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Rethinking LDA: Moment Matching for Discrete ICA

Anastasia Podosinnikova Francis Bach Simon Lacoste-Julien
INRIA - Ecole normale supérieure Paris

Abstract

We consider moment matching techniques for estimation in latent Dirichlet allo-
cation (LDA). By drawing explicit links between LDA and discrete versions of
independent component analysis (ICA), we first derive a new set of cumulant-
based tensors, with an improved sample complexity. Moreover, we reuse standard
ICA techniques such as joint diagonalization of tensors to improve over existing
methods based on the tensor power method. In an extensive set of experiments on
both synthetic and real datasets, we show that our new combination of tensors and
orthogonal joint diagonalization techniques outperforms existing moment match-
ing methods.

1 Introduction

Topic models have emerged as flexible and important tools for the modelisation of text corpora.
While early work has focused on graphical-model approximate inference techniques such as varia-
tional inference [ 1] or Gibbs sampling [2], tensor-based moment matching techniques have recently
emerged as strong competitors due to their computational speed and theoretical guarantees [3, 4].
In this paper, we draw explicit links with the independent component analysis (ICA) literature
(e.g., [5] and references therein) by showing a strong relationship between latent Dirichlet allocation
(LDA) [1] and ICA [6, 7, 8]. We can then reuse standard ICA techniques and results, and derive new
tensors with better sample complexity and new algorithms based on joint diagonalization.

2 Is LDA discrete PCA or discrete ICA?

Notation. Following the text modeling terminology, we define a corpus X = {z1,...,zx} as a
collection of N documents. Each document is a collection {wy1,...,w,r, } of L, tokens. It is
convenient to represent the ¢-th token of the n-th document as a 1-of-M encoding with an indicator
vector wy, € {0, l}M with only one non-zero, where M is the vocabulary size, and each document
as the count vector x,, := th wpe € RM. In such representation, the length L,, of the n-th
document is L,, = > = Zpm,. We will always use the index & € {1,..., K} to refer to topics,the
index n € {1,..., N} to refer to documents, the index m € {1,..., M} to refer to words from
the vocabulary, and the index ¢ € {1,..., L, } to refer to tokens of the n-th document. The plate
diagrams of the models from this section are presented in Appendix A.

Latent Dirichlet allocation [1] is a generative probabilistic model for discrete data such as text
corpora. In accordance to this model, the n-th document is modeled as an admixture over the vo-
cabulary of M words with K latent topics. Specifically, the latent variable 6,,, which is sampled
from the Dirichlet distribution, represents the topic mixture proportion over K topics for the n-th
document. Given 6,,, the topic choice z,,¢|6,, for the ¢-th token is sampled from the multinomial dis-
tribution with the probability vector 8,,. The token wy,¢|zp¢, 6, is then sampled from the multinomial
distribution with the probability vector d, ,, or dy, if k is the index of the non-zero element in z,.
This vector dy, is the k-th topic, that is a vector of probabilities over the words from the vocabulary
subject to the simplex constraint, i.e., di, € Ajys, where Ay :={d € RM : d =0, Yo dm = 1}
This generative process of a document (the index n is omitted for simplicity) can be summarized as



6 ~ Dirichlet(c),
20|60 ~ Multinomial(1, ), ()
wg|ze, 6 ~ Multinomial(1,d,, ).

One can think of the latent variables z, as auxiliary variables which were introduced for convenience
of inference, but can in fact be marginalized out [9], which leads to the following model

6 ~ Dirichlet(c),

x|6 ~ Multinomial(L, D), LDA model (2)
where D € RM*K is the topic matrix with the k-th column equal to the k-th topic dj,, and ¢ € Rf "
is the vector of parameters for the Dirichlet distribution. While a document is represented as a set
of tokens wy in the formulation (1), the formulation (2) instead compactly represents a document as
the count vector x. Although the two representations are equivalent, we focus on the second one in
this paper and therefore refer to it as the LDA model.

Importantly, the LDA model does not model the length of documents. Indeed, although the original
paper [1] proposes to model the document length as L|\ ~ Poisson(\), this is never used in practice
and, in particular, the parameter A is not learned. Therefore, in the way that the LDA model is
typically used, it does not provide a complete generative process of a document as there is no rule to
sample L|)\. In this paper, this fact is important, as we need to model the document length in order
to make the link with discrete ICA.

Discrete PCA. The LDA model (2) can be seen as a discretization of principal component anal-
ysis (PCA) via replacement of the normal likelihood with the multinomial one and adjusting the
prior [9] in the following probabilistic PCA model [10, 11]: 8 ~ Normal(0, Ix) and x| ~

Normal(D@, 021 yr), where D € RM>*K s a transformation matrix and o is a parameter.

Discrete ICA (DICA). Interestingly, a small extension of the LDA model allows its interpreta-
tion as a discrete independent component analysis model. The extension naturally arises when the
document length for the LDA model is modeled as a random variable from the gamma-Poisson
mixture (which is equivalent to a negative binomial random variable), i.e., L|\ ~ Poisson(\) and
X ~ Gammal(co, b), where ¢y := ), ¢ is the shape parameter and b > 0 is the rate parameter. The
LDA model (2) with such document length is equivalent (see Appendix B.1) to

ag ~ Gamma(cg, b), GP model (3)
| ~ Poisson([Dal., ),

where all a1, as, . .., ax are mutually independent, the parameters cy, coincide with the ones of the
LDA model in (2), and the free parameter b can be seen (see Appendix B.2) as a scaling parameter
for the document length when ¢ is already prescribed.

This model was introduced by Canny [12] and later named as a discrete ICA model [13]. It is more
natural, however, to name model (3) as the gamma-Poisson (GP) model and the model

ai, ..., ax ~ mutually independent,
. DICA model (4)
X | ~ Poisson([Daly, )

as the discrete ICA (DICA) model. The only difference between (4) and the standard ICA model [6,
7, 8] (without additive noise) is the presence of the Poisson noise which enforces discrete, instead of
continuous, values of x,,,. Note also that (a) the discrete ICA model is a semi-parametric model that
can adapt to any distribution on the topic intensities oy, and that (b) the GP model (3) is a particular
case of both the LDA model (2) and the DICA model (4).

Thanks to this close connection between LDA and ICA, we can reuse standard ICA techniques to
derive new efficient algorithms for topic modeling.

3 Moment matching for topic modeling

The method of moments estimates latent parameters of a probabilistic model by matching theoretical
expressions of its moments with their sample estimates. Recently [3, 4], the method of moments
was applied to different latent variable models including LDA, resulting in computationally fast



learning algorithms with theoretical guarantees. For LDA, they (a) construct LDA moments with a
particular diagonal structure and (b) develop algorithms for estimating the parameters of the model
by exploiting this diagonal structure. In this paper, we introduce the novel GP/DICA cumulants with
a similar to the LDA moments structure. This structure allows to reapply the algorithms of [3, 4]
for the estimation of the model parameters, with the same theoretical guarantees. We also consider
another algorithm applicable to both the LDA moments and the GP/DICA cumulants.

3.1 Cumulants of the GP and DICA models

In this section, we derive and analyze the novel cumulants of the DICA model. As the GP model is
a particular case of the DICA model, all results of this section extend to the GP model.

The first three cumulant tensors for the random vector x can be defined as follows

cum(z) := E(xz), (5)
cum(z,z) == cov(z,z) = E [(z — E(z))(z — E(z)) '], (6)
cum(z, 7, 7) = E[(z — B(z))  (z — E(z)) ® (z ~ E@))], ™

where ® denotes the tensor product (see some properties of cumulants in Appendix C.1). The
essential property of the cumulants (which does not hold for the moments) that we use in this paper
is that the cumulant tensor for a random vector with independent components is diagonal.

Let y = Da; then for the Poisson random variable |y, ~ Poisson(y,,), the expectation is
E(zm|ym) = ym. Hence, by the law of total expectation and the linearity of expectation, the
expectation in (5) has the following form

E(z) = E(E(z]y)) = E(y) = DE(a). (8)
Further, the variance of the Poisson random variable x,, is var(z,,|¢ym) = Ym and, as zi,
Za, ..., Tpr are conditionally independent given y, then their covariance matrix is diagonal, i.e.,

cov(z, z|y) = diag(y). Therefore, by the law of total covariance, the covariance in (6) has the form
cov(, z) = E [cov(w, zly)] + cov [E(aly), E(z]y)]
= diag [E(y)] + cov(y,y) = diag [E(z)] + Dcov(a,a)D T,

where the last equality follows by the multilinearity property of cumulants (see Appendix C.1).
Moving the first term from the RHS of (9) to the LHS, we define

S := cov(z,x) — diag [E(x)]. DICA S-cum. (10)

)

From (9) and by the independence of o, ..., ax (see Appendix C.3), S has the following diagonal
structure
S = Zkvar(ak)dkd; = Ddiag [var(a)] D . (11)

By analogy with the second order case, using the law of total cumulance, the multilinearity property
of cumulants, and the independence of s, . .., ak, we derive in Appendix C.2 the expression (24),
similar to (9), for the third cumulant (7). Moving the terms in this expression, we define a tensor 7'
with the following element

[T]mlmZm3 = cum (T, , Ty Tmy ) + 20(my, ma, m3)E(zy, ) DICA T-cum. (12)

— 6(ma, m3)cov(Tm, y Tmy) — (M1, M3)COV(Zpm,, Tmy) — (M1, M2)COV(Lmy s Timg ),

where ¢ is the Kronecker delta. By analogy with (11) (Appendix C.3), the diagonal structure of the
tensor 71"
T:chum(ak,ak,ak)dk(@dk@dk. (13)

In Appendix E.I, we recall (in our notation) the matrix .S (39) and the tensor 1" (40) for the LDA
model [3], which are analogues of the matrix S (10) and the tensor 7" (12) for the GP/DICA mod-
els. Slightly abusing terminology, we refer to the matrix S (39) and the tensor 7" (40) as the LDA
moments and to the matrix S (10) and the tensor 7" (12) as the GP/DICA cumulants. The diagonal
structure (41) & (42) of the LDA moments is similar to the diagonal structure (11) & (13) of the
GP/DICA cumulants, though arising through a slightly different argument, as discussed at the end of



Appendix E.1. Importantly, due to this similarity, the algorithmic frameworks for both the GP/DICA
cumulants and the LDA moments coincide.

