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Abstract

Relational data matrices are everywhere around us, including user-movie rating data and
document-word occurrence data. Pattern extraction from such relational data matrices has
been extensively studied in the literature to capture and visualize a latent global structure
of a given matrix. Specifically, in this paper, we focus on the two well-known problems of
relational data analysis: biclustering and matrix reordering. In the biclustering problem,
we assume that a data matrix contains some homogeneous submatrices, say biclusters, and
estimate the locations of such biclusters. The matrix reordering problem deals with more
general structural patterns than biclusters, and its purpose is to find the optimal row/column
permutations for a given matrix with which some latent pattern appears (biclusters are
special cases here).

An open problem in the biclustering and matrix reordering is that we need to accept
various kinds of assumptions in its procedure, such as the number of biclusters or features
to be used for row/column orderings. In practice, however, we do not always know the
validity of such assumptions in advance. Therefore, we need some evaluation method for
the reliability of the model, features, and estimation results of these problems.

In this dissertation, we propose three new approaches for solving this problem in both
biclustering and matrix reordering: evaluations of the number of biclusters, the estimated
bicluster structure, and the row and column features used for matrix reordering. The
first two methods are based on the statistical hypothesis tests, whereas in the last one we
maximize the “goodness” of the row/column features in terms of the reconstruction error
of the original matrix by a new neural network model.

First, we develop a statistical test on the number of biclusters in a given data matrix A.
For a given hypothetical number of biclusters (K, Hy), we test whether matrix A consists
of Ky x Hj biclusters or more. The proposed test statistic is based on the largest singular
value of the standardized data matrix, and its asymptotic distribution based on the null
hypothesis is derived by using random matrix theory. We also give a theoretical guarantee
for the proposed test statistic under the alternative hypothesis. Based on these results, we
propose an asymptotically valid sequential testing on the number of biclusters.

Second, we construct a test on the estimated bicluster structure that have been selected
based on a given data matrix A and a specific loss function. Such data-driven selection of
a hypothetical bicluster structure is a natural choice when we have no knowledge about



the latent structure of a matrix A in advance. However, to construct a statistically valid
test (i.e., the Type I error is controlled by a given significance rate), we need to take the
selective bias into account. If we derive the p-value of the test statistic based on an invalid
assumption that the hypothetical bicluster structure is independent of the data matrix, the
test is biased towards optimistic. To avoid this difficulty, we develop a statistical test based
on the framework of selective inference, where we derive the null distribution of the test
statistic under the condition that the hypothetical bicluster structure is selected based on
the data matrix.

Finally, we propose a new neural network model for matrix reordering, which auto-
matically extracts row and column features from a given matrix, which are later used for
determining the row/column orderings. To evaluate the goodness of the extracted features,
we assume a generative model of a data matrix with an autoencoder-like architecture, and
evaluate the features based on the reconstruction error of the original matrix. By using the
trained neural network model, we can not only determine the row/column orderings of a
given matrix A but also visualize a global structural pattern in the matrix A as the output
of the model.

Our results provide a clue for examining the validity of the assumptions used in the
relational data analysis, and they can be used as first-step analysis tools for acquiring
knowledge about the latent structure of a given data matrix.
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Chapter 1

Introduction

1.1 Structural pattern mining in relational data

Relational data are a kind of data with the form of d-dimensional array, where d > 2. Each
dimension of an array corresponds to generally different object, and each entry indicates
the relationship among the d objects. Specifically, in this dissertation, we focus on the
matrix data (i.e., d = 2). Such relational data exist everywhere around us (see Section 2.1
for specific examples), and there have been many studies for analyzing them. For instance,
relational data analysis includes:

e Biclustering: We assume that a data matrix contains a homogeneous submatrix or
bicluster, in which all the entries have similar values [5, 63]. Biclustering is a task
to find such biclusters from a given matrix. A well-known model for a regular-grid
bicluster structure is a latent block model or an LBM [58], where we assume that
each entry in a bicluster independently follows an identical distribution. We give a
specific formulation of biclustering in Section 2.2.

e Community detection in network: Community detection is similar to biclustering
in that its purpose is to find a homogeneous submatrix in an adjacency matrix of
a given graph. The difference between these two tasks lies in that, in network
community detection, both rows and columns represent the same set of nodes and
therefore the submatrix consists of the same set of indices in both row and column
directions. In other words, community detection is a task to find the set of node
indices among which the edges have similar weights. A probabilistic model in this
setting, which corresponds to an LBM in the biclustering setting, is a stochastic
block model or an SBM [65]. Aside from an SBM, many studies have proposed
community detection algorithms based on the modularity [116], which quantifies
the assortativity (i.e., there are more intra-community edges than inter-community
ones) of a network given the community structure [19, 35, 115].
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e Matrix reordering or seriation: Biclustering and community detection can also be
seen as a problem to find a set of row and column permutations of a given matrix
such that the reordered matrix shows a block structure. In matrix reordering, we
consider a more general problem to discover such row and column permutations that
reveal some pattern in a given matrix without explicit structural assumption (e.g.,
bicluster structure) [11, 98]. Such generality is both an advantage and a disadvantage
of matrix reordering. While it enables us to capture other structural patterns than
block structures, the interpretation of the reordered matrix depends more heavily on
the analyst than in the case of biclustering. Matrix reordering methods are called
“non-destructive data analysis,” since all the information of entry values of an original
data matrix is preserved after applying them [6, 110]. We give a specific formulation
of matrix reordering in Section 2.3.

e Matrix factorization (dimensionality reduction): Matrix factorization is another
approach for knowledge acquisition from a given data matrix A € R"*P, where
we assume that it can be well approximated by a product of two low-rank matrices
W € R and H € R¥™P: A ~ WH with d < n,p. This type of relational
data analysis includes singular value decomposition [14, 55, 133] and non-negative
matrix factorization [85, 86, 87]. By such decomposition, we can interpret each row
of the original matrix A as a weighted sum of d templates (i.e., rows of matrix H).
Matrix factorization methods can also be used for the purpose of link prediction with
a matrix with missing entries [29, 109, 149].

¢ Influential node detection based on network centrality: The main purpose of the
above tasks is to capture or reconstruct a global structure of a given relational data
matrix. Another direction in network analysis is to detect an important node which
would have a significant influence on the other nodes. To date, various different
measures for such importance or centrality of a node have been proposed (e.g.,
degree, closeness, and betweenness centralities) [21, 49, 50]. For instance, these
centrality measures can be used for identifying a super-spreader of an infectious
disease [80, 102, 167] and a key location in the air transportation network [59, 60].

Particularly, in this dissertation, we consider a task to discover a latent structural
pattern in a given relational data matrix based on biclustering and matrix reordering. These
problems are particularly important in case that we do not have prior knowledge about the
relationship between rows or columns of a given matrix. For example, let A € R"*P be a
given relational data matrix and each entry A;; represents the rating of the jth item by the
ith user. Suppose that we want to develop a recommender system solely based on the data
matrix A. A natural assumption would be that similar users like similar items. That is, if
the 7;th and 7oth users gave high ratings to the same set of items (e.g., mystery novels) and
they gave low ratings to the same set of items (e.g., fantasy novels), and if the 7;th user
purchased the jth item and gave it a high rating, we expect that the i5th user will also give
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a high rating to the jth item. In practice, this kind of data matrix tends to be sparse, that
is, it has many zero entries and few non-zero ones. Therefore, to take the local similarity
(i.e., common ratings in small number of items) into account, we need to simultaneously
discover the similarity pattern in both users and items. The algorithms of the above two
tasks, biclustering and matrix reordering, enable us to find such a homogeneous pattern in
a given matrix. By permuting the rows and columns of a data matrix based on the result
given by such algorithms, we can visualize and interpret the latent structural pattern in the
given matrix.

1.2 Estimation and evaluation of structural pattern in re-
lational data matrix

An open problem in relational data analysis including biclustering and matrix reordering
is that we need to accept various kinds of assumptions in its procedure. For instance, in
most cases, we assume that a given model (e.g., the number of biclusters) or features are
appropriate, which should be fixed in advance. Based on such assumptions, we find an
optimal set of row and column permutations of a given matrix. Finally, we check the
results and interpret them.

However, in practice, it is not always the case that we know the appropriate model
or features to represent the latent structural pattern in a given data matrix in advance.
Moreover, an estimation result by a biclustering or matrix reordering method is not always
accompanied by a guarantee for its reliability. A research question here is,

How can we evaluate the reliability of the model, features, and estimation results of
these problems?

Based on this perspective, there exist roughly two directions of research in these
problems: to estimate a latent structure of a given matrix based on a predefined model or
features and to evaluate the given model or features or estimation results. In the subsequent
paragraphs, we briefly review the existing studies on the former estimation algorithms and
describe open problems with regard to the latter evaluation tasks.

Statistical analysis for biclustering With regard to the biclustering problem, there have
been many studies on the estimation algorithms, whereas much less studies have been
conducted on the evaluation methods. The estimation algorithms of bicluster structure
can be decomposed into several categories, according to their structural constraints (i.e.,
supposed bicluster arrangements). For instance, we assume that a given matrix consists
of a regular-grid or checkerboard bicluster structure (i.e., each row (column) belongs to
exactly one row (column) cluster) in some algorithms [33, 34, 82], whereas we consider
possibly overlapping bicluster structures in other algorithms [40, 134, 168]. Several studies
also assumed a hierarchical bicluster structure [63, 128, 129]. These methods can also be
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categorized based on their computational approaches. For instance, some algorithms seek
the (approximately) optimal bicluster assignments in terms of a given loss function (e.g.,
mean squared residue) [32, 34, 63], while other ones use spectral methods (e.g., singular
value decomposition) to avoid directly solving a combinatorial optimization problem
[41, 82]. For more comprehensive review, we can refer to [25, 107, 123, 141].

Evaluation in the biclustering problem includes the following problems, on which we
focus in this dissertation.

e Evaluation of the number of biclusters: As for the number of biclusters in a given
matrix, there have been proposed statistical tests and model selection methods based
on information criteria and cross-validation (see Section 3.3 for a comprehensive
review). The purposes of information criteria (and also cross-validation) and sta-
tistical tests are slightly different in that the former methods are used to select the
best model from a given set of candidates in terms of some statistical property (e.g.,
marginal likelihood or generalization error), while the latter ones are used when we
would like to explicitly control the probability of Type I error. As we discuss later in
Chapter 3, even though there have been many studies on the biclustering algorithm
itself, there has been no statistical test on the number of biclusters in a two-mode
relational data matrix, where the rows and columns represent generally different
objects (we give the definition of two-mode relational data in Section 2.1.1).

o Evaluation of the estimated bicluster structure: It is also an important task to
evaluate the estimation result of biclustering, as well as its model. For this purpose,
several studies have proposed statistical tests on bicluster assignments of rows and
columns (see Section 4.1 for a comprehensive review). Since the number of possible
bicluster assignments of rows and columns increases in exponential order of matrix
size (a proof of this is given in Section 4.C), to test all the patterns of block structure
is computationally intractable. Instead, we can select a representative block structure
from all the patterns and test it. In case that we do not have any prior knowledge
about the block structure of a given matrix, a natural choice is to test the optimal
set of block memberships that has been selected by some biclustering algorithm.
However, there has been no statistical test with the exact p-value derivation that we
can apply in such a problem setting.

Extraction of the row and column features used for matrix reordering In matrix
reordering, most studies have proposed a method to reorder the rows and columns of a
given matrix based on a predefined features (see Section 5.2 for a comprehensive review).
Although these algorithms provide the (approximately) optimal row and column orderings
for predefined features, there is no way to evaluate the validity of using such features. As
in the case of determining the number of biclusters in the biclustering problem, we do not
always have a prior knowledge about what features should be used to capture the structural
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pattern in a given matrix. To solve this problem, it would be useful if we can determine the
row and column feature extraction process in a data-driven way.

1.3 Contribution of this dissertation

The main contribution of this dissertation is that we develop three approaches for answering
the research question given in Section 1.2. Each approach corresponds to one of the three
open problems with regard to the biclustering and matrix reordering tasks described in
Section 1.2.

¢ Evaluation of the number of biclusters: We develop a statistical test on the number
of biclusters in a given relational data matrix in Chapter 3. By sequentially testing
multiple sets of hypothetical row and column cluster numbers (K, Hy) in ascending
order, we can select the accepted one (K JH ) as the estimated number of biclusters.
We derive theoretical guarantee for the proposed test in both realizable (i.e., the
number of biclusters in a given matrix is equal to (Ko, Hy)) and unrealizable (i.e.,
there are more biclusters than (K, Hy) in a given matrix) cases. All the main results
here are based on the asymptotic theory in terms of matrix size m, where we consider
the limit of m — oo. Although there have been several studies for testing the number
of communities in a one-mode relational data (i.e., network adjacency matrices)
[16, 67, 92], this is the first study that has proposed a test on the number of biclusters
for two-mode relational data matrices. To check the effectiveness of the proposed
test, we conduct experiments by using both synthetic and practical data matrices.
The summary of the characteristics of the proposed method is as follows.

— We can test and select the number of biclusters in a given matrix.

— The proposed test is validated in the asymptotic sense in terms of the matrix
size. The main theorems are based on the recent results in random matrix
theory, which we introduce in Section 2.1.3.

— We can use an arbitrary biclustering algorithm for estimating the bicluster
assignments, as long as it satisfies the consistency condition given in Section
3.2. We can test the number of biclusters in the same procedure regardless of
the biclustering algorithm.

e Evaluation of the estimated bicluster structure: To evaluate an estimation result
of biclustering, in Chapter 4, we construct a statistical test on the estimated bicluster
memberships of rows and columns that have been selected based on a given data
matrix and a specific loss function. Specifically, the proposed test can be applied
to the optimal bicluster assignments in terms of the squared residue or the sample
variance within the same block [34, 63] (the definition of the squared residue is given

20



1. Introduction

in Section 4.2.2). Unlike the test in Chapter 3, the validity of this proposed test is
shown (i.e., we derived the exact p-value of the proposed test statistic) with a finite
size data matrix. A naive approach for constructing such a test would be to assume
that the estimated bicluster structure is independent of the data matrix and derive the
null distribution of a test statistic. However, this assumption is invalid in our setting,
where the estimated bicluster structure is selected based on the data matrix. To
overcome this difficulty and construct a valid test on the estimated bicluster structure,
we employ a selective inference approach [13, 88]. This approach can be used for
testing the optimal solution of a problem that can be formulated as a set of quadratic
inequalities in terms of the vectorized data matrix, each of whose entry is assumed
to follow a Gaussian distribution [103]. Aside from such an exact selective test,
we also develop an approximated test based on simulated annealing to reduce the
computational cost. The summary of the characteristics of the proposed method is
as follows.

— We can test the optimal bicluster structure of a given matrix in terms of the
squared residue.

— The proposed test is validated with a finite size data matrix. The main theorems
are based on the theory of selective inference.

— To reduce the computational complexity, we develop an approximated test
based on simulated annealing as well as the exact test.

e Extraction of the row and column features used for matrix reordering: To
solve the matrix reordering task, we consider a slightly different approach to the
biclustering problem. In biclustering, we first assume a specific probabilistic model
(i.e., latent block model, which is described later in Section 2.2.1) that depends
on the bicluster structure and then seek the optimal bicluster structure that best
explains the data matrix. In the spectral and dimension-reduction methods of matrix
reordering, which we focus in Chapter 5, we also assume a probabilistic model
for a given matrix!. However, instead of assuming a discrete model that directly
depends on the row/column orderings and finding the optimal orderings, we assume
a continuous low-dimensional model (e.g., bilinear model in (5.1)) and determine
the row/column orderings based on its estimation result. In this case, it is difficult to
directly test the row and column orderings. Therefore, we adopt a different approach
to “evaluate” the goodness of a matrix reordering result. As the existing spectral
and dimension-reduction matrix reordering methods, we develop a generative model
of a given data matrix based on a set of row and column features, and evaluate the
goodness of the extracted features by the reconstruction error of the original matrix.

I'As for the advantages of these approaches compared to the other ones (e.g., Robinsonian and graph-
theoretic methods), we give a detailed explanation in Section 5.2.
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The difference between the proposed and existing methods lies in that the feature
extraction, as well as the matrix reconstruction based on the extracted features,
is trained as a neural network model by using a data matrix. In other words, the
features used for matrix reordering are not predefined, and they are determined in a
data-driven way such that they can successfully explain the given data matrix. The
summary of the characteristics of the proposed method is as follows.

— The matrix reordering is done by using a new autoencoder-like neural network
model, which first extracts the row and column features from a given matrix
and then reconstruct each entry of the data matrix based on such extracted
features. The encoder (i.e., the shallower part of the neural network which
extracts the row and column features) as well as the decoder (i.e., the deeper
part of the neural network which reconstructs each entry from the features) are
trained by using the data matrix. The extracted row and column features by the
trained model can then be used for determining the row and column orderings.

— The proposed model including the feature extraction process is trained via
back-propagation to minimize the reconstruction error of the original matrix.

— As we discuss later in Chapter 5, the output of the trained model can be seen
as a denoised version of the original data matrix, which provides us with the
knowledge of the global structure of the matrix.

The publications contained in or related to this dissertation are as follows.

e (Chapter 3) C. Watanabe and T. Suzuki. “Goodness-of-fit test for latent
block models,” Computational Statistics & Data Analysis, 154:107090, 2021.
doi:10.1016/j.csda.2020.107090.

(Chapter 4) C. Watanabe and T. Suzuki.. “Selective inference for latent block models,”
Electronic Journal of Statistics, 15(1):3137-3183, 2021. doi:10.1214/21-EJS1853.

(Chapter 5) C. Watanabe and T. Suzuki. “Deep two-way matrix re-
ordering for relational data analysis,” Neural Networks, 146:303-315, 2022.
doi:10.1016/j.neunet.2021.11.028.

(Follow-up work of Chapter 3) C. Watanabe and T. Suzuki. “A goodness-of-fit test
on the number of biclusters in a relational data matrix,” arXiv:2102.11658, 2021.

(Follow-up work of Chapter 5) C. Watanabe and T. Suzuki. “AutoLL: automatic

linear layout of graphs based on deep neural network,” 2021 IEEE Symposium
Series on Computational Intelligence, 2021.
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1.4 Organization of this dissertation

The reminder of this dissertation proceeds as follows.

Chapter 2 First, we describe the formal definitions and formulations of the keywords
of this dissertation: one-mode and two-mode relational data (Section 2.1), biclustering
(Section 2.2) and matrix reordering (Section 2.3) problems. In Section 2.1.1 and 2.1.2,
we also give some examples of such relational data matrices. Moreover, in Section 2.1.3,
we introduce some important asymptotic properties of a two-mode random relational data
matrix, which we use for deriving our main results in Chapter 3.

Chapter 3 This chapter corresponds to the first contribution of this dissertation (i.e.,
“evaluation of the number of biclusters”) given in Section 1.3, and it is based on the
study of [152]. In Section 3.1, we introduce the background of latent block models and
their open problem in determining the number of biclusters. Then, in Section 3.2, we
formally state the problem and give definitions and assumptions that are necessary for
the proofs of the main results. Before stating our main results, we review the related
studies and describe the difference between them and the proposed method in Section 3.3.
Section 3.4 is the main part of this Chapter, where we derive the asymptotic properties (i.e.,
Theorems 3.4.1, 3.4.2, and 3.4.3) of the proposed test statistic in both null and alternative
cases. These properties give the theoretical guarantee for the proposed sequentially ordered
test given in Section 3.2. Next, we demonstrate the effectiveness of the proposed test
experimentally in Section 3.5. In this section, we first check the behavior of the proposed
test statistic with increasing matrix size and compare it to the theory given in Section
3.4. For reference, we also evaluate the accuracy of the proposed test in terms of model
selection and compared it with the existing criterion (although the purpose of the proposed
test is not to choose a model from multiple candidates as high accuracy as possible, as we
also mention in this section). Aside from the above experiments using synthetic data sets,
we apply the proposed test to a practical data and analyze the result. Finally, we discuss the
main results of this chapter and refer to their limitations in Section 3.6, and give chapter
conclusion in Section 3.7. In the appendices, we show detailed proofs for deriving the
results in the previous sections.

Chapter 4 This chapter corresponds to the second contribution of this dissertation (i.e.,
“evaluation of the estimated bicluster structure”) given in Section 1.3, and it is based on
the study of [154]. We describe the difficulty in constructing a statistically valid test on the
estimated bicluster structure that has been selected based on the data matrix, introduce the
framework of selective inference to solve such a problem, and refer to the related studies
in Section 4.1. Then, in Section 4.2, we describe the notations and assumptions for the
proposed test, including the formulation of the specific biclustering algorithm based on
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squared residue minimization for selecting the bicluster structure of a given matrix. Section
4.3 states the main result of this chapter, that is, the null distribution of the proposed test
statistic. We give a proof for the main result and the test procedure (i.e., computation of
the p-value). Aside from the exact test, as we mentioned in Section 1.3, we develop an
approximated test in Section 4.3.3 to reduce the computational cost. In Section 4.4, we
conduct experiments to check the validity of the proposed exact and approximated tests in
both realizable and unrealizable cases. Then, we discuss the proposed test and room for
improvement in Section 4.5. We conclude this chapter in Section 4.6. In the appendices,
we give some proofs for a part of the main result and the additional experimental results.

Chapter 5 This chapter corresponds to the third contribution of this dissertation (i.e.,
“extraction of the row and column features used for matrix reordering”) given in
Section 1.3, and it is based on the study of [155]. In Section 5.1, we explain an open
problem in matrix reordering and briefly introduce our approach to solve it. Then, in
Section 5.2, we review the related studies on matrix reordering problem. Here, we describe
three specific algorithms of the spectral and dimension-reduction methods, which are
particularly relevant to the proposed approach. The proposed matrix reordering method
is described in Section 5.3, including the model formulation and the loss function to be
minimized. In Section 5.4, we apply the proposed method to both synthetic and practical
data matrices to verify its effectiveness. We analyze the reordering results of several types
of data matrices with different structural patterns and compare the accuracy of the proposed
method in matrix reordering with that of the existing methods. Finally, in Section 5.5, we
discuss the results and possible future directions. The conclusion for this chapter is given
in Section 5.6.

Finally, we conclude this dissertation by summarizing it and introducing the follow-up
works and future perspectives.

1.5 Notations

Throughout this dissertation, we use the following notations.

Order notations We define the orders of sequence of deterministic variables {z,, }:

e We denote x,, = O[f(m)] iff there exist C' > 0 and M > 0 such that for all
m > M, Cf(m) > |z,,| holds.

e We denote z,,, = Q) [f(m)] iff there exist C' > 0 and M > 0 such that for all m > M,
C'f(m) < |x,,| holds.

e We denote x,,, = O [f(m)] iff there exist C;,Cy > 0 and M > 0 such that for all
m > M, Cyf(m) < |z,| < Cyf(m) holds.
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Similarly, we also define the probabilistic orders of sequence of random variables { X, }:

e We denote X,, = O, [f(m)] iff for all ¢ > 0, there exist C' > 0 and M > 0 such
that for all m > M, Pr[ f(m) > |X|] > 1 — €holds.
)

e We denote X,, = Q, [f(m)] iff for all ¢ > 0, there exist C' > 0 and M > 0 such
that for all m > M, Pr[ f(m) < |Xp|] > 1 — €holds.

e We denote X, = ©, [f(m)] iff for all € > 0, there exist C;,Cy > 0and M > 0
such that for all m > M, Pr[C} f(m) < |X,,| < Cof(m)] > 1 — € holds.

Operator and Frobenius norms The operator and Frobenius norms of matrix A =
(Aij)i<i<ni<j<p € R™*P are given by

ST L) >

Au
Ml = sup 1220y =

u€eRP\O H H

(1.1)

respectively.
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Chapter 2

Preliminaries

2.1 Relational data

In this dissertation, we use the term relational data to indicate matrix-form data A =
(Aij)1<i<ni<j<p € R™P with real entries, each of which represents a relationship between
two objects. Relational data can be decomposed into two groups: either two-mode or
one-mode matrix. In the next subsections, we describe the definition, examples, and several
important properties of each of them.

2.1.1 Two-mode relational data

If the rows and columns of a data matrix A represent mutually different objects, we call that
A is a two-mode matrix (Figure 2.1 left). In this case, the numbers of rows and columns, n
and p, respectively, are not necessarily identical (i.e., A is not necessarily a square matrix).
For instance, a matrix A that represents the relationship between tourists and locations
is a two-mode relational data. In this example, each ith row indicates the ith tourist and
each jth column indicates the jth location. The (7, j)th entry A;; represents the rating of
the jth location by the ith tourist. In this dissertation, we mostly consider such two-mode
relational data matrices.

The examples of two-mode relational data include the MovieLens datasets that contain
movie ratings by users [62], the Jester dataset that contains joke ratings by users [57], the
congressional voting dataset [44] that represents relationship between congressmen and
their attributes [77, 158], the NeurIPS conference papers dataset that counts words (i.e.,
columns) in NeurIPS conference papers (i.e., rows) [120], and gene expression datasets that
represent expression levels of genes (i.e., rows) under different experimental conditions
(i.e., columns) [123, 131].
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Two-mode matrix  ope-mode matrix ~ One-mode matrix
(directed network) (undirected network)

Figure 2.1: Two-mode and one-mode data matrices. The color of each entry indicates its
value. One-mode matrices can be further decomposed into two sub-groups: either directed
(center) or undirected (right) networks.

2.1.2 One-mode relational data

If the rows and columns of data matrix A represent the same set of objects, we call that A
is a one-mode matrix (Figure 2.1 center and right). By definition, the numbers of rows and
columns of matrix A are always the same (i.e., n = p, A is a square matrix). This kind
of data matrix can be viewed as an adjacency matrix of a graph, where the (4, j)th entry
A;; indicates the weight of the edge between the ith and the jth nodes. Such adjacency
matrices can be further decomposed into two sub-groups: either directed or undirected
networks. If the adjacency matrix of a graph is symmetric (i.e., A;; = Aj; for all (4, 7)), it
is called undirected, and otherwise, it is called directed. For instance, an adjacency matrix
of a friendship network is a kind of one-mode relational data. Each ¢th row or column
indicates the ith person, and the (7, j)th entry indicates whether the ith and jth persons are
friends (A;; = 1) or not (A;; = 0). In this example, if the network is undirected, we only
consider the following two cases: for each pair of persons (4, 7), (1) i and j are friends each
other, or (2) 7 and j are not friends. However, if the network is directed, it corresponds to
considering the following four cases: (1) 7 and j are friends each other, (2) ¢ likes 7 but j
does not like 7, (3) 5 likes ¢ but z does not like 7, and (4) ¢z and j do not like each other.

The examples of one-mode relational data (i.e., graph data) include social networks
such as Zachary’s karate club network [165] and Facebook network [95], coauthorship
networks [93, 113], web graphs [3, 94], a neural network of a creature [156, 157], and a
word adjacency network [114].

2.1.3 Key properties of two-mode random relational data matrices

A random matrix is a matrix with random entries. In this dissertation, we assume that
a given relational data matrix is a sample of a random matrix, and called it an observed
matrix. In this dissertation, we use some recent results with regard to the properties of
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Probability density function p(x) of TW; distribution
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Figure 2.2: Approximated probability density function of 7'W; distribution [148].

two-mode random matrices. Particularly, in Chapter 3, we use the asymptotic distribution
of the scaled maximum eigenvalue of a sample covariance matrix and the delocalization
property of the eigenvectors of a sample covariance matrix. Before we describe these two
properties, we introduce the Tracy-Widom distribution with index 1 (7'WW; distribution),
which is used as a null distribution of the proposed test statistic in Chapter 3.

T'W, distribution The cumulative distribution function of the 7'W; distribution is given
by Fi(z) = E(z)F(x), where

E(x) = exp (—% /:o Q(y)dy) ,

1

F(z) = exp (—5 / - x)q(y)Qdy) . @.1)

Here, ¢(y) is the unique solution of a Painlevé equation of type II (i.e., % = x2q + 2¢%)
that satisfies the boundary condition g(z) ~ Ai(x) in the limit of z — oo with Ai(z) =

L [ cos (% + :vt) dt. Since the probability density function of the T'W; distribution

cannot be derived explicitly, an approximated function has been proposed [148], as shown
in Figure 2.2.

Asymptotic distribution of the scaled maximum eigenvalue of a sample covariance
matrix Let Z = (Z;j)1<i<n1<j<p € R™*? be an n X p matrix, each of whose entries
independently follows a (not necessarily identical) distribution with a sub-exponential
decay (see Section 3.2 for the precise definition) and with zero mean and unit variance.
We assume that the matrix size increases in proportion to some (large) number m (i.e.,
n,p o< m) and consider the asymptotic property of matrix Z in the limit of m — oco. A
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recent study [122] revealed that the scaled maximum eigenvalue 7™ of sample covariance
matrix Z ' Z converges in law to the 7V, distribution in the limit of m — oo.

Theorem 2.1.1 (Corollary 1.2 of [122]). Under the above assumptions, in the limit of
m — o,

)\1 o CLTW

T* W TW; (Convergence in law), (2.2)

where )\, is the maximum eigenvalue of the matrix Z ' Z and

Wl

1

a™ = (Vn+p), 0™ = (Vn+ /p) <\/ﬁ -~ %) . (2.3)

An important point here is that this convergence in low holds without the assumption
that the entries of matrix Z follow an identical distribution. This enables us to utilize this
property to prove our main result (Theorem 3.4.1) in Chapter 3, where we define the test
statistic based on submatrix-wise standardization of an observed matrix.

