G L EN:E2
— ~ Inv-Gamma | a+ — -
dl & Y 217 g Ly Tan
Finally, for the common parameter b:
p(b|¥) oc p(b)p(V¥|b)
D
o b~ Lle—bbo H b2 e—b/td

d=1
_ bao+anle—b(bo+Z§):1 1/1%)
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Hence:

D
1
b|W ~ Gamma (ao+aD,bo+Z—> (33)
= a

3.2 Summary of the sampling procedure

Algorithm 1: NSFA Gibbs sampler

input : Data Y, hyper-parameters H = {c, e, f, a, ao, bo, co, do, A\mr, TmH}, #
iterations S
C={a,Z d\G, X, b ¥V} init_chain(H)
C<«+¢C
for s+ 1to S do
K < ncol(Z)
for d < 1to D do
for k< 1to K do
L Zyk, Ggx  update z g(Y,C, H)
kg < kappa_proposal(C,H)
if kg > 0 then
g’ N « g lambda proposal(C, H)
a¢_y¢+ <—compute_acc_ratio(Y,C, H)
if U(0,1) < min{l, ac_,¢} then
Z' 4 Opung, 2. 1], 2+ (Z,2')
G+ (G g) A< (\N)
X' < get Xnew(Y,C,H)
X« (XT, X7

for n+ 1to N do
L X, < update X n(Y,C, H)
{a,\, G, ¥, b,d} < update rest(Y,C, H)
C+ {nZ.d NG, X, bW}
C+ (C,0)
output: C

As a means to synthesize the construction of the Gibbs sampler given in the present section, and
putting particularly more detail in the stage where new features are added, we describe the Gibbs

simple in pseudo-code in Algorithm [I, Note that we maintained the schedule suggested by the
authors.
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3.3 Out-of-sample evaluation

We would like to evaluate the performance using the log-likelihood computed not only in the
training set Y, but also on a held-out test set Yew Of size Dpew X N. To do this, suppose we
have run the chain in a training set, and for simplicity assume we keep only one point. Thus, we
have one sample from (hopefully) the posterior distribution of {a, Z,d, A\, G, X, b, ¥}. We can
use the parameters that do not depend on the objects, i.e {a, d, A\, X, b}, to sample the ones
that do. We will call these new parameters {Zew, Gnew: Whew}-

To get Z,ew, recall that, given the known parameters, we actually know the number of hidden
features K, which is equal to the number of rows in X. Thus, we can sample Z using the finite
version of the IBP. To do this, we first need to draw the vector 7, from its posterior distribution
p(Tnew|Z) using Equation [3| Then, we simply sample Z,, from the predictive posterior:

p(ZneW’Z) - / p(an:zw’7-‘-new)p(71'new|z)d7T

T'new

In practice, this amounts to drawing Z,,, using in the second line of Equation[2] Having sampled,
Znew, We can now generate Gpe,, using Z,e, and A in the prior for G. Finally, we can get V.,
also from its prior by using the given value of b.

Using the new set of parameters {«, d, A\, X, b, Znew, Gnew, ¥new} We can proceed to compute any
test quantity. In particular, we can compute the log-likelihood for Yie,. In the case when we
have more than one sample from the posterior, we simply repeat the above process for each of
them, and then take the average of the log-likelihoods computed.

4 Simulation

We implemented Algorithm [1in R. As a way to check its validity, we applied it to a toy dataset,
sampled from a simpler version of the NSFA model: instead of putting priors on (o, {\¢}, {¥a}),
we set them to fixed values. We will later refer to this model as the " Reduced NSFA" . Specifically,
we set a = 5, Ay = 0.1,Vk, and ¢y = 0.2,Vd. The choices of A\, and 14 result in a situation
of high signal-to-noise ratio (SNR), which should make it easy for the model to find the latent
structure. We chose D = 100 and N = 150. With the choices of D and «, we have E[K|a] =
aHp ~ 26.9 (see Appendix [B| for a derivation of this formula). Finally, we split the rows of the
Y matrix generated, by using 2/3 of it for training and 1/3 for testing.