The following sample complexity results apply to the sample estimates of the GP cumulants:

Proposition 3.1. Under the GP model, the expected error for the sample estimator S (29) for the
GP cumulant S (10) is:

~ ~ 1 _ _
E [Hs - S||F} <\/E [||s ~ snﬂ <0 (\/ﬁ max [AL%, COL]) 7 (14)

2, &0 := min(1,cg) and L := E(L).

where A := max, ||d,

A high probability bound could be derived using concentration inequalities for Poisson random
variables [14]; but the expectation already gives the right order of magnitude for the error (for

example via Markov’s inequality). The expression (29) for an unbiased finite sample estimate Sof S

and the expression (30) for an unbiased finite sample estimate T of T are defined” in Appendix C.4.
A sketch of a proof for Proposition 3.1 can be found in Appendix D.

By following a similar analysis as in [15], we can rephrase the topic recovery error in term of the
error on the GP cumulant. Importantly, the whitening transformation (introduced in Section 4) redi-
vides the error on S (14) by L?, which is the scale of S (see Appendix D.5 for details). This means
that the contribution from S to the recovery error will scale as O(1/v/N max{A, &,/L}), where
both A and ¢,/ L are smaller than 1 and can be very small. We do not present the exact expression
for the expected squared error for the estimator of 7', but due to a similar structure in the derivation,

we expect the analogous bound of E[||T — T p] < 1/v/N max{A3/2L3 3/ [3/2}.

Current sample complexity results of the LDA moments [3] can be summarized as O(1/v/N). How-
ever, the proof (which can be found in the supplementary material [15]) analyzes only the case when
finite sample estimates of the LDA moments are constructed from one triple per document, i.e.,
wy ® wy ® ws only, and not from the U-statistics that average multiple (dependent) triples per doc-
ument as in the practical expressions (43) and (44) (Appendix F.4). Moreover, one has to be careful
when comparing upper bounds. Nevertheless, comparing the bound (14) with the current theoretical
results for the LDA moments, we see that the GP/DICA cumulants sample complexity contains the
£o-norm of the columns of the topic matrix D in the numerator, as opposed to the O(1) coefficient
for the LDA moments. This norm can be significantly smaller than 1 for vectors in the simplex
(e.g., A = O(1/||dg]lo) for sparse topics). This suggests that the GP/DICA cumulants may have
better finite sample convergence properties than the LDA moments and our experimental results in
Section 5.2 are indeed consistent with this statement.

The GP/DICA cumulants have a somewhat more intuitive derivation than the LDA moments as
they are expressed via the count vectors x (which are the sufficient statistics for the model) and
not the tokens wy’s. Note also that the construction of the LDA moments depend on the unknown
parameter co. Given that we are in an unsupervised setting and that moreover the evaluation of
LDA is a difficult task [16], setting this parameter is non-trivial. In Appendix G.4, we observe
experimentally that the LDA moments are somewhat sensitive to the choice of cy.

4 Diagonalization algorithms

How is the diagonal structure (11) of .S and (13) of T" going to be helpful for the estimation of the
model parameters? This question has already been thoroughly investigated in the signal processing
(see, e.g., [17, 18, 19, 20, 21, 5] and references therein) and machine learning (see [3, 4] and refer-
ences therein) literature. We review the approach in this section. Due to similar diagonal structure,
the algorithms of this section apply to both the LDA moments and the GP/DICA cumulants.

For simplicity, let us rewrite the expressions (11) and (13) for S and 7" as follows

S=3 sididl, T=) tidi®di®ds, (15)

"Note that the expected squared error for the DICA cumulants is similar, but the expressions are less compact
and, in general, depend on the prior on .

2For completeness, we also present the finite sample estimates S (43) and T (44) of .S (39) and T (40) for
the LDA moments (which are consistent with the ones suggested in [4]) in Appendix F.4.



where s, := var(ay) and tg := cum(ay, ayg, ay ). Introducing the rescaled topics Elvk = /SdL,
we can also rewrite S = DD . Following the same assumption from [3] that the topic vectors are

linearly independent (5 is full rank), we can compute a whitening matrix W € RE*M of S je.,
a matrix such that WSW T = I where I is the K-by-K identity matrix (see Appendix F.I for

more details). As a result, the vectors z; := ng form an orthonormal set of vectors.

Further, let us define a projection 7 (v) € RE>*K of a tensor 7 € RE*EKXK onto a vector u € RX:

T(u)klkz = Zk 77@17€21€3u1€3' (16)

Applying the multilinear transformation (see, e.g., [4] for the definition) with T T to the tensor T'
from (15) and projecting the resulting tensor 7 := T(W T, W T W) onto some vector u € R,

we obtain N
UOEDDRCRIEEA (17)

where 1, := / 52/ % is due to the rescaling of topics and (-, -) stands for the inner product. As the

vectors zj, are orthonormal, the pairs 2z and A\, := fk<zk, u) are the eigenpairs of the matrix 7 (u),
which are uniquely defined if the eigenvalues Ay are all different. If they are unique, we can recover

the GP/DICA (as well as LDA) model parameters via d, = Wz, and t, = s [z, u).

This procedure was referred to as the spectral algorithm for LDA [3] and the fourth-order® blind
identification algorithm for ICA [17, 18]. Indeed, one can expect that the finite sample estimates

S (29) and T (30) possess approximately the diagonal structure (11) and (13) and, therefore, the rea-
soning from above can be applied, assuming that the effect of the sampling error is controlled.

This spectral algorithm, however, is known to be quite unstable in practice (see, e.g., [22]). To over-
come this problem, other algorithms were proposed. For ICA, the most notable ones are probably
the FastICA algorithm [20] and the JADE algorithm [21]. The FastICA algorithm, with appropriate
choice of a contrast function, estimates iteratively the topics, making use of the orthonormal struc-
ture (17), and performs the deflation procedure at every step. The recently introduced tensor power
method (TPM) for the LDA model [4] is close to the FastICA algorithm. Alternatively, the JADE al-
gorithm modifies the spectral algorithm by performing multiple projections for (17) and then jointly
diagonalizing the resulting matrices with an orthogonal matrix. The spectral algorithm is a special
case of this orthogonal joint diagonalization algorithm when only one projection is chosen. Impor-
tantly, a fast implementation [23] of the orthogonal joint diagonalization algorithm from [24] was
proposed, which is based on closed-form iterative Jacobi updates (see, e.g., [25] for the later).

In practice, the orthogonal joint diagonalization (JD) algorithm is more robust than FastICA (see,
e.g., [26, p. 30]) or the spectral algorithm. Moreover, although the application of the JD algorithm
for the learning of topic models was mentioned in the literature [4, 27], it was never implemented in
practice. In this paper, we apply the JD algorithm for the diagonalization of the GP/DICA cumulants
as well as the LDA moments, which is described in Algorithm 1. Note that the choice of a projection

vector v, € RM obtained as v, = W T u,, for some vector u,, € R¥ is important and corresponds to

the multilinear transformation of 7" with 1/ T along the third mode. Importantly, in Algorithm 1, the
joint diagonalization routine is performed over (P + 1) matrices of size K x K, where the number of
topics K is usually not too big. This makes the algorithm computationally fast (see Appendix G.1).
The same is true for the spectral algorithm, but not for TPM.

In Section 5.1, we compare experimentally the performance of the spectral, JD, and TPM algorithms
for the estimation of the parameters of the GP/DICA as well as LDA models. We are not aware of
any experimental comparison of these algorithms in the LDA context. While already working on
this manuscript, the JD algorithm was also independently analyzed by [27] in the context of tensor
factorization for general latent variable models. However, [27] focused mostly on the comparison
of approaches for tensor factorization and their stability properties, with brief experiments using a
latent variable model related but not equivalent to LDA for community detection. -In contrast, we
provide a detailed experimental comparison in the context of LDA in this paper, as well as propose
a novel cumulant-based estimator. Due to the space restriction the estimation of the topic matrix D
and the (gamma/Dirichlet) parameter ¢ are moved to Appendix F.6.

3See Appendix C.5 for a discussion on the orders.



Algorithm 1 Joint diagonalization (JD) algorithm for GP/DICA cumulants (or LDA moments)

1: Input: X € RM*N_ K P (number of random projections); (and cq for LDA moments)
2: Compute sample estimate S € RM*M ((29) for GP/DICA / (43) for LDA in Appendix F)
3: Estimate whitening matrix W € RE*M of S (see Appendix F.1)

option (a): Choose vectors {uj,ug,...,up} C RE uniformly at random from the unit ¢5-
sphere and set v, = WTup eRM forallp=1,...,P (P = 1 yields the spectral algorithm)
option (b): Choose vectors {uy,us,...,up} C R¥ as the canonical basis e, ez, ...,ex of

RX andsetv, = WTu, € RM forallp=1,..., K
4: For Vp, compute B, = WT (UP)WT € REXK ((52) for GP/DICA / (54) for LDA; Appendix F)

5: Perform orthogonal joint diagonalization of matrices {W§W T =1Ik, By, p=1,...,P}
(see [24] and [23]) to find an orthogonal matrix V' € RE*¥ and vectors {a;, as,...,ap} C RE
such that

VWSWTVT = Ik, and VB,V ~ diag(ay), p=1,...,P

6: Estimate joint diagonalization matrix A = VW and values ap,p=1,...,P
7: Output: Estimate of D and c as described in Appendix F.6

S Experiments

In this section, (a) we compare experimentally the GP/DICA cumulants with the LDA moments and
(b) the spectral algorithm [3], the tensor power method [4] (TPM), the joint diagonalization (JD)
algorithm from Algorithm 1, and variational inference for LDA [1].

Real data: the associated press (AP) dataset, from D. Blei’s web page,* with N = 2,243 documents
and M = 10,473 vocabulary words and the average document length L = 194; the NIPS papers
dataset® [28] of 2, 483 NIPS papers and 14, 036 words, and L= 1,321; the KOS dataset,® from the
UCI Repository, with 3,430 documents and 6, 906 words, and L= 136.

Semi-synthetic data are constructed by analogy with [29]: (1) the LDA parameters D and c are
learned from the real datasets with variational inference and (2) toy data are sampled from a model
of interest with the given parameters D and c. This provides the ground truth parameters D and c.
For each setting, data are sampled 5 times and the results are averaged. We plot error bars that are
the minimum and maximum values. For the AP data, K € {10,50} topics are learned and, for
the NIPS data, K € {10,90} topics are learned. For larger K, the obtained topic matrix is ill-
conditioned, which violates the identifiability condition for topic recovery using moment matching
techniques [3]. All the documents with less than 3 tokens are resampled.

Sampling techniques. All the sampling models have the parameter ¢ which is set to ¢ = ¢y¢/ ||¢[|;,
where ¢ is the learned ¢ from the real dataset with variational LDA, and ¢ is a parameter that we
can vary. The GP data are sampled from the gamma-Poisson model (3) with b = ¢q/L so that
the expected document length is L (see Appendix B.2). The LDA-fix(L) data are sampled from the
LDA model (2) with the document length being fixed to a given L. The LDA-fix2(~,L1,Ls) data
are sampled as follows: (1 — +)-portion of the documents are sampled from the LDA-fix(L; ) model
with a given document length L; and -portion of the documents are sampled from the LDA-fix(L>)
model with a given document length L.