Aside from the result in [122], many studies have shown the asymptotic distribution
of the above 7™ in different problem settings. The studies of [72, 73] have considered a
basic setting in which the entries of matrix Z independently follow the standard Gaussian
distribution. In [118, 138], the same result has been shown for non-Gaussian cases
under some assumptions (e.g., each entry of matrix Z independently follows a symmetric
distribution with Gaussian decay and with zero mean and unit variance). The result in
[122] is quite general, and it does not require the underlying distribution of each entry of
matrix Z to be symmetric. This enables us to apply this result to various types of data
matrices, including binary matrices with which we assume that each entry is generated
from a Bernoulli distribution.

Delocalization property of the eigenvectors of a sample covariance matrix From
Theorem 2.17 of another recent study [17], the eigenvectors of the above sample covariance
matrix Z ' Z satisfy the following delocalization property.

Theorem 2.1.2 (Delocalization property of the eigenvectors of matrix Z ' Z [17]). Under
the above assumptions, the eigenvectors {v;} (||v;|| = 1 for all j) of matrix ZT Z satisfy
the following property. For all d € N, for any deterministic vectors {w®} that satisfies

|wD|| =1fori=1,...,m¢

max max |v] w?| =0, <m—%+e>  foralle > 0. 0.4)
iel,...,mdj:17-~~7p
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Regular-grid biclustering Submatrix detection

Figure 2.3: Bicluster structures which we assume in regular-grid biclustering (left) and
submatrix detection (right).

In Chapter 3, we use this property several times to bound the difference between )\,
and 5\1, where 5\1 is the maximum eigenvalue of matrix 777 and matrix Z is defined as a
random matrix standardized with submatrix-wise sample mean and variance (see (3.14) in
Section 3.4 for the precise definition). It has also been shown that a similar delocalization
property holds for the normalized eigenvectors of a one-mode symmetric random matrix
[18].

In this subsection, we introduced two important properties of random matrices without
assuming any specific structure behind a data matrix. In the subsequent sections, we
formulate two problems, biclustering and matrix reordering, where we assume that a data
matrix has some latent structural pattern.

2.2 Biclustering problem

Biclustering is a problem to find a homogeneous submatrix (i.e., bicluster) in a given
two-mode relational data matrix A [5, 63]. Specifically, we assume that the entries in a
bicluster independently follow an identical distribution. The term of biclustering is used to
indicate two different meanings: either clustering all the rows and columns of matrix A to
form a regular-grid structure or finding one or more biclusters in matrix A, as shown in
Figure 2.3. In Chapters 3 and 4, we consider the former problem setting (i.e., regular-grid
structure). In the subsequent subsections, we describe the specific formulations of each
setting.

2.2.1 Regular-grid biclustering

Let A € R"? be an n x p data matrix. In regular-grid biclustering (Figure 2.3 left),
we assume that the set of rows and columns of matrix A are decomposed into row and
column clusters, respectively. Specifically, let K and H, respectively, be the numbers of
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row and column clusters. We denote the row cluster index of the ith row of matrix A as

gi(l) € {1,..., K}. Similarly, we denote the column cluster index of the jth column of

matrix A as gj(?) € {1,..., H}. Inregular-grid biclustering, we assume that each entry A,;
is independently generated from a bicluster-wise identical distribution. Such a statistical
model is called a latent block model (LBM) [58, 63]. In this dissertation, we distinguish
an LBM from a stochastic block model (SBM), where we assume that the observed matrix

is square symmetric and ggl) = 91(2) holds forall i € {1,...,n}.

2.2.2 Submatrix detection and localization

Let A € R™P be an n x p data matrix. Submatrix detection is a problem to detect
the existence of one or more biclusters in matrix A [26, 63, 106, 134]. Particularly, in
many studies, the term of submatrix detection is used to indicate the problem to detect
large average submatrices, where the mean of the entries is significantly larger than the
other entries [26, 27, 101, 106]. Submatrix localization is a problem to estimate the
location (i.e., the set of rows and columns) of biclusters in a given matrix A, and it is also
called biclustering (Figure 2.3 right). Without the assumption that the entries within a
bicluster have larger mean than the other entries, in submatrix localization problem, we
can consider more general bicluster structures than in regular-grid biclustering. This is
because the K x H block structure in regular-grid biclustering corresponds to a special
case in submatrix localization, where there are X' x H — 1 biclusters. Unlike regular-grid
biclustering, where each row or column should belong to at least one cluster, we can
consider more local bicluster structure in submatrix localization.

2.3 Matrix reordering problem

Matrix reordering is a problem to find a set of row and column permutations m =
(mrow qreolumn) of g given relational data matrix A € R™*P such that the matrix reordered by
7 shows some structural pattern. Specifically, let 7"°% be a permutation of {1,2,...,n} and
let w°lu™™ be a permutation of {1, 2, ..., p}. We define that the 77" (7 )th row (7™ (5)th
column) in the original matrix corresponds to the ith row (jth column) in the reordered
matrix. We denote the reordered matrix as A™ € R™ P, each of whose entry is given
by Ag;r) = A row(j)reommn ;). FOr a one-mode relational data matrix, the permutations are
constrained to satisfy 77" = rc°lumn and such a task is also called graph reordering or
graph layout.

Regular-grid biclustering in Section 2.2.1 can be seen as an example of matrix reorder-
ing methods, if we reorder the rows and columns based on their cluster memberships. As
we described in Chapter 1, there are various matrix reordering formulations other than the
biclustering-based methods, according to the structural pattern that we assume in a given
matrix.
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Chapter 3

Statistical test on the number of
biclusters in a latent block model

Latent block models are used for probabilistic biclustering, which is shown to be an
effective method for analyzing various relational data sets. However, there has been no
statistical test method for determining the row and column cluster numbers of latent block
models. Recent studies have constructed statistical-test-based methods for stochastic block
models, which assume that the observed matrix is a square symmetric matrix and that the
cluster assignments are the same for rows and columns. In this chapter, we develop a new
goodness-of-fit test for latent block models to test whether an observed data matrix fits a
given set of row and column cluster numbers, or it consists of more clusters in at least one
direction of the row and the column. To construct the test method, we use a result from
the random matrix theory for a sample covariance matrix. We experimentally demonstrate
the effectiveness of the proposed method by showing the asymptotic behavior of the test
statistic and measuring the test accuracy.

3.1 Introduction

Block modeling [5, 63] is known to be effective in representing various relational data
sets, such as the data sets of movie ratings [135], customer-product transactions [135],
congressional voting [77], document-word relationships [41], and gene expressions [123].
Latent block models or LBMs [58] are used for probabilistic biclustering of such relational
data matrices, where rows and columns represent different objects. For instance, suppose
that a matrix A = (A;;)1<i<n1<j<p € R™*? represents the relationship between users and
movies, where entry A;; is the rating of the jth movie by the ith user. In LBMs, we assume
a regular-grid block structure behind the observed matrix A; i.e., both rows (users) and
columns (movies) of matrix A are simultaneously decomposed into latent clusters. A block
is defined as a combination of row and column clusters, and entries of the same block in
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matrix A are supposed to be i.i.d. random variables.

An open problem in using LBMs is that there has been no statistical procedure for
determining the numbers of row and column clusters. Recently, statistical-test-based
approaches [16, 67, 92] have been proposed for estimating the cluster number of stochastic
block models (SBMs) [65]. SBMs are similar to LBMs in the sense that they assume a block
structure behind an observed matrix; however, they are based on different assumptions
from LBMs that an observed matrix is a square symmetric matrix and that the cluster
assignments are common for rows and columns [108]. In regard to the LBM setting, no
statistical method has been constructed to determine row and column cluster numbers. The
analysis for an SBM cannot be directly applied to the LBM case due to the difference in
the underlying random matrices. To prove the main theorem (i.e., Theorem 3.4.1), we need
to derive the orders of multiple variables related to the sample covariance matrix Z ' Z of a
two-mode random matrix Z, such as the number of “large” eigenvalues of 7 TZ lie., tin
(3.75)] and an inner product of an eigenvector of Z ' Z and a deterministic vector. These
building blocks of Theorem 3.4.1 should be proven under the different condition from the
SBM case.

Aside from the test-based methods, several model selection approaches have been
proposed based on cross-validation [30] or an information criterion [76, 77, 119]. However,
these approaches have several limitations. (1) First, they cannot provide knowledge about
the reliability of the result besides the finally estimated cluster numbers. Rather than
minimizing the generalization error, in some cases, it is more appropriate to provide a
probabilistic guarantee in reliability for the purpose of knowledge discovery. (2) Second,
both the cross-validation-based and information-criterion-based methods depend on the
clustering algorithm used. For instance, we can employ the Bayesian information criterion
(BIC) for estimating the marginal likelihood only if the Fisher information matrix of the
model is regular, which is not the case for block models. Constructing an information
criterion that estimates the expectation of the generalization error for a wider class of
models is generally difficult. (3) Finally, the above methods require relatively large
computational complexity. Computation of an information criterion requires the process
of approximating the posterior distribution by the Markov chain Monte Carlo (MCMC)
method, and cross-validation requires the iterative calculation of the test error with different
sets of partitions of the training and test data sets.

In this chapter, we propose a new statistical test method for LBMs. To construct a
hypothesis test with a theoretical guarantee, we use a result from random matrix theory.
Recent studies on random matrix theory have revealed the asymptotic behavior of singular
values of an n x p random matrix [7, 8, 43, 54, 72, 73, 118, 122, 137, 138, 161]. Here, we
assume that each entry Z;; of matrix Z, which is given by Z;; = (A;; — P,j)/0;; (which
is computed by the original matrix A, its block-wise mean P and standard deviation o)
follows a distribution with a sub-exponential decay. From the result in [122], the normalized
maximum eigenvalue of Z " Z converges in law to the Tracy-Widom distribution with index
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1, under the above sub-exponential condition. Based on this result, we construct a goodness-
of-fit test for a given set of row and column cluster numbers of an LBM, using the maximum
singular value of matrix Z, which is an estimator of the matrix Z. We prove that under the
null hypothesis (i.e., observed matrix A consists of a given set of row and column cluster
numbers), the proposed test statistic 7' converges in law to the Tracy-Widom distribution
with index 1 (Theorem 3.4.1). We also show that under the alternative hypothesis, test
statistic 7" increases in proportion to m3 with a high probability, where m is a number
proportional to the matrix size (Theorems 3.4.2 and 3.4.3).

The proposed method solves the limitations of other model selection approaches. (1)
Our statistical test method enables us to obtain knowledge about the reliability of the test
results. When testing a given set of row and column cluster numbers, we can explicitly set
the probability of Type I error (or false positive) as a significance level . (2) Unlike the
other model selection methods, the proposed method does not depend on the clustering
algorithm as long as it satisfies the consistency condition (Section 3.2). It only uses the
output of a clustering algorithm to test a given set of cluster numbers; there is no need
to modify the test method according to the clustering algorithm. (3) The proposed test
method requires relatively small computational complexity. It does not require the MCMC
procedure or partitioning into the training and test data sets. For these reasons, the proposed
test-based method can be widely used for the purpose of knowledge discovery.

The next sections consist of the detailed explanation of the proposed test method for
LBMs. In Section 3.2, we describe the proposed goodness-of-fit test and its theoretical
guarantee with the assumptions required for the problem setting. Next, we briefly review
the related works and their differences from the proposed method in Section 3.3. The
main results are presented in Section 3.4, where we prove the asymptotic properties of the
proposed test statistic. In Section 3.5, we experimentally demonstrate the effectiveness
of the proposed test method by showing the asymptotic behavior of the test statistic and
calculating the test accuracy. We discuss the results and limitations of the proposed method
in Section 3.6 and conclude the chapter in Section 3.7.

3.2 Problem settings

Let A € R™*? be an n x p observed matrix. We assume that each entry of matrix A is
independently generated, given its row and column clusters. Let (K, H) be the null set
of cluster numbers for rows and columns of an observed matrix A, which is unknown in
advance. We denote the cluster indices of the ith row and the jth column of matrix A
as ggl) e{l,...,K}and gj(-z) € {1,..., H}, respectively. We assume that each entry of
matrix A is independently subject to a distribution with the block-wise mean P and the
block-wise standard deviation o

P = (Pjhcisnicisp,  Bij = B -
i 95
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STl ) >

A= (Aij>1<z'<n 1<j<p> E[Aij] = Pz‘j, E[(Aij - Pz“)z} =0}, (3.1)

177

0 = (04j)1<i<ni<j<p, Oij = S,y
i 95

where By, and Sy, > 0, respectively, are the mean and the positive standard deviation of
entries in the (k, h)th null block under the null hypothesis.

In this chapter, we propose a goodness-of-fit test for selecting the cluster numbers
(K, H) from observed matrix A. In such a test, we test whether (K, H) is equal to a
given set of cluster numbers (K, Hy) or at least one of the given row and column cluster
numbers K or Hy is smaller than the null cluster numbers K or H. In other words, the
null (N) and alternative (A) hypotheses are given by

(N): (K, H) = (Ko, Hy), (A): K > Ko or H > H,. 3.2)

By sequentially testing the cluster numbers in the following order (Figure 3.1), we can
select the cluster numbers of a given observed matrix A.

1. Test (K07H0) = (17 1)
2. Test (Ko, Ho) = (1,2), (2, 1).

3. Test (Ko, Ho) = (1,3),(2,2),(3,1).

5. Test (Ko, Hy) = (1,L),(2,L —1),...,(L,1). Let (K, H) be the row and column
cluster numbers where the null hypothesis is accepted and K + H = L + 1 holds.
The selected set of cluster numbers is (K, H).

It must be noted that the smaller set of cluster numbers (K H ) is selected with the smaller
significance rate . Based on the above sequentially ordered test, selection of the cluster
numbers requires (K + H)(K + H — 1)/2 tests at most.

Assumptions. Throughout this chapter, we make the following assumptions to derive
the test statistics:

(). We assume that a distribution of Z;;, which is given by Z,; = (A;; — P;;)/0;j as in
(3.7) later, has a sub-exponential decay. That is, there exists some ¥} > 0 such that
for x > 1, Pr (|Z;;| > z) < 97! exp(—2”). From this assumption, note that for any
n € N, the nth moment of a random variable Z;; is finite (i.e., E[ZZ] < 00).

(ii). We denote the number of rows and columns of matrix A as n and p, respectively. We
assume that both n and p increase in proportion to some sufficiently large number m
(i.e., n,p ox m).
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N O U1 W N

Figure 3.1: The sequential order for testing row and column cluster numbers. For example,
let the blue entry (4, 3) be the null cluster numbers (K, H). Based on this sequentially
ordered test, the given cluster numbers (K, Hy) are always unrealizable (that is, at least
one of K > K or H > Hj holds), until it reaches to (K, H).

(ii1). Let K and H, respectively, be the minimum row and column cluster numbers to
represent the block structure of observed matrix A under the null hypothesis. We
assume that both K" and H are finite constants that do not increase with the matrix
sizes n and p. We also assume that the minimum row and column sizes of a block
in the null block structure, which we denote as n,,;, and pp,;,, respectively, satisfy
Nmin = (M) and ppin = Q,(m). In other words, we assume that with high
probability, there is no “too small” block in matrix A.

(iv). We assume that the minimum difference between the means of the null blocks
satisfies the following conditions.

ABW = i B — Bin| = Q1
k,k’e{l,.‘.,rfr(l]:%e{l ..... H) | B wnl (1),

AB® = min |Ben — B | = Q(1). (3.3)
ke{l,...,K},h,h'€{1,....H}

(v). If the given set of cluster numbers (Ky, Hy) is equal to the null cluster numbers
(K, H), then we call it a realizable case. Otherwise, we call it an unrealizable
case (K > Kyor H > Hj). In Section 3.4, we see that Theorems 3.4.2 and 3.4.3
guarantee the behavior of the test statistic 7" in unrealizable cases. For now, there is
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no way to detect the cases where (K < Ky) N (H < Hy) or (K < Ko) N (H < Hy)
holds, and to cope with such settings is beyond the scope of this dissertation.

(vi). In the realizable case, we assume that a clustering algorithm is consistent, that is,
the probability that it outputs the correct block structure converges to 1, in the limit
of m — oo. By using this assumption, the proposed method does not depend on
a specific clustering algorithm. Several clustering algorithms including [4, 23, 47]
have been proven to be consistent. Such consistency in estimating the block structure
is also related to the resolution limit in network community detection problem for
one-mode data matrices [48].

Remark 3.2.1 (Extension of the assumptions with regard to the row and column cluster
numbers). From the result of the follow-up study [153], we can prove the main theorems
under more relaxed conditions with regard to the row and column cluster numbers. In the
realizable case, Theorem 3.4.1 holds with the following condition:

KH=0 (m@*>  for some ¢; > 0. (3.4)
i = @ (mF ), pin = @ (1) (3.5)

In the unrealizable case, we can prove the upper bound of test statistic T’ in Theorem 3.4.3
and the lower bound of T' = (1, (m%) under the following condition:

KH

e | <m_%_52> , for some €, > 0. (3.6)
vV NminPmin

3.3 Related works

In this section, we briefly review the related works and explain the differences between
them and the proposed method.

Statistical-test-based methods (for SBM) Recently, several methods have been pro-
posed for testing the properties of a given observed matrix in relation to SBMs
[16, 67,74, 92, 164]. Particularly, the methods proposed in [16, 67, 92] have enabled us to
estimate the number of blocks for SBMs. However, these methods differ from ours in the
problem setting; they can be applied only to an SBM setting, where an observed matrix is
a square symmetric matrix, and the cluster assignments are common for rows and columns.
There has been no method to estimate the block number for LBMs, where rows and
columns (not necessarily square) of an observed matrix are simultaneously decomposed
into clusters.
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Cross-validation-based methods Cross-validation is a widely used method for model
selection, where a data set is first split into training and test data sets, and then the best
model with the minimum test error is determined. Recently, cross-validation methods for
matrix data have been proposed [30, 39, 75, 97] to determine the number of clusters in
network data. Although the purpose of these methods and our method is similar, these
methods differ from ours in that their target is the network data, where the observed matrix
is square and its rows and columns represent the same node sets. Thus, the block structure
is symmetric regardless of whether the network itself is directed or undirected. Moreover,
unlike a statistical test, these methods cannot provide quantitative knowledge about the
reliability of the selected model. Furthermore, the computational cost of cross-validation
is generally high because it requires the iterative calculation of the test error with different
data set partitions.

Information-criterion-based methods Another approach for determining the number
of blocks in a matrix is to estimate the generalization error or marginal likelihood by
some information criteria for given sets of block numbers. By using such information
criteria, we can select a model in a statistically meaningful (non-heuristic) way. In regard
to block models, many variants of BIC [66, 76, 77, 119, 130] or MDL [132, 160] have
been proposed. Unlike our test-based method, which only requires a clustering algorithm
to satisfy the consistency condition (Section 3.2), an information criterion for a theoretical
guarantee should be carefully chosen according to the given clustering algorithm. For
instance, BIC can be employed for estimating the marginal likelihood only if the Fisher
information matrix of the model is regular, which is not the case for block models.

To solve this problem, as an alternative criterion to BIC, the integrated completed
likelihood (ICL) criterion has been used in many studies for estimating the number of
blocks in LBMs [37, 104, 159]. In ICL, we first derive a marginal likelihood for a given set
of an observed matrix and block assignments and then substitute the set of estimated block
assignments to approximate the marginal likelihood. However, since ICL is computed
based on a single estimator of block assignments, there is no guarantee for the goodness of
the approximation of marginal likelihood.

Similar to cross-validation-based methods, information-criterion-based methods cannot
provide a probabilistic guarantee for the reliability of the selected model, which is a
disadvantage for the purpose of knowledge discovery. The computational cost also becomes
a problem because the computation of an information criterion requires the process of
approximating the posterior distribution by MCMC.

Other model selection methods Aside from the information criteria, several studies
have proposed to determine the number of blocks in LBMs based on the co-clustering
adjusted rand index [125], the extended modularity for biclustering [84], or the expected
posterior loss for a given loss function [124]. Another approach is to define the posterior
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distribution not only on cluster assignments of rows and columns but also on row and
column cluster numbers [117, 158]. Unlike the model selection approaches, such non-
parametric Bayesian methods can estimate the distribution of the block numbers. The
best-fitted number of the blocks can be determined based on the posterior distribution (e.g.,
we can choose a MAP estimator [117]). However, in this case, the computational cost of
MCMLC is higher than that of the information-criterion-based methods because it requires
a large number of iterations to approximate the posterior distribution both on the block
assignments and the number of blocks.

3.4 Main results: Test statistic for determining the set of
cluster numbers

To derive the test statistic for the proposed goodness-of-fit test, we first normalize each
entry A;; of an observed matrix A by subtracting P;; and dividing it by o;;, where P and
o, respectively, are the block-wise mean and standard deviation in (3.1):
Ay — Py
Z = (Zijhr<isna<j<p: Zij = ——. (3.7)
0'7;]'

By definition, each entry Z;; of matrix Z in (3.7) independently follows a distribution with
zero mean and standard deviation of one. Let 7™ be the scaled maximum eigenvalue of
matrix Z ' Z, which is given by

)\1 _ aTW

T = pTW ’

(3.8)
where )\ is the maximum eigenvalue of the matrix Z ' Z and ™" and bW are defined as
in (2.3). According to Theorem 2.1.1 [122], 7™ converges in law to the 7'/, distribution
in the limit of m — oo.

In most cases, the null cluster numbers (K, H) and the null cluster assignments g%
and ¢® are unknown in advance. Therefore, we can only estimate the block structure
based on the observed matrix A and the given cluster numbers. Let (K, Hy) be the given
set of row and column cluster numbers, and g“) and §(2), respectively, be the estimated
cluster assignments for rows and columns. Based on such an estimated block structure
(g“), §(2)), we estimate the block-wise mean and standard deviation by

N A 1
B = (Byn)1<k<Ko1<h<Ho» By = 7 || | Z Aij,
k! Jn

i€l je€Jp

/\

P = (Pij)i<i<ni<j<p =B FOrcl

~

S = (Skn)1<k<Ko,1<h<Hys |

(2)
P )2
— Ly )

fk” h|le1 e,
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Sl ) >

o= (OA_ )1<z<n 1<j<p> a-z] S (1)g(2)7 (39)
9i 95

where [}, is the set of row indices of matrix A that are assigned to the kth cluster, and .Jj, is
the set of column indices of matrix A that are assigned to the Ath cluster:

I, = {@ 5V k} Jp = {j g = h}. (3.10)

The consistency assumption (vi) guarantees that if (Ko, Hy) = (K, H), the probability
that the cluster assignments (/)1 <x<r, and (J5)1<n<pn, are correct converges to 1 in the
limit of m — oo.

We define an estimator of normalized matrix Z in (3.7) based on the estimated block-
wise mean P and standard deviation & in (3.9):

A

Z = (Z >1<Z<n1<j<p7 Zij =

el l>) >

(3.11)

The test statistic 7' for the proposed goodness-of-fit test is given by the scaled maximum
eigenvalue of matrix Z 7 Z:

)\1 _ CLTW

T:bT—W’

(3.12)

where )\; is the maximum eigenvalue of matrix Z7 Z, and ™ and 6™V are given by (2.3).

Based on the following results in Theorems 3.4.1, 3.4.2 and 3.4.3, we propose a one-
sided goodness-of-fit test for a given set of cluster numbers (K, Hy) at the significance
level of a by using the test statistic 7"

Reject null hypothesis (K, H) = (Ko, Hy)), it T > t(a), (3.13)

where t(«) is the o upper quantile of the 71/ distribution. By applying the sequentially
ordered test that we explained in Section 3.2 based on the above rejection rule (3.13), we
can select a set of row and column cluster numbers (K H ) for a given observed matrix A.

In the proof of Theorem 3.4.1, we also use the following notations. Let Bkh and Skh,
respectively, be the sample mean and sample standard deviation of all the entries in the
(k, h)th mull block in matrix A. Based on such notations, we define the sample mean
matrix P and standard deviation matrix & for the correct block structure, and matrix Z by:

P = (Pz‘j)lsign,lﬁgpa P;=B FUNCE
S ( ) (2)

= ~ A— P
= (Zij)1<i<n,1<j<p; Zi; = ——2. (3.14)

,,,,, Uz]

I s
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Theorem 3.4.1 (Realizable case). Under the assumptions in Section 3.2, if (Ko, Hy) =
(K, H),

T ~~ TW; (Convergence in law), (3.15)
in the limit of m — oo, where T' is defined as in (3.12).

Proof. First of all, we derive the difference between By, (Siy) and Bkh (gkh), which have
been defined in (3.1) and (3.14). Since the number of entries in the block is proportional to
m? by the assumption (iii), vVm?2 (Bkh — Bkh> converges to (0, S,%h) from the central
limit theorem. Therefore, from Prokhorov’s theorem [146], we have

}Bkh - Bkh‘ -0, (i) . (3.16)

m
Also, the following equation holds (The proof is given in Appendix 3.A):

)S’kh - Skh‘ ~0, (l> . (3.17)

m

From here, we derive the difference between the maximum eigenvalue 5\1 of the matrix
777 and the maximum eigenvalue \; of Z 17, where the definitions of Z and 7 have
been given in (3.7) and (3.14), respectively. From Theorem 2.1.1, we have \; = O,(m).
Therefore, the largest singular value of Z, which is equal to ||Z||op, is in the order of
0, (v/m).

By the subadditivity of the operator norm, we have
1Zllop = 1 Zllop| < 11Z = Zllop- (3.18)

Let Ak:h) Pf’“’h), P(k’h), ZWh) and 7R respectively, be the (k, h)th null blocks of
matrices A, P, P, Z, and Z. We also denote the row and column sizes of the (&, h)th null
block as ny, and py,, respectively. From the definitions in (3.7) and (3.14), we have

Alkh) _ plkh) Sty _ ABD — plkh)

Z(k7h) — , =
Skh Sk:h

(3.19)

Combining this with (3.16), (3.17), and the fact that the Frobenius norm upper bounds the
operator norm, we have

Akh) _ plkh)  AGh) _ plh)

Skh S’kh

1ZED = ZED o, =

op
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Akh) _ plkh)  A(kh) _ plkh)  gkh) _ pkh)  g(kh) _ Plkh)
= Skh Skh S’kh Skh op
- Alkh) _ plkh) - g(kh) _ p(kh) N Alkeh) _ pkh)  gUeh) _ p(k,h)
< Skh Skh op Skh S*kh on
= S = By gt _ pn, 4 | A — PR,
SknSkh Skh
< P S| g0kh) PRI, 4 PR — PR
SknSkn Skh
Sin — S, 1 N
= |k HZ(k’h)”op + =—/N"kPh ‘Bkh — Bkh‘
Skh Skh
Op(1/m) Op(1/m)
= ZED|| 4 —L -+ (3.16), (3.17
S+ Oy ) 12 oo 5 200 (L VP (7 (3:16), (317)
Op(1/m) Op(1/m)
= @) + d vnepn (o Th 2.1.1
Sp + Op(l/m) p(\/E) S + Op(l/m) nepn ( eorem )
1
=0, (ﬁ) + Op(1) = Op(1). (3.20)

Therefore, since the operator norm of a matrix is not larger than the sum of the operator
norms of all of its blocks and the number of blocks are finite constants, we have

K H
1Z = Z|jop < ZZ ”Z(hh) - Z(kﬁ)”op = Op(1). (3.21)

k=1 h=1

By combining this with (3.18), we obtain

[1Zllop = 1Z lp| = Op(1): (3.22)

Next, we consider the joint probability of the event F,, that Z = Z holds and the event
Gm.c that [ Z]lop = [|Z]]op
inequality:

< C holds. Such a joint probability satisfies the following

Pr(FnNGne) > 1—Pr (Fr) —Pr(G5 o), (3.23)

where A is the complement of event .A. The consistency assumption (vi) guarantees that
if (Ko, Ho) = (K, H), Pr (Ff) converges to 0 in the limit of m — oo. By combining
this fact with (3.22), for all ¢ > 0, there exist C' > 0 and M > 0 such that for all m > M,
Pr(F,, N Gnc) > 1 — € holds, which results in

1Zllop = 1| Zlop| = Op(1). (3.24)
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Null row cluster < e N 2 N4 n3 N T4 N P P
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q i
Estimated row cluster
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Ko Ko K, Ko
n, < Mmin
K ~ Ko @ Null block structure @ Estimated block 4 Estimated block
4 Population block- structure structure
wise mean entries 4 Population block- 4 Estimated block-
__ min{ABM,AB@} _ @ Minimum block size: wise mean entries wise mean entries
la, —al 2 2 - X=X,9=q Tanin X Pmin

Figure 3.2: Difference between matrices P, P, and P in an unrealizable case.

By using the above results, we can prove that the following equation holds for all € € (O, %)
(The proof is given in Appendix 3.B):

A — A )
|1bT—W1| ~0, (m*ﬁ“) , (3.25)

From Theorem 2.1.1, (3.25), and Slutsky’s theorem, by setting € < %,

Xl—aTw_T*_i_j\l_)\l

W W ~» TW; (Convergence in law). (3.26)

This is equivalent to the statement of Theorem 3.4.1. [

Theorem 3.4.2 (Unrealizable case, lower bound). Under the assumptions in Section 3.2,
ifK0<K0rH0<H,

T=0,(m}), (327)
where T' is defined as in (3.12).

Proof. Let P be a matrix that consists of the estimated block structure and whose entries
are the population block-wise means, which can be calculated using P (see also Figure
3.2). To derive the difference between matrices P and ]5, we first focus on the relationship
between matrices P and P. In the unrealizable case (i.e., K, < K or H, < H), we can
assume K < K without loss of generality.