The hyperparameters we used were copied from the Github repository that authors created for
their implementatiorﬂ. They used a value of 1 for all of the hyperparameters of the Gamma
priors. For the MH proposal, they showed a value of 10 for A, although we couldn’t find there a
default value for m. Thus, we resorted to using m = 0.1, which was mentioned in the paper as
yielding good results.

“https://github.com/davidaknowles/nsfa/code/defaultsettings.m
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Figure 1: Results of the simulation using a toy dataset after 6,000 iterations of the Gibbs
sampler. The first panel shows the trace of the log-likelihood in the training set; the second
shows the same for the test set, while the final panel shows the histogram for K computed by
considering just the last third of the chain. The dashed lines in the first two panels show the
log-likelihood evaluated with the actual parameters used to build the data, while the line in the
last panel shows the actual number of columns of the Z matrix used to simulate Y.

We run the Gibbs sampler for the NSFA for 6,000 iterations. Figure [1f shows the results of this
process. The first panel shows the trace of the log-likelihood in the training set, the second shows
the same for the test set, and the final panel shows the histogram for K computed by considering
just the last third of the chain. The dashed lines in the first two panels show the log-likelihood
evaluated with the actual parameters used to build the data. Similarly, the dashed line in the last
panel shows the actual number of columns of the Z matrix used to simulate the data.

The first thing we notice is that the training set log-likelihood quickly increases and then stabilizes
after less than 1,000 iterations, which is a good sign of a correct algorithmic implementation.
However, the trace never reaches the dashed line. This is probably related to the fact that the
number of features was underestimated by a factor of 1/3, with virtually no mass put in the
region of the true K = 32. By themselves, these facts are not concerning, as the model might
be trading-off likelihood by imposing regularization so as to obtain a more parsimonious model
(we are not plotting the log-posterior). Nevertheless, we do notice that the performance in the
held-out test set does not improve as iterations go by. This is something to be concerned, and
will be investigated also in the Section [5]

It is worth noting that we also tried to run the simulation using the authors’ expression for the
MH acceptance ratio. The presence of the (277)V#4/2 term resulted in all of the proposals being
accepted. Note that for N = 150 and kg = 2, one obtains (2m)V*e/2 =~ 10*2°. Therefore,
the model quickly exploded in terms of the number of features considered, making inference
intractable. We think this is the final piece of evidence needed to accept our derivation as the
correct one, so that we do not consider their version in what follows.
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5 Application to a real dataset

5.1 Description of the MNIST dataset

To test the performance of our implementation of NSFA, we applied it to the MNIST handwritten
digit dataset [19] (we used the CSV version provided by [20]). The dataset is composed of a
training set of size 60,000 and a test set of size 10,000, each comprised of images of size 28 x 28.
Additionally, the datasets containg a label associating each image with a digit between 0 and 9.
We chose MNIST because of the fact that these observations are images which only represent 10
digits. Thus, it is reasonable to assume that the information contained in them can be summarized
into fewer features than the 28 x 28 = 784 pixels that compose them.

1 7 1
/ 7

Figure 2: Ten samples of the digit " 7" in the MNIST training dataset.
However, we certainly do not expect to find a posterior distribution concentrated around K = 10
latent features, because of the amount of variability that exists within each digit. Indeed, in
Figure 2] we can observe just how different are eight observations of the digit "7". Some people
wrote the number with a stroke on the middle, while others didn't. The width of the lines is
also very different between samples, but similar within each image. On the other hand, there is
a shared structure among them: the horizontal line above (of variable length), and the diagonal

stroke (of somewhat fixed length but varying angle). Therefore, we intuitively think that the
NSFA could pick up these more subtle shared characteristics as latent features.