Evaluation. The evaluation of topic recovery for semi-synthetic data is performed with the ¢;-
error between the recovered D and true D topic matrices with the best permutation of columns:
erry, (lA)7 D) := min;cpgrM ﬁ Sk ||c@rk —dg|l1 € [0,1]. The minimization is over the possible
permutations 7 € PERM of the columns of D and can be efficiently obtained with the Hungarian
algorithm for bipartite matching. For the evaluation of topic recovery in the real data case, we use

an approximation of the log-likelihood for held out documents as the metric [16]. See Appendix G.6
for more details.

*nttp://www.cs.columbia.edu/~blei/lda-c
‘http://ai.stanford.edu/~gal/data
6https ://archive.ics.uci.edu/ml/datasets/Bag+of+Words
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Figure 1: Comparison of the diagonalization algorithms. The topic matrix D and Dirichlet parameter ¢ are
learned for K = 50 from AP; c is scaled to sum up to 0.5 and b is set to fit the expected document length
L = 200. The semi-synthetic dataset is sampled from GP; number of documents /N varies from 1, 000 to
50, 000. Left: GP/DICA moments. Right: LDA moments. Note: a smaller value of the ¢; -error is better.

We use our Matlab implementation of the GP/DICA cumulants, the LDA moments, and the diag-
onalization algorithms. The datasets and the code for reproducing our experiments are available
online.” In Appendix G.1, we discuss the complexity and implementation of the algorithms. We
explain how we initialize the parameter c( for the LDA moments in Appendix G.3.

5.1 Comparison of the diagonalization algorithms

In Figure 1, we compare the diagonalization algorithms on the semi-synthetic AP dataset for K = 50
using the GP sampling. We compare the tensor power method (TPM) [4], the spectral algorithm
(Spec), the orthogonal joint diagonalization algorithm (JD) described in Algorithm 1 with different
options to choose the random projections: JD(k) takes P = K vectors u, sampled uniformly from
the unit /5-sphere in R¥ and selects vp = WTup (option (a) in Algorithm 1); JD selects the full basis
e1,...,ex in RX and sets vp = WTep (as JADE [21]) (option (b) in Algorithm 1); JD(f) chooses
the full canonical basis of R as the projection vectors (computationally expensive).

Both the GP/DICA cumulants and LDA moments are well-specified in this setup. However, the
LDA moments have a slower finite sample convergence and, hence, a larger estimation error for the
same value V. As expected, the spectral algorithm is always slightly inferior to the joint diagonal-
ization algorithms. With the GP/DICA cumulants, where the estimation error is low, all algorithms
demonstrate good performance, which also fulfills our expectations. However, although TPM shows
almost perfect performance in the case of the GP/DICA cumulants (left), it significantly deteriorates
for the LDA moments (right), which can be explained by the larger estimation error of the LDA
moments and lack of robustness of TPM. The running times are discussed in Appendix G.2. Over-
all, the orthogonal joint diagonalization algorithm with initialization of random projections as W "
multiplied with the canonical basis in R* (JD) is both computationally efficient and fast.

5.2 Comparison of the GP/DICA cumulants and the LDA moments

In Figure 2, when sampling from the GP model (top, left), both the GP/DICA cumulants and LDA
moments are well specified, which implies that the approximation error (i.e., the error w.r.t. the
model (mis)fit) is low for both. The GP/DICA cumulants achieve low values of the estimation error
already for NV = 10, 000 documents independently of the number of topics, while the convergence
is slower for the LDA moments. When sampling from the LDA-fix(200) model (top, right), the
GP/DICA cumulants are mis-specified and their approximation error is high, although the estimation
error is low due to the faster finite sample convergence. One reason of poor performance of the
GP/DICA cumulants, in this case, is the absence of variance in the document length. Indeed, if
documents with two different lengths are mixed by sampling from the LDA-fix2(0.5,20,200) model
(bottom, left), the GP/DICA cumulants performance improves. Moreover, the experiment with a
changing fraction vy of documents (bottom, right) shows that a non-zero variance on the length
improves the performance of the GP/DICA cumulants. As in practice real corpora usually have a
non-zero variance for the document length, this bad scenario for the GP/DICA cumulants is not
likely to happen.

"https://github.com/anastasia-podosinnikova/dica
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Figure 2: Comparison of the GP/DICA cumulants and LDA moments. Two topic matrices and parameters c;
and co are learned from the NIPS dataset for K = 10 and 90; c; and c2 are scaled to sum up to co = 1.
Four corpora of different sizes N from 1, 000 to 50, 000: top, left: b is set to fit the expected document length
L = 1300; sampling from the GP model; top, right: sampling from the LDA-fix(200) model; bottom, left:
sampling from the LDA-fix2(0.5,20,200) model. Bottom, right: the number of documents here is fixed to
N = 20, 000; sampling from the LDA-fix2(~,20,200) model varying the values of the fraction « from 0 to 1
with the step 0.1. Note: a smaller value of the ¢ -error is better.
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Figure 3: Experiments with real data. Left: the AP dataset. Right: the KOS dataset. Note: a higher value of
the log-likelihood is better.

5.3 Real data experiments

In Figure 3, JD-GP, Spec-GP, JD-LDA, and Spec-LDA are compared with variational inference (VI)
and with variational inference initialized with the output of JD-GP (VI-JD). We measure the held
out log-likelihood per token (see Appendix G.7 for details on the experimental setup). The orthogo-
nal joint diagonalization algorithm with the GP/DICA cumulants (JD-GP) demonstrates promising
performance. In particular, the GP/DICA cumulants significantly outperform the LDA moments.
Moreover, although variational inference performs better than the JD-GP algorithm, restarting varia-
tional inference with the output of the JD-GP algorithm systematically leads to better results. Similar
behavior has already been observed (see, e.g., [30]).

6 Conclusion

In this paper, we have proposed a new set of tensors for a discrete ICA model related to LDA, where
word counts are directly modelled. These moments make fewer assumptions regarding distributions,
and are theoretically and empirically more robust than previously proposed tensors for LDA, both
on synthetic and real data. Following the ICA literature, we showed that our joint diagonalization
procedure is also more robust. Once the topic matrix has been estimated in a semi-parametric way
where topic intensities are left unspecified, it would be interesting to learn the unknown distributions
of the independent topic intensities.

Aknowledgements. This work was partially supported by the MSR-Inria Joint Center. The authors
would like to thank Christophe Dupuy for helpful discussions.
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A Appendix. Plate diagrams for the models from Section 2
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Figure 4: Plate diagrams for the models from Section 2.
In Section 2, the index n, which stands for the n-th document, was omitted. For convenience, we
recall the models. The LDA model in the tokens representation:

0,, ~ Dirichlet(c),
Zne|0n ~ Multinomial(1, 6,,), (18)
Wne|Zne, On ~ Multinomial(1,d, ,);

the LDA model with the marginalized out latent variable z:

6,, ~ Dirichlet(c),

1
Zp|0pn ~ Multinomial(L,,, D8,,); (19
the GP model:
Qnk ~ Ga.mma(ck, b), 20)
Ty |y, ~ Poisson([Day]m);
and the DICA model:
Qni, - - -, Qpx ~ mutually independent, 21

| ~ Poisson([Day,]m ).

B Appendix. The GP model

B.1 The connection between the LDA and GP models

To show that the LDA model (2) with the additional assumption that the document length is modeled
as a gamma-Poisson random variable is equivalent to the GP model (3), we show that:

- when modeling the document length L as a Poisson random variable with a parameter ),
the count vectors x1, o, ..., £ are mutually independent Poisson random variables;

- the Gamma prior on A reveals the connection ay = A0 between the Dirichlet random
variable 6 and the mutually independent gamma random variables o, ao, . .., ak.

For completeness, we repeat the known result that if L ~ Poisson(\) and z|L ~
Multinomial(L, D) (which thus means that L = )" x,,, with probability one), then z1, 2,
..., xpr are mutually independent Poisson random variables with parameters A [D6],, A[D6)],, ...,

10



X[D6],,. Indeed, we consider the following joint probability mass function where = and L are
assumed to be non-negative integers:

p(z, L]0, A) =p(L|N)p(=z|L, 0)

exp (—\) AL B
zﬂ{L:Zm Ton } Zr Hm xm' H

.y Do
1oy, 0 exD(-A Y] (D8], A% [] S5

m m

Dol

exp(—A[D6 AD@] _)*m
:]]-{L:mem} H p( [ }m)( [ ]m)

T !

=l{1=% 2.} H Poisson(xy,; A [D6)],,),

where in the third equation we used the fact that

Z [De}m = ZDmkak, = Zak ZDmk =1.
m,k k m

m

We thus have p(z, L|0, ) = p(L|x) [],,, p(xm|A[D0],,) where p(L|z) is simply the deterministic
distribution 17—y~ and p(z, |A\[D8]n) form = 1,..., M are independent Poisson(A[D#],,, )
distributions (and thus do not depend on L). Note that in the notation introduced in the paper,
D, = dgm- Hence, by using the construction of the Dirichlet distribution from the normalization
of independent gamma random variables, we can show that the LDA model with a gamma-Poisson
prior over the length is equivalent to the following model (recall, that ¢y = > & Ch):

A ~ Gamma(cg, b),
6 ~ Dirichlet(c), (22)
Zm|A, 0 ~ Poisson([D(A\)],.).

More specifically, we complete the second part of the argument with the following properties. When
a1, o, ..., ag are mutually independent gamma random variables, each o, ~ Gamma(cy,b),
their sum is also a gamma random variable >, o ~ Gamma(), ¢k, b). The former is equivalent
to A. It is known (e.g., [32]) that a Dirichlet random variable can be sampled by first sampling
independent gamma random variables («y) and then dividing each of them by their sum (\): 6, =
ag/ > & Qk» and, in other direction, the variables oy, = A0, are mutually independent, giving back
the GP model (3).

B.2 The expectation and the variance of the document length for the GP model

From the drivations in Appendix B.1, it follows that the document length of the GP model (3) is a
gamma-Poisson random variable, i.e., L|A ~ Poisson()) and A ~ Gamma(cg, b). Therefore, the
following follows from the law of total expectation and the law of total variance

E(L) = E[B(LV)] = EO) = cofb
var(L) = var [E(L|\)] + E [var(L|\)] = var(\) + E(\) = ¢o/b + co /b

The first expression shows that the parameter b controls the expected document length E(L) for a
given parameter cg: the smaller b, the larger E(L). On the other hand, if we allow ¢ to vary as
well, only the ratio ¢ /b is important for the document length. We can then interpret the role of ¢
as actually controlling the concentration of the distribution for the length L (through the variance).
More specifically, we have that:

var(L) 1 1

EL):  ED) 23

For a fixed target document length (L), we can increase the variance (and thus decrease the con-
centration) by using a smaller cg.