Let n;, be the number of rows in the £th null row cluster. For all the null row cluster
indices k € {1,..., K}, at least one estimated row cluster contains n /Ky or more rows
that are assigned to the kth row cluster in the null block structure (otherwise, the total
number of rows in the £th null row cluster is smaller than ;). Since Ky < K, at least one
estimated block contains two or more sets of rows whose null row clusters are mutually
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different, and both of which have the row sizes of at least n,;, /Ky, where n,;, is the
minimum row size of a block in the null block structure. By the same reasoning, for all
the null column cluster indices b € {1,..., H}, at least one estimated column cluster
contains py,/H, or more columns that are assigned to the hth column cluster in the null
block structure, where py, is the number of columns in the hth null column cluster. By
combining these facts, there exists at least one estimated block that contains two or more
submatrices, both of which have the sizes of at least (1, /Ko) X (Pmin/Ho) and whose
null blocks are mutually different.

Let X; and X, be such submatrices, whose null block-wise mean are ¢; and ¢,
respectively. We can assume ¢; > ¢, without loss of generality. In matrix P, which
has the estimated block structure, both of X; and X, have the same values g. Here,
lga — q| > @ holds if ¢ > %, and otherwise |¢; — q| > @. Therefore, for any
q, there exists at least one submatrix X (which is either X; or X5) with a size of at least
(Nmin/Ko) X (Pmin/Hop), where all the entries are ¢ (which is either ¢; or ¢2) in matrix P
and

min{ ABY AB®)}

5 (3.28)

lg—ql >
Here, we used the definitions of AB™ and AB® in (3.3).

Let (ki,h1) be the row and column cluster indices of the estimated block which
contains the above submatrix X. We denote the row and column sizes of the (k1, h)th

estimated block as n, and Py respectively. Let A(kl”“), B(kl’hl), B(kl’hl nd P kl’hl)

respectively, be the (k1, i, )th estimated block of A, P, P, and P. We define § = By, ,.
In regard to the difference between matrices P and P (both of which have the estimated
block structure), we have

Z 2 ( (k1,h1) (kl,hl))

G —ql =
1p1 i=1 j=1
1 ( kl hi) (kl h1)) 1 ’< ( (k1,h1) ki,h
= EE) 7 —z 7 = Uy, A L _B( b 1)> ’U,2>’
1 1
< |IU1IIIIU2||I|A(’“’“) — pli|| = |AVLRD) — pluko)
mp, V1P,
KyH KyH
< #Hé(khhl) —B(kl’hl)Hop < #HA — Pllop
NminPmin minPmin
KoH, KoHy <&
_Mollo _flolio
- ZZ ||A(kh plkh) lop = - ZZSthZ(k’h)“Op
mlnpmln kf 1 h 1 mlnpmln k:1 h:1
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KyH 1
<y KH _ max  Sul|Zlle =0, (—) , (3.29)
NminPmin k=1,..,K,h=1,....H v m

where A®P), PR “and Z(8h) | respectively, are the (k, h)th null blocks of matrices A, P,
and Z,and u; = [1,1,...,1]T € R% and uy = [1,1,...,1]" € R%. To derive the final
equation in (3.29), we used the assumptions that 1, Pmin = Qp(m) and that K, H, K,
and Hy, are fixed constants, and the fact that || Z||, = O,(y/m) holds from Theorem 2.1.1.

Let &, ¢ be the event that |¢ — g| — C'//\/m < |¢ — ¢| holds. For all ¢, g, and ¢, the
following inequality holds:

lg—ql—lg—dl| <|¢—al (3.30)

By combining (3.29) and (3.30), for all € > 0, there exist C' > 0 and M > 0 such that for
allm > M, Pr(€,,c) > 1 — eholds.

From now on, we denote the row and column sizes of submatrix X, respectively, by
ny and py. Let A*, P*, P, ]5*, Z*, and Z *, respectively, be the submatrices of matrices
A, P, P, 15, Z, and 7 with the same row and column indices as submatrix X. We also
denote the constant entries of the submatrices of ¢ and & with the same row and column
indices as submatrix X, respectively, as ¢* and 6*. From the definition (3.11) and since
the operator norm of a submatrix is not larger than that of the original matrix, we have

5 5% 1 * % 1 * * * %
1Zllop 2 127 llop = A" = P*llop = (A" = P7) + (P" = P7)lop

1

> [a" - P
g
1

5%

— [P = P

|0p |op

0 Z"lop — [I1P* = P*|lop

_ (3.31)

First, the order of the estimated standard deviation 6* is given by
7" = 0py(1). (3.32)
The proof of (3.32) is in Appendix 3.C.

The only non-zero (and thus, the largest) singular value of matrix (P* — P*) is

\/n1p1 |q — q|. Since the largest singular value of a matrix is equal to its operator norm,
we have

* % —— ~ Mmin Pmin ~
| P* — P*[lop = v/uup1 g — 4| > lg —ql. (3.33)
Ko Hp

Therefore, by combining this fact with (3.28), if the statement of event &,, ¢ holds, the
following inequality also holds:

Nmin Pmin min{AB(l),AB@)} C
K, H, 2 vm

) < ||P* = P*|op, (3.34)
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which results in that || P* — P*||,, = Q,(m) from the assumption (iv).
Also, from Theorem 2.1.1, we have || Z*||op < || Z]|op = O,(v/m). By substituting this

fact, (3.32), and (3.34) into (3.31), we finally obtain

1Z]12, = Q, (m?) . (3.35)

gp is equal to the maximum eigenvalue A of ZTZ, and the test statistic is
T = All}%;rw. Using the definition (2.3), we obtain ™ = O, (m) and

e (G ) - (e ) (i )

1 3
—m5 ,/_+,/_52) ( ) (3.36)
( VB VB
where we used the definitions 3; = n/m and 35 = p/m.
By combining these results and (3.35), we obtain
Tmi = Q, (m2) < T=0Q, (m) , (3.37)
which concludes the proof. 0

Theorem 3.4.3 (Unrealizable case, upper bound). Under the assumptions in Section 3.2,
l.fK0<KOI"H0<H,

T =0, (m ) , (3.38)
where T' is defined as in (3.12).
_ ~ . ~ (k,h) (k,h) ~ (k,h)
Proof. We define P, P, and P as in Theorem 3.4.2. Pet A ,AA oand P, respec-
tively, be the (k, h)th estimated blocks of matrices Z, A, and P. We denote the row and

column sizes of the (k, h)th estimated block as n, and p,» respectively. Since the operator
norm of a matrix is not larger than the sum of the operator norms of all its blocks, we have

Ko Ho (o) Ko Ho (o)
1Zllep < DD N2 Nlop = ZZS |A®Y — P o
k=1 h=1 k=1 h=1 “kh
Ko H
o Ho /ﬂk}_)h A(k’h) B p(k,h)
- Z ~ (k,h) ||— _— ||0p
k=1 h=1 HA B HF
Ko
\/_kp ~ (k,h)
< ZZ hk (k,h) HA(k’h) — Bl
i1 e |A®E — P g
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Ko Ho
= Z Z /ryp, < KoHov/np = Op(m). (3.39)

k=1 h=1
The test statistic is 7' = Alﬁ# where \; = [|Z|2, = O,(m?). Based on the same
discussion as in Theorem 3.4.2, a™ = O,(m) and (3.36) hold. Consequently, we obtain
T = Op(mz/m%) = O,(m3), which concludes the proof. O

3.5 Experiments

3.5.1 Realizable case: Convergence of test statistic 7' in law to Tracy-
Widom distribution

First of all, we check the convergence of the proposed test statistic 7" in law to the 7'
distribution, under the realizable setting, which has been stated in Theorem 3.4.1, by using
synthetic data that were generated based on three types of distributions:

e Gaussian LBM: The observed matrices were generated whose entries in the (&, h)th
block follow the normal distribution N ( By, Sir). In the Gaussian LBM setting, we
used the following null model and parameters:

09 01 04 0.08 0.06 0.15
02 0.7 0.3 0.14 0.12 0.07
(KH)=(43), B=103 02 o8] %[00 01 o11]: @40
06 09 0.1 0.16 0.13 0.05

e Bernoulli LBM: The observed matrices were generated whose entries in the (k, h)th
block follow the Bernoulli distribution Bernoulli(Byy). In the Bernoulli LBM
setting, we used the following null model and parameters:

09 01 04
0.2 0.7 0.3
(K,H)=(4,3), B-= 03 02 08" (3.41)

0.6 09 0.1

e Poisson LBM: The observed matrices were generated whose entries in the (k, h)th
block follow the Poisson distribution Pois(Byy,). In the Poisson LBM setting, we
used the following null model and parameters:

9.0 1.0 4.0
2.0 7.0 3.0
(K,H)=(43), B=|30 50 s0l- (3.42)

6.0 9.0 1.0
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Based on the above LBMs, we independently generated 1000 observed matrices,
estimated their block structures based on the Ward’s hierarchical clustering algorithm
[150], and computed the test statistic 7. With respect to the matrix size, we tried the
following 10 settings: (n,p) = (300 x 4,225 x i), ¢ = 1,...,10. When generating
an observed matrix, the null cluster of each row was independently chosen from the
discrete uniform distribution on {1, 2,3, 4}. Similarly, the null cluster of each column was
independently chosen from the discrete uniform distribution on {1, 2, 3}.

Figures 3.3, 3.4, and 3.5, respectively, show the Q-Q plots of the test statistic T’
and the T'WW; distribution in the Gaussian, Bernoulli, and Poisson settings. Each plotted
point corresponds to a sample of test statistic 7', and the horizontal and vertical lines,
respectively, show its theoretical and sample quantiles. These figures show that the test
statistic converged in law to the 7'W; distribution.

Figure 3.6 shows the ratios of the trials where 7" > ¢(0.01), 7" > ¢(0.05), and T" >
t(0.1) for the above three LBM settings, where ¢(«) is the a upper quantile of the 7'W;
distribution. We used the approximated values ¢(0.01) ~ 2.02345, £(0.05) ~ 0.97931, and
t(0.1) ~ 0.45014, according to Table 2 in [145]. From Figure 3.6, we see that the tail
probabilities of the test statistic 7" also converged to those of the 7'/} distributions for all
of the three LBM settings.

We also plotted the results of the Kolmogorov-Smirnov test [36] for the test statistic
T in Figure 3.7. We tested whether the distribution of 7" is the T'W; distribution or not
based on the test statistic D\/F, where D is the maximum absolute difference between
the empirical distribution function of 7" and the cumulative distribution function of the
T'W distribution, and 7 is the sample size, which is set at 1000 in this experiment. Figure
3.7 shows the convergence of the proposed test statistic 7" in law to the 7'W; distribution
under the realizable setting.

3.5.2 Unrealizable case: Asymptotic behavior of test statistic 7'

Next, we checked the asymptotic behavior of the proposed test statistic 7' under the
unrealizable setting, which has been stated in Theorems 3.4.2 and 3.4.3, by using synthetic
data that were generated based on the same three types of distributions as in Section 3.5.1.
By combining Theorems 3.4.2 and 3.4.3, we obtain the following theorem:

Theorem 3.5.1 (Unrealizable case, two-sided bound). Under the assumptions in Section
32, if Ko< KorHy<H,

T=0,(m). (3.43)

In other words, with high probability, the proposed test statistic 7" increases in propor-
. 5. ..
tion to m3 in the limit of m — oo.

48



3. Statistical test on the number of biclusters in a latent block model

n=300, p=225

n =600, p=450

n=900, p=675

n=1200, p=900

n=1500, p=1125

L 4 ° L 4 4 - 4 - 4
5 5 " 5 | s
w 2 w 2 w 2 w 2 w 2
° K K K K
50 50 50 50 50
El El El El El
-2 -2 -2 -2 @ -2
g g g g g
% -4 & -4 & -4 & -4 & —4
& & & 87 4 8
- 0 -5 0 - 0 - 0 -5 0
TW, theoretical quantiles TW; theoretical quantiles TW, theoretical quantiles TW, theoretical quantiles TW, theoretical quantiles
n=1800, p=1350 n=2100, p=1575 n=2400, p=1800 n=2700, p=2025 n=3000, p=2250
- 4 - 4 ~ 4 ~ 4 00, ~ 4
s s o k) k) k)
0w 2 w 2 w 2 w 2 w 2
< 2 K K K4
50 50 K g0 o0
El El El El El
-2 -2 -2 -2 -2
2 2 2 2 2
£ £ 4 £ E4 E4
& & & p & &

=5 0
TW; theoretical quantiles

Figure 3.3: Q-Q plot
Gaussian case.
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Bernoulli case.
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Figure 3.6: Ratio of the number of trials where test statistic T > t(«/), where ¢(«) is the
« upper quantile of the 7'W; distribution. The left, center, and right figures, respectively,
show the results for the settings of Gaussian, Bernoulli, and Poisson distributions. The
horizontal line shows the number of rows 7 in the observed matrix.
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Figure 3.7: Test statistics D+/7 of the Kolmogorov-Smirnov test [36] for the test statistic
T'. The left, center, and right figures, respectively, show the results for the settings of
Gaussian, Bernoulli, and Poisson distributions. If the test statistic D+/r is larger than
the significance level «, then the null hypothesis that 7" follows the 7' distribution is
rejected, and otherwise, the null hypothesis is accepted.

With respect to the null models and parameters, we used the same settings as in Section
3.5.1 for all of the three LBM settings (i.e., Gaussian, Bernoulli, and Poisson LBMs).
Based on such settings, we independently generated 100 observed matrices, estimated their
block structures based on the Ward’s hierarchical clustering algorithm [150], and computed
the test statistic 7. With respect to the matrix size, we tried the following 10 settings:
(n,p) = (200 x 4,150 x ), 7 = 1,...,10. When generating an observed matrix, the null
cluster of each row was independently chosen from the discrete uniform distribution on
{1,2,3,4}. Similarly, the null cluster of each column was independently chosen from the
discrete uniform distribution on {1, 2, 3}.

Figures 3.8 and 3.9 show the asymptotic behavior of the proposed test statistic 7" under
the unrealizable setting. As shown in Theorem 3.5.1, we see that 7" increases in proportion
5
to ms, where n, p o< m.
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Figure 3.8: Mean test statistic 7" in the unrealizable case for 100 trials. The null row and
column cluster numbers are 4 and 3, respectively. The left, center, and right figures, respec-
tively, show the results for the settings of Gaussian, Bernoulli, and Poisson distributions.

The horizontal line shows the number of rows n in the observed matrix.
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Figure 3.9: Mean test statistic 7" divided by ns in the unrealizable case for 100 trials. The
left, center, and right figures, respectively, show the results for the settings of Gaussian,
Bernoulli, and Poisson distributions.

3.5.3 Accuracy of the proposed goodness-of-fit test

Finally, we evaluated the proposed goodness-of-fit test in terms of its accuracy. By using
synthetic data that were generated based on the same three types of distributions as in
Section 3.5.1, we checked the ratio of trials where the selected set of cluster numbers
(Ko, Hyp) is equal to the null one (K, H). Here, we set the null set of cluster numbers at
(K, H) = (4, 3). For each LBM setting (i.e., Gaussian, Bernoulli, and Poisson LBMs), we
tried 10 settings with respect to the block-wise mean B. The concrete settings were as

follows:

e Gaussian LBM: We used the following parameters:

0.9 0.1 04 0.08 0.06 0.15
p_ |02 07 03] o014 012 007
~ |03 02 08| 77 (009 01 o011]"
0.6 0.9 0.1 0.16 0.13 0.05
t
Vk, h, By, = (1 - 1—0> (B, — 0.5) + 0.5, fort=0,...,9. (3.44)
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e Bernoulli LBM: We used the following parameters:

0.9 0.1 04
, |02 07 03
B=103 02 08|
0.6 0.9 0.1
t
Yk, h, By, = (1 - 1—0> (BL, —0.5)+0.5, fort=0,...,9. (3.45)

e Poisson LBM: We used the following parameters:

9.0 1.0 4.0
20 7.0 3.0
3.0 20 80"
6.0 9.0 1.0

t
Yk, h, By, = (1 - —) (B}, —5)+5, fort=0,...,9. (3.46)

B =

10

With respect to the matrix size, we tried the following 10 settings for each LBM setting
and for each setting of B: (n,p) = (40 x 4,30 x i), ¢ = 1,...,10. When generating
an observed matrix, the null cluster of each row was independently chosen from the
discrete uniform distribution on {1,2,3,4}. Similarly, the null cluster of each column
was independently chosen from the discrete uniform distribution on {1, 2, 3}. In each of
3 (Gaussian, Bernoulli, or Poisson LBM) % 10 (for the setting of ) x 10 (for the setting
of matrix size) settings, we generated 1000 observed matrices and applied the proposed
sequential goodness-of-fit test, until the null hypothesis (K, H) = (Ko, Hy) was accepted.
For each observed matrix, we estimated its block structure based on the Ward’s hierarchical
clustering algorithm [150] under each setting of a hypothetical set of cluster numbers
(Ko, Hy), computed the test statistic 7', and performed the proposed test for the given
cluster numbers (K, Hy) using a significance level of & = 0.01. Figures 3.10, 3.11,
and 3.12, respectively, show the examples of generated observed matrices of Gaussian,
Bernoulli, and Poisson LBMs.

Figure 6 shows the accuracy of the proposed test under 10 different settings of block-
wise mean 5. From Figure 6, we see that the test accuracy increases with matrix size n for
a fixed block-wise mean B, and that it decreases with the smaller differences between the
block-wise means for a fixed matrix size n.

Comparison to the integrated completed likelihood (ICL) We also checked the dif-
ference in the behavior of the proposed test and the ICL. For the Bernoulli LBM, we can
compute the asymptotic ICL [76] by assuming the following model:

p(A, g%, @ |r, p, B)
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Figure 3.10: Examples of null block structures of the Gaussian LBM. 40 x 30 observed
matrices are plotted for 10 different settings of B (t = 1,...,10). The rows and columns
of matrix A were sorted according to the null clusters.
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Figure 3.11: Examples of null block structures of the Bernoulli LBM.
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Figure 3.12: Examples of null block structures of the Poisson LBM.
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Figure 3.13: Accuracy of the proposed goodness-of-fit test under 10 different settings of
block-wise mean B. The left, center, and right figures, respectively, show the results for
the settings of Gaussian, Bernoulli, and Poisson distributions.
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p(ﬂ') = F(QD)KO 11 Ty, ) p<p> - F(CLD)HO Pl Ph, ’
BbB—l(l . Bkh)bel
B) - T Ze 3.47

where p(-) represents a probability density, and ap and by are the hyperparameters.
From Lemma 4.2 in [76], for an estimated block structure (§(), ), the resulting
asymptotic ICL is given by

ICL(Ko, Ho) Z|Ik|log(| ’“‘) +Z|J | log <‘p"|)
+ Z [ k|| Jn] [Bkh log By, + (1 - Bkh) log (1 - Bkh)]
k,h

_Kg—l Hy—1

1 _
5 ogn

KoH
logp — % log(np). (3.48)

The proof of (3.48) is given in Appendix 3.D.

As a preliminary experiment, we checked the relationship between the proposed test
statistic 7" or the ICL and the eigenvalues of matrix 777, By setting the cluster numbers
and the matrix size at (K, H) = (Ko, Hy) = (4,3) and (n,p) = (300, 225), respectively,
we generated 1000 observed matrices based on the Bernoulli distribution and estimated
their bicluster structure as in Section 3.5.1. For each estimated bicluster structure, we
computed the proposed test statistic 7', the ICL, and the eigenvalues of matrix Z7Z.
Figure 3.14 shows the correlation coefficients p between the proposed test statistic 7" or
the ICL and the eigenvalues of matrix Z7Z. Since the proposed test statistic 7" is a scaled
maximum eigenvalue of Z7Z, the correlation coefficient between 7" and the maximum
eigenvalue is always one, while those between 7" and the other eigenvalues were relatively
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Figure 3.14: Correlation coefficients between the proposed test statistic 7" or the ICL
and the eigenvalues of matrix Z'Z. As for the horizontal axes, index j € {1,...,p}
corresponds to the jth largest eigenvalue.

small. In regard to the ICL, unlike the proposed test statistic, the correlation coefficients
were small (i.e., —0.2 < p < 0.2) for all the indices of eigenvalues.

Next, to check the accuracy of the proposed test and the ICL, we generated synthetic
binary data matrices based on the Bernoulli distribution as in Section 3.5.3, and checked
the ratio of trials where the selected set of cluster numbers ( Ky, Hy) is equal to the null one
(K, H). We set the null set of cluster numbers at (K, H) = (4, 3), and tried the following
five settings with respect to the block-wise mean 5.

0.9 0.1 0.4
|02 07 03
0.3 0.2 0.8]"
0.6 0.9 0.1
t
Vk, h, By, = <1 - 5) (BL, —0.5)+0.5, fort=0,...,4. (3.49)

With respect to the matrix size, we tried the following five settings for each setting of B:
(n,p) = (40 x 4,30 x i),7 = 1,...,5. The null block of each element was chosen in the
same way as in Section 3.5.3. In each of 5 (for the setting of B) x5 (for the setting of
matrix size) settings, we generated 100 observed matrices, and applied the proposed test
using a significance level of & = 0.01 and the model selection based on the ICL. Unlike
the proposed sequential test, which stopped if the null hypothesis was accepted, the ICL
was computed for all the sets of cluster numbers from (1, 1) to (n, p) and then the optimal
setting was selected that achieved the maximum ICL. For each setting, we estimated the
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Figure 3.15: Accuracy of the proposed test and the model selection based on the ICL under
five different settings of block-wise mean 5.

block structure of an observed matrix based on the Ward’s hierarchical clustering algorithm
[150].

Figure 3.15 shows the accuracy of the proposed test and the model selection based
on the ICL. Although the purpose of the proposed test is not to achieve high accuracy
in model selection, in some cases with small differences between the block-wise means
{Bgn}, it achieved better performance than the ICL. With larger difference among { By, },
the ICL performed better than the proposed test in terms of model selection. Figures 3.16
and 3.17, respectively, show the ratios of the trials where each set of cluster numbers was
selected by the proposed test and the ICL. From Figures 3.16 and 3.17, we see that in
most cases (e.g., By, € [0.26,0.74] for all (k, b)), the ICL tended to select smaller sets of
cluster numbers than the proposed test.

3.5.4 Real data analysis: Congressional Voting Records Data Set
Selection of the number of biclusters by the proposed test and the ICL

We also checked the result when we applied the proposed test to 1984 United States
Congressional Voting Records Database from UCI Machine Learning Repository [44].
The original data set contains three types of votes (“yea,” “nay,” and unknown) for the
pairs of a congressman and an attribute. We treated unknown as “nay,” as in [159]. The
number of instances or congressmen and that of attributes are 435 and 16, respectively.
Based on this data set, we defined a binary matrix A € R*35*16_ where the elements of one
and zero, respectively, correspond to “yea” and “nay.”

As in Section 3.5.3, we applied the proposed sequential tests using a significance level
of a = 0.01, until the null hypothesis was accepted. We also computed the ICL for each
setting of a hypothetical set of cluster numbers (K, Hy), and selected one with the largest
ICL. For each setting of a hypothetical set of cluster numbers (K, Hy), we estimated the
block structure based on the Ward’s hierarchical clustering algorithm [150].

As aresult, the sets of cluster numbers (9, 14) and (3, 13) were selected by the proposed
test and the ICL, respectively. Figure 3.18 shows the observed data matrix and its estimated
block structures with the selected sets of cluster numbers. From Figure 3.18, we see that
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Figure 3.16: Ratios of the trials where each set of cluster numbers (K, Hy) was selected
by the proposed test. The cyan rectangles show the null set of cluster numbers (K, H).
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Figure 3.17: Ratios of the trials where each set of cluster numbers (K, Hy) was selected
by the model selection based on the ICL. The cyan rectangles show the null set of cluster
numbers (K, H).
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Figure 3.18: The observed data matrix of the Congressional Voting Records Data Set [44]
and its estimated block structures. The black and white elements, respectively, show “yea”
and “nay.”

a finer block structure was accepted by the proposed test than the ICL, particularly for
the row (i.e., congressman) cluster assignments. As for the column (i.e., attribute) cluster
assignments, “anti-satellite-test-ban,” “aid-to-nicaraguan-contras,” and “mx-missile”” were
assigned into the same cluster in the selected block structure of the ICL, whereas the
proposed test distinguished the first two attributes from the last one. Figure 3.19 shows the
p-value of the proposed test and the ICL for each setting of a hypothetical set of cluster
numbers (K, Hy) until the null hypothesis was accepted.

Robustness of the proposed test and the ICL to data noise

By using the same Congressional Voting Records Data Set, we compared the proposed
test and the ICL in terms of robustness to the data noise. Specifically, we chose m entries
without replacement from the discrete uniform distribution on all the entries of matrix A
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Figure 3.19: The p-value of the proposed test and the ICL for each setting of a hypothetical
set of cluster numbers (K, Hy). In the left figure, we plotted the p-values only for the
tested settings (i.e., until the null hypothesis was accepted). As for the ICL, we plotted a
part of results (K, < 16, Hy < 16) for visibility. The cyan rectangles show the selected
sets of cluster numbers.

and flipped the values of these selected entries (i.e., from zero to one or from one to zero).
In the experiment, we tried m = 2t 4+ 2 for ¢t = 0,1,...,4. For each setting of m, we
generated 1000 matrices A with noise based on the above procedure. We estimated the
block structure of matrix A based on the Ward’s hierarchical clustering algorithm [150]
and applied the proposed test with a significance level of a = 0.01 and the ICL.

Figure 3.20 shows the ratio of the trials in which each set of row and column cluster
numbers was selected by the proposed test and the ICL. From this result, we see that the
ICL was more robust than the proposed test with regard to the data noise. The selected sets
of cluster numbers by the ICL were (3, 9) in most trials, while those by the proposed test
varied more greatly depending on the selection results of the flipped entries.

3.6 Discussions

In this section, we discuss the proposed test method in terms of the test statistic and the
conditions for the generative model.

With respect to the asymptotic behavior, the proposed test has a favorable property
in terms of the power. From Theorem 3.5.1, under the alternative hypothesis, the test
statistic 7" increases in proportion to m3 with high probability, where n, p o< m. In other
words, the probability that the test makes a type II error (i.e., T < t(«)) converges to zero
in the limit of p — oo. Based on this fact, in the asymptotic sense, we do not need to
consider the correction for the multiple comparison when applying the proposed sequential
testing. However, it has not been shown what occurs in the non-asymptotic setting. In
general, practical data matrices have finite sizes, where there has been shown no theoretical
guarantee like Theorems 3.4.1, 3.4.2, and 3.4.3. On the other hand, for a Gaussian case

60



3. Statistical test on the number of biclusters in a latent block model

Test, t=0 Test, t=1 Test, t=2 Test, t=3 Test, t=4
231 23 0.075 231 23 23
50 0.10 504 %01 0.075 501 0.06 e 0.06
17 A 174 174 17 A 17 A
v 141 v 141 0050 14] 0.050 « 141 0.04 o 141 0.04
11 0.05 11 11 11 11
g1 & R | 0.025 81 f{ 0.025 81 § 0.02 84 I 0.02
5 5 5 54 54
24 0.00 24 0.000 24 0.000 24 24 0.00
5 8 11 14 5 8 11 14 5 8 11 14 5 8 11 14 5 8 11 14
H H H H H
ICL,t=0 ICL, t=1 ICL, t=2 ICL, t=3 ICL,t=4
234 23 23 234 234
204 0.4 20 20 204 204
171 174 0.4 171 0.4 171 0.4 171 0.4
v 141 v 141 ¥ 14 v 141 v 141
11 0.2 114 114 11 11
81 31 0.2 3] 0.2 H 0.2 3] 0.2
5‘ - 5‘ - 5‘ - 5‘ - 5‘ -
2+—=—llloo 24—~ g 2+ —= oo 24— Jlg 2+—= oo
5 8 11 14 5 8 11 14 5 8 11 14 5 8 11 14 5 8 11 14
H H H H H

Figure 3.20: The ratio of the trials in which each set of row and column cluster numbers
was selected by the proposed test and the ICL. We plotted the results only for the settings
which were selected at least once by the proposed test or the ICL.

(i.e., each entry of a matrix independently follows N (0, 1)), the following statement holds
[105]: Suppose n = n(p) > p and n/p — v € [1,00) in the limit of p — oco. Then, for
any s, there exists Ny € N such that when max(n, p) > Ny and max(n, p) is even, for all
§ 2 50,

IPr(T* < 5) — F1(s)] < C(s0)[max(n, p)] %3 exp (—g) , (3.50)
where T is defined as in (2.2), F} is the cumulative distribution function of the T'W;
distribution, and C'(-) is a continuous and non-increasing function. From the above
inequality (3.50), if the clustering algorithm outputs the correct block assignments, the
convergence rate of the normalized maximum eigenvalue 7™ of matrix Z7Z (where Z is
defined as in (3.14)) to the T'W distribution is O(m -2/ 3). However, since the distribution
of T" is unknown in the case where the correct block assignment is not obtained, the
convergence rate of 7" is also unknown. Deriving the convergence rate of 7' by considering
the above discussion is a future research topic.

In regard to the conditions for using the proposed test method, our proposed test is
applicable to a wide range of practical settings (e.g., Bernoulli distribution for binary data
matrices and Poisson distribution for sparse ones). Nevertheless, it still requires some
assumptions for the latent block structure of an observed matrix. For instance, the row
and column cluster numbers (K, H) should be constants that do not increase with the
matrix sizes n and p. Also, there should be no too small block (i.e., nymin = 2,(m) and
Pmin = $2,(m)). In some practical cases, where it is more appropriate to assume that the
number of blocks increases with the matrix size, it will be useful to construct a test which
does not require the above conditions. As for the sub-exponential condition, Ding and Yang
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3. Statistical test on the number of biclusters in a latent block model

[43] have shown more relaxed sufficient condition for the scaled maximum eigenvalue 7™
to converge in law to the 7'V distribution. However, the delocalization property of an
eigenvector of matrix Z ' Z [17], which we used in Appendix 3.B to prove our main result,
has not been derived in the form as in the sub-exponential case [17]. If Theorem 2.1.2 is
shown in the above more general case, it would also be possible to extend our proposed
test to such a case. Furthermore, there are proposed variants of latent block models with
which we assume different block structures from a regular grid [112, 129]. To construct
test methods for the above settings is an important topic for future research.