Now, because of the size of the dataset and the limited computational resources at hand, we
needed to subsample the data so that we could obtain results in reasonable time. To this end,
we obtained D = 200 samples both from the training and test set. We did an stratified sampling
so that the distribution of the digits was preserved.
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5.2 Results

We applied the NSFA model to the data described above. The hyperparameters we used were the
same that we utilized in Section [4] Additionally, we fit the reduced NSFA, which was the model
used in that same section to simulate the data. We used o« = 1, as this was also tested in the
paper, and b = d = 2. Since we called this the "reduced NSFA", we named the complete version
"full NSFA”. Moreover, the reduced version was fit with two settings for the MH parameters:
(A=1,7=0) (i.e., using the prior), and (A = 10, 7 = 0.1) (i.e., the same settings used for the
full NSFA).

We run the three models for 6,000 iterations. The full model took 7 hours to complete, while the
reduced models took about 5 hours each. The results of the iterations are summarized in Figure[0]
(Appendix[C). The first thing we notice is that the full NSFA is the only one that can be assumed
to have barely reached convergence, at least for the last 100 iterations or so, as the traces for
the training set log-likelihood show. The reduced versions are nowhere near stationarity, steadily
increasing even after 6,000 iterations.

Second, we notice that the full NSFA model achieves the best out of sample evaluation of the
three (note the scale of the plots), even though the average performance decreases monotonically
as iterations go by. Sadly, the authors did not show trace plots of the log-likelihood in test sets,
just averages for the 100 samples in the chain. Therefore, we cannot know if this phenomenon
was present in the authors’ experiments. Nevertheless, there are clear symptoms of poor gener-
alization, which was the same conclusion obtained in Section [4] We will discuss ways to address
this in Section [6

Lastly, the large amount of features included in the final stages of the three models are striking,
with the full NSFA showing the highest value. Moreover, the traces for K show even less signs
of convergence to a stationary distribution.

i .||, (4 intensity
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Figure 3: Eight most relevant features in X for the last sample of the chain.

Since the full NSFA model was the one that achieved the best (or least worse) out-of-sample
performance, we wanted to investigate deeper the characteristics of its posterior distribution. To
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this end, we show in Figure 3| a visual inspection of the eight most relevant features selected by
the model. We define relevance as having the most absolute total weights assigned to it across
all rows of G. The features are ordered from left to right and top to bottom in terms of their
relevance. It is interesting that the most relevant feature is a fairly homogeneous shape at the
center of the image, where most of the numbers lie, acting like the intercept of a linear regression.
The rest of the features add or substract from this ground to create complex shapes. However,
aside from the second (which looks like a 3 or the right half of an 8) and third (which looks like
the diagonal stroke of a seven), they cannot be easily interpreted.

Figure 4: Fitted (above) and actual (below) image for one sample of each of the five most
difficult to represent digits.

We also took a look into the fitted values Y = GX generated by the last sample of the chain,
by plotting one randomly chosen image for each of the 5 most difficult to represent digits, shown
in Figure [4. By difficulty we mean the numbers that on average have more non-zero weights
associated to them in G, which implies that many latent factors are required to reconstruct
them. The fact that the fitted values almost perfectly replicate the actual images, even the parts
that can be considered "errors” or unnecessary to represent a certain digit (the digits 8 and 9 are
notable cases), is a clear sign that the model is overfitting to the training set. This of course is
consistent with the poor out-of-sample performance shown in Figure [6]

5.3 Compression capabilites of the NSFA model

We can define a compression ratio as the amount of numbers required to represent the dataset
in the latent space, versus in their original raw form. In other words, this is the ratio of elements
in G plus the ones in X, to the elements in Y:

DK+KN_K<1 /\/)

DN N D

R 2
D

(34)

Figure shows the trace of R for the full NSFA model. Again, as the ratio is just a scaled
version of K, we observe the same pattern of slow convergence. But, more importantly, the ratio
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Figure 5: Trace of the compression ratio and histogram for the proportion of non-zero weights
in each row of G (last sample from the chain).

eventually reaches 1 and stays there. Assuming the chain achieved stationarity at the end, then
this means that the full NSFA model does not deliver any actual compression, in spite of the fact
that K/N — the amount of features used to the total number of pixels — is about 20%. Again,
this issue appears consistent with the idea that the model is overfitting.