11



C Appendix. The cuamulants of the GP and DICA models

C.1 Cumulants

For a random vector 2 € RM | the first three cumulant tensors®

) = E(zm,)a
Cum(xﬂh ’ mmz) =K [($m1 - E($m1 ))(xmz - E($7n2)] = COV(l‘ml ’ $m2)7
) =E [(mml - E<$m1>)($m2 - E($m2)>($m3 - E($m3)>)] :

Note that the 2nd and 3rd cumulants coincide with the 2nd and 3rd central moments (but not for
higher orders). In the following, cum(z, z, z) € RM*M*M denotes the third order tensor with ele-
ments Cum( Ly, , Tm,, Tms ). Some of the properties of cumulants are listed below (see [5, chap. 5]).
The most important property that motivate us to use cumulants in this paper (and the ICA literature)
is the independence property, which says that the cumulant tensor for a random vector with inde-
pendent components is diagonal (this property does not hold for the (non-central) moment tensors
of any order, and neither for the central moments of order 4 or more).

are

cum(z,,

ULy s Trng s Limg

- Independence. If the elements of x € RM are independent, then their cross-cumulants
are zero as soon as two indices are different, i.e., cum(x,,, , Tm,) = 6(m1, m2)E[(z),, —
Enm,))?] and cum (2., , Tiny s Timg) = 6(my, ma, m3)E[(2m, — E(2m,))?], where § is the
Kronecker delta.

- Multilinearity. If two random vectors y € RM and o € R¥ are linearly dependent, i.e.,
y = Do for some D € RM*K then

cum(ym,) = Z cum(ag) Dok,
k

CuIn(ymlﬂ ymg) = E Cum(ak‘l,ak‘g)Dmlk‘l Dmgkz,
k1,k2

Cum(ymlvymzaymg) = § Cum(ak1)akQ}ak_’;)DmllemngDmgk_’;)
k1,k2,ks

which can also be denoted’ by
E(y) = DE(a),
cov(y,y) = Dcov(a,a)D T,
cum(y,y,y) = cum(e,a, 2)(D", DT, DT).

- The law of total cumulance. For two random vectors = € RM and y € R, it holds

cum(zm ) = E [E(znly)],
CUM(Zony , Ty ) = E[COV(Trny , Ty [Y)] + €OV [E(im, [1), E(Tm, [Y)] 5
UM (X, s Ty s Timg) = B [CUM (T, Ty s Ting [Y)] + cum [E(m, [1), E(Xms [¥), E(Xmg [y)]
+ cov [E(@m, |Y), cOV(Timy s Tms|Y)]
+ cov [E(Xm, |Y), cOV(Timy s Tms |Y)]
+ cov [E(Zmg [y), cOV(Zimy s Tmo |Y)] -

Note that the first expression is also well known as the law of total expectation or the tower
property, while the second one is known as the law of total covariance.

8Strictly speaking, the (scalar) n-th cumulant &, of a random variable X is defined via the cumulant-
generating function g(¢), which is the natural logarithm of the moment-generating function, i.e g(t) :=
logE [etX } The cumulant k,, is then obtained from a power series expansion of the cumulant-generating
function, that is g(t) = Y oo, knt™/n! [Wikipedia].

°In [4], given a tensor T" € RF*KXK (DT DT DT) is referred to as the multilinear map. In [34], the
same entity is denoted by 7' x1 DT x2 DT x3 DT, where x,, denotes the n-mode tensor-matrix product.
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C.2 The third cumulant of the GP/DICA models

In this section, by analogy with Section 3.1, we derive the third GP/DICA cumulant.

As the third cumulant of a Poisson random variable x,, with parameter y,, is E((x,, —
E(2))3|Ym) = Ym, then by the independence property of cumulants from Section C.1, the cu-
mulant of x|y is diagonal:

CU (T iy Ty s Timg|Y) = (M1, M2, M3) Yy -

Substituting the cumulant of x|y into the law of total cumulance, we obtain

U Zim s Ty Tmg ) = B [CUm (T, , Ting s Tims |Y)]

+ cum [E(2m, [Y), E(Zm, [Y), E(@mg |y)] + cov [E(Zm, [y), cov(Tm,, T |y)]

+ cov [E(Zmy |Y), COV(Ziny s Tms |[Y)] + €OV [E(Zimg |Y)s COV( Ty s Ty |Y)]
= d(m1, m2, m3)E(Ym, ) + cuml(Ym, , Ymy» Yms)

+ 6(ma, m3)cov(Ym, , Yms ) + 0(ma, m3)cov(Ym, , Ym,) + 0(ma, m2)cov(Ym,  Ym, )
= d(my1,ma, m3)E(xm, ) + cum(Ym, , Yms s Yms)

+ 0(ma, m3)cov(Tm, , Tmy ) — 0(ma, ma, m3)E(x,, )

+ 8(m1, m3)cov(Tmy, Tmy) — (M1, ma, mz)E(Tm, )

+ d(my, m2)cov(Tm,y , Tmg) — 0(m1, ma, m3)E(Xm,,)
= cum (Y, , Yo Ymg) — 20(ma, ma, m3)E(xm, )

+ d(ma, m3)cov(Tm, , Tmy ) + 0(M1, M3g)COV(Timy s Tmy ) + 0(M1, M2)COV(Tim,, Tmg )
= [cum(a, @, ) (DT, DT, DT)]

+ d(ma, m3)cov(Tm, , Tmy) + 0(M1, M3)COV(Timy s Ty ) + 0(M1, M2)COV(Tim,, Ty )y (24)

mimams 26(m17 ma, m3)E(xm1 )

where, in the third equality, we used the previous result from (9) that cov(y,y) = cov(z,z) —
diag(E(z)).

C.3 The diagonal structure of the GP/DICA cumulants

In this section, we provide detailed derivation of the diagonal structure (11) of the matrix .S (10) and
the diagonal structure (13) of the tensor 7" (12).

From the independence of aj,aq,...,ax and by the independence property of cumulants
from Section C.1, it follows that cov(a,«) is a diagonal matrix and cum(q, @, «) is a
diagonal tensor, i.e., cov(oy,,ar,) = O(k1,ke)cov(ay,,ar,) and cum(oyg,,ak,,0k,) =

0(kq, ko, ks)cum(ay, , a, , ak, ). Therefore, the following holds

COV(Ymy s Yma) = 3 €0V (aty k) Dy k Do
k

UM (Yo, Yo Yms) = D cum(evk, ok, k) Dy k Dingk D
k
which we can rewrite in a matrix/tensor form as

cov(y,y) = Zcov(ak, ar)dydy
k
cum(y,y,y) = Z cum(ayg, ag, o )dy @ di @ dy.
k

Moving cov(y, y) / cum(y, y, y) in the expression for cov(z, z) (9)/ cum(z, z, x) (24) on one side of
equality and all other terms on the other side, we define matrix S € RM*M /tensor T € RM*MxM
as follows

S :=cov(z,z) — diag (E(z)), (25)
T77L1m2m3 = CllHl(JUml y Tmeg xma) + 26(mla ma, m3)E(xm1)
— 6(ma, m3)cov(Zm, ;s Tm,)
— 6(my,m3)cov(Tm, s Tm,)
— 8(mq, m2)cov(Tm, , Ty )- (26)

13



By construction, S = cov(y,y) and T' = cum(y, y, y) and, therefore, it holds that
S :Zcov(ak,ak)dkdk—r, 27
k
T = Z cum(ag, ok, ag)d; ® di, @ d. (28)
This means that both the matrix .S and the tensor 7" are sums of rank-1 matrices and tensors, respec-
tively'". This structure of the matrix S and the tensor 7" is the basis for the algorithms considered in

this paper.

C.4 Unbiased finite sample estimators for the GP/DICA cumulants

Given a sample {z1, z3,...,zN}, we obtain a finite sample estimate Sof S (10) / TofT (12) for
the GP/DICA cumulants:
S = cov(z,z) — diag (I@(aj)) , (29)

~

fmlmzm:«; = CTH\n(mml y Tma s xms) + 25(m17 ma, m3)E(xm1)
— 0(ma, m3)COV(Tm, , Tm,)
— 8(m1,m3)Cov(Tm, s T, )
— &(my, m2)Cov(Tim, , Tmy ), (30)
where unbiased estimators of the first three cumulants are

.Tml = Z Tnmy
COV (T, » Trny ) :ﬁ > Znmi Znmas 31)
n

Cum(x'rrn s Tmag s xmg) =

m zn: Znmy Znme Znms

where the word vocabulary indexes are mq, ms,mg = 1,2,..., M and the centered documents

Znm = Tpm — ]I?Z(xm). (The latter is introduced only for compact representation of (31) and is
different from z in the LDA model.)

C.5 On the orders of cumulants

Note that the factorization of S = DDT does not uniquely determine D as one can equivalently use

S = (DU)(DU)T with any orthogonal K x K matrix U. Therefore, one has to consider higher
than the second order information. Moreover, in ICA the fourth-order tensors are used, because the
third cumulant of the Gaussian distribution is zero, which is not the case in the DICA/LDA models,
where the third order information is sufficient.

D Appendix. The sketch of the proof for Proposition 3.1
D.1 Expected squared error for the sample expectation

The sample expectation is ]E(w) = % >, Tn is an unbiased estimator of the expectation and:

E (IE(z) - E@)I3) = >E {( ) — E(g;m)ﬂ
“w L [E (Z (om — E<wm>>2> FE[S S @am — E@n) (@rm — E(en)

n nn/
NZE[ T 2} :Jif%:var(xm).

'0For tensors, such decomposition is also known under the names CANDECOMP/PARAFAC or, simply, the
CP decomposition (see, e.g., [34]).
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Further, by the law of total variance:
=~ 1
E (IE(2) - E@)I3) = Z var(@m|y)) + var(E(@m[y)] = = 3 [E@m) + var(ym)

Z E(ax) + Z(dk, di)var(ag) | ,
ko ko

using the fact that ) D,,;, = 1 for any k.