3.7 Chapter conclusion

Latent block models are effective tools for biclustering, where rows and columns of an
observed matrix are simultaneously decomposed into clusters. Such a bicluster structure
appears in various types of relational data, such as the customer-product transaction data
and the document-word relationship data. One open problem in using latent block models
is that there has been no statistical test method for determining the number of blocks. In
this chapter, we developed a goodness-of-fit test for latent block models based on a result
from the random matrix theory. By defining the test statistic 7" based on the estimators of
the block-wise means and standard deviations, we have derived its asymptotic behavior
in both realizable (i.e., (K, H) = (Ko, Hy)) and unrealizable (i.e., K > K, or H > Hy)
cases. Particularly, it has been shown that the test statistic 7' converges in law to the
T'W; distribution in the realizable case. Based on these results, it was made possible
to test whether the given observed matrix had K, x Hj latent blocks or more ones. In
the experiments, we showed the validity of the proposed test method in terms of both
the asymptotic behavior of the test statistic and the test accuracy by using synthetic data
matrices. We also applied the proposed test to practical data and analyzed the result.

Q _ 1
3.A Proof of ‘Skh — S]gh‘ = Op (E)
Let ny and py, respectively, be the row and column sizes of the (k, h)th null block, and
AWkh) - pth) “and PP respectively, be the (k, k)th null blocks of matrices A, P, and P.
Here, we prove the following lemma:

Lemma Al. Under the assumption that the fourth moment of the noise Z;; is bounded
(E[Z;) < o),

)S’kh - Skh‘ ~0, (i> , (3.51)

m

o 1 ny Dh (k,h) > 2
where Sy, = o Dok ) (Aij — Bkh) .
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Proof. From the above definition of S th, We have

Nk B 2
Nk Ph

nkph Z Z < ALY Bkh>2 — (Bkh — Bkh>2. (3.52)

i=1 j=1

To derive the second equation, we used the fact that By, = e Y A( " There-
fore, the following inequality holds:

NgPn < Z Z (A(k Y- kh>2 B S’zh

The first term in (3.53) is given by

‘Sgh - Sgh) < + (Bkh - Bkh)2 . (3.53)

Nk DPh

- Q2
Nk Ph 121 ]Zl ( Bkh) Skn
Nk ) 1 NE  Ph (k h)
:Kph;; [( Bkh) —Skh] Z@;;Yij : (3.54)

2
where we defined that Y;Ekﬁ) = (Ag?’h) — Bkh> — S2,. Note that (Y;E-M))lgignk,lgjgph is

independent. The expectation and the variance of Y;gk’h) are given by
E[Y;km] [(A BM) } — 52, =0,
2
V[YZ ]_ {Y;kh>} {(A( h) Bkh) —S,fh}]
4 (ki) )
— st (E (Zij ) 1), (3.55)

From (3.55), we have

Nk Ph
E Y“ =0,
[EEEe] e ]-) os
(kh) | _ 1), (3.56)
nk]l?hZ 1= " | NEPh K J
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From (3.54), (3.56), and Chebyshev’s inequality, for all ¢ > 0,

( S5 (g - ) s

NEPn :
1
— \/sgh Z(’“ ")) ] - 1)) < (3.57)

J:
1
=0, (E) . (3.58)

On the other hand, the second term in (3.53) is given by

(B - Bkh) ~0, (n}bz) . (3.59)

Therefore, we have

1

NgPh i—1 j—1

from (3.16).
By combining (3.53), (3.58), and (3.59),
~ 1
)S,’gh - S,fh‘ ~0, (E) . (3.60)
The difference between S”kh and Sy, is given by
St — St
’Skh — Sk:h) R (3.61)

Here, from (3.60), m ‘g,fh — S,%h‘ is bounded in probability. Therefore, Sy, converges in

probability to Sy, which results in that Sin + S = ©,(1). By combining this fact with
(3.60) and (3.61), we finally obtain

)Skh - Skh‘ ~0, (%) , (3.62)

which concludes the proof. 0

3B Proof of Mgt — 0, (m 4% for all € € (0,2) in
realizable case

We first derive the relationship between the maximum eigenvalues of matrices Z TZ and
Z'Z in Lemma B1 and B2.
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Lemma B1. Ler A and AL respectively, be the maximum eigenvalues of matrices Z Tz
and 7' 7 (i.e., , and | Z||2., respectively). Then, for all ¢ € (O, 2) the following
equation holds:

op’

M <\ +O, (mf). (3.63)

Proof. Let v and v, respectively, be the normaliz~ed eigenvectors of Z TZand 277 ,
corresponding to the maximum eigenvalues A; and \;:

Z" Zv = A\, |lv]| =1,

Z" 70 = Mo, ||9] = 1. (3.64)

Since v/ 5\1 is the largest singular value of matrix 7 , we have

o 120l 120
wt el = ol

= Zv|| <= A\ = || Zv|*, (3.65)

We also define the following matrix Q") for each (k, h)th block:

QU = gy _ S gy _ L ( Plhh) _ p(k,m)

Sk Skn
1

k| > e
PR et gedn Skh 1 ... 1

— 1 .- 1
(nkphZZZ“> : | (3.66)

i=1 j=1 1 -+ 1

where ny, and py, respectively, are the row and column sizes of the (&, 2)th null block.
Let Z (k’h), Z (k’h), and Q(k’h), respectively be n x p matrices whose (k, h)th null blocks

are Z®h | Z(#kh) and Q") and whose all the other entries are zero. As shown in Figure

3.B1, we define matrix Q as Q = S0 ST, Q™" We also define that 73, = g—:z
From (3.65), we have

K H K H
Aoz 120l = 130D 2ol = 10D (2 — Qo
k=1 h=1 k=1 h=1
K H K H 2
> |ZZ Mol = 11> (1= 7 ( — Q%Mo)
—1 h=1 k=1 h=1
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Q Q(Ll) Q(LZ) Q(K,H)

1,1

D

Figure 3.B1: Definition of matrix ().

K H 2
1(Z = Q)ll = D> (1= 7 ( kh)—Q(k’h))vH]

k=1 h=1

K H
> (Z = QI —2(Z = Qullll Y > (1 =) (25 = Q"))

k=1 h=1

> [1(Z = Ql* = 2(1(Z = QI | DD 11— 7l 1(Z “)—Q‘k’h))vlll

k=1 h=1

> (2 - Qoll* ~ 212 ~ Q|| |3 31 7l (||z<“>v||+||c2“v||)]

k=1 h=1
11— 7] ( AP HQ('%H)]

Mm

> [(Z = Q)v|* - 2I(Z - Q)v] Z

k=1

K H
> A= 20/ Qoll - 2/ + [Qull) |33 1 - 7l <\/A§’“’h’+IIQ(’“”‘)vll>],

>

=1

k=1 h=1
(3.67)
where A" is the maximum eigenvalue of matrix (Z*")) T zn),

From now on, we prove that ||Qv| = O, (ﬁ) and ||Q(k’h)'v|| = (%) We use
the following notations:
Nk Ph

Vgh = Z Z 7 Whi = anykhwch/ Ch = Z Whh! Z vy, (3.68)

"Wwbh 5 S h=1 J€Jp

where v, is the jth entry of vector v. Note that the (k, h)th block of matrix (), the (h, ')th
1 - 1

block of matrix Q @, and the hth block of vector Q' Qu are given by v, | : o,
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Why | :|,and ¢, | : |, respectively. Let u(® € RP be a vector whose entries in
1 ... 1 1
the Ath column cluster are \/Lpfh and whose all the other entries are zero.
Here, Theorem 2.1.2 (i.e., the delocalization property) holds for the eigenvectors {v; }

of matrix Z' Z in our case, where we assume that n,p o m and that each entry of Z
is independently generated from a distribution with zero mean and unit variance that

satisfies the sub-exponential condition. Therefore, we have |vTu(h)| =0, (m—%+€>
for all e > 0. Since QTQuv = 3, Guy/mru™ and vy, = O, (L), wpw = O, (L),

G = Sop_ Wi /Dwv T u) = O, (m~*¢) for all € > 0 by definition, the following
equation holds:

H
1Qu* =) Guv/pro u™ = O, (m™1+*)
h=1

— |Qu| =0, (m-%+€)  foralle > 0. (3.69)
1 - 1

Similarly, (h, h)th block of matrix (Q(k’h))Tg(k’h) isnprd, | :|, and its all the
1 - 1

other entries are zero, which results in that (Q*")TQ""Mv = n;2, (ZjeJh vj> /oru.
Therefore, we have

2
||Q(k’h)"’||2 = My, (Z Uj) /ono u™ =g (Vowo Tu™)

J€JIn
_ Op (m—1+2€)
= [|Q" ]| = 0, (m3+), foralle >0, (3.70)

Moreover, from Lemma A1, we have

1
’1 - Tkh’ = Op <E) . (371)

By substituting (3.69), (3.70), and (3.71) into (3.67) and by setting € < %, we have

A= A= O, (m) = O, (m%) [iiop (m™) Oy <m§>]

=\ — 0, (m), (3.72)
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which concludes the proof. Here, we used the assumption that K" and H are fixed constants.
O

Lemma B2. Let A\, and AL respectively, be the maximum eigenvalues of matrices 7' 7
and Z " Z. Then, the following equation holds:

- 2
M <M +0, (m7+> . foralle € (0, §> : (3.73)

Proof. We use the same notations as in Lemmas B1. Let {\;} and {v; }, respectively, be
the sets of the eigenvalues and the corresponding normalized eigenvectors (i.e., ||v;|| = 1
for all j) of matrix Z'Z, where j = 1,...,pand \; > Xy > --- > Ap. Let oM € RPr be
a subvector of v in the hth column cluster.

Since Z ' Z is a symmetric matrix, its eigenvectors {v;} form an orthonormal system,
and thus there exists a unique set of coefficients {c;} and ¢ (1 < ¢ < p) that satisfies

p
b= cv; = + by, (3.74)
where
v = Zc]v], Uy = Z Cv;,

j=t+1

M>MN—nd Nai <M —nd, d= (3.75)

5
-
Therefore, by using (3.71), the following equation holds:

K H
M=0"2T70 = | Z Z [Z(k,h) + (i — 1) 20 TkhQ(k’h)] B2

k=1 h=1
K H
= {Z + ) [(Tkh AR TkhQ(k’h)} } o||?
k=1 h=1
K H
= zo|P+20"2"> > [(Tkh 126 _ 7 Q(kh)}
k=1 h=1
K H
HIDD DT | = 120 — 0 Q0 0
k=1 h=1
K H
<1z + 2RI e 125 267273 S 7
k=1 h=1 k=1 h=1
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K H
4 ZZ [(Tkh — 1) 200 — 5, QP ] 3|12

B
Il
—
>
Il
—

= |yZv|y2+2\/_ZZ\¢kh—1mzkh %TZTZZ%Q

k=1 h=1 k=1 h=1

K H
+IY Y {(Tkh —1)gtkm TkhQ(kz,h)] 3k

E
[N
>
I

k=1 h=1 k=1 h=1
K H
IS [ = )2 — 7y Q] 52
k=1 h=1
= || Z5|? + 0,(1 —%TZTZZMQ(
k=1 h=1

K H
+ || Z Z [(Tkh — 1) zkn — TkhQ(k’h)] o[> (.- K and H are fixed constants)

k=1 h=1
< 12607 + 0,1 = 2572730 S @0
k=1 h=1
K H
+(uzzmh—1 “v\|+\|22mhmhvu>
k=1 h=1 k=1 h=1

K H
<|Zo)* +0,(1) =267 27> Y 7 Q™ Mo
k=1 h=

K H K 2
N (zzmh 2405 +3° 3 g w)
k=

—_

1 h=1 k=1 h=1

K H 2
1
+ |0, (ﬁ) + Z Z Tkh||Q(k’h)fJH] (.- K and H are fixed constants). (3.76)

k=1 h=1

As for the last term in (3.76), the following equation holds:

||Q(k’h)’[)||2 _ ,[)T( (K, h) kh)~ ZZCJC]”U h))TQ(k,h),v

Jj=1j'=1
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1 p p
~0 (L) S

j=1 j'=1
p 2 p P ?
= 0,(1) | Sy u™) | <0,(1) || D22 |3 (0] ut))?
j=1 j=1 j=1
p p p
= 0p(1) (Z C?> [Z(’U; W2 = 0,(1)]o)* [Z(’UJT )2 ]
=1 =1 j=1
= 0p(1) (vfu(h)f]
j=1
=0, (m*) (. Theorem 2.1.2) 3.77)
= | Q¥M5|| =0, (m), foralle>0, (3.78)

where u™ € R? is a vector whose elements in the hth column cluster is \/Lpfh and whose

all the other elements are zero. In the last equation in (3.77), we used the delocalization
property of {v;}, which are eigenvectors of matrix Z ' Z. By substituting (3.78) into (3.76)
and using (3.71) and the assumption that K" and H are fixed constants, we have

K
M 1Zo)7 =2) ) ' 2T QWMo + 0, (m*), foralle>0.  (3.79)

k=1 h=1

Here, by definition in (3.75), the following equation holds:

K H
HZ,{JHQ —9 Z Z Tkh,ﬁTZTQ(k,h)ﬁ

k=1 h=1

K H
= (v + ﬁg)TZTZ('ﬁl + v9) — 2 Z Z Tkh’[)TZTQ(k’h)f)

! p T o K H
= (Z Cj’l)j) Z CiAv; + Z cj’vj> Z cjAjvj — 2 Z Z Tkh,ﬁTZ—FQ(k,h)ﬁ
= ' j=t+1 k=1 h=1

K
_Z AN+ Z AN — 2ZZTMTZTQW%} (. |lvj|l = 1 for all )
=1

j=t+1 h=1
p K H
<\ Z G+M—n) Y d=2) Y me 27w
j=1 j=t+1 k=1 h=1
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K H
= MIB]” = Bel® = 2> 0 i  ZTQHN (6 + )
k=1 h=1
K H K H
=X =062 = 2D D 7w Z2TQE e — 2> S 1w 2T QMM e, (3.80)
k=1 h=1 k=1 h=1

The third term in (3.80) can be upper bounded as follows:

t
T}TZTQ(k’h) <Z Cj’l)j) |

J=1

- ~T2Tg(k,h),l~)l < ‘{)TZTQ(k’h)'I}ﬂ —

t
— | Z cj{)TZ—rQ(k,h)vj|
7j=1

-0, () !Z Vi (5)" 6] Vi (@) v

= 0,()| (37 ZT®W) Y ¢; (@) vl

j*l

t
- T
Op(D)1Zo| ||l 0™ |||ZCJ ) ] < 0, W Zlopl D cj (@) vyl
j=1

\Zc] 'vj|<O Zc Z[ ))ij]2

7=1
- op<\/ﬁ)||ﬁ||\/?t0p (m—%+f) (. Theorem 2.1.2)
=Vt0,(m°), foralle >0, (3.81)

where w*) € R” is a vector whose elements in the kth row cluster is \/% and whose all

the other elements are zero. Here we used the delocalization property of {v;}, which are
eigenvectors of matrix Z ' Z.
The fourth term in (3.80) can also be upper bounded as follows:

—ﬁTZTQ(k’h)’[)Q < |,l~)TZTQ(k,h),52| < ||6||||ZTQ(k,h),52H _ ||ZTQ(k,h),l~)2”
< 1ZT Q™M lopll @l < 1 Zllopll Q" e[|

= 0,0, () VATl = olO)vim. (82

By substituting (3.81) and (3.82) into (3.80), we have

K H
||Z’l~)H2 _9 Z Z TkhﬁTZTQ(k,h){]

k=1 h=1
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K H K H
<A =Bl +2) Y VO, (m) +2) Y [ 8:]|0,(v/m)

k=1 h=1 k=1 h=1

=M = /[ 02]1* + VE Op (m) + [|0:]|Op(v/im). (3.83)

In the last equation of (3.83), we used (3.71) and the assumption that K and H are fixed
constants.

Letv; = %)\j be a normalized eigenvalue of matrix Z ' Z. Note that ¢ in (3.75) is the

number of normalized eigenvalues {v;} that satisfy v; > v; — n?~!. We also define the
following variables:

2 2
V+E(1+\/g) , VE(I—\/§> , €1 =UVy — . (3.84)

From (4.1) of [122], |e;| = O, (qﬁcm‘%) holds for some constant C' > 0, where ¢ =

(log p)'o&le?_ Since ¢ = o(m) holds for any ¢, > 0, we have |¢;| = O, (m%“O) for
any ¢y > 0.
From (3.7) of [122],

n— —’ =0, (m™'"%), Ve >0, (3.85)

where

i [ atoe
v1—nd—1

q(z) = %g /max{(vy —;)(l’ —v_), ()}'

(3.86)

By setting g < d — %, we have

q(r1 — nd_l) =q(vy — nt1 — €1)

= VI 540, (8] [140 (') 4.0, (mH )]

Vy —V_ d-1 d—1 1 €
VYt a5 4 0, (mmaX{Tv—§+70}>
Vi

— UV_ d—1 d—1 1
= Y5 0, (m) < € < d— —> . (3.87)
vy 3

From (3.87) and the fact that |¢;| = O, (m_§+60) for any ¢y > 0, by setting ¢y < d— %

the following equation holds:
00 vy 00
n= / q(z)dx < / q(z)dx / q(z)dx
1% I/1—nd71 Vi
72
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vy
/ q(z)dx
vy —nd—1

=0, (m* 1) 0, (M) =0, (m™5"). (3.88)

< ler +n" M g(y — )

Therefore, from (3.85), by setting €5 < %d — %, we have

|

d—

[N

t=0, (mi* ). (3.89)

By combining (3.83) and the assumption in (3.75) that d = %, the following equation
holds for all € > 0:

K H

|Zol* - 22 ZTkhﬁTZTQ(k’h)"N’ < Ap [|oof [”%w - "d”f’zﬂ +0p <m%+5> ;
k=1 h=1

® = 13| Zl|upll Q5 [ = Op(1) (. (3.82). (3.90)

Here, we consider the following two patterns: (a) If nzw — n||,|| < 0, from (3.90), we
have

K H
12812 =233 md 27 QM e = A\ + 0, <m%+6> . (3.91)
k=1 h=1
(b) If n2w — n?|| ]| > 0, we have |0, < n2 % and thus
s [n%w - ndu@u] < nl-dg?, (3.92)

By assumption in (3.75) that d = 2, we have n'~%w® = O, (m%) and thus (3.91) holds.
In summary, (3.91) always holds. By combining this fact and (3.79), we have

A €A+ 0, (mF) + 0, (m*), foralle >0, (3.93)

By setting € < , we finally obtain
M<M+O, (m+) . foralle e (0, ;) , (3.94)
which concludes the proof. 0

Lemma B3. Ler A and A, respectively, be the maximum eigenvalues of matrices Z 'z
and 27 (i.e., || Z||%, and || Z||2,, respectively). Then, for all ¢ € (0, %),

op’

A — M|
bTW

where b™V is defined as in (2.3).

~0, (m—%ﬂ) 7 (3.95)
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Proof. From Lemma B1 and B2, we have already shown that the following equation holds
forall e € (O, %)

A= M| =0y (mPt) = Mle_—WM =0, (m#*). (3.96)

We consider the joint probability of the event ./, that Z = 7 holds and the event GOm.c
that "\gT;V(,\l‘ < C'm~ 217 holds. Such a joint probability satisfies the following inequality:

Pr(Fn NGme) > 1—Pr(F,) —Pr(Ghc), (3.97)

where A is the complement of event .A. The consistency assumption (vi) guarantees that
if (Ko, Ho) = (K, H), Pr (Ff,) converges to 0 in the limit of m — oo. By combining
this fact with (3.96), for all € > 0, there exist C' > 0 and M > 0 such that for all m > M,
Pr (F,, N Gpc) > 1 — € holds, which results in (3.95). O

3.C Proof of 7* = O,(1) in unrealizable case

Proof. Throughout the proof, we use the following notations:

o AR plh) “and 7Z(k:h) respectively, are the (k, h)th null blocks of matrices A, P,
and Z.

o AR B(’“’}f), and E(k’h), respectively, are the (k, h)th estimated blocks of matrices
A, P, and P.

e We denote the row and column sizes of the (k, h)th estimated block as n, and P,
respectively.

e (ki, hy) is the set of row and column cluster indices of submatrix X in the estimated
block structure.

As for the order of the estimated standard deviation 6%, we have 6" = Skl h,- Note that
the block size (721, p1) of submatrix X is at least (nyin/Ko) X (Pmin/Ho). Therefore, we
have

6" = Spn, = —HA(kl’hl) —pM,
Q/ﬁ}_)hl
<1 At _ pUriy MHA(’%’“) _ plhy
N nmpr o o NminPmin -
KoH : KoH, i
<) 2O A Pl = APy P P
NminPmin TMminPmin
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KoH, 5
< \/I <|\A —Plp+]||P- PHF)
NminPmin
K H
KoH, 2
_ \/T SN [ A®E — pE|2 4 ||P — Pl|p
NminPmin \ k=1 h=1
K H
KoH, >
- [ (S5 st e
minPmin \ k=1 h=1
S \/W [
MminPmin

2
Here, for all (i,j), (Zl.(f’h)> independently follows the same distribution, and

2 2 4
E [(ij’”‘)> ] = 1. We also have V [(Zg“’h)> } =E {(Z.@’h» } — 1 < oo, since

5
=
=
I

=

Z

HSkh) 1Z]lp + ||P—J5||F] (3.98)

..........

ij

k) \ 2 : :
we have assumed that E (Zij’ > < oo from the sub-exponential assumption.
Therefore, from the central limit theorem and Prokhorov’s theorem [146], we have

2
\/ﬁ Dt 2 {(Zz(]kh)> - 1} = O,(1). In other words, the following equation

2
holds: 3 7%, > 0% (Zi(f’h)> = ngpn + O,(m) = O,(m?). Based on this result, we obtain

K H ng pk

K H
V2l = | oS 12l = 323305 (25)
k=1 h=1

- \ > ) 0,(m?) = 0y(m). (3.99)

Here, we used the assumption that K and H are fixed constants.
Furthermore, we have

R n P R 2 n p B _ R 2
1P~ Ple= |35 (B - R) = (s — Py + Py — By)
i=1 j=1 =1 j=1
n P B _ R 2
< ZZ(‘PM—PM‘—F Pz‘j—Pz“)
i=1 j=1
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n P r 2
S § g max ‘Pi’j’ — Pi’j’ + PZJ _ H
. . i'=1,..., n,j’:l 7777 P
i=1 j=1 *“
B 2
n p
< E E max |Bin — Bew| | + |Pij — Py
L £ k=1,...K,h=1,...H,
i=1 j=1 | \¥'=1,..,K,h'=1,.,H
2
n p
< E E max ‘Bkh — Bk’h’| + max Bkh — Bkh’
L o /£ k=1,...K,h=1,...H, k=1,....,Ko,h=1,...,Ho
=1 j=1 k=1,.,Kh=1,.,H
Ko Hp
= \/Np max |Bkh — Bk’h" + Bkh — Bkh‘
k=1,...K,h=1,...,H, Z Z
k=1, K} =1,. H k=1 h=1
<V | Bin — Brw| + O !
— n max kh — 4% —_—
P k=1,...K,h=1,...,H, P\ /m
K=1,. K h=1,.H
= Op(m). (3.100)

Here, to derive the last inequality in (3.100), we used (3.29) and the assumption
that iy and H, are fixed constants. In the final equation, we used the fact that

Max y—1,. K h=1,.,H, |Ben — Brn| is bounded by a finite constant.
k=1, KO =1, H

By combining (3.98), (3.99), and (3.100), we obtain ¢* = O,(1). O
3.D Proof of the asymptotic ICL in the Bernoulli case

Proof. From Lemma 4.2 in [76], the resulting asymptotic ICL is given by

ICL(Ky, Ho) = maxlogp(4, 3", §®|r, p, B)
505

Ky—1 Hy—1 KoH,
— logn — logp —

log(np). (3.101)

In regard to the first term in (3.101), we consider the following optimization problem:

maxlogp(4,§", §@|m, p, B),
TP,

Ko Hy
s.t. Zwk =1, m, > 0 for all &, th =1, pp > 0for all h,
k=1 h=1
0 < By, < 1forall (k,h). (3.102)
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The above problem is solved with the Lagrangian undetermined multiplier method, which
employs

Ko Hy
f = 1ng(A7g(1)7g(2)|7T7 P, B) - 51 Zﬂ-k - 52 tha
k=1 h=1
Ko Ho Ko Hp
= Z’[k“()gﬂk"‘zuh‘bgph _flzﬂ'k —fzzph
k=1 h=1 k=1 h=1

Ko Hp
+3 3 " [Aylog By + (1 — Ayj) log (1 — Bw,)], (3.103)

k=1 h—1 icIy jcJp
of of  of
Omi Opn OB,

By substituting (3.103) into (3.104), we have

1 J A 1— A
g, Mg s [ 1)

=0 for all £, h. (3.104)

Tk i€l i€y Bin 1 = By
|Ik’ |Jh| Ziel jeJ Aij
== g, = g o el T (3.105)
g T e 1A

for all (k, h). In regard to {m;} and {pj,}, from the conditions in (3.102), 212 |I| = &
and ZhHil |.Jn| = & hold and thus we finally have

| 1| | Jn]
M=k, = R (3.106)
kK=01 |Ik| fil |Jh|

We can easily check that the solutions of (3.105) and (3.106) satisfy all the conditions in
(3.102).
Finally, by substituting the above results into (3.101), we have

| 11| A
[CL (Ko, Hy) = Ilk|10g< +> |
kz; Sl il hz; >y [l
Ko H
- -~ ZGI J A
Az 1 USRI
*ZZ< 2 ) Og( A )

k=1 h=1 \i€ly,jeJp
Ko Ho Z A
i€l jed, L
k=1 h=1 i€l,j€Jp
Ky—1 Hy—1 H,
- logn — logp — log(np)
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S (1) + s ()

Ko Hp
+ > 111l [ Benlog B + (1= B ) tog (1= Bua) |
k=1 h=1
Ky—1 Hy—1 H
— 0 logn — —2 logp — 0 log(np). (3.107)
Note that we have defined Bkh as in (3.9). ]

3.E Jarque-Bera test for selecting the cluster numbers

For Gaussian LBMs, we can use Jarque—Bera test [12, 22, 71] instead of the proposed one
for determining the row and column cluster numbers. We define the sample skewness 6y,
and sample kurtosis ~, of the (k, i)th null block as follows:

~ - ~ 1 S SR (A _Bkh)g
0 = (Okn)i<w<ri<n<m, Own = = i=1 Laj=1\" 1

P2 nklph ZZI ?il (Aij - Bkh)4

R = (Rgn)1<k<ki<h<H, Frn =

(3.108)

From the result of [22, 71], for each (k, h)th block, TP = ™ [é,%h + 1 (Fkn — 3)2]
converges in law to the chi-squared distribution with 2 degrees of freedom. Since we
assume that {AZJ} are mutually independent, given the block structure, the statistic T8 =
Z el z ey TP converges in law to the chi-squared distribution with 2K H degrees of
freedom. Here, we used the additivity of the chi-squared distribution.

We also define the sample skewness 0y, and sample kurtosis iy, of the (k,h)th
estimated block as follows:

I J|
) ) A Y S (A = B

0= (ekh)lSkSKo,lgthoa ek’ 3
Skh

) ) Z\Ikl Z\Jhl( U _ Bkh)
= (Rkn)1<k<Koi<h<Ho»  Fkh lIkHJhl 2 . (3.109)
kh

x>

As in the proof of Theorem 3.4.1, we consider the probability of the event F,, that

[(ni)1<k<rc, (Pn)1<n<m, 0, %] = [(|Te])1<k<ror (|Jn])1<n<m,, 6, 4] holds. The consistency
assumption (vi) guarantees that if (Ko, Hy) = (K, H), Pr (F,,) converges to 0 in the limit
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Accuracy of tests

1.07
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—e— Range of B: (0.14, 0.86)
—e— Range of B: (0.18, 0.82)
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100 200 300 400

Figure 3.E1: Accuracy of the Jarque—Bera test under 10 different settings of block-wise
mean B (Gaussian LBM).

of m — oo. Therefore, |T75 — TJB‘ also converges in probability to zero, where

Ko Hp
=Ty
k=1 h=1
LllJnl T+ 1
T8 = w {egﬁz(@kh—sf} Jforallk=1,..., Ky, h=1,... Hy. (3.110)

From Slutsky’s theorem, 778 = T8 ++ (778 — TYB) converges in law to the chi-squared
distribution with 2 Ky H, degrees of freedom. Based on this discussion, to determine the
number of blocks, we can use 772 in (3.110) as a test statistic.

As in Section 3.5.3, we evaluated the accuracy of the above Jarque—Bera test. We
generated data matrices from Gaussian LBMs with (K, H) = (4, 3). We used the same
experimental settings as in Section 3.5.3 except for the test method.

Figure 3.E1 shows the accuracy of the Jarque—Bera test under 10 different settings
of block-wise mean B. By comparing Figures 6 and 3.E1, we see that the proposed test
achieved comparable or better performance than the Jarque—Bera one in most settings
(especially when the matrix size is small).