Now, Equation shows that, if one increased the number of objects in the training set D,
and the model selected the same amount of features K, then the compression ratio should
improve. Therefore, we experimented with doubling the size of the sub-sample of digits, so that
now D = 400. This resulted in the model including even more features — so much more that
iterations slowed considerably, making it impossible to let the program finish. The simulation
was stopped at iteration 1,590 when K = 256, which yields R ~ 0.97, very close to 1. Hence,
the issue appears to be inherently related to the performance of the NSFA model on the MNIST
dataset.

On the other hand, the definition of R does not take into account the sparseness of G: it counts
every entry in the matrix, independent of it being 0 or not. Since the NSFA is meant to promote
sparse weight matrices, it is expected that would have a low count of non-zero entries. To
investigate this, we constructed an histogram (Figure of ratios computed by counting the
number of non-zero entries in each row of the last G in the chain, and then dividing that by
N (thus, the histogram involves K different values). It is interesting to note that most of the
rows have between 30% and 45% of their entries activated, and that none of them contains more
than 50%. Therefore, if instead of the number of components in G we considered its memory
size when stored as a sparse matrix, we would expect to see gains in this sense of compression.
However, these would have to be then weighed against the overhead in terms of CPU time of
having to perform matrix operations on sparse matrices, which are far more expensive. In fact,
30% of non-zero entries is too much for most standards when considering this trade-off.

29



6 Discussion

In this report we gave a thorough and independent derivation of the relevant results in [8]. In this
process, we found some inconsistencies with the original paper, ranging from minor typos to more
relevant discrepancies. The latter was especially true for the Gibbs updates derived in Section
[3.1.2 We proved that our derivations were correct either by referencing third party sources, by
checking that our results yielded consistent consequences, or by finding that the equations in the
original paper led to contradictions or problematic conclusions. We think this process was in itself
a contribution towards improving the work of the authors.

Once the Gibbs updates were derived, we implemented them in R. We performed a simulation
analysis that showed no obvious error in our code. Then, we applied the method to a small subset
of the MNIST dataset. The results yielded the following conclusions:

1. The method can fit the training set with very high accuracy.

2. However, it uses so many latent features that the total number of elements in G and X is
similar to DN.

3. Also, the convergence is very slow in terms of number of iterations needed.
4. Moreover, the out-of-sample performance worsens as iterations go by.

One easy way to tackle the above problems is to extend the IBP to a two parameter formulation,
suggested by its relation to the Beta Process. As [10] and [14] show, the addition of a second
parameter (called the concentration parameter in the language of the Beta Process) can greatly
affect the number of active columns promoted by the IBP prior. Moreover, as the case with «,
this parameter could also be learned by putting a prior on it. This modification has been explored
by the authors in subsequent work [16], although they assumed a fixed value and used a different
parameterization, proposed in [11].

The inclusion of the 2nd parameter in the IBP might help with dealing with the number of active
columns and the speed of convergence. However, it will probably not fix the issue with out of
sample performance. This is because the reason behind this problem is rather a lack of a rich
enough structure in the model, that can learn the underlying distribution of the data so as to
be able to work as a meaningful generative model once trained. To use MNIST as a concrete
example, in order to obtain a coherent digit from the predictive distribution, we need first Z,., to
deliver a precise allocation of 0's and 1's that match one of the 10 digits, out of the 2¥ possible
allocations. Coordinated allocation is nearly impossible because the Bernoulli rv are independent
given the beta priors, and these are the same for every row of Z,e,.

Even, if we somehow succeeded in obtaining a coherent allocation, we now need to achieve the
equally difficult task of obtaining coherent signs and magnitudes in the corresponding rows of
Gpew- The dependence of Gpey On Zyew is very weak, so that it only communicates which positions
are non-zero. Moreover, the components of each row of G, are sampled independently of one
another, and hence coordination to deliver precise weights and signs is very unlikely. Thus, we
see that there are two problems with the NSFA that need to be addressed in order to improve
out-of-sample performance:
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1. Dependent sampling within rows of Z.
2. Increased dependence of Gg. on Zj..