D.2 Expected squared error for the sample covariance

The following finite sample estimator of the covariance cov(z, z) = E(zz ") — E(x)E(z) "
1 1
cov(z, x) N1 anxn — (x)T = N1 Z <;1:nle N2 Z an/x;)
:iz PP <)
N < N -1 "

n’#n
(32)
is unbiased, i.e., E(cov(z,z)) = cov(z, x). Its squared error is
— 2 — —— 2
E (||[cov(z, x) — cov(z, z)||7) = E E {(Cov(xm,xm/) — E[cov(Zm, Tm)]) } .
m,m’
The m, m’-th element of the sum above is equal to
1 1 1
m E Cov InmTnm' — mfl]nm E Tp!'m! 5 Tn'mITn'm!’ — ﬁ.’l}n/m E Tp'ttm!
n7,n// nllin n///7én/
1
= —NZ Z cov (l‘nmxnm/,xn/mxn/m/) 1 Z COV | Tpm Z Tn'"m!s Tn/mTn'm’
n,n’ - n,n’ n''#n
+ 2 E COV | Tpm E Tn''m’s Tn'm E T/ m!
n n/ //#n nll/#,’l/

= N2 E cov (xnmxnm’ 5 mnmxnm’>
n

§ § cov l'nmzn”m ) Inm,xnm/) + § § cov (xnmxn’mH xn/mxn/m’)

n n''#n n n'#n
1
U EI =S Z Do D oV @nmwrmt T ) £ D D0 D OV (marnts T’
n n'’'#nn'""#n n’ n#n’ n'’'#n
1
+ 7]\72 (N 1)2 E g E cov (znmxn’mH JCn’mgcn”’m’) + E § § cov (znmxn”mH JCn’mﬂcn“m/) )
n' n#n' n'"#£n! n' n#n/ n''#n

where we used mutual independence of the observations x,, in a sample {xn}gzl to conclude that
the covariance between the two expressions involving only independent variables is zero.
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Further:
2
E (|[cov(z, ) — cov(z,2)||F) = N2 Z ( (22 22 )) — [E(xmzm))] )

R Z, N(N = 1) (E(@2 2 )E(@mr) — B @ (@0 )E ()
N TP Z ~ DV = 2) (B(a2,) E@m)]* — E@n)] E@n)])
w1 2, VY ~2) (E@nen )E@n)E@n) = Ewn)] E@wn)?) +0 (;) ,
which after simplification gives
E (|[co¥(z, z) — cov(z, 2)|2) = % > [var (@) + 2 [E(an)] var(eo)|

+ % Z 2E(zm)E(xm )cov(Tm, Tm) — AE(2m ) cov(TmTm/, Tms )] + O (;2)

where in the last equality, by symmetry, the summation indexes m and m’ can be exchanged. As
Zm ~ Poisson(yy,), by the law of total expectation and law of total covariance, it follows, for
m # m' (and using the auxiliary expressions from Section D.4):

Var<xmxm’) = E(m2 552 ) - [E[xmmm ]] =E [E %1’|y)] E mmmm’|y)}]2
= E [y7, s + Youm’ + YmYim: + Y] — [EWmtm)]”,
[E(@m))* var(@m) = [B(ym)]* E(ym) + [E(ym)] E(ya) = Eym)]” E(ym)],
E(@m)E(Zn )cov(Tm, Tm') = E(YmYm ) E(Ym)E(Ym) — [E(ym)] [E(y ’)}27
E (@) oV (@m@ms Tmr) = E(Ym) [EYmbm) + EYmbm:) = EGmym )E(Ym)] -
Now, considering the m = m/ case, we have:

var(z2)) = E[E(z? |y)] — [E[E($%@|y)ﬂ2
= E [y, + 655 + T2 + ] — [E [ +ym]].
B (@) B )eov(@m, 2m) = E(ym)* [E(2) + E(ym) — [E(ym)]*]

E(wm)cov(w,, tm) = E(Ym) [E(yn,) + 3EYn) +Eym) — E(ym) [E(yn) +E(yn)]] -
Substitution of y,, = Y, Dyroy, gives the following

— 1
E(HCOV(JHI‘) —COV(x,.r)H%) = N Z <dk7dk'><dk”7dk/”>Akk'k”k”/
k: k/ k// k///
Z { i, di ) {dprr, 1) B + (di 0 dyr, dk”>5kk’k“}
k k:/ k//
1 - >
tw ;; [<dk, 1) (de, 1 E(aroy) + (d, dk'>]:kk'}

1
+Z die, VE (v +O<N2>

where 1 is the vector with all the elements equal to 1 and
A = Eagag agragn) — E(agon )E(ar g ) + 2E (o) E(ar ) E (o agrrr)
- ZE(Oék)E(Oék/)E(OékH)E(Oék///) + QE(akaku)E(ak/)E(akW) - QE(ak)E(ak/)E(Oékw)E(Oékm)
— AE (o) E(our e ) + AR (g ) E( g cvgrr ) E( g ),
B = 2E(agag o) + 2E (o) E(o ) E(agr ) — 4B (o) Bl agr ),
Epprir = 4]E(akak/akw) + G]E( ) (C\{k/) (Ozk//) — 10E(O¢kak/)E(Ozku),
Frrr = 6E(agaur) — SE(ag)E(a ),
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where we used the expressions from Section D.4.

D.3 Expected squared error of the estimator S for the GP/DICA cumulants

As the estimator S (29) of S (10) is unbiased, its expected squared error is
~ ~ 2
E[IS - 53| =E [H(cov(w, 2) = cov(z, z)) + (diag[B(x)] - diag [E(x)]) HF]
—E[IE@) - E@)|}] +E [V (2, 2) - cov(z, 2)}] (33)

+ QZE {(Iﬁ(xm) - ]E(mm)) (COV (T, T) — cov(xm,acm))] .

As E(xm) and ¢ov(x,,, ., ) are unbiased, the m-th element of the last sum is equal to

cov [E(xm), @(xma xm):|

1 1
=2 Z cov [xnmvxi/m] - m Z COV [Ty Tn/m T m)

o n,n’,n'' #n’

= % Xn:cov [l‘nm,xim} - m Z;; COV [Tnms Tn/mTnm] + O <J\}2)

- %]E(xf’n) - % (E@2)E(@n) - E@n)]’) + O (N12>

< FE@) + = Bl +0 ( ¥ > = 5 [BO2) + 3803 + Blya) +2 B’ +0 <z$> |

where we neglected the negative term —E (22, )E(x,,) for the inequality, and the last equality follows
from the expressions in Section D.4. Further, the fact that y,,, = >_ & Dmroy gives

ZCOV {E(xm)»ﬁ(xmwm)} = % Z (di o dyr, dir ) Crorrir
m Kok K

+ % Z<dk, di)E(apar) + ;;(dk, DE(ag) 4+ 0O (]\}2> 7

kK’
where o denotes the elementwise Hadamard product and
Ciw i = E(agag o) + 2E(ag)E(ou )E(ag).

Plugging this and the expressions for E(||E(z) — E(z)||%) and E(||cov(z, z) — cov(x,z)||%) from
Sections D.1 and D.2, respectively, into (33) gives

~ 1 )
E |:HS - S”%{| = N Z<dk>dk>var(ak) + ZE(Oék) + Z <dk>dk’><dk”, dk/”>~’4kk’k”k/” +0 (ZVZ>
k k k,kl,k)”,k”’
1
+ N k;c// [<dk’dk’>Bkk’/k” + 2<dk o dk/,dk//>6kk/k//} + ; (1 +6 <dk7dk’>) E(Oék-Oék-/) + 2;}:‘:(0%) ,

where we used that, by the simplex constraint on the topics, (dp, f> = 1 for all k. To analyze this
expression in more details, let us now consider the GP model, i.e., o, ~ Gamma(cy, b):
30ch + 23¢3 + 14c2 + 8co 6¢3 + 10cZ + 4co
Appr i < =2 0b4 0 , and Z Bk < %,
k7k/’k.l/7k//l k,k’l,k,/

T +6¢2+2 12¢3 +10c2 + 8
S g < LOTOBE20 g S g < 200G F 50

3 ’ 3 ’
k,k! k" b kK", k" b

2¢2 + ¢ 2¢2 + ¢
> T < Obz and ) E(apan) < 701)2 ;
Y o k!
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where we used the expressions from Section D.4, which gives

-~ 2 14 2Co Co 2 C4 Cg Co
E NS - S”F} SN mI?XHdkszfg 3t (%%?(dmde) max [b‘*’ b4] +max<dk>dk’>max [b?” bg:|

v ¢ e 2 ¢ 1
+ N |:<kIIkllaXN<dk Odk’ dk”>> max |:b3 b3:| + (1 +I£l%;{<dk,dk/>> max |:b27 b2:|:| + O <N2)

where v < 30 is a universal constant. As, by the Cauchy-Schwarz inequality, max g, y (dg, dir) <
2 2 3

max g ||dk||2 =: Al and max gk’ k' <dk o dk/,dku> < maxg ||dkHoo Hdk||2 < maxg ||dkH2 = A2

(note that for the topics in the simplex, Ao < Aj as well as A < Ay), it follows that

. 2 I3 L4 12 I? 1
E[||S—S||2F]§K[[A1(EO+ >+L+A23 +A22}+O( )

Co Co % € N2
2v1 274 3 2, -3 1
<= NE s [ATLY + e A LP + L7 +6)L) + O 3 )

where ¢p = min(1,¢y) < 1 and, from Section B.2, ¢y = bL where L is the expected document

length. The second term ¢y A4 L3 cannot be dominant as the system ¢o Ay L3> COL2 and oA L3 >

A?L*is infeasible. Also, with the reasonable assumption that L > 1, we also have that the 4th term
L < @3 L?. Therefore,

3v 1
[||S S||F] < Tmax[AlLY, L2 +0 (N2>

D.4 Auxiliary expressions

As {xm}%zl are conditionally independent given y in the DICA model (3), we have the following
expressions by using the law of total expectation for m # m’ and using the moments of the Poisson
distribution with parameter ., :

E(xm) = E[E@m|ym)] = E(Ym),
E(z},) = E[E(z2,lym)] = E(y2,) + E(ym),
E(z;,) = E[E(x),lym)] = E(yp,) + 3E(y,) + E(ym),
E(xy,) = E[E (%, |ym)] = E(yy,) + 6E(ys,) + TE(y2,) + E(ym),
E(@mTm) = E[E(@mzm y)] = E[E@m|Ym)E(@m |ym)] = E(YmYm’),
E(zmas,) = EE(@mz), |y)] = BIE@m|Ym)E@) [Ym )] = E(Wmym) + EYmym:),
E(z2,22,) = BIE@2, [ym)E(@2, [ym)] = B y2) + E@aYm) + EYmyz,) + EYmym)-

Moreover, the moments of o, ~ Gamma(cy, b) are

c 2+ 3 +3c2 +2¢ 463 +11¢2 + 6¢
E(ak):f7 E(a) = ka ko E(ag):kb—gk, E(al) = £ 2% i TR ete.