Currently, there is no other way than the proposed and Jarque—Bera tests for testing
the cluster numbers of LBMs. A possible option might be to construct a test based on the
Frobenius norm of matrix Z instead of the operator one. However, as also pointed out in a
study [92], such a test is expected to have lower power than the proposed test, since it does
not aggressively detect the direction in which the matrix Z deviates from the one generated
from the null hypothesis, a distribution with zero mean and unit variance.
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Chapter 4

Statistical test on the estimated bicluster
structure of a relational data matrix

Model selection in latent block models has been a challenging but important task in the
field of statistics. Specifically, a major challenge is encountered when constructing a test on
a block structure obtained by applying a specific clustering algorithm to a finite size matrix.
In this case, it becomes crucial to consider the selective bias in the block structure, that is,
the block structure is selected from all the possible cluster memberships based on some
criterion by the clustering algorithm. To cope with this problem, this chapter provides a
selective inference method for latent block models. Specifically, we construct a statistical
test on a set of row and column cluster memberships of a latent block model, which is given
by a squared residue minimization algorithm. The proposed test, by its nature, includes
and thus can also be used as the test on the set of row and column cluster numbers. We
also propose an approximated version of the test based on simulated annealing to avoid
combinatorial explosion in searching the optimal block structure. The results show that the
proposed exact and approximated tests work effectively, compared to the naive test that
does not take the selective bias into account.

4.1 Introduction

As we have described in Chapter 3, a latent block model or an LBM [58, 63] has been widely
used as a generative model of a relational data matrix. In LBMs, we assume that there is
an underlying block structure (i.e., a set of row and column cluster memberships) behind
the observed data matrix and that each element of the matrix is generated independently
from an identical distribution, given such a block structure. Particularly, a Gaussian LBM
[104, 111] is useful to model a relational data matrix with real elements; this type of LBM
is the focus of the current study. In a Gaussian LBM, we assume that each entry follows a
Gaussian distribution, whose mean and variance are fixed constants in the same block (a
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4. Statistical test on the estimated bicluster structure of a relational data matrix

formal description of Gaussian LBMs is given in Section 4.2.1).

Besides estimating the block structure from a given observed data matrix based on an
LBM, it is also important to fest the validity of a model (i.e., the number of blocks) or an
estimation result. Until now, several tests have been proposed for determining the number
of blocks in block models [16, 67, 92, 152, 164] (see Chapter 3 for details). Among these
studies, only Chapter 3’s test [152] can be applied to the LBM setting; however, its target
is limited to the number of blocks, not to the cluster memberships. Moreover, it is an
asymptotic test, and thus its guarantee cannot be verified with a finite size observed matrix.

In regard to an SBM, several studies have proposed a statistical test for a given set
of community memberships of an observed matrix [53, 67, 74]. In [53], based on the
numbers of edges within and across the clusters, two tests were proposed for an SBM;
one of these tests included a goodness-of-fit test of community memberships. Although
this study’s objective is similar to ours, its problem setting is quite different from ours in
various aspects, such as the setting of the alternative hypothesis and the assumptions in
the network structure (e.g., there are two equal-sized communities in a given network and
more intra-community edges than inter-community ones). Another study [67] proposed an
asymptotic test on both the number of communities and the community memberships of
an SBM, whose validity is guaranteed with the infinite matrix size. This study is different
from ours in that our proposed test in this chapter is validated with a finite size matrix.
[74] proposed a non-asymptotic test for an SBM setting; they generate finite samples of
networks from the distribution of an SBM, conditioned on its sufficient statistics based
on Markov chain Monte Carlo (MCMC), and, subsequently, compute the estimator of
the p-value as the ratio of the test statistics of sampled networks being equal to or larger
than that of an observed network. This study is somewhat similar to ours in that it tries
to approximate the p-value under the condition that some function value of an observed
matrix is given; however, it is fully based on a Metropolis-Hastings (MH) algorithm, and
thus the resulting p-value is not exact with finite samples.

There have been many studies on statistical tests for SBMs, but none of them have
enabled us to test the cluster memberships of LBMs. Particularly, in this chapter, we derive
an exact p-value in the following context, which is a typical case in practice. First, we
estimate an underlying block structure or cluster memberships of the rows and columns
of an observed data matrix, based on a specific criterion. For instance, as a criterion, we
use the squared residue or the sample variance within the same block [34, 63], whose
formal definition is given in Section 4.2.2. Subsequently, we perform a statistical test on
the clustering result, which has been selected as an optimal block structure based on the
data matrix, in terms of the criterion described above. In regard to the construction of a
valid statistical test, one concern is that it necessitates taking into account the selective
bias [13, 88, 103]. A test on cluster memberships tends to be inappropriately positive, that
is, it tends not to reject the hypothesis that the estimated cluster memberships are correct,
when the test fails to consider the fact that the hypothetical set of cluster memberships was
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selected by using the information of a data matrix.

In order to perform a valid statistical inference in such a situation, [13, 88] introduced
the methodology of post-selection inference. Particularly, selective inference methods
facilitate inference of a hypothesis selected based on some criterion, where we use the
same data for the hypothesis selection as well as for its inference [88]. The main idea
behind the selective inference is to reveal the probability distribution of a given test statistic
under the selection condition. By conditioning on the selection event, we can appropriately
construct a test without the selective bias. Such selective inference methods have been
developed for various problem settings, including variable selection in linear regression
with L1 regularization [88] and that with marginal screening [90] and k-means clustering
[69]. Concerning the problems related to the analysis of relational data matrices, several
studies have proposed selective inference methods for biclustering [64, 89]. Although they
also concern a block (or multiple blocks) in a relational data matrix, their problem settings
are different from ours. In our problem setting, a block structure corresponds to a set of
cluster memberships of all the rows and columns of an observed matrix. In other words, by
rearranging the indices of rows and columns, a block structure is represented by a regular
lattice on a matrix. However, [64, 89] aimed to find a submatrix (or multiple submatrices)
of the original data matrix whose mean is significantly larger than zero. Figure 1 illustrates
the difference between the optimal cluster memberships of the proposed and existing
methods [89]!. Since they are based on the mutually different assumptions on the latent
bicluster structure, their “optimal” cluster memberships are not always identical, even with
the same observed matrix. No study has proposed a selective inference method for the
LBM setting, despite the effectiveness of LBMs in relational data analysis.

This chapter proposes a new selective inference method for LBMs. Unlike Chapter
3, where the validity of the test is guaranteed only in the asymptotic sense (i.e., with
the infinite matrix size), we develop an exact test on a block structure, which is selected
based on a given observed matrix with a finite size and the squared residue minimization
algorithm. To construct such a statistical test, we consider the fact that the selection event
based on the squared residue can be formulated as a set of quadratic inequalities in terms
of the data vector, which is the vectorization of the observed data matrix. On this basis,
we can show that the test statistic follows a truncated chi distribution, under the selection
condition (a formal definition of the test statistic is given in Section 4.3).

ITo plot Figure 1, we independently generated data matrices with the sizes of (n,p) = (9,9). We set
the null and hypothetical sets of cluster numbers at (2,2); we defined the null cluster memberships as
gEN)’(l) = (i mod 2) + 1, for all 4, and gJ(N)’(2) = (j mod 2) + 1 for all 5. In regard to the mean vector, we
05 0

0 0
by  ~ N(po,0.7521) and applied the biclustering algorithms of the proposed and existing methods [89].
The biclustering algorithm of the proposed method outputs a regular-grid bicluster structure based on the
squared residue minimization, while that of [89] outputs an ny X py submatrix with the largest sample mean,
where we set ng = pg = 5.

used the following setting: pg = vec ( { } ) . Based on the above settings, we generated a data vector
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Estimated bicluster structure
Null bicluster structure 2.0 (squared residue minimization Estimated bicluster structure 2.0
(regular-grid) regular-grid) ! 2.0 (largest average submatrix)
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Figure 1: Examples of the null and estimated bicluster structures of the observed data
matrix with the size of (n, p) = (9,9). The rows and columns of the observed matrix were
sorted according to their clusters, and the blue lines indicate the cluster memberships. The
biclustering algorithms of the proposed and existing methods [89] do not necessarily yield
identical bicluster structures with the same observed matrix.

Since the exact test requires solving two combinatorial optimization problems—one
for selecting the block structure with the minimum squared residue, and the other for
determining the truncation interval of the distribution of the test statistic—its computation
will be intractable with a large size observed matrix or with a larger hypothetical number
of blocks. To cope with such combinatorial explosion, we also develop an approximated
version of the test based on simulated annealing (SA).

The remaining part of this chapter is as follows. In Section 4.2, we first define notations
and describe assumptions necessary for developing the proposed statistical test. We also
define the squared residue, which we use for measuring the quality of a given set of row
and column cluster memberships. In Section 4.3, we give the formal statement of the
null and alternative hypotheses of the proposed test, define the test statistic, and derive
its null distribution. Our main contribution lies in Theorem 4.3.1; it states that, under the
null hypothesis, the test statistic follows a truncated chi distribution, whose truncation
interval is determined by the selection result. We also give an approximated version of
the test. In Section 4.4, we experimentally show the effectiveness of the proposed exact
and approximated tests, by checking the behavior of the p-values and measuring the true
and false positive ratios (TPR and FPR) in both the realizable [i.e., the hypothetical cluster
numbers of rows and columns (K, Hy) are equal to the null ones (X, H)] and unrealizable
(i.e., at least one of Ky < K and Hy < H holds) cases. Finally, we discuss the findings
and conclude the chapter in Section 4.5 and Section 4.6, respectively.
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4.2 Problem settings

4.2.1 Notations and assumptions on data matrix
Throughout this chapter, we use the following definitions and notations.

o Let A = (Ajj)i<i<ni<j<p € R™ P be an observed data matrix with the size of
n X p. When constructing a statistical test, it is more convenient to use the vector
representation of matrix A, instead of A itself:

€r = VeC(A) c Rnp’ Tn(j—1)+i = AZ]; fori = 1, e, Ny j = ]., ..., P (41)

o Let ggl) be the cluster index of the ith row, and ¢(") = (gfl)
be the cluster index of the jth column, and g = (g](.2))

)1<i<n. Similarly, let g](.z)

1<j<p- We denote a set of
row and column clusters as g = (¢(V), ) € G, where G = {(g"), g®)} is a set of
all possible cluster memberships. We also define that G, is a set of all possible
cluster memberships with Ky x Hj or less blocks.

e In the null hypothesis of the proposed test, we assume that there exists a set of block
memberships g = (g™ gMN):(2)) and that, given g™, each (i, j)th element A;;
of an observed matrix A is generated independently from a Gaussian distribution
with a block-wise (unknown) mean P; = ngN),(l)g(N),(Z) and (known?) variance o2,

where By, is the mean of the (k, h)th block:

Ajj ~ N(Py,03), foralli=1,....n, j=1,...,p. 4.2)
In vector representation, this assumption is given by
x ~ N(po,03l), 4.3)
where pg is the unknown block-wise mean vector.

e Let (K, H) be the minimum set of row and column cluster numbers required to
represent the above null set of block memberships ¢™). In the proposed test, we
fix a hypothetical set of cluster numbers (K, Hy), estimate the block structure
of an observed matrix with Ky x Hj blocks, and perform a test on the estimated
block memberships, which, by its nature, includes a test on cluster numbers (i.e.,
(K, H) = (Ky, Hy) or at least one of Ky < K and Hy < H holds)?.

2We also derive the null distribution of a test statistic in case that variance o3 is unknown in Appendix
4.G.

31t must be noted, however, that the proposed test cannot be applied directly for sequential testing on
cluster numbers, where the hypothetical numbers of clusters are tested in ascending order (i.e., (Ko, Hy) =
(1,1),(1,2),(2,1),...) until the null hypothesis is accepted. This is because the proposed test cannot
distinguish the following two alternative cases: (1) (K, H) = (Ko, Hy) holds, however, the estimated cluster
memberships are incorrect, and (2) Ky < K or Hy < H holds.
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e We denote the set of rows in the kth cluster as [, = {3 : gz1 = k}. Similarly, we
denote the set of columns in the hth cluster as .J, = {j : g(2) = h}.
e We denote the cluster membership vector of rows as follows:

1

e (1)
—— it g, =k,
e® = (@) 1cicn R, ) = { " -

0 otherwise.

Similarly, we denote the cluster membership vector of columns as follows:

if g7 = h,
e = (§§h))1§j§p c R, §§h) — {\/Jhl I (4.5)

0 otherwise.

Based on these Vectors e and e we define a vector e*") = e @ e%) ¢ R
and matrix B¢ = T — 3, > e®"(e®M)T It must be noted that £ is a
projection matrix, that i is, (BW)T E(g) and (E9)% = EW hold.

4.2.2 Clustering algorithm based on squared residue minimization

To estimate the block structure of a given observed matrix A, we use a clustering algorithm
Az Me Gk, 1, that outputs a block structure minimizing the squared residue, that
is, the sample variance o within the same block. A squared residue has been proposed for
measuring the quality of a biclustering result [34, 63], and its definition is given by

Ko Ho

JZZ—ZZZZ < c |fk||Jh| 22 A”)

k 1 h=1 1€l jeJy el 3 €Ty
1 Ko Ho 1
“ Z ,;hzlukuh (ZZ )
i i€l j€Jn
1 Ko Ho 2
s B (s
Z Z o\ VAT
1 Ky Hp
np k=1 h=1
1 Ko Ho 2
:_{wT:B_ZZ [(e(kh))T:B} }
np k=1 h=1
Ko Hp 1
- [ IR ]a::—:cTE(g)a:. (4.6)
np
k=1 h=1
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Therefore, the squared residue minimization clustering algorithm .4 outputs the set of
cluster memberships § = (§(), g®), which satisfies

g€ M(m) — arg mino? = argminz' E9 . 4.7)

9EG K H 9E€EG K H,

It must be noted that the above solution g is the maximum likelihood estimator of the
cluster memberships with a mean estimator B(g) and a known standard deviation 0. The
log likelihood of a set of cluster memberships g = (¢(*), g®) and the mean parameter B3
is given by

L(g, B;x) = —nplog (\/27‘(‘0‘3) - — ZZ (ZL‘n (j—1)+i — B 51)952)>2

=1 j=1
Ko Hop

= —nplog (,/2mg> — 5 22222 Tn-1)si — Bin)®. (4.8)

k‘ 1 h=1 i€l jeJp

Let B(g) = (Bin(9))1<k<ko1<n<m, be the maximum likelihood estimator of mean B for
a given fixed cluster memberships g. From (4.8), we can easily derive that Bkh(g) =
/1Tl Inl) 2icr, 22 jeu, Tni—1)+i- By combining this fact with (4.6) and (4.8), we see
that the squared residue minimization is equivalent to the likelihood maximization with a
mean estimator B(g).

Equation (4.7) is equivalent to a set of quadratic inequalities

' B9z <z"EVg < 2" (EW - E@) g >0, (4.9)

for all g € Gk, m,. In other words, the selection rule can be represented as a set of quadratic
inequalities in terms of the data vector . It must be noted that, under the null hypothesis,
the solution g of (4.7) is unique almost surely. To prove this fact, we first define a quadratic
function F99) : R — R for a fixed (g,¢') as F@9)(z) = =" (EW — EY)) z. We
also define that ¢ = ¢/, if the sets of cluster memberships ¢ and ¢’ are equivalent up to the
permutation of cluster indices, and that g # ¢’ otherwise. If g # ¢/, we have

EW —EW £ 0O (. the proof is in Appendix 4.A), (4.10)

and thus the Lebesgue measure of a set of points 2 that satisfy F'99)(x) = 0 is zero. By
combining this fact and the assumption (4.3) of the null hypothesis, F(99") () # 0 holds
for a fixed combination of (g, g’) almost surely. Since {(g,¢') : 9,9" € Grono, 9 # g’} isa
finite set, we finally have

Pr (39,9/ € Gkoys 869 # ¢, 9,9 € arg min 02)

9EG K H
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9€G K H,

=Pr (Elg,g' € Gromo» St.g# ¢, F99)(x) =0, g,¢ € arg min 02>

< Pr (Elgag/ € gKon s.t. g 7é gla F(g,g’)(w) = 0>

< Y P (F(979’>(m) - 0) ~0. (4.11)

9,9'€G Ky Hy 979’

In case of a tie (i.e., multiple solutions of ¢ exist that satisfy (4.7)) that occurs with
probability zero, we can choose any one of them as ¢ independently with .

4.3 Main results: Statistical test on the solution of
squared residue minimization

4.3.1 Null distribution of test statistic 7’

As described in Section 4.2, in the null hypothesis of the proposed test, we assume that
there exists a set of block memberships ¢ and that given ¢, each element of an
observed data vector x is generated independently from a Gaussian distribution, whose
mean is constant within the same block. Our main purpose is to test whether an estimated
block structure § = (§V), §®), which is selected based on the squared residue criterion in
Section 4.2.2, is equal to the null one ¢'¥). Formally, the null and alternative hypotheses of
the proposed test are given by

(N): EQpy =0, (A): E9Dpy #£ 0. (4.12)

It must be noted that the equation £, = 0 is equivalent to the statement that the
elements of the vector p are constant in the same block in the set of cluster memberships
g. In other words, the above statement of the null hypothesis is that a given observed
matrix is generated based on the latent block structure g, which is selected as a solution
that minimizes the squared residue.

To perform the test of (4.12), we check the squared residue o of the given observed
matrix A under the condition that the estimated block structure g is selected. Under the
null hypothesis, we have £ i = 0. Here, matrix E9) solely depends on the estimated
set of cluster memberships g. In other words, under the condition that M (x) = g holds,
matrix 9 is fixed. Therefore, based on the result in [103], the following theorem holds:

Theorem 4.3.1. Under the null hypothesis, we have

7112

0o

T=

, THg, z,u} ~ X (np— Ko Ho)| M@ (4.13)
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where || - ||2 and ., respectively, denote the Euclid norm and the truncated chi distribu-
tion with c degrees of freedom and with truncation interval of M and

1
—T
Iz

M9 ={t>0:§e M(togu+ z)}. (4.14)

r=E9% wu= z=x—7,

Proof. Let I be a fixed np X np projection matrix satisfying the following conditions:
e rank(F) = np — KoHp.
(] E[,l,o =0.

A singular value decomposition of a matrix E satisfying the above two conditions is
given by

E=VTDV, D=|, ltwtktt  Ow-rorio)Kotto| (4.15)
KoHo,(np—KoHop) OKonKoHo

where we denote the a X a identity matrix and a X b zero matrix, respectively, as I, and
O p-
Based on such a matrix £, we use the following notations:

1
rg=Fx, Tp= HTEH2, U = TE, ZE=% —Tg. (4.16)
%0 I7El2

We can transform 7'z by the following equations:

_Va'Ezx _ /(x— o) E(x — po)

Tk (- Bpo = 0)
(o) o)
(@ — ) TVIDV(x — po) \/(33 — po)TVTDTDV (2 — pao)
a 00 B 0o ’
D= [I(np*KoHo) O(nprng),KOHO} € R(np_KOHO)an. “4.17)

Here, we used the fact that D™D = D.
By using the assumption that & ~ N (g, 021) holds and the independence of matrix
E of x, we have
1 -~ ~ ~
—DV(x — po) ~ N(0, DV(DV)")

00

1 -
= —DV(@ — po) ~ N(0, Lo, (4.18)
0
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Here, we used the fact that DDT = I. Therefore, by combining (4.17) and (4.18), we have

TE ~ X(?’Lp—KoHo)? (419)

where . denotes the chi distribution with ¢ degrees of freedom.
In regard to wy and zg, we have
1 1

)
ug-zp = ——r7rp(x —rp) =
B2 = nTe(® e = e

(" E'x —x"ETEx) = 0. (4.20)

In the last equation, we considered the fact that ETE=FE.
Here, since T and (u g, zi) are mutually independent (the proof of this is in Appendix
4.D), we have

Telug, ZE ~ X(np—KoHo)- 4.21)

Next, we consider adding a condition of selection event of g to the distribution of
Tg|lug, zg in (4.21). Given ug and zg, the result of selection depends solely on the
value of Tz. Therefore, adding the selection condition M(u gTgoy+ zg) = §to (4.21)
corresponds to truncation of 7 to the region where M(’u, gTEoy+ zg) = g holds:

TE|UE; Zg, g~ X (np—KoHo)| M@ (E)* (4.22)

Third, we consider replacing E in (4.22) with E9), which is the output by clustering
algorithm A based on the data vector «. It must be noted that the matrix £ is also a
projection matrix that satisfies

rank(E9) = np — KoH, (. the proof is in Appendix 4.B), (4.23)

from its definition, and E@ o = 0 holds.

Since the matrix £9 depends on the data vector & only through the choice of § (i.e.,
E9 is fixed, given ¢), under the condition that the selection result g is given, (4.22) still
holds with £@, which concludes the proof. ]

Remark 4.3.1 (Generalization of Theorem 4.3.1). Theorem 4.3.1 holds if the selection
event of the estimated block structure g can be formulated as a set of quadratic inequalities
in terms of the data vector x, by modifying the definition of the function M. In other
words, for a selected block structure §, there exists some I, € N and {QW), a(9) (9},
i =1,...,Z; and the selection event of g is represented by

.....

JEM(z) = Nicpn,..z,y (2" Q9 z + (a9)) T 4 99 > 0} . (4.24)

Let g(i) be the ith pattern of all the block structures with Ky x Hgy blocks or less, where
i=1,...,|Gkom,|- Then, if we set T = |Grym, |, Q9 = EWD) — @), o9 = 0, and
B9 = 0, the selection event in (4.24) will lead to the use of a squared residue solution.
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It must be noted that if there exists multiple sets of cluster memberships that minimize
the squared residue o2, which occurs with probability zero, from the discussion in Section
4.2.2, then Theorem 4.3.1 will hold for any one of them. Moreover, we define that a set of
block memberships ¢’ is a refinement of g iff any block in ¢’ is a submatrix of some block
in g. If ¢’ is a refinement of g, then Theorem 4.3.1 will also hold when g is replaced by ¢'.
In other words, we cannot detect that a given block structure represents a “finer division
than necessary” with the proposed test; solving this problem is beyond the scope of this
dissertation.

4.3.2 Statistical test based on truncated chi distribution

To perform a statistical test based on Theorem 4.3.1, we have to specify the truncation
interval of M@ = {t > 0: M(topu + z) = §}. As shown in (4.9), this is equivalent to
an interval satisfying the following condition for all g:

(togu + 2) " (E(g) - E(g)) (topu +2z) >0

= fOD(t) = a9D? + p9Dt 4 99 > (4.25)
where
al99) = olu’ (E(g) E(g)) u
b9 = 5, [uT B9 _ E(ﬁ)) 24+ 2" (E(g) E(g)) u} :
99 = 2T (EY — EO) 2. (4.26)

From the definition of w and z in (4.14), we have E@u = u and E¥z = 0, which
simplify the above coefficients (9, b9 and (99 as follows:

a(gvg) _ _O_gu'l' (I _ E(g)) u = —0'3 H (I — E(g)) 'U,Hi <0,
b9 = 250u B9z,

99 = 2TEWz = |EWz|2 > 0. (4.27)

Here, in the transformation of 599, we used the fact that matrices £ and E@ are
symmetric.
We consider the condition under which (4.25) holds in the two cases, a(%9 = 0 and
(9,9)
a < 0.

o If 099 = 0, we have E@wu = w, which results in that 99 = 20,u " z = 0 (since

u' z = 0 holds from (4.20)). Therefore, in this case, the selection condition (4.25)
always holds.
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o If 99 < 0, max, f@9)(t) > f99(0) = 99 > 0. Therefore, for t > 0, the
A —5(9:9) — [ (5(9:9))2—4q(9:3) (9,5
interval that satisfies f(9:9)(¢) > 0 is {O, V0D /@) daleels g)].

2(1(97.@)

Overall, the interval of ¢ where (4.25) holds is given by

9 — () (9 — ;
M9 =0,59], 9= i ( 520D . (4.28)

It must be noted that Nyeg 99 (a(g’?’) < 0) holds almost surely, based on a similar
discussion as that in Section 4.2.2. Formally, for a fixed g,¢' € Gxom,» ¥y = B9
follows a Gaussian distribution. If g # ¢/, EW@W — EY) is not a zero matrix, and thus
the Lebesgue measure of a set of points y satisfying y' (E@ — E¢)) y = 0 is zero.
Similarly, ||y||2 > 0 holds with probability one. By combining these facts, a(99) =
oyl (E(g) — E(gl)) y # 0 holds for a fixed combination of (g, ¢’) satisfying g # ¢’

lyll3
almost surely. Therefore, we have

Pr (Elg € Gkotys 8. g # 3, al99) — 0)
S Pr (3979/ E gKOHO, S.t, g # g/, a(gvg/) — O)
< Z Pr (a(g,g’) — 0) = 0. (4.29)

9,9'€G Ky Hy 979

To derive the last equation, we used the fact that {(g,¢') : 9,9" € Gkono, 9 # '} is a finite
set.

We denote a set of cluster memberships attaining the boundary of this interval as g,
that is,

g = arg min
g:a(9:9) £0

—b9:9) — /(b9:9)2 — 4q(9:9) (9.9)
( V(peD)? — dalsde ). (4.30)

From Theorem 4.3.1, given {g, z, u}, a p-value pr of the test statistic 7" in (4.13) is
given by

np—KgHg 72
N——=2 =

- J — ~U0,1] f0<T < B9,
— np—KoHg (ﬁ(g))
pPr v 2 T 2 4.31)

0 otherwise,

where (-, -) is the lower incomplete gamma function. This holds from the fact that, for
any random variable X with a probability density function f(x), F(X) = LXOO f(z)dx ~
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U[0, 1]. To derive the p-value in (4.31), we used the fact that the cumulative distribution
function of the chi-square distribution with ¢ degrees of freedom and with truncation
interval of [0, a] is given by

F(z)=0 it v <0,
F(x) :% if0<z<a, (4.32)
F(x)=1 if x > 1.

4.3.3 Approximated test based on simulated annealing

The exact statistical test in Section 4.3.2 requires us to find (i) the optimal set of cluster
memberships g, which minimizes the squared residue in (4.6), and (ii) the set of cluster
memberships g in (4.30), which determines the truncation interval. We can see that the
number of mutually different patterns of block structures with exactly K, x H, blocks is
lower bounded by K70 H?™"° (see Appendix 4.C for more detailed discussions).

To cope with such combinatorial explosion, we propose an approximated statistical test
based on SA, besides the exact test described in Section 4.3.2. SA is an iterative algorithm
that can be used for obtaining approximated solutions of combinatorial optimization
problems [79, 147]; its basic procedure is given as follows:

1. Define a cooling schedule or the sequence of temperatures {7 }7°,, a threshold ¢, a
finite set of states S, and an objective function f on S. For all the experiments, we
set the threshold at e = 107, Our purpose is to find a state € S that minimizes
f(z). For each state © € S, we also define a set of neighbors N(z) C S and a
transition probability R(z, z") from state x to 2/, for all 2’ € S, where R(z,2’) > 0
if / € N(z) and R(z,2") = 0 otherwise. Finally, define an initial step ¢ +— 0 and
initial state zo € S, and let f(©) = f(x).

2. If T} < e, stop the algorithm and output the current state x;. Otherwise, randomly
choose a neighbor 2’ of the current state z; (i.e., ' € N(x;)) with probability
R(xy,2'). Let f' = f(z')and Af = f/ — fO.

e If Af < 0, then move to state 2’ and set z,,; = 2’ and f(+D) = f.

e Otherwise, with probability exp <—%f> , move to state ' and set x;,1 = 2
and fi+Y) = f’. Otherwise, stay at the current state z; and set x;,; = x; and

fl+D) = £,

3. Lett <—t+1andgoto2.

It has been proven that the solution given by the above SA algorithm converges in proba-
bility to the global optimal solution of a given problem, under the following conditions
[61]:
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(a) Irreducibility: we call that the state y is reachable at height F from state z if z = y
or a sequence of states © = x1, s, . .., T, = y exists such that (1) R(x;, x,41) > 0,
forallt € {1,...,p—1},and (2) f(z;) < E, forallt € {1,...,p}. We simply
call that y is reachable from z if y is reachable from x at some height E'. The first
condition is that for any pair of states (x,y), y is reachable from z.

(b) Weak reversibility: The second condition is that, for any £/ € R and for any pair of
states (z,y), y is reachable at height F from x iff x is reachable at height £ from y.

(c) We call that state z is a local minimum if no state y € S satisfying f(y) < f(z) (i.e.,
a better solution) is reachable at height f(x) from z. In other words, to find a better
solution from a local minimum z, we need to pass through some “worse” states,
where the value of the objective function is larger than that of x. We define that the
depth of a local minimum x is +oo if x is a global optimal state; otherwise, it is
the minimum E > 0 such that some state y (i.e., better solution) with f(y) < f(x)
exists and y is reachable at height f(x) + E from z. The third condition is that the
cooling schedule of temperature satisfies the following conditions: (1) 73 > T}, 1,

for all £ > 0, (2) limy_ee T} = 0, and (3) 3°°%, exp (—%> — to0, where d* is the
maximum depth of all the states that are locally, but not globally, optimal solutions.

Algorithm 1 is the SA algorithm for obtaining an approximated solution for the optimal
set of cluster memberships g in terms of the squared residue. In this algorithm, from (4.7),
we define that the set of states S and the objective function f are given by S = G, g,
and f(g) = x' EWz, respectively. In each step of the algorithm, neighbors N(g) of
the current state g are defined as a set of all the cluster memberships that differ from
g in exactly one row or column. It must be noted that the size of such neighbors is
IN(g9)| = n(Ko— 1)+ p(Hy — 1). We choose a neighbor ¢’ from the uniform distribution
on N(g) (i.e., with probability R(g,¢’) = 1/|N(g)|). By these definitions, Algorithm 1
satisfies the conditions of (a) irreducibility and (b) weak reversibility.