Adding dependence within rows of Z is difficult to achieve, because the Beta-Bernoulli process
assumes conditional independence given the Beta process. Therefore, in order to fix this issue,
we need to replace this component, and start over with a fixed K. Then, we could tackle both
of the above issues by altering the NSFA as follows:

ug Categorical(1/L, ..., 1/L)

Vie % N(0, 1)

de|ud, V ~ Bernoulli(a( Vudk))

Gak|Z, ug, V, A e ZakN (Gar; Vg, \e 1) + (1 — Zax)d0(Gax)

where o(-) is the logistic or sigmoid function. We can make sense of the matrix V of size L x K
as encoding the " preference” of L latent classes for each of the K latent factors, while uy; would
determine the association of the object d to one of those classes. Thus, the row vector V,,,. would
be the preference of the d-th object for the different factors. This is why it makes sense to use
it both in sampling Z,. and Gy., which ensures coherence between and within them. In general,
we would expect that L < K. In the concrete example of MNIST, we would like to obtain that
the classes would actually correspond to the different ways of writing the 10 digits, so L = 10w,
with w between 1 and 3 at most, so that L < 30. Note that, to build a Gibbs sampler for such a
model, we would require the use of the Pélya—Gamma data augmentation strategy [21], in order
to deal with the non-conjugacy induced by the logistic function.

In practice, if one wanted to implement this model for predictive uses, a good strategy would be
to first run the NSFA in the training set to obtain K and also ({A\«}, X). With these values, we
could run the modified NSFA mentioned above again in the training set, for a handful of values
of L, initializing the chain with the known values for ({A«}, X). Finally, one could choose the
best L using some model selection criterion and then use that model to generate samples from
the posterior predictive distribution.
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A Lemmal

Lemma 1. Let A be a symmetric matrix of size q with real entries, let I, be the identity matrix of size
q, and let v > 0. Then, the matrix A+ vl is positive definite, which implies that it is non-singular.

Proof. Since A is symmetric and has real entries, it is positive semi-definite. Thus, its real eigenvalues
{€i}i=1..q are non-negative. Let {e;}i—1. 4 be their associated eigenvectors. Then

Ae,- = €€
S Aei + vei = €je; + ve;
S(A+vig)e = (i +v)ei

We see that the eigenvalues of (A+vlg) are {€; +v}i=1._q. Therefore, since v > 0, we have that these
eigenvalues are all positive. Hence, the matrix is positive definite. ]

B Additional properties of the IBP

Distribution of the number of non-zero columns: using the stochastic process construction of the
IBP, and recalling that each customer draws new dishes independently of each other, we have that K
is the sum of independent Poisson random variables. Therefore, its distribution is also Poisson, with
parameter equal to the sum of the parameters:

D
1
K |a ~ Poisson O‘Z = | = Poisson (aeHp) (35)

=17

Expected number of non-zero entries: to obtain this, we need to go back to the finite version of the
IBP, in order to derive the marginal distribution of each component Z,,. To this end, we will integrate
out 7 from the conditional distribution shown in Equation

p(de\a):/ P(Zak|mi)p(mi)dmi

— /7T 7 (1 — ﬁk)l_zdk’wﬁm—ldﬂk
N W /ﬂk Wdea/K_l(l — ) %k d Ty
_ /K +1) ITM(Zak + o/ K)T(2 — Zax)
- T(a/K) F(a/K 1 2)
_ Ma/K+1) I'(Zak + o/ K)T(2 — Zak)
- T(a/K)  T(a/K+1)(a/K+1)
 T(Zak+ o/ K)(2 = Zgk)
[a/K)(a/K +1)
Thus:
1+ a/K) I (a/K)(a/K) oK

P(Zg = 1]a) = Mo/K)o/K+1)  T(a/K)(a/K+1) a/K+1
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From this, the expected number of non-zero entries can be directly obtained:

Oé/K (6 K—o00
E Z = E(Z = D
(dzk: dk) dzk: (2a) = Z oK1 Paks1

C Trace plots for the MNIST experiment
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Figure 6: Traces for the log-likelihood in training set and test set, plus the trace for the number
of active features K
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