D.5 Analysis of the whitening and recovery error

We can follow a similar analysis as in Appendix C of [15] to derive the topic recovery error given the
sample estimate error. In particular, if we define the following sampling errors Eg and Er:

|5 =8| < Bs,
1T () = T(w)]| < lJull, Br,

then the following form of their Lemma C.2 holds for both the LDA moments and the GP/DICA
cumulants:

(maxk'yk)ES ET

IWTWTu)WT —WTW Tu)W'|| <v e (D)’ +—]. (34)
K
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where oy (+) denotes the k-th singular value of a matrix, v is some universal constant, and in both
cases D was defined such that S = DD . For the LDA moments, Vi = 24/ gggggij;;g, whereas for
the GP/DICA cumulants, -y, takes the simpler form 7y, := cum(ay)/[var(a)]?/? = 2/./cx.

We note that the scaling for S is O(L?) for the GP/DICA cumulants, in contrast to O(1) for the LDA
moments. Thus, to compare the upper bound (34) for the two types of moments, we need to put it in
quantities which are common. In the first section of the Appendix C of [15], it was mentioned that

oK (ZND) >, /Cofg)ij_l)oK (D) for the LDA moments, where ¢,,;, := ming cx. In contrast, for the

GP/DICA cumulants, we can show that o g (15) > L—Vi:“‘“JK (D), where L := ¢y /b is the average

length of a document in the GP model. Using this lower bound for the singular vector, we thus get
the following bound in the case of the GP cumulant:

v ES 263 ET Cg

i L2 ok (D)) B loxe (D))

min

IWTWTu)WT = WT (W Tu)WT| <

(33)

The cfn/ii factor is common for both the LDA moment and GP cumulant, but as we mentioned

after Proposition 3.1, the sample error Eg term gets divided by L? for the GP cumulant, as ex-
pected.

The recovery error bound in [15] is based on the bound (35), and thus by showing that the error
Es/ L? for the GP cumulant is lower than the Eg term for the LDA moment, we expect to also
gain a similar gain for the recovery error, as the rest of the argument is the same for both types of
moments (see Appendix C.2, C.3 and C.4 in [15] for the completion).

E Appendix. The LDA moments

E.1 Our notation

The LDA moments were derived in [3]. Note that the full version of the paper with proofs appeared
in [15] and a later version of the paper also appeared in [31]. In this section, we recall the form of the
LDA moments using our notation. This section does not contain any novel results and is included
for the reader’s convenience. We also refer to this section when deriving the practical expressions
for computation of the sample estimates of the LDA moments in Appendix F.4.

For deriving the LDA moments, a document is assumed to be composed of at least three tokens:
L > 3. As the LDA generative model (1) is only defined conditional on the length L, this is not
too problematic. But given that we present models in this paper which also model L, we mention
for clarity that we can suppose that all expectations and probabilities defined below are implicitly
conditioning on L > 3."" The theoretical LDA moments are derived only using the first three words
w1, wo and wz of a document. But note that since the words w,’s are conditionally i.i.d. given 6 (for
1 < ¢ < L), we have M3 := E(w; ® w2 @ w3) = E(wy, ® wy, ® wy,) for any three distinct tokens
¢1, U5 and ¢3. The tensor M3 is thus symmetric, and could have been defined using any distinct
{1, 5 and /3 that are less than L. To highlight this arbitrary choice and to make the links with the
U-statistics estimator presented later, we thus use generic distinct /1, ¢ and {3 in the definition of
the LDA moments below, instead of /1 = 1, /5 = 2 and /3 = 1 as in [3].

""Note that another advantage of the DICA cumulants from Section 3.1 is that they do not require such a
somewhat artificial condition: they are well-defined for any document length (even a document of length zero!).
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Using this notation, then by the law of total expectation and the properties of the Dirichlet distribu-
tion, the non-central moments'> of the LDA model (1) take the form [3]:

C
M, = E(wy,) = D—, (36)
Co
Co T . T
My, =E = —-MM Dd D 37
2 (wzl w£2) CO + 1 1 1 + CO(CO + 1) lag (C) ) ( )
M; = E(wfl X we, & w@3>

Ci
= - jQ [E(we, ®we, ® M) + E(we, @ My @ we,) + E(M; ® we, ® wy,)],
0

2¢5 M, @ My ® M, + 2
colco+1)(co+2)" ! !

K
dy@dy@d,. (38
co(co+1)(co+2)];ck @ de O dp. (38)

where ® denotes the tensor product.

Similarly to the GP/DICA cumulants (as discussed in Appendix C.3), moving the terms in the non-
central moments (36), (37), (38), the following quantities are defined

(Pairs) = S := My — —— M M|, LDA S-moment
co+1
(39
¢
(Triples) =T == M — JOF 5 [E(we, @ we, @ My) + E(wg, ® My @ w,) + E(My © we, @ wr,)]
0

2¢3
+—M; ® M ® M. LDA T-moment
(co+ D)(cog+2) -+
(40)

Slightly abusing terminology, we refer to the entities S and T as the “LLDA moments”. They have
the following diagonal structure

1
S = W ];C}Cdkdk 5 (41)

K
2

T = E crdi ® di, @ dy,. 42

coleo + 1)(co +2) &= FF T TR “2)

Note however that this form of the LDA moments has a slightly different nature than the similar
form (11) and (13) of the GP/DICA cumulants. Indeed, the former is the result of properties of the
Dirichlet distribution, while the latter is the result of the independence of a’s. However, one can
think of the elements of a Dirichlet random vector as being almost independent (as, e.g., a Dirichlet
random vector can be obtained from independent gamma variables through dividing each by their
sum). Also, this closeness of the structures of the LDA moments and the GP cumulants can be
explained by the closeness of the respective models as discussed in Section 2.

E.2 Asymptotically unbiased finite sample estimators for the LDA moments

Given realizations wpe, n = 1,...,N, ¢ = 1,..., L,, of the token random variable w,, we now
give the expressions for the finite sample estimates of S (39) and T" (40) for the LDA model (and
we rewrite them as a function of the sample counts z,,)."> We use the notation E below to express
a U-statistics empirical expectatlon over the token w1th1n a documents uniformly averaged over the

whole corpus. For example, ]E(wgl®11)g2®M1) =% Zn I L oD ZZ’L 12%2 1 We, @y, @
Loy

"”Note, the difference in the notation for the LDA moments in papers [3] and [4]. In [3], M; = E(we,),
M; = E(we, ® we,), and Mz = E(we, ® we, @ we, ). However, in [4], M is equivalent to S in our notation
and to Pairs in the notation of [3]; similarly, M3 is T" in our notation or T'riples in the notation of [3].

3Note that because non-linear functions of M appear in the expression for S (43) and T' (44), the estimator
is biased, i.c., E(S) # S. The bias is small though: ||E(S)—S|| = O(1/N) and the estimator is asymptotically
unbiased. This is in contrast with the estimator for the GP/DICA moments which is easily made unbiased.
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M;.

~ — Co = T
S = M, — MM 43
2 Co+1 1 1> ( )
~ — C -~ — -~ — ~
T:=Ms—~ JOFQ E(we, ® we, @ M) + E(wy, @ My ® wey) + E(M; @ wy, ®w23)}
0
22 s
My ® My @ My, (44)

T ot D +2)

where, as suggested in [4], unbiased U-statistics estimates of M7, M5 and M3 are:

iy 1&g L N 1
1 ;Lnklwz N;[l]x NS0 45)
- - 1 N L'VL L
My := E(wy, wy,) = Z L Z Z Wni, Whe,
n= n 1= :
1 bz =L
1 N L7L
=5 Z[ (:rna: an/wn/>
n=1
| X
=% Z[ég]n (znz,) — diag(zn))
n=1
1 .
=5 [Xdiag(d2)X " — diag(X2)] , (46)

(47)

1 lo=1 fl3=1
LoF#Lly L3F#Lo
L3F#Ly
N L,
§ Tn Q@ Tn @ Ty § Wi & Wre @ Wne
— =1

Ly,
§ § w’ﬂ/él ® w’ﬂél ® wnfz + wn& ® wnfz ® wnél + wnél ® wnég ® w’ﬂéz)

L
| X M
=~ 2[53]7;, (In ® Ty @ T, + 2 Z Zom(em @ €m & €m)
n=1

m=1

M M
- § § TnmiLnmo (eml Rem Q€lmy, +Em; €, @y +6my Qem, ® emz) .

m1:1 m2:1

(48)

Here, the vectors d1, 62 and 65 € RY are defined as [§1],, :== L, '; [d2],, := (Ln(Ln — 1)) 7L e,
—1
[02],, = [(’:2")2!} is the number of times to choose an ordered pair of tokens out of L,, tokens;

1
[63)n == (Ln(Lyn, — 1)(Ly, — 2))7 %, ice., [03] = {(%)3'} is the number of times to choose an

ordered triple of tokens out of L,, tokens. Note that the vectors d1, J2, and d3 have nothing to do
with the Kronecker delta 6.

For a vector ¢ € RY, we sometimes use notation [a]n to denote its n-th element. Similarly, for a
matrix A € RM*N we use notation [4], . to denote its (m, n)-th element.
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There is a slight abuse of notation in the expressions above as wy is sometimes treated as a random

variable (i.e., in E(wy), E(wglw, ), etc.) and sometimes as its realization. However, the difference
is clear from the context.

F Appendix. Practical aspects and implementation details

F.1 Whitening of S and dimensionality reduction

The algorithms from Section 4 require the computation of a whitening matrix W of S. Due to
the similar diagonal structure ((41) and (11)) of the matrix S for both the LDA moments (39) and
the GP/DICA cumulants (10), the computation of a whitening matrix is exactly the same in both
cases.

By a whitening matrix, we mean a matrix W € RE*M (in practice, M > K) that does not only
whiten S € RM*M byt also reduces its dimensionality such that'* WSW T = I.

Let S = UXU T be an orthogonal eigendecomposition of the symmetric matrix S. Let X1, x denotes
the diagonal matrix that contains the largest K eigenvalues'> of S on its diagonal and let Uy.x be a
matrix with the respective eigenvalues in its columns. Then, a whitening matrix is

W =320 . (49)

where EJ{}I/(Q is a diagonal matrix constructed from ;.5 by taking the inverse and the square root
of its non-zero diagonal values (f stands for the pseudo-inverse).

In practice, when only a finite sample estimator S of S is available, the following finite sample
estimator W of W can be introduced

w.=SI2gr (50)

PPN

where S = USU .