Algorithm 2 is the SA algorithm used for finding an approximated solution of the
cluster memberships g, which determines the truncation interval. In this algorithm, we

define that the set of states S and the objective function f are given by S = Gk, p, and

—b(9:9) — 1 /(b(9:9))2 —4q(9:9) c(9:9) . . . .
flg) = VA 222797)@) arrery, respectively. Unlike Algorithm 1, we have to consider

the feasibility of a solution g, that is, it should satisfy (99 < 0. To guarantee the condition
of (a) irreducibility while avoiding infeasible solutions, we defined the neighbors N (g)
of the current state g as N(g) = Gk, u,- By this definition, for any pair of states (g, ¢'),
transition from g to ¢’ is possible with non-zero probability: R(g, g’) > 0. Accordingly, we
restrict the significant change in the state by controlling the transition probability R(g, ¢’),
as in (4.33). By setting the objective function values for infeasible solutions at +o00, we
can avoid moving to them throughout the algorithm while satisfying the conditions of (a)
irreducibility and (b) weak reversibility.
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Algorithm 1 SA algorithm for finding the minimum squared residue solution g.

Require: A cooling schedule of temperature {7;}9°, and a threshold .

Ensure: Approximated optimal set of cluster memberships ¢ in terms of the squared

1:
2:
3:
4:
5

10:
11:

12:
13:

14:
15:
16:

17:

18:

19:

20:

residue.

t < 0.

Randomly generate initial cluster memberships: § = (§V, ).
Compute the initial value of the objective function: f < a' E@qg.
while 7, > ¢ do

Randomly choose a row or column index m from the uniform distribution on

{1,...,n+p}.

if m < n then
14— m.
Randomly generate a new cluster index &’ of the ith row from the uniform
distribution on {1,..., K} \ g§1). Let ' be the set of cluster memberships given

by ' = ((9)™, () @), (§)" = K. (95 = g1, for &' # i, and (§)®) = 4.
else

74— m—n.

Randomly generate a new cluster index A’ of the jth column from the uniform

distributionon {1,..., H} \ g§2). Let ¢’ be the set of cluster memberships given

by ¢ = ()M, (§)®), ()W = gV, (&) = 1, and (§)§) = g%, for 5 # 5.

end if
Compute the value of the objective function: f/ < x' EW@)g.
Af«— f—f.
if Af <0 then
g g, f« [
else
With probability exp (-%) G—d e[
end if
tt+1.

21: end while
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Algorithm 2 SA algorithm for finding the solution g of the truncation interval.
Require: Optimal set of cluster memberships ¢ in terms of the squared residue, a cooling
schedule of temperature {7} }?°, and a threshold e.
Ensure: Approximated optimal set of cluster memberships g for determining the trunca-
tion interval.
1. t«+ 0.
2: Randomly generate initial cluster memberships: § = (5, 5).
3: Compute the initial value of the objective function: if a( 9 = 0, then f ¢+ +o0;
otherwise, f < (—b@9) — \/(ba:9))2 — 40(3:9)c(3.9)) /(2a(9:9).
4: while T, > edo
Randomly choose the size s of a subset of row or column indices from {1,...,n +

P}

g
g

b

{s < 1 with probability % ST (4.33)

s <= &' with probability o7, for s’ € {2,...,n 4 p}.

6:  Randomly choose a set of s row or column indices S without duplication from the
uniform distribution.
J < g.
8:  for each row or column index in S do
if the ith row is selected then

10: Randomly generate a new cluster index £’ of the ith row from the uniform
distribution on {1,..., K} \ g gZ . ( )( — K.

11: else if the jth column is selected then

12: Randomly generate a new cluster index A’ of the jth column from the uniform
distributionon {1,..., H} \ gj(?). (g’)§2) — N

13: end if

14:  end for

15:  Compute the value of the objective function: if @99 = 0, then f < +o0; other-
wise, f/ + (—=bl9"9) — \/(b(@9)2 — 40(9)c(@9)) /(2a\9"9)).

16:  Af <+ f'—f.

17:  if Af < 0 then

18: g g, f« f.

19:  else

20 With probability exp (~4£ ). < 7', f < /"
21:  end if

22:  t+t+1.

23: end while
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Regarding the cooling schedule of temperature, we can use the following definition
[61], which satisfies the conditions (1), (2), and (3) in (c):

T, =c/log(t+2) forallt >0, (4.34)
where c is a constant satisfying ¢ > d*. In our cases, for instance, we can define the
constant ¢ as follows:

1

c=|z|2 - o ([t---1] ), (4.35)

for Algorithm 1, since d* < maxgeg, x"EWx — MiNgegy, u, x B9z < c. Here,
we take into account the fact that the cluster memberships ¢ = arg maxx ' E@x are

9EG K H
attained by assigning all the elements of an observed matrix into a single block, where
the objective function value is given by " E@x = |x||2 — an ([1---1] :I:)2, and that

mingegK0 Mo x"EWgx > 0. It must be noted that, in Algorithm 2, there is no state that
is local but not global minimum (i.e., all local minima are also global minima); this is
because, for any pair of states (g, ¢'), ¢’ is reachable at height f(g) from g. Therefore, from
the result in [61], the convergence in probability to a global minimum state is guaranteed
without the condition (3) in (c).

Practically, an algorithm based on the cooling schedule (4.34) is too slow, that is, it
requires much computation time before convergence. Therefore, in the experiments in
Section 4.4, we used the cooling schedule of T; = Ty x r* with r < 1 for all ¢ > 0, though
this definition satisfies only the conditions (1) and (2), not (3).

4.4 Experiments

To show the validity of our proposed test, we compared its behavior with that of a naive
statistical test, which does not consider the selection event. By ignoring the fact that the
set of cluster memberships g was selected based on the data vector &, we construct a naive
test (which is invalid in fact) with test statistic 7" in (4.13) by assuming

THz, u} ~ X(np—KoHo): (4.36)

from (4.21). The p-value of such a naive test is given by

_ if0 <
pr={ 1 ey MO (4.37)
0 otherwise,

where I'(+) is the Gamma function.
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In the following sections 4.4.1 and 4.4.2, we check the behavior of the p-values and
the TPR and FPR when using the proposed and naive tests, in order to show the validity
of our proposed method. In these sections, we use the term “realizable case” to indicate
that the hypothetical cluster numbers of rows and columns (K, Hy) are equal to the null
ones (K, H), and the term “unrealizable case” to indicate that at least one of K, < K and
H, < H holds, as described in Section 4.1.

Aside from the experiments in this section, we conducted sensitivity analysis of the
approximated version of the proposed test with respect to the cooling schedule of SA in
the realizable case in Appendix 4.E. Moreover, we conducted an additional experiment
to employ an existing fast biclustering method [140] instead of the proposed SA-based
algorithm for estimating the cluster memberships in Appendix 4.F.

4.4.1 Exact test in realizable case: (K, Hy) = (K, H)

First, we check the behavior of the p-values calculated by using the proposed (4.31) and
naive (4.37) tests, under the condition that the given set of cluster numbers (K, Hy) are
equal to that of the null one (K, H). As shown in Section 4.3.2, the p-value of the proposed
test follows the uniform distribution on [0, 1], while there is no such guarantee for that of
the naive test.

For experiment, we independently generated data matrices with the sizes of (n,p) =
(5,5),(6,6),...,(9,9). We set the null and hypothetical sets of cluster numbers at (2, 2);
we defined the null cluster memberships as ng)’(I) = (imod K) + 1, for all ¢, and
g(,N)’(Q) = (j mod H)+1, for all j. In regard to the mean vector g1, we tried the following
five settings:

o, 1-1 0.7 0.55]\ B
! _(1 = ){vec({oﬁ 06 05| 4+05 1=1,...,5. (4.38)

Based on the above settings, we generated 1000 data vectors by & ~ N (uél), 0.05%1),
for each setting of matrix size (n, p) and mean vector p1,. Figure 2 shows the examples of
the generated data matrices. For each generated data vector «, we computed the squared
residues of all the patterns of cluster memberships g. Subsequently, we chose the optimal
set of cluster memberships ¢ (i.e., solution with the minimum squared residue) and checked
if it is equivalent to the null set of cluster memberships ¢'¥). For both cases of § = g™N)
and § # g(N), we computed the test statistic 7" in (4.13), the truncated interval in (4.28),
and the p-values in (4.31) and (4.37). Subsequently, we plotted the results as follows:

e For the trials where ¢ = ¢™ holds (i.e., under null hypothesis), we plotted the
p-values given by (4.31) and (4.37), in Figures 3 and 4, respectively. We also plotted
(i) the test statistics D+/r of the Kolmogorov-Smirnov test [36] for the p-values of
the proposed and naive tests and (ii) the accuracy of the clustering algorithm .4, that
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is, the ratio of the number of such null cases (i.e., g = g(N)) to the 1000 trials, for
each setting, in Figures 5 and 6, respectively.

e For null (i.e., § = ¢™) and alternative (i.e., § # ¢™)) cases, we plotted the FPR and
TPR, in Figure 7, respectively. We also plotted the AUC score in Figure 8.

From Figures 3, 4, and 5, we see that the distribution of the p-values of the proposed
test was closer to the uniform distribution on [0, 1] than that of the naive test, particularly
when the difference in block-wise mean between the blocks was small. This result
shows that the proposed test can successfully take into account the selective bias of
using the squared residue minimization solution, by using the truncated chi distribution
in (4.13). However, the p-values of the naive test based on (4.36) did not follow the
uniform distribution on [0, 1], since we did not treat the selective bias and conducted
tests based on the (not truncated) chi distribution in the naive test. It must be noted
that, in our problem setting, unlike the common statistical tests, the assertion of the null
hypothesis ((g™N-(1), g™N:2)) = (51 5(2))) is stronger than that of alternative hypothesis
((gM-M gMN:@2)) £ (50D (). This results in that the p-values of the naive test are
biased toward larger values than the correct ones.

In regard to the test performance, from the results in the top of Figure 7, we see that the
FPR was low in all the settings (i.e., proposed and naive; significance rate o = 0.1, 0.05,
and 0.01; and block-wise mean p). The results in the bottom of Figure 7 shows that
the TPR of the proposed test was higher than that of the naive test in the same setting,
which is consistent with the discussion in the previous paragraph. However, the TPR of the
proposed test was not sufficiently close to one, in all the settings. This can be attributed to
the few “true positive” cases in the realizable setting. Figure 6 shows that the estimated
block structure ¢ that attained the minimum squared residue was equivalent to the null
one g(N) in most cases. In other words, almost all trials were “null cases,” where the small
number of false negative cases significantly affect the TPR. Particularly, when there is
an increase in the matrix size or in the difference in the block-wise mean between the
blocks, it becomes easier to estimate the null block structure, and the clustering algorithm
almost always outputs the correct cluster memberships. With regard to the AUC score,
from Figure 8, we see that the proposed test outperformed the naive one in all the settings.

4.4.2 Exact test in unrealizable cases: Ky < K or Hy < H

Next, we compared the behavior of the proposed and naive tests in the unrealizable cases,
that is, either Xy < K or Hy < H holds.

For the experiment, we independently generated data matrices with the sizes of (n, p) =
(5,5),(6,6),...,(9,9). We set the null set of cluster numbers at (3, 2) and defined the null
cluster memberships as in Section 4.4.1. In regard to the mean vector g, we tried the
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o =[0.50,0.70] o =[0.50, 0.54]

8 o =[0.50,0.66] o =[0.50,0.62] o =[0.50,0.58]
0.7

0.6

0.5

Figure 2: Examples of the observed data matrices with the size of (n,p) = (9,9), which
are generated based on the different block-wise means. The title of each figure shows the
range of the block-wise mean vector ty. The blue lines show the null cluster memberships.
For visibility, we plotted the matrices whose rows and columns were sorted according to
their null clusters.

following five settings:

1_1 0.7 0.55
pd) = (1 . —> vec[ |05 06| ] —05]+05 (1=1,...,5. (4.39)
g 0.55 0.5

Based on the above settings, we generated 1000 data vectors by  ~ N (p,(()l), 0.05%1),
for each setting of matrix size (n,p) and mean vector py. For each generated data
vector x, we computed the squared residues of all the patterns of cluster memberships g.
Subsequently, we chose the optimal set of cluster memberships ¢ with a given set of cluster
numbers ( Ky, Hy). In regard to the hypothetical cluster numbers, we tried the following
five settings: (Ko, Hy) = (1,1),(2,1),(3,1), (1,2), and (2, 2). For each setting, based on
the selected result g, we computed the test statistic 7" in (4.13), the truncated interval in
(4.28), and the p-values in (4.31) and (4.37). Finally, we plotted the TPR of the proposed
and naive tests in Figure 9.

Figure 9 shows that the TPR of the proposed test was higher than that of the naive test in
the same setting; however, in most cases, there was a small difference between them. This
may be attributed to the fact that we set the matrix size (n, p) and the hypothetical block
size (Ko, Hp) at small numbers in order to perform the exact test, which is computationally
expensive, and thus there is a marginal effect of selecting the optimal block structure ¢
from all the patterns Gk, p,. It must be noted that, unlike the realizable case in Section
4.4.1, the block structures output by the clustering algorithm were always different from
the null ones because the hypothetical set of cluster numbers were insufficient to represent
the null block structure in the unrealizable cases. In other words, all the 1000 trials in each
setting correspond to the alternative cases. The TPRs of the proposed and naive tests were
comparable particularly under the following two settings: (1) the case where we set the
hypothetical number of blocks at (Ko, Hy) = (1, 1) and (2) the case where the difference
in the null block-wise mean p between the blocks was relatively big. These results were
caused by the nature of the biclustering problem itself, as well as by the limitation in the
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Figure 3: Histograms of p-values in the null case (i.e., § = g™V)) for different matrix sizes,

which was computed by the proposed test (4.31) on the set of cluster memberships g with
the minimum squared residue.
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Figure 4: Histograms of p-values in the null case (i.e., § = ¢™)) for different matrix sizes,
which was computed by the naive test (4.37).
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DVT (proposed) DVvT (naive)
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Figure 5: Test statistics D+/7 of the Kolmogorov-Smirnov test [36] for the p-values of the
proposed (left) and naive (right) tests. The null hypothesis that p-value follows the uniform
distribution on [0, 1] is rejected if D+/r > «, where « is a given significance level.

1.0 / —_— /_10=[0.50,0.7O]

._// —— Lo=1[0.50,0.66]
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—— 1o =10.50,0.58]
—_— 110 =[0.50, 0.54]
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9,1}

o
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.

Figure 6: The ratio of the number of the null cases (i.e., § = ¢™)) for each setting of
matrix size (n, p) and mean vector pg. For this experiment, we used the setting of n = p.

power of the proposed selective test. In the case of (1), we assume that the entire data
matrix A consists of a single block, and thus there is only one possible estimated bicluster
structure g, regardless of the selection event. Therefore, in this case, the proposed and
naive tests are equivalent in the first place. As for the case of (2), since the difference in the
null block-wise mean between the blocks was big, the test statistics of both the proposed
and naive tests got large enough for the null hypothesis to be rejected.

4.4.3 Approximated test in both realizable and unrealizable cases

Finally, we checked the behavior of the approximated test introduced in Section 4.3.3.
In both realizable and unrealizable cases, we generated data matrices with the sizes of
(n,p) = (10+2xm, 1042 xm), form = 0,1,...,4, in the same way as that in Sections
4.4.1 and 4.4.2. Concerning the following conditions, we used the same setting as in
Sections 4.4.1 and 4.4.2, respectively, for the realizable and unrealizable cases: the null
and hypothetical sets of cluster numbers, the definition of null cluster memberships g™,
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Figure 7: FPR and TPR in the realizable case with different significance rates (e.g.,
a = 0.1,0.05, and 0.01), for the proposed (left) and naive (right) statistical tests. If there
were no null (i.e., § = ¢™) or alternative (i.e., § # g™™)) cases, respectively, then the
corresponding points of FPR or TPR would not have been plotted.
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Figure 8: AUC score in the realizable case for the proposed and naive statistical tests.
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Figure 9: TPR in the unrealizable case (i.e., Ky < K or Hy < H) with different sig-
nificance rates (e.g., « = 0.1,0.05, and 0.01), for the proposed (left) and naive (right)
statistical tests.
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mean vectors and the standard deviation oy, and the number of data vectors for each setting.
Concerning the SA algorithms, both in the Algorithms 1 and 2, we defined the cooling
schedule as follows: T = 10, T; = T x 0.99¢ for all ¢.

As in the cases of the exact tests, Figures 10 and 11, respectively, show the histograms
of the p-values of the proposed and naive approximated tests in the realizable case. For
the realizable case, we also plotted (i) the test statistics D+/r of the Kolmogorov-Smirnov
test [36], for the p-values of the proposed and naive tests, and (ii) the accuracy of the
approximated clustering algorithm in Figures 12 and 13, respectively. Figure 14 shows the
FPR and TPR in the realizable case, Figure 15 shows the AUC score in the realizable case,
and Figure 16 shows the TPR in the unrealizable cases.

Figures 10, 11, and 12 show that the distributions of the p-values of the proposed test
were closer to the uniform distribution on [0, 1] than that of the naive test, as in the result
of the exact test in Section 4.4.1. Concerning the test performance in the realizable case,
Figure 14 shows that the FPR was low in all the settings, and the TPR of the proposed test
was higher than that of the naive test in the same setting. However, as in the exact case,
the TPR of the proposed test was not sufficiently close to one in all the setting; this can
be attributed to the few “true positive” cases. In the next Section 4.4.4, we checked more
difficult cases for the approximated clustering algorithm, where the null cluster numbers
were more than (2,2). With regard to the AUC score, from Figure 15, we see that the
proposed test achieved comparable or better performance than the naive one in all the
settings.

4.4.4 Approximated test in the realizable case, (K, H) =
(3,3),(4,4),(5,5)

To check the behavior of the p-values, FPR, and TPR of the proposed test in more dif-
ficult settings, where the clustering algorithm cannot successfully estimate the cluster
memberships in most cases, we tried the following three settings of null cluster numbers:
(K,H) = (3,3),(4,4), and (5, 5). These settings have more patterns of the possible block
structures than those in the case of (K, H) = (2, 2) in Section 4.4.3. Hence, it becomes
difficult for the approximated clustering algorithm (which stops at a fixed finite number of
steps in the experiment) to output the null set of cluster memberships.

We generated data matrices in the same way as that in Section 4.4.3. Concerning the
following conditions, we used the same setting as that of the realizable case in Section
4.4.3: the set of matrix sizes (n, p), the definition of the null cluster memberships g™, the
standard deviation o, and the cooling schedule of the SA algorithm. We tried the following
three settings of the null number of blocks: (3, 3), (4,4), and (5, 5); subsequently, for each
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Figure 10: Histograms of p-values in the null case (i.e., g = g(N)) for different matrix sizes,

which was computed by the approximated version of the proposed test.
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Figure 11: Histograms of p-values in the null case (i.e., § = ¢'™)) for different matrix sizes,
which was computed by the approximated version of the naive test (4.37).
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Figure 12: Test statistics D+/r of the Kolmogorov-Smirnov test [36] for the p-values of
the proposed (left) and naive (right) approximated tests.
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Figure 13: The ratio of the number of the null cases (i.e., § = ¢™) for each setting of
matrix size (n, p) and mean vector py, where § is output by the approximated clustering
algorithm in Section 4.3.3. For the experiment, we used the setting of n = p.

setting, we defined the mean vector p as follows:

I 0.6 055 0.7
ug”=(1—T> vee [ 04 06 05| ] —05|+0.5,
0.65 0.5 0.6
I=1....5, (4.40)

for (K, H) = (3,3),

0.6 055 0.7 0.5

w_ [, -1 04 06 05 07|]
Ho _<1 ) veel lo6s 05 0.6 04f | V0 0

0.5 04 045 0.6
I=1,....5, (4.41)
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Figure 14: FPR and TPR in the realizable case with different significance rates (e.g.,
a = 0.1,0.05, and 0.01), for the approximated version of the proposed (left) and naive
(right) statistical tests.
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Figure 16: TPR in the unrealizable case (i.e., Ky < K or Hy < H) with different
significance rates (e.g., « = 0.1,0.05, and 0.01), for the approximated version of the
proposed (left) and naive (right) statistical tests.
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for (K, H) = (4,4), and

0.6 055 0.7 05 0.5
I 04 06 05 07 055
ug”:(l__) vee | [0.65 0.5 0.6 04 045 | —05| +0.5,
g 0.5 04 045 0.6 0.7
0.7 0.65 0.55 0.45 0.6

l=1,...,5, (4.42)

for (K, H) = (5,5). We set the number of data vectors for each setting at 500.

We plotted the test statistics D+/7 of the Kolmogorov-Smirnov test [36] for the p-values
of the proposed and naive tests and the accuracy of the approximated clustering algorithm
in Figures 17 and 18, respectively. Figures 19, 20, and 21 show the FPR and TPR of the
proposed and naive tests. These figures show that the TPRs of both the proposed and
naive tests were higher than the case of (K, H) = (2, 2); the TPR of the proposed test was
higher than that of the naive one in these settings. Figures 22, 23, and 24 show the AUC
score of the proposed and naive tests. From these results, we see that the proposed test
achieved higher AUC score than the naive one in most settings.

4.5 Discussions

In this section, we discuss the following three points about the proposed statistical test: its
power, the trade-off between computational efficiency and accuracy, and the extension of
the finding to more generalized cases.

First, as also pointed out in a study [103], the null distribution of the test statistic of
the proposed test is given by the conditioning on z and w, besides the selected set of
cluster memberships ¢, which leads to a reduction in the test power [46]. For now, we
do not have any way of removing these unnecessary parameters, owing to the problem
setting of an LBM. In a one-way clustering problem, where there are n data vectors with
p dimensions, we can at least approximate the distributions of z and u based on their
histograms; however, in the LBM setting, there is only a single observed matrix with the
size of n x p. Solving this problem is beyond the scope of this dissertation; future studies
should focus on constructing a more powerful selective test on a bicluster structure by
using an additional technique such as a bootstrap method [142, 144].

Second, we have proposed both exact and approximated tests to cope with the combi-
natorial explosion of the possible block memberships. The null distribution (4.13) of the
proposed test statistic is based on the assumption that the estimated cluster memberships g
is the global minimum solution of the squared residue, which is difficult to obtain in the
first place. Although it is guaranteed that the solutions of the two SA algorithms 1 and 2
converge in probability to the globally optimal solutions of their corresponding problems,
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Figure 17: Test statistics D+/r of the Kolmogorov-Smirnov test [36] for the p-values of the
proposed (left) and naive (right) approximated tests, where (K, H) = (3, 3) (top), (4, 4)
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Figure 18: The ratio of the number of the null cases (i.e., § = g™\)), for each setting of
matrix size (n, p) and mean vector o, where g is output by the approximated clustering
algorithm in Section 4.3.3; (K, H) = (3, 3) (top), (4,4) (middle), and (5,5) (bottom). For
experiment, we used the setting of n = p.
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Figure 19: FPR and TPR in the realizable case with different significance rates (e.g.,
a = 0.1,0.05, and 0.01), for the approximated version of the proposed (left) and naive
(right) statistical tests, where (K, H) = (3, 3).
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Figure 20: FPR and TPR in the realizable case with different significance rates (e.g.,
a = 0.1,0.05, and 0.01), for the approximated version of the proposed (left) and naive
(right) statistical tests, where (K, H) = (4,4).
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Figure 21: FPR and TPR in the realizable case with different significance rates (e.g.,
a = 0.1,0.05, and 0.01), for the approximated version of the proposed (left) and naive
(right) statistical tests, where (K, H) = (5, 5).

112



4. Statistical test on the estimated bicluster structure of a relational data matrix

AUC score, po =[0.40,0.70] AUC score, Ho =[0.42,0.66]

1.01 1.0
0.5 05
0.0 0.0
10 12 14 16 18 10 12 14 16 18
n n
10 AUC score, [ =[0.44,0.62] 10 AUC score, po =[0.46, 0.58]
0.5 05
0.0 0.0
10 12 14 16 18 10 12 14 16 18
n n
10 AUC score, po =[0.48, 0.54]
= Proposed
mmm Naive
0.5
0.0
10 12 14 16 18
n

Figure 22: AUC score in the realizable case for the approximated version of the proposed
and naive statistical tests, where (K, H) = (3, 3).
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Figure 23: AUC score in the realizable case for the approximated version of the proposed
and naive statistical tests, where (K, H) = (4,4).
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Figure 24: AUC score in the realizable case for the approximated version of the proposed
and naive statistical tests, where (K, H) = (5, 5).
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we cannot validate the outputs of these algorithms with a finite number of steps, which
are used in practice. It would be more desirable to derive an exact p-value of some other
approximated test. Stopping the SA algorithms in a constant number of steps would also
affect the accuracy of the test; to find the optimal solutions, we should have checked all
the patterns of possible block memberships, which increase with the observed matrix size
and the number of blocks. However, if we increase the number of steps according to such
a problem size, then computation of the SA algorithms will get intractable. Therefore, it
would be another important direction to seek a more computationally efficient test, which
mitigates this trade-off.

Finally, the proposed test enables us to perform a valid statistical inference for a
Gaussian LBM, where we assume that each element of an observed matrix independently
follows a Gaussian distribution, given a block structure. This Gaussian assumption is
crucial for deriving the exact p-value in the selective inference framework, as in [103].
However, in many practical datasets, including the “MovielLens” dataset of movie ratings
[62] and the dataset of document-word relationships in NeurIPS conference papers [120],
the elements of the observed matrix take discrete values, where the proposed test cannot
be employed. So far, there has been no selective test that can be directly applied to binary
data vectors from a Bernoulli distribution. To address this problem, a randomized model
selection method [143] has been proposed to construct an asymptotically valid selective
test on binary data by adding a random noise to the statistic used for a selection event. By
using such a technique, future studies should generalize the proposed test for non-Gaussian
cases.

4.6 Chapter conclusion

We developed a new selective inference method on the row and column cluster mem-
berships of a latent block model given by a clustering algorithm based on the squared
residue minimization. By considering the selective bias, which is caused by the fact that
the hypothetical block structure is estimated based on a given data matrix, we constructed
a valid test based on a truncated chi distribution. Since such an exact test required us to
obtain the global optimal solutions of two combinatorial optimization problems, we also
constructed an approximated test based on simulated annealing algorithms. Experimen-
tal results showed that the proposed exact and approximated tests worked successfully,
compared to the naive tests that did not take the selective bias into account.
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4.A  Proof of (4.10) that £ — EW) = O for g,¢' € Gx,m,»
g#4q

Proof. We prove that E(9) — E(9) # O by contradiction. Let g, ¢’ € Gx,m, be two sets
of cluster memberships, both of which have K, x Hj blocks or less and which satisfy
g # ¢'. Specifically, we denote the exact number of blocks of g as (K(()g), H((]g)). Assume
that £ — E¢) = O holds. Then, for all z € R™, we have x| E@z = 2" EW)g. In
other words, from (4.6), block structures ¢ and ¢’ yield the same squared residue o2 for
any data matrix A.

Let us consider a data matrix A that has a block structure g, and all of the elements
in the (k, h)th block are (k — 1)Hég) + h, where k = 1,. .. ,K(()g) andh =1,... ,H((]g),
as shown in Figure 4.A1. The squared residue of such matrix A and block structure g
is zero, and thus ' E9x = 0 holds. However, in block structure ¢ satisfying ¢’ # g,
there exists at least one block of matrix A that contains two or more mutually different
values, unless ¢ is a refinement of g, which results in " £ > 0. In case that ¢’ is a
refinement of g, by considering an observed matrix A with block structure ¢ instead of g,
we obtain " E¢W)x = 0 and " E@x > 0 from the similar discussion. This contradicts
the assumption that ' EWx = 2" EW)g for all x € R". O

4.B Proof of (4.23) that rank(E9)) = np — Ky H,

Proof. For any cluster memberships g, by simultaneously switching rows and columns
with the same indices, matrix £9) can be transformed into matrix £9), which is given by

XM 0O e e O
O . ) :
E@D =1 1 . xlH(k-1+h : (4.43)
L . .. O
o ... . O X (KoHo)
where
X [Ho(k=1)+h] — (X‘[I‘-Io(kfl)Jrh])
K IR AIARESEI AP A
1 . . .
x [Ho(k=1)+h] _ {1 — i Fi=7
i 1 .
RATAl otherwise,

for all (k, h).
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1|1(1(1{1({1)2(2(2|2]3|3
1|1(1{1{1{1)2(2(2(2|3|3
1j1(1(1{1{1)2(2(2(2|3|3
11|11 (1)1(112|2(2|2]|3]|3
11111 (112|2(2|2]|3]|3
1(1(1(1(1({1)2(2(2|2]|3|3
11111 (1)2(2(2|2]|3|3
4(4(4(4|4(4]|5[5|5|5]6]|6
4(4(4(4|4(4]|5[5|5|5]6]|6
4(4(4(4|4(4]5[5|5|5]6]|6
41414 (4|4(4]|5[5|5|5]6]|6
4|(4(4|4|4(4]5|5|5|5]6]|6
717|17|7(7|17]18|8[8[8]9]9
71717|7|7|7]18[8[8[8]9]9
717|7|7|7|7]18[8[8[8]9]9
71717|7|7|7]18[8[8[8]9]9

Figure 4.Al: A data matrix A whose squared residue o2 is zero with block structure g.

Let éEHO(k_th] be the ith column of the [Hy(k — 1) -+ h]th row block of matrix ().
For (k, h) # (K', 1), vectors éEHO(k_l)J’h] and égHO(k/_th/]
arbitrary set of (¢, j).