F.2 Computation of the finite sample estimators of the GP/DICA cumulants

In this section, we present efficient formulas for computation of the finite sample estimate (see
Appendix C.4 for the definition of T') of WT (v)W T for the GP/DICA models. The construction

of the finite sample estimator W is discussed in Appendix F.1, while the computation of S (29) is
straightforward.

“Note that such a whitening matrix W € R¥*™ js not umquely defined as left multiplication by any orthog-

onal matrix V' € R¥*¥ does not change anything. Indeed, let W=VW,then WSWT = VWSWTVT =
Ix.

'SWe mean the largest non-negative eigenvalues. In theory, S have to be PSD. In practice, when we deal with
finite number of samples, respective estimate of S can have negative eigenvalues. However, for K sufficiently
small, S should have enough positive eigenvalues. Moreover, it is standard practice to use eigenvalues of .S for
estimation of a good value of K, e.g., by thresholding all negative and close to zero eigenvalues.
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By plugging the definition of the tensor T (30) in the formula (16) for the projection of a tensor onto
a vector, we obtain for a given v € RM:

{f(v)} o= Z U (Tmy s Trng» Tms )Vms + 2 Z §(ma,ma, ms)E(Zm, )Um,

m3 m3

— Z d(ma, m3)Cov (L, » Tms ) Vims

m3
- Z 5(m1a mB)ﬁ(xWH ) ‘rmz)vms
ms
- Z 5(m13 mQ)ﬁ(xm1 s $m3)vm3
ms
= Z (ﬁﬁl(xml ) x?l’Lz’ x'mg)v'mg + 25(777'17 m?)E('x'rnl )U'ml
ms3
— COV(Tmy s Tins )Vmy — COV(Tiny s Ting )Umy — O(m1, m2) Z COV(Timy s T ) Vs -

m3
This gives the following for the expression /Wf(v)/V[?T:

[/Wf(v)WT} = Wy "T(0) Wy,
kiko
= Z m(xm17mm2axms)vaWklmlwbmz
my,ma,m3
+2 Z 6(m17mz)ﬁ(xml)vaWkImIWk2m2

mi,ma

— g COV(Zimy s Ty ) Vs Wiy my Wiams

miy,Mma2

- — —
— E COV(Trmy s Ty ) Vimy Wiymy Weamea

my,ma

— g COV(Zmy » Tmg ) Vs Wieymy Wiam, s

my,ms3

where Wk denotes the k-th row of T¥ as a column vector. By further plugging in the expressions (31)
for the unbiased finite sample estimates of cov and cum, we further get

[/Wf(v)/ﬂ?q ok m Z </I/I7k1,xn - I@(w)> </I/I7k2, Xy — IE(.Z‘)> <v, Ty, — E(m)>

n

+2 Z I/E\(l'm>vkalka2m

- ﬁ <Wk1,wn - E(m)> <v ° Wkg;xn - f[-f(x)>
- ﬁ Z <v o Wkl,xn - E(m)> <Wk2;mn - IE(UU)>
S Y

where o denotes the elementwise Hadamard product. Introducing the counts matrix X € RM*N

where each element X,,,,, is the count of the m-th word in the n-th document (note, the matrix X
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contain the vector z,, in the n-th column), we further simplify the above expression

WT()W' = m@xmiagp{w@xf
+ (N—l)]\éN—Q) <v,1ﬁ(:c)> [ZN(W\IE(;E))(/WE@))T - (/WX)(W\X)T}
N
S (N=1)(N=-2)

+ Q/Wdiag[v o I/Ei(x)]ﬁ/\T

[WX(X%)(WE(:E))T + W]@:@)(WX(X%))T}

(WX)(Wdiag(v)X)T + (Wdiag(v) X)(WX)T + Wdiag[X(XTv)]WT}

+
2
P —
=)
E)
=
s
e
154
o]
=
&
O
=,
+
s
e
154
o]
=
E)
2
s
=
=

(G
A more compact way to write down expression (51) is as follows

e~~~ N
TN -V -2
1

+ m |:T5 + T5T — TG — T6T + /Wdiag(a)/V[?T} 5

|71+ (0. B(@) (T2 - T) = (T + 1))
(52)

where

Ty = (WX)diag[X o] (WX)T,

Ty = 2N (WE(2))(WE(z)) ",

Ty =(WX)WX)T,

Ty =WX(X 0)(WE(z)),

T5 = (WX)(Wdiag(v)X) ",

Ty = (Wdiag(v)E(x))(WE(z)) ",
a=2(N—1)[voE(x)] + (v,E=))E(z) — X(X Tv).

F.3 Computational complexity of the GP/DICA T-cumulant estimator (52)

When computing the T-cumulant P times with the formula above, the following terms are dominant:
O(RNK)+O(NK?)+O(MK), where R is the largest number of unique words (non-zero counts)
in a document over the corpus. In practice, almost always K < M < N, which gives the overall
complexity of P computations of the estimator (52) to be equal to O(PRN K)+O(PNK?).

F.4 Computation of the finite sample estimators of the LDA moments

In this section, we present efficient formulas for computation of the finite sample estimate (see Ap-
pendix E.2 for the definition of T') of WT'(v)W T for the LDA model. Note that the construction of
the sample estimator I of a whitening matrix W is discussed in Appendix F.1). The computation of

S (43) is straightforward. This approach to efficient implementation was discussed in [4], however,
to the best of our knowledge, the final expressions were not explicitly stated before. All derivations
are straightforward, but quite tedious.
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By analogy with the GP/DICA case, a projection (16) of the tensor ' € RM*M*M (44) onto some
vector v € RM in the LDA is

M

~ — 2¢2 — — —
TU} - [M] g 4 0 NN [V ]y M ] 0
7w 20 1 Pt G e 7 2o Vb W (i
M
Co ~ — ~ — ~ o~
_ 2:@@%®wb®Mﬁ+Em&®NA®WQ+E@L®wb®WQ} V-
Co + 2 maml mimams
Plugging in the expression (48) for an unbiased sample estimate ]\/4\3 of M3, we get
1
[T(v)} o = N Z[é;;]n <$nm1$nm2 (T, v) +2 Z d(ma, ma, mg)xnm3vm3>
n=1 ms
N M M
_NZ[(SJ]“ Z Z Tnilnj (6, Qe ®e;j+e,Qej Qe +e RejQej) U
n=1 m3=1 [4,j=1
mi1mams
23—
+ ————— [ M|, [Mi]m <M ,’U>
(CO+1)(CO+2)[ 1] 1[ 1] 2 1
. M
0 — — — — — —
- o+ 2 ([M2]m1m2 <M17'U> + Zl ([MZ]mlms [M1]imyVims + [Ma]myms [Ml]mlvm3)> )
ma=
where eq, e, ..., ep denote the canonical vectors of RM (i.e., the columns of the identity matrix

Ips). Further, this gives the following for the expression ﬁ/\f(v)ﬁ/\T:

[/Wf(v)/WTh L % i[ég]n ((xn,v> <xn, Wk1> <xn, /Wk2> + 2 f: xnmvmﬁ/\klm/vﬁzm>
12 n=1 m=1

N M
1 - - -
N Z O3n, Z Tri Ty (Wkliszi'Uj + Wi iWiyivi + WkliWkngj)
n=1

ij=1

(s [FE] W) + (T, W) (T, + (W, W) (5, 7, )

g A7 1A == —
i ((:04—12)% <M1’Wk1> <M17 Wk2> <M1,v> :

where Wk denotes the k-th row of TV as a column-vector. This further simplifies to
— 1 —~ —~
WT(w)W' = ~ (W X)diag [(XTv)ods] (WX)T
1~ —~
+ —Wdiag [2[(Xd5) o v] — X[(X Tv) 0 d3]] W'

N

_ %(Wdiag[v}X)diag[(szz](W\X)T

_ %(W\X)diag[dg](ﬁ?diag[v]x )’

C — o~~~ o~ o~ o~ e~~~ o~
- i 5 [<M1,v> (WMW ) + (W (M) (WM + (WM (W (Maw)) T
2¢3 YA v TR
b0 (M) (WAL (WM.
(co+1)(co +2) < ' U> ( & ! (53)
A more compact representation gives:
o~~~ 1 I — o~~~
WI@WT = < [+ T~ Ty~ T ] - - i 5 {(Ml,v)(WMQWT) ST+ Tj}
(54)
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where
T, = (WX)diag [(X Tv) 0 65] (WX)T,
T, = Wdiag [2[(X83) 0 v] — X[(X Tv) 0 83]] WT,
Ty = [Wdiag(v) X]diag(ds) (WX) T,
Ty = [W (M) (WAM,) .

F.5 Computational complexity of the LDA T-moment estimator (54)

By analogy with Appendix F.3, the computational complexity of the T-moment is O(RNK) +
O(N K?). However, in practice we noticed that the computation of (52) is slightly faster for larger
datasets than the computation of (54) (although the code for both was equally well optimized). This
means that the constants in O(RNK) + O(NK?) for the LDA T-moment are, probably, slightly
larger than for the GP/DICA T-cumulant.

F.6 Estimation of the model parameters for GP/DICA model

Below we briefly discuss the recovery of the model parameters for the GP/DICA and LDA mod-
els from a joint diagonalization matrix A € R¥*M estimated in Algorithm 1. This matrix has
the property that AD should be approximately diagonal up to a permutation of the columns of D.
The standard approach [3] of taking the pseudo-inverse of A to get an estimate of the topic ma-
trix D has a problem that it does not preserve the simplex constraint of the topics (in particular,
the non-negativity of D). Due to the space constraints, we do not discuss this issue here, but we
observed experimentally that this can potentially significantly deteriorate performance of all mo-
ment matching algorithms for topic models considered in this paper. We made an attempt to solve
this problem by integrating the non-negativity constraint into the Jacobi-updates procedure of the
orthogonal joint diagonalization algorithm, but the obtained results did not lead to any significant
improvement. Therefore, in our experiments for both GP/DICA cumulants and LDA moments, we
estimate the topic matrix by thresholding the negative values of the pseudo-inverse of A:
dy, := 1 max(0, [AT].) /|| max (0, [AT].1) |1,

where [AT]., is the k-th column of the pseudo-inverse AT of A, and 75, = +1 set to —1 if [AT].;, has
more negative than positive values. This might not be the best option, and we leave this issue for the
future research.

To estimate the parameters for the prior distribution over the topic intensities «y, for the DICA
model (4), we use the diagonalized form of the projected tensor from (17) and relate it to the output
diagonal elements a,, for the p-th projection:

~ th cum (g, ok, a) ~ T
lap]k = trlzk, up) = Siﬁ@kauﬁ = a2 <dek, W Up>, (55)

where dj, = 7, max(0, [A1].1.). This formula is valid for any prior on ay, in the DICA model. For the

GP model (3) where a, ~ Gamma(cy, b), we have that var(ay,) = & and cum(ay, o, a) = 2%,

and thus ¢}, = \/% which enables us to estimate ¢;. Plugging this value of ¢, in (55), and solving
for ¢, gives the following expression:

4 <&lvk,WTup>2
[apli

By replacing the quantities on the RHS with their estimated ones, we get one estimate for c; per
projection. We use as our final estimate the average estimate over the projections:

Cr —

R 1 P 4<Jk7WTup>2
%=1 ,,; e (56)
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Reusing the properties of the length of documents for the GP model as described in Appendix B.2,
we finally use the following estimates for rate parameter b of the gamma distribution:
~ %
b= =, (57)
L

where ¢y := ), ¢ and Lis the average document length in the corpus.

By analogy, similar formulas for the estimation of the Dirichlet parameter c of the LDA model can
be derived and are a straightforward extension of the expression in [3].

G Appendix. Complexity of algorithms and details on the experiments
G.1 Code and complexity

Our (mostly Matlab) implementations of the diagonalization algorithms (JD, Spec, and TPM) for
both the GP/DICA cumulants and LDA moments are available online.'® Moreover, all datasets and
the code for reproducing our experiments are available.'” To our knowledge, no efficient implemen-
tation of these algorithms was available for LDA. Each experiment was run in a single thread.

The bottleneck for the spectral, JD, and TPM algorithms is the computation of the cumu-
lants/moments. However, the expressions (52) and (54) provide efficient formulas for fast com-
putation of the GP/DICA cumulants and LDA moments (O(RN K + N K?), where R is the largest
number of non-zeros in the count vector x over all documents, see Appendix F.3 and F.5), which
makes even the Matlab implementation fast for large datasets. Since all diagonalization algorithms
(spectral, JD, TPM) perform the whitening step once, it is sufficient to compare their complexities
by the number of times the cumulants/moments are computed.

Spectral. The spectral algorithm estimates the cumulants/moments only once leading to
O(NK (R + K)) complexity and, therefore, is the fastest.

JD. For JD, rather than estimating P cumulants/moments separately, one can jointly estimate these
values by precomputing and reusing some terms (e.g., W .X). However, the complexity is still
O(PNK (R + K)), although in practice it is sufficient to have P = K or even smaller.

TPM. For TPM some parts of the cumulants/moments can also be precomputed, but as TPM nor-
mally does many more iterations than P, it can be significantly slower. In general, the complexity
of TPM can be significantly influenced by the initialization of the parameters of the algorithm.
There are two main parameters: L;p,, is the number of random restarts within one deflation step
and Ny, is the maximum number of iterations for each of Ly, random restarts (different from
N and L). Some restarts converge very fast (in much less than Ny, iterations), while others are
slow. Moreover, as follows from theoretical results [4] and, as we observed in practice, the restarts
which converge to a good solution converge fast, while slow restarts, normally, converge to a worse
solution. Nevertheless, in the worst case, the complexity is O(Nypm Lipm NK(R + K)).

Note that for the experiment in Figure 1, Lyy,, = 10 and Ny, = 100 and the run with the best
objective is chosen. We believe that these values are reasonable in a sense that they provide a good
accuracy solution (¢ = 10~ for the norm of the difference of the vectors from the previous and the
current iteration) in a little number of iterations, however, they may not be the best ones.

JD implementation. For the orthogonal joint diagonalization algorithm, we implemented a faster
C++ version of the previous Matlab implementation'® by J.-F. Cardoso. Moreover, the orthogonal
joint diagonalization routine can be initialized in different ways: (a) with the K x K identity matrix
or (b) with a random orthogonal K x K matrix. We tried different options and in nearly all cases
the algorithm converged to the same solution, implying that initialization with the identity matrix is
sufficient.

Whitening matrix. For the large vocabulary size M, computation of a whitening matrix can be
expensive (in terms of both memory and time). One possible solution would be to reduce the vo-
cabulary size with, e.g., TF-IDF score, which is a standard practice in the topic modeling context.

]Ghttps ://github.com/anastasia-podosinnikova/dica—-1ight

17https ://github.com/anastasia-podosinnikova/dica

lshttp ://perso.telecom—-paristech.fr/~cardoso/Algo/Joint_Diag/joint_diag_
r.m
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min mean  max
JID-GP 148 192 247
JD-LDA 252 284 366
ID(k)-GP 157 190 247
JID(k)-LDA | 264 290 318
ID(f)-GP 1628 1846 2058
ID(f)-LDA | 2545 2649 2806
Spec-GP 101 107 111
Spec-LDA | 107 140 193
TPM-GP 1734 2393 2726
TPM-LDA | 12723 16460 19356

Table 1: The running times in seconds of the algorithms from Figure 1, corresponds to the case when N =
50,000. Each algorithm was run 5 times, so the times in the table display the minimum (min), mean, and
maximum (max) time.

Another option is using a stochastic eigendecomposition (see, e.g., [33]) to approximate the whiten-
ing matrix.

Variational inference. For variational inference, we used the code of D. Blei and modified it for the
estimation of a non-symmetric Dirichlet prior ¢, which is known to be important [35]. The default
values of the tolerance/maximum number of iterations parameters are used for variational inference.
The computational complexity of one iteration for one document of the variational inference algo-
rithm is O(RK), where R is the number of non-zeros in the count vector for this document, which
is then performed a significant number of times for each document.

G.2 Runtimes of the algorithms

In Table I, we present the running times of the algorithms from Section 5.1. JD and JD(k) are
significantly faster than JD(f) as expected, although the performance in terms of the ¢;-error is
nearly the same for all of them. This indicates that preference should be given to the JD or JD(k)
algorithms.

The running time of all LDA-algorithms is higher than the one of the GP/DICA-algorithms. This
indicates that the computational complexity of the LDA-moments is slightly higher than the one
of the GP/DICA-cumulants (compare, e.g., the times for the spectral algorithm which almost com-
pletely consist of the computation of the moments/cumulants). Moreover, the runtime of TPM-LDA
is significantly higher (half an hour vs. several hours) than the one of TPM-GP/DICA. This can be
explained by the fact that the LDA-moments have more noise than the GP/DICA-cumulants and,
hence, the algorithm is slower. Interestingly, all versions of JD algorithm are not that sensitive to
noise.

Computation of a whitening matrix is roughly 30 sec (this time is the same for all algorithms and is
included in the numbers above).

G.3 Initialization of the parameter ¢, for the LDA moments

The construction of the LDA moments requires the parameter ¢, which is not trivial to set in the
unsupervised setting of topic modeling, especially taking into account the complexity of the evalu-
ation for topic models [16]. For the semi-synthetic experiments, the true value of ¢ is provided to
the algorithms. It means that the LDA moments, in this case, have access to some oracle informa-
tion, which in practice is never available. For real data experiments, cg is set to the value obtained
with variational inference. The experiments in Appendix G.4 show that this choice was somewhat
important. However, this requires more thorough investigation.

G.4 The LDA moments vs parameter ¢,

In this section, we experimentally investigate dependence of the LDA moments on the parameter cg.
In Figure 5, the joint diagonalization algorithm with the LDA moment is compared for different
values of ¢y provided to the algorithm. The data is generated similarly to Figure 2. The experiment
indicates that the LDA moments are somewhat sensitive to the choice of ¢y. For example, the
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Figure 5: Performance of the LDA moments depending on the parameter co. D and c are learned from the
AP dataset for K = 10 and K = 50 and true ¢p = 1. JD-GP(10) for K = 10 and JD-GP(50) for K = 50.
Number of sampled documents N = 20, 000. For the error bars, each dataset is resampled 5 times. Data (left):
GP sampling; (right): LDAfix(200) sampling. Note: a smaller value of the ¢;-error is better.
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Figure 6: Comparison of the ¢1- and /»- errors on the NIPS semi-synthetic dataset as in Figure 2 (top, left).
The ¢2 norms of the topics were normalized to [0,1] for the computation of the 2 error.

recovery /1-error doubles when moving from the correct choice ¢y = 1 to the plausible alternative
co = 0.1 for K = 10 on the LDAfix(200) dataset (JD-LDA(10) line on the right of Figure 5).

G.5 Comparison of the /1 - and />-errors

The sample complexity results [3] for the spectral algorithm for the LDA moments allow straightfor-
ward extension to the GP/DICA cumulants, if the results from Proposition 3.1 are taken into account.
The analysis is, however, in terms of the ¢3-norm. Therefore, in Figure 6, we provide experimental
comparison of the ¢1- and ¢5-errors to verify that they are indeed behaving similarly.

G.6 Evaluation of the real data experiments

For the evaluation of topic recovery in the real data case, we use an approximation of the log-
likelihood for held out documents as the metric. The approximation is computed using a Chib-style
method as described by [16] using the implementation by the authors.'? Importantly, this evaluation
methods is applicable for both the LDA model as well as the GP model. Indeed, as it follows from
Section 2 and Appendix B.1, the GP model is equivalent to the LDA model when conditioning on
the length of a document L (with the same c; hyper parameters), while the LDA model does not
make any assumption on the document length. For the test log-likelihood comparison, we thus treat
the GP model as a LDA model (we do not include the likelihood of the document length).

G.7 More on the real data experiments

The detailed experimental setup is as follows. Each dataset is separated into 5 training/evaluation
pairs, where the documents for evaluation are chosen randomly and non-repetitively among the
folds (600 documents are held out for KOS; 400 documents are held out for AP; 450 documents
are held out for NIPS). Then, the model parameters are learned for a different number of topics.
The evaluation of the held-out documents is performed with averaging over 5 folds. In Figure 3 and
Figure 7, on the y-axis, the predictive log-likelihood in bits averaged per token is presented.

Yhttp://homepages.inf.ed.ac.uk/imurray2/pub/09%etm
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In addition to the experiments with AP and KOS in Figure 3, we demonstrate one more experiment
with the NIPS dataset in Figure 7 (right).

Note that, as the LDA moments require at least 3 tokens in each document, 1 document from the
NIPS dataset and 3 documents from the AP dataset, which did not fulfill this requirement, were
removed.
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Figure 7: Experiments with real data. Left: the KOS dataset. Right: the NIPS dataset. Note: a higher value of
the log-likelihood is better.

Importantly, we observed that VI when initialized with the output of the JD-GP is consistently better
in terms of the predictive log-likelihood. Therefore, the new algorithm can be used for more clever
initialization of other LDA/GP inference methods.

We also observe that the joint diagonalization algorithm for the LDA moments is worse than the
spectral algorithm. This indicates that the diagonal structure (41) and (42) might not be present in the
sample estimates (43) and (44) due to either model misspecification or to finite sample complexity
issues.
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