From here, we show that within the same [Hy(k — 1) 4 h]th block, the maximum
number of linearly independent columns is |Ix||J,| — 1. First, from (4.44), we have

are linearly independent for an

[T ||

StHoG- 14k _ o (.. L ! > _ )
e; =0. (" 1-——=+ (Ll -1 -5 =0 (4.45)
; ( AR >< [ 141]
Therefore, the maximum number of linearly independent columns is smaller than | I ||.J,|.
Next, the columns of the indices of ¢ = 1,--- ,|I;||J,| — 1 are linearly independent, since
gl Jn]—1
Z ¢;EHok=+h _
i=1
1 1
= (l-— )+ (- ) =0, -,
1 < |IkHJh‘) ; ( Uk|Uh|)
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] 1
i (1- + o -
[1el1n| 1( |[kHJhy> 2 ( !IkHJhI)

i1 ||Jn]—1
1 [Tk || Jn|—1 1 [Tx || Jn|—1
<“—c+ | —— =0, ---,¢ _—i-(——) ¢ =0
1 ( |fk||Jh|) Z el 1A Z
7 0= € = 0 = L |Ja| -1
1
¢+ ———— ) (Iil|Jn]| — 1) ¢; =0, for all ¢
() G =
<= L 0, for all ¢
CL=C=-+=¢ _1, ———c¢; = 0,foralli
1 2 [Tx||Jn]—1 |]k||<]h|
= C1 = Co = = ||Jul-1 = 0. (446)

By combining the above results, the maximum number of linearly independent columns
of matrix E@ is 31, fﬁl(|lk| Jn| — 1) = np — KoH,. Since the rank of matrix B
is equal to that of matrix £9), we finally have rank(E9) = np — KoHj. O

4.C Proof that the number of mutually different patterns
of block structures with exactly K, x H, blocks is
lower bounded by K" H?

Proof. We give a proof of the statement in the first paragraph of Section 4.3.3. To derive a
lower bound for the number of mutually different patterns of block structures, let us define
a subset Qél) of all the possible patterns of row cluster indexing as a set of all the row
cluster membership vectors satisfying the following two conditions.

e n rows are clustered into exactly K clusters.

e [t can be equivalently represented in the unique form of Figure 4.C1 for some
n € {Ky,...,n}. In other words, its first (7 — 1) elements contain 1, ..., (K, — 1)
in ascending order, where 7 is the minimum row index of the Kyth cluster.

% possible patterns of the first (7 — 1) elements of a

cluster membership vector in gé”. The last (n — 1) elements are arbitrary (i.e., different
indexing of these elements yields mutually not equivalent set of row cluster memberships),
which hav§ Kj ™" patterns. Therefore, there are Soo_ Ko #&2}_2), K, 3—” patterns of
mutually different sets of row cluster memberships. From the same discussion for column
cluster memberships, we obtain a lower bound for the total number « of the patterns of

For a fixed n, there are i
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1 2 3 4 n n
111121313131 4]:/:- ’_‘1 ’_‘1 K | oo | e | oee
\ J/ N J
Y Y
Cluster indices of the first 7: minimum | Cluster indices of
(m—1)rowsarel,..,(K—-1) row index of | the last (n — 1)
in ascending order the Kth cluster | rows are arbitrary

Figure 4.C1: Unique representation of row cluster indexing where n rows are clustered
into exactly K clusters. It must be noted that the set of cluster membership vectors g(*)
that can be represented in this form is a subset of all the possible cluster membership
vectors.

mutually different block structures:

n

(ﬁ_2>! n—mn - (ﬁ_2)' p—p n—Ko ryp—Ho
" Z(ﬁ—Ko)!(Ko—m!Kﬂ ][;0(15—}[0)!(}[0—2)![{0 Z Ko Ho

n=Kjo

(4.47)

which is in the exponential order of n and p for a fixed number of blocks (K, Hy). [

4.D Proofthat Ty and (uy, zx) are mutually independent

Proof. We give a proof of the statement in Section 4.3.1, which is used to prove (4.21).
We have assumed that © ~ N(po,021) and have defined that rp = Ex, Ty = lrelz

o0

up = m’r g, 25 = « — rg. Note that the following equations hold:

1

|7El2
1

Uty = Tty = |—513TETM0 = 0. (4.48)

[7E|l2

upup = rerp = 1. (4.49)

75113
To obtain the last equation, we used the assumption that £ gy = O.
Therefore, we have

() ! [ L ||2]
p@) = ———exp |—=— ||l — pn
(271'0'(2))”17 20(2) 0ll2

1

1
S — —— NlupT — 2
@rod) exp [ 202 |lupTEoo + zE “O||2:|
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1 1
:(ZT%)"P exp {_T‘Q [ 2T2upup + 200Tpuy(zg — o) + ||z — ,ung] }
L exp | a2 e — pol3] (- (4.20), (4.48), (4.49))
— o (3 Th— 5l ) e |5 (22T + moll)| - 450)
(2ro2)m 2 203 202

Next, we use the following Proposition 2.1 in [136]: let py be a probability density
function of an exponential family distribution with parameter , which is given by py(x) =
h(z)exp{[n(0)]"T(x) — £(0)}. Then, T is complete and sufficient for 7. From this
proposition and (4.50), zg 1s complete and sufficient for p.

We also show that (T, ug) are ancillary for po. To prove this, we first show that
Tr and up are mutually independent. Let y = DVx e R™Koo where V and D
are the matrices defined in (4.15) and (4.17), respectively. From (4.18) and the fact that
DV = 0 (. ||DV o3 = g Epo = 0), we have y ~ N(0, 021, k,m,). Therefore,
we have

1

1 2 1
X _— . 51
p(y) \/(2 g)np* N (S [)( 2 (Q]HyHQ) ( )

From Proposition 2.1 in [136] and the fact that T2 = ||y||3/02, T4 is complete and
sufficient for pg. Since there is a one-to-one correspondence between T and T2, Tx
is also complete and sufficient for py. Let up = y/||y||2. Since ug follows a uniform
distribution on the surface of unit sphere and uyp = = VD g, ug is ancillary for py. By
combining these results, 7 and vz are mutually independent from Basu’s theorem [10].
Therefore, we have p(Tg, up) = p(Tr)p(ug), where p(-) denotes a probability density
function. From the above discussion about p(ug) and the fact that Tx ~ X (np— ko) .
(4.19)), (Tg, ug) are ancillary for pu.

Based on the above results, zp and (T, ug) are independent from Basu’s theorem
[10]. Therefore, we have

p(Te,up, z5) = p(ze|Tp, up)p(Te, ug) = p(ze)p(TE)p(uEg). (4.52)

From (4.52) and the fact that the ranges of zg, T, and ug do not depend on each other,
we also have p(ug, zg) = p(ug)p(zg) and thus

p(Tg,up,zp)  p(ze)p(Te)p(up)  p(ze)p(Te)p(ur)

Telup, zg) = = =
el 2e) = ze) — pluszn) Plur)p(zz)
= p(Tk), (4.53)
which concludes the proof. [
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4.E Sensitivity analysis with respect to the cooling sched-
ule of simulated annealing

We conducted sensitivity analysis of the approximated version of the proposed test with
respect to the cooling schedule of SA in the realizable case (i.e., (Ko, Hy) = (K, H)).
Aside from the settings of the mean vector py and the cooling schedule of SA, we
employed the same settings as in Section 4.4.3. We tried the following five cooling
schedules: T; = 10 x r?, for all ¢ > 0, where r = 0.99,0.97,0.95,0.93,0.91. As for the
mean vector, we used the following setting:

0.7 0.55
o = 0.6 [Vec ([0.5 0.6 }) — 0.51 + 0.5. 4.54)

Figures 4.E1 and 4.E2, respectively, show the histograms of the p-values of the proposed
and naive approximated tests for different matrix sizes and cooling schedules . We also
plotted (i) the test statistics D+/7 of the Kolmogorov-Smirnov test [36], for the p-values of
the proposed and naive tests, and (ii) the accuracy of the approximated clustering algorithm
in Figures 4.E3 and 4.E4, respectively. Figure 4.ES shows the FPR and TPR. From Figure
4. E4, we see that the accuracy of the SA algorithm got lower with the smaller value of r.
As shown in Figure 4.ES, the FPR was low in all the settings, while the TPR of both the
proposed and naive tests got lower with the larger value of 7. A possible reason for this
result is that with small r, the SA algorithm tends to output “bad” solutions (i.e., solutions
that yield large squared residues) and thus both the proposed and naive tests can easily
reject the null hypothesis.

4.F Application of computationally efficient biclustering
algorithm for estimating the cluster memberships

The proposed approximated test based on the SA algorithm is guaranteed to converge
in probability to the global minimum solution in terms of the squared residue under the
conditions given in Section 4.3.3. However, this SA algorithm requires much computation
time before convergence. As another option, we can use some computationally efficient
biclustering algorithm for estimating the cluster memberships g.

There have been proposed various fast biclustering algorithms [33, 91, 140]. Among
these algorithms, we applied the biclustering algorithm that has been proposed by Tan
and Witten [140], which is aim to minimize the loss function £(g, B; ) in (4.8). In this
algorithm, to find the local optimal solution, we iteratively estimate the block-wise mean
B and row and column cluster memberships, ¢ and ¢®, respectively. The specific
algorithm of this method is given in Algorithm 3. There is no theoretical guarantee that
this algorithm converges to the global optimal solution in terms of the squared residue
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(n, p) = (10, 10), proposed  (n,p) = (12,12), proposed (n,p) = (14, 14), proposed (n, p) = (16, 16), proposed  (n, p) = (18, 18), proposed
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Figure 4.E1: Histograms of p-values in the null case (i.e., § = ¢/) for different matrix
sizes and cooling schedules r, which was computed by the approximated version of the
proposed test.
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Figure 4.E2: Histograms of p-values in the null case (i.e., § = ¢)) for different matrix
sizes and cooling schedules r, which was computed by the approximated version of the
naive test (4.37).
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. DvV'r (proposed) . DV'r (naive)
2x10 2x10 T
r=0.97
Z¥<2222222222222222222227 r=0.95
0] o] r=0.93
10 A 10 " oo1
X . @=0.1
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4x1071 , , , | 4x107t ' ' ' '
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Figure 4.E3: Test statistics D+/r of the Kolmogorov-Smirnov test [36] for the p-values
of the proposed (left) and naive (right) approximated tests under the different cooling
schedule settings .

1.0+

—— r=0.99

—— r=0.97

—— r=0.95

a —— r=0.93
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Figure 4.E4: The ratio of the number of the null cases (i.e., § = ¢/™)) for each setting
of matrix size (n,p) and cooling schedule r, where g is output by the approximated
clustering algorithm in Section 4.3.3. For the experiment, we used the setting of n = p.

in any way, however, under the assumption that it yields a good approximation of the
global optimal solution, we can use this algorithm instead of the proposed SA algorithm in
Section 4.3.3 for estimating g.

We checked the behavior of the approximated test in a realizable case when using
Algorithm 3 for estimating the optimal cluster memberships g. For finding the solution
g of the truncation interval, we used Algorithm 2 as in the experiment in Section 4.4.3.
As in Section 4.4.3, we generated data matrices and applied the approximated test. Aside
from the method for estimating the cluster memberships, we used the same settings as in
Section 4.4.3. This experiment was conducted on an Intel Xeon E5-2680 v3 (12 cores @
2.50 GHz) server with 1,007 GB of RAM.

Figures 4.F1 and 4.F2, respectively, show the histograms of the p-values of the proposed
and naive approximated tests. We also plotted (i) the test statistics D+/r of the Kolmogorov-
Smirnov test [36], for the p-values of the proposed and naive tests, and (ii) the accuracy
of the biclustering algorithm in [140] in Figures 4.F3 and 4.F4, respectively. Figure 4.F5
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Figure 4.E5: FPR and TPR in the realizable case with different significance rates (e.g.,
a = 0.1,0.05, and 0.01), for the approximated version of the proposed (left) and naive
(right) statistical tests under the different cooling schedule settings 7.

shows the FPR and TPR. Finally, we plotted the computation time for each setting of mean
vector py and matrix size n in Figure 4.F6. From these figures, we see that the biclustering
algorithm in [140] was able to achieve accuracy comparable to or better than the proposed
SA-based algorithm in less computation time.

4.G Null distribution of test statistic with unknown vari-

ance o}

We derive the null distribution of a new test statistic in case that variance o7 is unknown
based on a general framework that has been proposed in [103].

Theorem 4.G.1. Under the null hypothesis, we have

_ (el = llrll3) 123 X
T2 e~ elmg T we vz lrl ~ Fo g, @59
where || - ||o and Fy, q4,\m, respectively, denote the Euclid norm and the truncated F

distribution with parameters d, and dy and with truncation interval of M and

d
di= L]l =1, do=np— Koo — |L|lA] +1, ¢= 2L,
2

T®M = {n(j —1)+i:i € I, j € Ju},
) ) @ ey (1,1) e T
@ = (0@, , @ _ By iflieZVIN]je ],
¥ = (Qij hisisnpasssnr, Qij B {O ] otherwise,
0W = & _ QW
0Wg, ry=00g r=FE9g,

S
=
Il
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Figure 4.F1: Histograms of p-values in the null case (i.e., § = ¢™)) for different matrix
sizes, which was computed by the approximated version of the proposed test based on

the biclustering algorithm in [140].
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Figure 4.F2: Histograms of p-values in the null case (i.e., ¢ = ¢™)) for different matrix
sizes, which was computed by the approximated version of the naive test (4.37) based on
the biclustering algorithm in [140].
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4. Statistical test on the estimated bicluster structure of a relational data matrix

Algorithm 3 Computationally efficient biclustering algorithm that has been proposed by
Tan and Witten [140].
Require: A mean-centered observed matrix A = (A;)1<icni<j<p Aij = Aij —
np 2oic1 2t Aij.
Ensure: Approximated optimal set of cluster memberships § = (g™, §?).
1: Define that I, = {i : g§” =k}and J, = {j: ?];2) = h}.
2: Define initial row cluster memberships ¢! by applying one-way k-means clustering
to the rows of matrix A.
3: Define initial column cluster memberships §(?) by applying one-way k-means cluster-
ing to the columns of matrix A.

4: while true do
~(1 A ~(2 N
50 gy 9(1)1’ e
o B gy 2eien, 2ged, A
7. fori=1,...,ndo
~(1 . H - ~
8: gZ( ) arg min » ,_, Zjejh(Aij — Biy)2
ke{l,...,K}
9:  end for

] 1 . . A
10: Bk‘h — |fk||jh| ZiEIIc Zjejh AU'
11: forj=1,...,pdo

12 gj(.z) ¢ arg min Zszl Ziefk(;lij — Bkh)Q.
he{l,...,H}

13:  end for

14: if g8Y = ¢ and 9i¥ = ¢® then

15: break

16:  end if

17: end while

U= —T, Uy = L7’2,
712 72|
I 1 cr
YEL T Vaai et T Va ™
z=x—r,

N A 1 ct
MDD =Lt>0:eM||r —u; + uy | +z| ;. 4.56
{ = g || H2 m 1 ot + 1 2 ( )

Proof. Let () and Q) be fixed np x np projection matrices with the ranks of d; and ds,
respectively, satisfying the following conditions:

* Quo=Quo=0.
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Figure 4.F3: Test statistics D+/r of the Kolmogorov-Smirnov test [36] for the p-values
of the proposed (left) and naive (right) approximated tests based on the biclustering
algorithm in [140].
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Figure 4.F4: The ratio of the number of the null cases (i.e., § = ¢'V)) for each setting of
matrix size (n, p) and mean vector p,, where ¢ is output by the biclustering algorithm in
[140]. For the experiment, we used the setting of n = p.

e There exists a set of row and column indices I C {1,...,np} such that Q;; = 0
ifi¢ Torj¢ [holdsand Q;; =0ifi ¢ {1,...,np}\Torj ¢ {1,...,np}\I
holds.

It must be noted that Qa and Qa are mutually independent from the second condition.
Based on matrices ) and (), we use the following notations:

E=Q+Q,
ro=Qz, rg=Qx, rp=Ewx,
7= LUrel = lreld) _ 1lrels
E=" 2 = 29
¢ Irallz ¢llroll3
1 1
——7ry, U
7l

UQ:

)
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Figure 4.F5: FPR and TPR in the realizable case with different significance rates (e.g.,
a = 0.1,0.05, and 0.01), for the approximated version of the proposed (left) and naive
(right) statistical tests based on the biclustering algorithm in [140].
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Figure 4.F6: Mean computation time for estimating the cluster memberships ¢ based on
the proposed SA algorithm and fast biclustering algorithm in [140]. The error bars indicate
the sample standard deviation of the results for 1000 trials.

1 1 i CTE
Up=—F7TE = —F——U ——Uug,
E= el ¥ Vg tl ¢ Verp+1 @

ZE =X — Trg. 4.57)
From the similar discussion as in the proof of Theorem 3.1, we have

r lroll2
Irall: Xdy —2 ~ Xay. (4.58)

0o 0o

Since r¢ and r¢ are mutually independent, so do ||rg||2 and |[7g]|2. By combining this
fact, (4.57), and (4.58), we have

Ti ~ Fy, 4, (4.59)
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4. Statistical test on the estimated bicluster structure of a relational data matrix

Here, we show that T and (ug, ug, 2g, |T£||2) are mutually independent. From the
assumption, we have

1 1
p(x) = ——=—exp

! ! (Irel2ur + ) (7 ellaue + )
= ¢ ——(|lrgll2u ZE — rellsuw ZEp —
(27“73)"1) Xp _ 203 E|2UE E — Mo E|[2UE E — Mo

1 1
N _—T‘S(IITEH%HuEH% + ||lze — u,o||§)} (- uhze = ubpto = 0)
1

1
:W exp —QT‘Q(HTEH% +lzg — MOH%)} (o ugell=1)
0 L 0

—exp | ——— (7|2 + 1252 — 22T 10) — leolls _ 72 (2702) | . (4.60)
202 202 2

-
By using the notation of n = [—ﬁ fgug } , we have

.
—5alrels + 2l — 2zpp0) = 0" [Irslll + 2612 2] (4.61)
0

and thus (||7g|]3 + |23, 24) are complete and sufficient for 17 from Proposition 2.1 in
[136]. Since there is a one-to-one correspondence between (zg, ||rx|l2) and (||rg|3 +
|zell3, 25), (2E, ||7E]||2) are also complete and sufficient for 7.

Next, we show that (T, ug, ug) are ancillary for 7. To prove this, we first show that
Tk and (ug, ug) are mutually independent. We use the following notations:

yo = DoV € R, yg = DoVox € R®, yp = DpVpx € RFM (4.62)

where Q = V; DoV, Q = VQT DgVg, and I — E = V/ DV are singular value
decompositions of matrices (), Q, and I — E, respectively, and

DQ = [Idl O(dhnpfdl)] € Rdlxnp’
DQ = |:Id2 O(d27np_d2)] S RdQXRp,
[)E = [IKH O(KOHOJ’LP_KOHO)] € RKoHoan. (463)

It must be noted that we have
Yo ~ N(07 Ug[d1)7 y@ ~ N(Oa Ug[d2)7 Yg ~ N(DEVEIJ'M Ug[KoHo)' (464)
From (4.60), we have

p(x) = p(¥q, Yo, Yr)
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4. Statistical test on the estimated bicluster structure of a relational data matrix

1 1 5
- ey P | T 952 (lyolls + lyolls + lye — DeVemoll3)
(2mog)me a0
= p(Yo)p(¥q)r(yEe), (4.65)

which results in that yg, Yo and yg are independent. Since rg = Vg Dng, rg =
VTDQyQ, and zg = V] Dyyg hold, rg, rg, and zg are also independent. Based on a
similar discussion as in Appendix 4.D, ||r¢||2 and u( are mutually independent, and so
are ||rgl|2 and ug. Therefore, we have

pllrgllz; wq, Irgllz; ug, z8) = p(lIrgll2, ug)p(lrglle; ug)r(2E)
=p([Irqll2)p(uq)p(lIroll2)p(ug)r(2E)
=p([Irqll2, [roll2)p(ug, ug)p(2E), (4.66)

which results in that (||rgl|2, [|rg||2) and (ug, ug) are mutually independent. Based on

this fact, Ty = %% and (ug,ug) are mutually independent. By using this result
and the fact that ug and u are also mutually independent, we have p(Tg, ug, ug) =
p(TE)p(ug)p(ug). Based on a similar discussion as in Appendix 4.D about p(ug) and
p(ug) and the fact that Ty ~ Fy, 4, from (4.59), (Tg, ug, ug) are ancillary for 7). There-
fore, (T'r, ug,ug) and (2g, ||[7El|2) are mutually independent from Basu’s theorem [10].

By combining the above results, we have

p(TE7 uq, U’Qv ZE, ||TE||2)
p(uq, ug, ze, [T&ll2)

p(Tp, uq, ug)p(ze, [rells) _ p(Te, uq, ug)p(2e, ||I7:ll2)

p(TE’uQv UQ, ZE, HTEH2> =

p(ug, ug, ze, [[7ell2) p(ug, ug)p(zr, [IT5l-2)
p(T
_PIsugug) _ oy (4.67)
p(“’Q?uQ)

To derive the third equation, we used the fact that (ug,uy) and (zg, ||rgll2) are mu-
tually independent based on a similar discussion as above. From (4.67), Ty and
(ug,ug, 2z, |TE||2) are mutually independent.

By combining the above fact and (4.59), we have

Telug, ug, ze, |Tell2 ~ Fi, 4, (4.68)

Next, we consider adding a condition of selection event of g to the distribution of
Telug, ug, ze, ||re|2 in (4.68). Given (ug,ug, 2g, |TE||2), the result of selection de-
pends solely on the value of T, since = ||7g||2 (muQ + cTE+1uQ> + z holds.
Therefore, adding the selection condition to (4.68) corresponds to truncation of Tz to the

region where M [||7°E||2 <muQ + CgiluQ) + ZE] = ¢ holds:

Tplug,ug, 25, [ITEll2, 9 ~ Fyy gy 10 ()- (4.69)
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4. Statistical test on the estimated bicluster structure of a relational data matrix

Third, we consider replacing @ and Q in (4.69) with Q9 and Q9, which is the output
by clustering algorithm .4 based on the data vector . Based on a similar discussion as in
Appendix 4.B, the matrices Q9 and Q9 are also projection matrices with the ranks of d;
and ds, respectively, and they satisfy the following conditions:

* QWpo=QWp =0.

e There exists a set of row and column indices I C {1,...,np} such that ng ) =0
ifiglorj¢ Iholdsand@z(»f) =0ifi¢ {1,...,np}\Torj & {l,....np}\ I
holds.

Since matrices Q@ and Q9 depend on the data vector x only through the choice of §,
under the condition that the selection result g is given, (4.69) still holds with matrices QW
and Q(g), which concludes the proof. L]
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Chapter 5

Matrix reordering method for
capturing flexible structural patterns in
a relational data matrix

Matrix reordering is a task to permute the rows and columns of a given observed matrix
such that the resulting reordered matrix shows meaningful or interpretable structural
patterns. Most existing matrix reordering techniques share the common processes of
extracting some feature representations from an observed matrix in a predefined manner,
and applying matrix reordering based on it. However, in some practical cases, we do
not always have prior knowledge about the structural pattern of an observed matrix. To
address this problem, we propose a new matrix reordering method, called deep two-way
matrix reordering (DeepTMR), using a neural network model. The trained network can
automatically extract nonlinear row/column features from an observed matrix, which
can then be used for matrix reordering. Moreover, the proposed DeepTMR provides the
denoised mean matrix of a given observed matrix as an output of the trained network.
This denoised mean matrix can be used to visualize the global structure of the reordered
observed matrix. We demonstrate the effectiveness of the proposed DeepTMR by applying
it to both synthetic and practical datasets.

5.1 Introduction

Matrix reordering or seriation is a task to permute the rows and columns of a given
observed matrix such that the resulting matrix shows meaningful or interpretable structural
patterns [11, 98]. Such reordering-based matrix visualization techniques provide an
overview of the various practical data matrices, including gene expression data [28, 45],
document-term relationship data [15], and archaeological data [68] (e.g., the relationships
between tombs and objects in Egypt [121]). In particular, we focus on the two-mode
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two-way matrix reordering problem, where an observed matrix or relational data matrix
A € R™ P represents the relationships between two generally different objects (e.g., rows
for documents and columns for words) and the permutations of rows and columns are not
required to be identical, even if the row and column sizes are identical (i.e., n = p).

As discussed by [11], most matrix reordering techniques proposed so far share the
common processes of extracting “intermediate objects” or feature representations from
an observed matrix in a predefined manner, and applying matrix reordering based on the
extracted intermediate objects. For instance, under biclustering-based methods [107, 141],
which is one of the seven categories defined by [11], we assume that an observed matrix
consists of homogeneous submatrices or biclusters, in which the entries are generated in an
i.i.d. sense. Based on this assumption, we first estimate the locations (i.e., a set of row and
column indices) of such biclusters and then reorder the rows and columns of the original
matrix according to the estimated bicluster structure. In this example, the intermediate
objects correspond to the bicluster assignments for the rows and columns.

However, in some practical cases, we do not always have prior knowledge about the
structural pattern of a given observed matrix, or what input features should be used as
intermediate objects. In such cases, we need to apply multiple methods and compare
the results to examine which method is more suitable for analyzing the given observed
matrix. Therefore, the procedure of feature extraction from an observed matrix, as well as
row/column reordering, should ideally be automatically fitted to a given observed matrix.

To address this problem, we propose a new matrix reordering method, called deep
two-way matrix reordering (DeepTMR), using a neural network model. The proposed
DeepTMR consists of a neural network model that can be trained in an end-to-end manner
and the shallower part (i.e., encoder) of the trained network can automatically extract
row/column features for matrix reordering based on the given observed matrix. The
expressive power of deep neural network models has been extensively studied in the
literature, including the well-known universal approximation theorems [38, 52, 70]. To
exploit the flexibility of neural networks for feature extraction, we transform the matrix
reordering problem into a parameter estimation of the neural network, which maps row
and column input features to each entry value of the observed matrix. By using an
autoencoder-like neural network architecture, we train the proposed DeepTMR to extract
one-dimensional row/column features from a given observed matrix, such that each entry
of the observed matrix can be successfully reconstructed based on the extracted features.
Then, the rows and columns are reordered based on the row/column features extracted by
the trained network.

The remainder of this chapter proceeds as follows. We first review the existing matrix
reordering methods and describe the differences between them and the proposed DeepTMR
in Section 5.2. Then, we explain how we construct two-way matrix reordering using the
proposed DeepTMR in Section 5.3. In Section 5.4, we experimentally demonstrate the
effectiveness of DeepTMR by applying it to both synthetic and practical data matrices.
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Finally, we discuss the results and future work directions in Section 5.5 and conclude with
Section 5.6.

5.2 Related works

According to a recent survey [11], matrix reordering algorithms can be roughly classi-
fied into seven categories: Robinsonian, spectral, dimension-reduction, heuristic, graph-
theoretic, biclustering, and interactive-user-controlled. Among them, we refer to the
spectral and dimension-reduction methods, which are based on singular value decompo-
sition (SVD) [51, 100] and multidimensional scaling (MDS) [127, 139]. These methods
are particularly relevant to the proposed DeepTMR in that we assume a low-dimensional
latent structure for an observed matrix. In the Robinsonian and graph-theoretic methods,
the general purpose is to identify the optimal row/column orders for a given loss func-
tion [9, 24, 42, 126, 166]. However, as to obtain the global optimal solution for such
a combinatorial optimization problem becomes infeasible with increasing matrix size,
we need approximated algorithms for outputting local optimal solutions. For instance,
finding the optimal node reordering solution for a given arbitrary graph based on bandwidth
minimization or profile minimization has been shown to be NP-hard [96, 99].

Conversely, under the spectral and dimension-reduction methods (as well as the pro-
posed DeepTMR), instead of formulating matrix reordering as a combinatorial optimization
problem, we assume that an observed matrix can be well approximated by a model with a
low-dimensional latent structure, estimate the parameter of this model, and interpret the
estimation result as a feature of matrix reordering. By this formulation, we can avoid di-
rectly solving a combinatorial optimization problem on row/column reordering. It must be
noted that biclustering-based methods are based on such a low dimensionality assumption.
However, unlike the proposed DeepTMR and the dimension-reduction-based methods,
they focus on detecting biclusters (i.e., a set of submatrices with coherent patterns) for an
observed matrix, where the row/column orders within a bicluster are not considered in
general, as also pointed out by [51].

Another advantage of the spectral and dimension-reduction methods is that some
methods, including the proposed DeepTMR, can be used to extract the “denoised” mean
information of a given observed matrix A € R™*?. Assuming that an observed matrix
is generated from a statistical model, the true purpose of matrix reordering is to reveal
the row/column orders of the denoised mean matrix, not to maximize the similarities
between the adjacent rows and columns in the original data matrix with noise. The spectral
and dimension-reduction methods address this problem, whereas the Robinsonian and
graph-theoretic methods do not. In particular, in the following examples, the SVD-based
method [100] (as well as the proposed DeepTMR) provides us with a denoised mean matrix
of a given relational data matrix. For instance, based on the method of [100], we derive
a rank-one approximation of the original matrix A = r¢', where » € R” and ¢ € RP?.
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In this case, we can expect that approximated observed matrix rc' preserves the global
structure of the original matrix A, whereas the noise in each entry is removed. Such a
denoised mean matrix can be used to visualize the global structure of an observed matrix,
together with the reordered data matrix.

In the following two paragraphs, we refer to the basic matrix reordering methods based
on SVD and MDS. Each of these methods is based on a specific assumption regarding
the low-dimensionality of an observed matrix. The main advantages of the proposed
DeepTMR for these conventional methods are as follows.

e The proposed DeepTMR can extract the low-dimensional row/column features from
an observed matrix more flexibly than other methods. Unlike SVD-based methods,
DeepTMR can be applied without a bilinear assumption. Moreover, unlike MDS, it
does not require the specification of a distance function in advance to appropriately
represent the relationships (i.e., proximity) between the pairs of rows/columns.
The row/column encoder of DeepTMR, which applies a nonlinear mapping from a
row/column to a one-dimensional feature, is automatically obtained by training a
neural network model.

e Unlike MDS, DeepTMR can provide us with the denoised mean matrix of a given
observed matrix, as well as row/column orders. Such a denoised mean matrix can be
obtained as an output of the trained neural network and can be used to visualize the
global structure of the reordered observed matrix.

SVD - (1) Rank-one approximation (SVD-Rank-One) Several studies have proposed
utilizing SVD for matrix reordering [51, 100]. For instance, [100] have proposed to model
an n X p observed matrix A with the following bilinear form:

r = (riici<n, €= (Gh<jsp, B = (Ey)icicni<i<p,
A=rc' +E, (5.1)
where 7 and c are the parameters corresponding to the rows and columns, respectively,

and £ is a residual matrix. Based on the above model, we estimate parameters = and ¢ as
follows:

05[7’1 R N EREE cp}T,
6 = arg min |4 — re'||2. (5.2)
OcR™+P

It can be proven that the optimal solution of (5.2) is given by # = v/A\ju; and é = /vy,
where \; is the largest singular value of matrix A and u; € R" and v; € RP? are the
corresponding row and column singular vectors, respectively. Therefore, the order of
the estimated row and column parameters 7 and ¢ can be respectively used for matrix
reordering.
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SVD - (2) Angle between the top two singular vectors (SVD-Angle) Friendly [51]
has pointed out that the structure of a given data matrix cannot always be represented
sufficiently by a single principal component and has proposed to define the row/column
orders using the angle between the top two singular vectors. Under this method, an
observed matrix A is first mean-centered and scaled as follows:

A(O) = (Ag‘)))l<z<n 1<j<p> i Azy Z A’L]7

Il R s

***** \/ 7 A(o>

Let u; be the row singular vector of scaled observed matrix A which corresponds to the
ith largest singular value. Angle «; between the top two row singular vectors is given by:

o; = tanfl(uig/uﬂ) + 7r][ui1 S O], (54)

(5.3)

where /[-] is an indicator function. The row order is determined by splitting angles {«;} at
the largest gap between two adjacent angles. The column order can then be defined in the
same way as the row one, by replacing observed matrix A with transposed matrix A'.

MDS MDS is also a dimension reduction method that can be used for matrix reordering
[127, 139]. Under MDS, we use a proximity matrix, each entry representing the distance
between a pair of rows or columns. For instance, we can define a proximity matrix D for
rows based on a given observed matrix A € R™*? as follows:

D = (Dii’)lgi,i/gna DM’ - <Z<Alj _AZIJ>2) ) iyi/ = 17"'7”' (55)
j=1
The purpose of MDS is to obtain a k-dimensional representation, A € R™F_of the original

observed matrix, A, based on matrix D, where k < n, p. First, we define the following
matrices:

D (Du‘f)lgi,z‘/gm Dy = D,-Ziu i, i’ = L...,n,
Q= (Qir)i<iir<n, Qir=1, 1,i' =1,...,n,

B= —% (I-nQ)D(I-n""Q). (5.6)

It can be easily shown that B is a semi-positive definite matrix. Let \; and v; be the
ith largest eigenvalue of matrix B and the corresponding eigenvector, respectively. The
k-dimensional representation A of matrix A is given by:

A=Tlo; - o] diag(v/ M, V). (5.7)
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It has been proven that solution A minimizes the Strain, which is given by E(A) =
|AAT — BJ [20]. By setting k = 1, we can obtain the one-dimensional row feature of
observed matrix A, which can be used to determine the row order. The column order can
be defined in the same way as the row one, by replacing observed matrix A with transposed
matrix A"

5.3 Main results: Deep two-way matrix reordering

Given an n X p observed matrix A € R™*?, our purpose is to reorder the row and column
indices of matrix A based on a set of row and column permutations 7 = (™%, greolumn)
such that the resulting matrix, A™  exhibits some structure (e.g., block structure), as
shown in Figure 1.

Figure 2 shows the entire network architecture of the proposed DeepTMR. To extract
the row and column features of the given matrix A, we propose a new neural network
model, DeepTMR, which has an autoencoder-like architecture. Under DeepTMR, the
(i, 7)th entry A;; of the observed matrix A is estimated based on its row and column data
vectors, 7(?) and ¢\, respectively, which are given by:

r® = (M icjap, 15 = Aiy,

J
) = (C('/j)>1§i’§n7 Cg/j) = Ay;. (5.8)

7

Then, from these input data vectors, the features of the ¢th row and the jth column, g;
and h;, respectively, are extracted by row and column encoder networks:

g: = ROWENC (r?) , (5.9)
h; = COLUMNENC (c) (5.10)

Here, ROWENC : R? — R and COLUMNENC(:) : R" — R can be implemented
as arbitrary neural network architectures, provided that they have a fixed number of
units m and 7 in the input and output layers, respectively, that is, (m,m) = (p, 1) for
ROWENC(-) and (m,m) = (n, 1) for COLUMNENC(-).

From these row and column features, the (i, j)th entry, A;;, is estimated using a decoder
network:

Ajj = DEC (gi, hy) , (5.11)
where DEC : R? — R can be implemented as an arbitrary neural network architecture
with two input layer units and one output layer unit.

By using mini-batch learning, the entire network is trained such that the following
mean squared error with the L, regularization term is minimized:

| )
L= > (Ay— Ay +Nwls, (5.12)

2] (i) €Tt
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Reordered input matrix Reordered output matrix

1.0 Row and ] (proposed DeepTMR) 1.0 (proposed DeepTMR) 1.0

o= column
0.8 . 0.8 0.8
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- 0.6 0.6 0.6
5 0.4 0.4 0.4
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i
i 0.2 0.2 0.2
Z-E-':!i

I

- 0.0 0.0 0.0

Figure 1: Matrix reordering problem. Given an observed matrix A (left), the proposed
DeepTMR reorders the rows and columns of matrix A such that the reordered input matrix
(center) shows a meaningful or interpretable structure. The proposed DeepTMR provides
us with the denoised mean matrix of the reordered matrix (right) as the output of a trained

network, as well as row/column ordering.
jth co[L.Jmn vector

Observed matrix A
Column

J k Column feature

—| feature
encoder

Output

Aij

e Decoder
ith row vecto

Row
feature
encoder

Row
feature

Figure 2: Model architecture of DeepTMR. Given an observed matrix A, DeepTMR is
trained to reconstruct each entry A;; from one-dimensional row and column features,
which are extracted from the ¢th row and the jth column of matrix A. After training the
network, we reorder the rows and columns of matrix A based on the row and column

features extracted in the middle layer.
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where Z, is a set of row and column indices (¢, j) in a mini-batch of the ¢th iteration, A is a
hyperparameter, and w is a vector of parameters for the entire network!.

Finally, we define matrix A(™ with the reordered rows and columns. By using the
trained row and column encoder networks, we define the following two feature vectors:

g = [ROWENC (r®) ... ROWENC (r(™)] "
h = [COLUMNENC (¢V) ... COLUMNENC (c®)]". (5.13)
Because the network has been trained to recover each entry value from only the corre-

sponding row and column data vectors, vectors g and h can be expected to reflect the
row and column features of the original matrix, A. Based on this discussion, we define

7% as a permutation of {1,2, ..., n} that represents the ascending order of the entries
of g (i.e., grrow(1) < Grrow(z)y < -+ < Grrow(n) holds). Similarly, we define greotmn ag
a permutation of {1,2,...,p} representing the ascending order of the entries of h (i.e.,

heorumn(1y < Tipeotumn(gy <+ + < cotumn ) holds). Using these row and column permuta-
tions, we respectively obtain the reordered row and column features, g™ and h(™, and the
reordered observed and estimated matrices, A and A(™, as follows:

g(ﬂ.) _ (gl(ﬂ))lglgn7 gfﬂ') — gﬂ_row(i)g

h(ﬂ-) = (hSW)>1§j§p7 h§7r) - hﬂ.column(j),
A = (Az(’;r ))ISiSn,ISJSP7 AE? = Aprow (i) peotumn (j)
A® = (A )1cisnisicp A = Ansow iymeoimn ). (5.14)

5.4 Experiments

To verify the effectiveness of DeepTMR, we applied it to both synthetic and practical rela-
tional data matrices and plotted their latent row-column structures. For all the experiments:

e We initialized the weights and biases of the linear layers using the method described
by [56]. In other words, each weight value that connects the /th and ({+ 1)th layers is

initialized based on a uniform distribution on interval [— 1/vVm®, 1/vVm® |, where

m( is the number of units in the /th layer. As for the biases, we set their initial
values to zero.

e We used the Adam optimizer [78] with 3; = 0.9, 3, = 0.999, and € = 1.0 x 1078
for training the DeepTMR network?.

'In the experiments in Section 5.4, we define w as a vector of all weights and biases in the linear layers
of the encoder and decoder networks.
2As for learning rates 7, we used different settings for each experiment, as shown in Table 1.
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5.4.1 Preliminary experiment using synthetic datasets

First, we generated three types of synthetic datasets with latent row and column structures,
applied the DeepTMR, and checked whether we could successfully recover the latent
structure of the given observed matrices. For all three models, we set the matrix size to
(n,p) = (100, 100).

Latent block model First, we generated a matrix based on a latent block model (LBM)
[5, 58, 63]. Under an LBM, we assume that each row and column of a given matrix,
A ¢ R™ P belong to one of the K row and H column clusters, respectively. Let c¢;
and d; be the row cluster index of the ith row and the column cluster index of the jth
column of matrix A(”). In this experiment, we set the number of row and column clusters
at (K, H) = (3, 3), and define the row and column cluster assignments as follows:

n'® = ceil <£> . = ceil <£) ,

K H
Clzzcn((]):l) Cn(0>+1:':CQn(0):27 ey C(K—l)n(0)+1:"':cn:K7
dlz...: p(m:l, dp(0>+1:"':d2p(0):27 ey d(H*l)p(())«Fl:"‘:dp:H?
(5.15)

where ceil(+) is the ceiling function. Based on the above definitions, under an LBM,
we assume that each entry of matrix A() is independently generated from a block-wise
identical distribution. Specifically, we generate each (4, j)th entry /_ll(-?) based on a Gaussian
distribution with mean B, 4, and standard deviation o given by:

0.9 04 0.8
B=101 06 02|, o=0.05. (5.16)
0.5 03 0.7

Striped pattern model To show that the DeepTMR can reveal a latent row-column
structure that is not necessarily represented as a set of rectangular blocks, we also used
the striped pattern model (SPM). An SPM is similar to an LBM, in that we assume that
each entry of a given matrix A®) € R™*? belongs to one of the K clusters and it is
independently generated from a cluster-wise identical distribution. However, unlike an
LBM, we assume that the cluster assignments show a striped pattern rather than a regular
grid one. Specifically, let ¢;; be the cluster index of the (3, j)th entry /_11(-?) of matrix A©),
Under an SPM, the cluster assignment is given by:

©) — ceil n_+p
n Cel( 7 ,

L
Cij:ﬂoor<%)+l, i=1,....n, j=1,...p. (5.17)
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Based on the above cluster assignments with a striped pattern, we generated each (i, j)th

entry AE?) of matrix A(®) based on a Gaussian distribution with mean be,; and standard
deviation o given by:

b=[09 0.6 03 0.1], o=0.05. (5.18)

Gradation block model Under the above LBM and SPM, we assume that each entry is
generated from a cluster-wise identical distribution. In the gradation block model (GBM),
we consider a different case, where a matrix A(®) € R™*? contains a block or submatrix
with a gradation (i.e., continuous) pattern. Specifically, we assume that the (i, j)th entry
AE? of matrix A is generated from a Gaussian distribution with mean B;; and standard
deviation o, being given by:

n® = ceil <E> . p @ = ceil (E> ,
2 2

~Joa it (i>n®)uU(ji>p?), o
By = {Ojféfi) 101 i (f<n®)n(j<pm), Tl IEhep
o = 0.05. (5.19)

For all the above three models, once we generated matrix A we define matrix A as
follows:

1(0) . 1(0)
A - A A - AZ] - mln(i,j):(l,l),..‘,(n,p) Az]
= (Aijh<isnaci<p, Aij = 0 =OR
MAX (i )= (1,1),...(np) Agj — MUDGH)=(1,1),...,(np) Aij

By definition, the maximum and minimum entries of matrix A are one and zero, respec-
tively. Then, we applied random permutation to the rows and columns of matrix A to obtain
observed matrix A. Finally, we applied the DeepTMR to observed matrix A and checked
whether it could recover the latent row-column structure of matrix A. The hyperparameter
settings for training the DeepTMR are listed in Table 1.

Figures 3, 4, and 5 show the results of the LBM, SPM, and GBM, respectively. For each
figure, we plotted matrix A; observed matrix A; reordered observed and estimated matrices,
A™ and A™, respectively; row and column feature vectors, g and h, respectively; and
their reordered versions, g™ and h(™. From the figures of reordered matrices A™ and
A™_ we see that the DeepTMR can successfully extract the latent row-column structures
(i.e., block structure, striped pattern, and gradation block structure) of given observed
matrices. Particularly, the figures of the reordered output matrices, A™_ show that the
outputs of the DeepTMR network reflect the global structures of the given observed
matrices. It must be noted that the order of the row and column indices in matrices
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Table 1: Experimental settings of learning rate 7, number of epochs 7" (the total num-
ber of iterations is given by ceil[T'np/|Z|]), regularization hyperparameter A, number of
sets of row and column indices in a mini-batch |Z|, and number of units in ROWENC,

COLUMNENC, and DEC networks, mROWENC g COLUMNENC "anq mPEC | respectively
(from input to output).

‘ H n ‘ T ‘ A ‘ |Z‘ ‘ 1 ROWENC ‘ m COLUMNENC ‘ mPEC ‘
Sec. 5.4.1, LBM
Sec. 5.4.1, SPM 1 x 10? 9 % 102
See 542 Do | 1010 L0107 pa0) | 0] | 2101
o 2% 10°
Sec. 5.4.3 5 x 102
Sec. 544 1 x 107

A™ and A™ that represents the latent structure is not always unique and, thus, it is
not necessarily identical with that of original matrix A, as shown in these figures. For
instance, the latent structures of the three models (i.e., LBM, SPM, and GBM) can also be
represented by flipping or reversing the order of the row or column indices. Moreover, for
an LBM, the arbitrary orders of the row or column clusters are permitted for representing
the latent block structure.

From the figures of vectors g(™ and h(™, we see they capture the one-dimensional
features of each row and column. For example, in the LBM case in Figure 3, the row
(column) feature values in the same row (column) cluster are more similar than those in the
mutually different row (column) clusters. In the GBM case in Figure 5, the row features
are divided into two groups: one which contains the gradation pattern block and the other
which does not. As for the column features, their values increase continuously within the
gradation pattern block, whereas the remaining feature values are almost constant.

5.4.2 Comparison with existing matrix reordering methods

We also conducted a quantitative comparison between DeepTMR and the existing ma-
trix reordering methods introduced in Section 5.2. For comparison, we chose the
spectral/dimension-reduction methods based on SVD-Rank-One, SVD-Angle, and MDS,
whose algorithms are described in Section 5.2. For the quantitative evaluation of these
methods, we generated synthetic data matrices with true row/column orders, applied pro-
posed and conventional methods, and compared their accuracies in matrix reordering. For
simplicity, we considered the following data matrices, whose true row/column orders can
be represented uniquely, except for row/column flipping.

Diagonal gradation model (DGM) We generated a matrix A(®) € R"*? with the follow-
ing diagonal gradation pattern, setting the matrix size at (n, p) = (100, 100). We assumed
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Figure 3: Results of the LBM. Top figures: original matrix A, observed matrix A obtained
by applying random row-column permutation to A, reordered input matrix A™, and
reordered output matrix A® (left to right). Bottom figures: Encoded row and column
features g and h and reordered row and column features g(™ and h(™ (left to right).
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Figure 4: Results of the SPM for matrices A, A, A, A and vectors g, h, g™, h(™.
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Figure 5: Results of the GBM for matrices A, A, A, A(’r), and vectors g, h, g(“), h(™,

that the (i, 7)th entry flz(?) of matrix A is generated from a Gaussian distribution with
mean B;; given by:
B-»—09—08M =1 =1
i; = 0. . , t=1,...,n, g=1,...,p. (5.21)
max{n, p}

For the standard deviation, we tried the following 10 settings: o, = 0.03t fort = 1,..., 10.
As in Section 5.4.1, we defined matrix A using matrix A®) based on (5.20), and applied
a random permutation to the rows and columns of matrix A to obtain observed matrix
A. For each setting of ¢, we generated 10 observed matrices and applied the DeepTMR,
SVD-Rank-One, SVD-Angle, and MDS. Because the training result of the DeepTMR
depends on its initial parameters and the selection of the mini-batch for each iteration, for
the same observed matrix, A, we trained the DeepTMR model five times and adopted the
trained model with the minimum mean training loss for the last 100 iterations. The other
hyperparameter settings for training the DeepTMR are listed in Table 1.

To quantitatively evaluate these methods, we computed the following matrix reordering
error. Let P € R™? and P € R™*? be the population mean matrices of the reordered
versions of matrix A (i.e., before normalization), which have the same row and col-
umn orders as matrices A and A, respectively (i.e., P = B). Let 77°%(%) and geotumn(0),
respectively be the permutations of {1,2,...,n} and {1,2,...,p}, which indicate the
order of the rows and columns determined by each method. The flipped versions of
these orders are defined as 77°%(!) and o) (ie,, 7oV () = 7ovM(p —§ + 1)
and reotmn©) (5) = geetimn@)(p 5 4 1) fori = 1,...,nand j = 1,...,p). Let 7™V
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and 7°°"m  respectively be the order of the rows and columns that reconstruct original

(correctly ordered) matrix A. Both 7row(0) = 7row and 7rov() = 7% jndjcate that the
correct row ordering is obtained. Based on this fact, we redefine the row/column orders,
7% and 7reel™?  ghtained by each method as follows:

(l;:, ﬁ) arg min — Z Z i ,rrow(k)(z)wcolumn(mg))2 ;

(k,h)€{(0,0),(0,1),(1,0),(1,1)} TP =] =

oW — 7_{_row(k:)’ ﬂ_column _ ,n_column(h)' (522)

Finally, we define the matrix reordering error £ as:

Z Z i — Lrow z)wcolumn(]))2 : (5.23)

lel

Figures 6 and 7 respectively show the examples of matrices A and A with different
levels of noise standard deviation o;, where t = 1,...,10. Figures 8, 9, 10, and 11
respectively show the examples of the reordered observed matrix A(™ based on row/column
orderings (7%, reolumn) gbtained by DeepTMR, SVD-Rank-One, SVD-Angle, and MDS.
Figure 12 shows the reordered output matrix A™ for the DeepTMR. From these figures,
the DeepTMR and MDS can relatively successfully reorder the observed matrix compared
to the SVD-based methods. Figure 13 shows the matrix reordering error of the DeepTMR,
SVD-Rank-One, SVD-Angle, and MDS. This figure shows that the DeepTMR can achieve
the minimum matrix reordering error in this setting compared to the other three methods.

5.4.3 Experiment using the divorce predictors dataset

Next, we applied the DeepTMR to the divorce predictors dataset [162, 163] from the
UCI Machine Learning Repository [44]. The original data matrix, A(*), consists of 170
rows and 54 columns, which represent the questionnaire respondents and their attributes,
respectively. Each entry AE?) € {0,1,...,4} shows the Divorce Predictors Scale (DPS),
with a higher value indicating a higher divorce risk. The meaning of the five-factor scale
is as follows: 0 for “Never,” 1 for “Rarely,” 2 for “Occasionally,” 3 for “Often,” and 4
for “Always,” for Attributes 31 to 54, while they are reversed (i.e., 0 for “Always” and 4
for “Never”) for Attributes 1 to 30. The meaning of each attribute index of this dataset is
provided in Appendix 5.B.

As in Section 5.4.1, we defined observed matrix A based on (5.20) by replacing A
and A with A(®) and A, respectively. Then, we applied DeepTMR to observed matrix A
and checked the latent row-column structure of matrix A extracted by the DeepTMR. The
hyperparameter settings for training the DeepTMR are listed in Table 1.

Figure 14 shows the results of matrices A, A®_ A™_ and vectors g, h, g™, h(™
for this dataset. For each row in matrices A, A™, and fl(“), the class labels “divorced”
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Figure 6: Examples of matrix A for the DGM with different levels of noise standard
deviation.

Observed matrix A, Observed matrix A, Observed matrix A, Observed matrix A, Observed matrix A,
t=1 1.0 1.0 1.0 t=4 1.0 1.0

0.8 0.8 0.8 0.8 0.8

0.6 0.6 0.6 0.6 0.6

0.4 0.4 0.4 0.4 0.4

0.2 0.2 0.2 0.2 0.2

~0.0 ~o0.0 0.0 . ~0.0 0.0

Observed matrix A, Observed matrix A, Observed matrix A, Observed matrix A, Observed matrix A,

t=6 1.0 1.0 t=8 1.0 t=9 1.0 t=10 1.0
0.8 0.8 i 0.8 ; 0.8 0.8

0.6 0.6 0.6 0.6 0.6

0.4 0.4 0.4 0.4 0.4

0.2 0.2 0.2 i 0.2 : 0.2

=0.0 =0.0 =0.0 I l =0.0 =0.0

Figure 7: Examples of observed matrix A for the DGM with different levels of noise
standard deviation.
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Figure 8: Examples of reordered input matrix A™ for the DGM with different levels of
noise standard deviation (DeepTMR).
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Figure 9: Examples of reordered input matrix A™ for the DGM with different levels of
noise standard deviation (SYD-Rank-One).
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Figure 10: Examples of reordered input matrix A™ for the DGM with different levels of
noise standard deviation (SVD-Angle).
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Figure 11: Examples of reordered input matrix A™ for the DGM with different levels of
noise standard deviation (MDS).
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Figure 12: Examples of reordered output matrix A™) for the DGM with different levels of
noise standard deviation (DeepTMR).
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Figure 13: Matrix reordering error of the DeepTMR, SVD-Rank-One, SVD-Angle, and
MDS. The error bars indicate the sample standard deviations of the results for 10 trials.

or “married” are shown in different colors on the left-hand side of the matrix. From the
reordered input and output matrices A and A™ | we respectively see the latent row-
column structure of the observed matrix. Roughly, the DPS takes higher values in the
“divorced” rows than in the “married” ones. However, some divorced participants show
relatively low DPS for some attributes (e.g., Attributes 21, 22, and 28). We also see that
both the divorced and married participants show relatively high DPS for Attributes 43 and
48, whereas most participants show relatively low DPS for Attributes 6 and 7, both items
referring to how to behave at home with a partner.

Figure 15 shows the results obtained with SVD-Rank-One, SVD-Angle, and MDS.
From this figure, we see that the SVD-based methods (i.e., SVD-Rank-One and SVD-
Angle) did not yield any meaningful structure, aside from some groups of rows with similar
values. The result of MDS was similar to that of the DeepTMR, however, it did not provide
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denoised mean information of the reordered matrix (i.e., matrix A(”)) as in Figure 14.

5.4.4 Experiment using the metropolis traffic census dataset

We also applied the DeepTMR to the metropolis traffic census dataset from e-Stat [1]. The
rows and columns of the relational data matrix of this dataset represent the locations of
metropolitan areas in Japan, each (i, j)th entry showing the number of people commuting
(to work or school) one way from the ith location to the jth location per day. We removed
the rows and columns that represent unknown locations (e.g., “unknown below Tokyo™)
and the total of multiple locations (e.g., “total of three wards in central Tokyo”) from the
original dataset. Let AY) € R™ P be the matrix after removing the rows and columns,
where n = p = 249. To alleviate the significant differences between entry values and
consider relatively small entry values, we defined matrix A(Y) € R"*?_ whose entries are

givenbyAS) :log(Ag-))—l—1> fori=1,...,n,andj=1,...,p.

As in Sections 5.4.1 and 5.4.3, we defined observed matrix A by replacing A(®) and
A with A®M) and A, respectively. Then, we applied DeepTMR to observed matrix A and
checked the latent row-column structure of matrix A extracted by the DeepTMR. The
hyperparameter settings for training the DeepTMR are listed in Table 1.

Figures 16 and 17 respectively show the results of matrices A, A, A™_ and vectors
g, h, g™, h(™ for this dataset. The correspondence of the row and column indices with
locations in Figure 16 is given in Appendix 5.C. The reordered input and output matrices,
A™ and A™, respectively show that the number of commuting people increases from
the lower right to the upper left corner of the matrices. For instance, regardless of the
home location, the number of people commuting to the locations in (C21) to (C25) (e.g.,
Fukaya City in Saitama Prefecture, Tatebayashi City in Gunma Prefecture, and Nogi Town
in Tochigi Prefecture) in matrices A(™ and A g relatively small. However, relatively
many people commute to locations in (C1) (e.g., Minato-ku, Chiyoda-ku, and Shinjuku-ku
in Tokyo), especially from home locations in (R1) — (R10) (e.g., Setagaya-ku, Nerima-ku,
and Ota-ku in Tokyo).

Figures 18 and 19 show the results obtained with SVD-Rank-One, SVD-Angle, and
MDS. As in the experiment in Section 5.4.3, the SVD-based methods (i.e., SVD-Rank-One
and SVD-Angle) did not yield any meaningful structure, aside from some row/column
groups with similar values. The result of MDS was similar to that of the DeepTMR except
for the row and column flipping, however, it did not provide denoised mean information of
the reordered matrix.
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Figure 14: Results of the divorce predictors dataset for matrices A, A(™, A™ and
vectors g, h, g(”), h(™.
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Figure 15: Results of the divorce predictors dataset with SVD-Rank-One, SVD-Angle,
and MDS.

5.5 Discussions

Here, we discuss the results and future research directions. In the experiments in Section
5.4, we showed that the DeepTMR can successfully reorder both synthetic and practical
data matrices and provide their denoised mean matrices as output. Despite its effectiveness,
DeepTMR leaves room for further improvement, as described in the subsequent paragraphs.

First, one potential merit of the proposed DeepTMR compared to other spectral and
dimension-reduction-based methods is that it only requires an n-dimensional column data
vector and p-dimensional row data vector as input, not the entire data matrix. This suggests
the possibility that, if a set of rows or columns in a data matrix increases with time, we
would not have to train DeepTMR from scratch. Instead, we could only fine-tune the
previously trained model with newly added data to predict orders. A main problem in
realizing this is that the input dimensions of the current DeepTMR should be fixed in
advance. However, to apply DeepTMR to such a time-series data matrix, we need to
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erved ma 1.0
3 ﬁ— .
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Figure 16: Results of the metropolis traffic census dataset for matrices A, A, and A,
For visibility, we plotted the cyan lines to show the sections between the sets of 10 rows
or columns (i.e., {R1,...,R25} and {C1, ..., C25} for rows and columns, respectively).
Because the matrix size is (n, p) = (249, 249), R25 and C25 contain nine rows and nine
columns, respectively. The correspondence of the indices with the locations is given in
Appendix 5.C.
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Figure 17: Results of the metropolis traffic census dataset for vectors g, h, g(™, and
h(™.

extend the DeepTMR such that it can accept a variable-length input data vector. Such an
extension is also desirable from the perspective of memory costs. For a large data matrix,
a DeepTMR with an (n + p)-dimensional input layer requires a large amount of memory
to be stored. One possible solution to this problem is to first select randomly £ rows and A
columns, where k£ < n and h < p, and use the selected rows and columns as inputs. In
this case, we need to develop a model under a different problem setting from ours, where
each entry in an input data vector does not necessarily correspond to the same row or
column.

Second, another limitation of the proposed method is that the trained DeepTMR
model is affected by random initialization, mini-batch selection for each iteration, and
hyperparameter settings (e.g., number of units in each layer). In the experiment in Section
5.4.2, to partially alleviate this problem, we trained the neural network multiple times
and chose the result with the minimum training error. However, this naive approach
increased the overall computation time. As such, it would be desirable to construct a more
sophisticated model that is more robust to the effects of these settings. In particular, it is
important to determine the optimal architecture of a neural network for a given data matrix.
The experimental results in Section 5.4 show that the DeepTMR could successfully extract
the denoised mean matrices of the input matrices with sizes ranging from 100 x 100 to
249 x 249 by using row/column encoder networks with 10 units in the middle layer. Based
on these results, we expect that we do not always need to set the size of the DeepTMR
network as large as the input matrix to extract the structural patterns from a data matrix.

Finally, it would be interesting to utilize additional input information for the rows and
columns besides the entry values of an observed matrix. For instance, in the case of the
metropolis traffic census dataset [1] in Section 5.4.4, each row or column corresponds to a
specific location in Japan. If we can extend the DeepTMR to reorder a data matrix using
such additional row/column information (e.g., geographical location), it would be possible
to obtain a different structural pattern for the data matrix compared to those provided by
the current model.

152



5. Matrix reordering method for capturing flexible structural patterns in a relational data

Reordered input matrix

SVD-Rank-One

Reordered output matrix
(SVD-Rank-One)

(R1)

(R2)

(R3)

(R4)

(RS)

(R6)

(R7)

(R8)

C (R9)

.2 (R10)

5 (R11)

O (R12)

2 (r13)

@ (R14)

€ (R15)

O (R16)

T (R17)

(R18)

(R19)

(R20)

(R21)

(R22)

(R23)

(R24)

(R25)

1.0

0.0

1.0

0.0

matrix

From top to bottom in each section,

(R1) 111, 32, 68, 37, 151, 115, 127, 55, 49, 123

(R2) 54, 214, 173, 43, 138, 248, 243, 81, 145, 50
(R3) 105, 13, 41, 206, 131, 186, 56, 128, 227, 100
(R4) 51, 189, 67, 31, 94, 15, 86, 218, 35, 33
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(R6) 34, 193, 36, 87, 57, 112, 216, 195, 182, 231
(R7) 1,198, 149, 238, 181, 240, 64, 210, 228, 209
(R8) 22, 224,177, 241, 82, 52, 28, 183, 91, 79

(R9) 174, 99, 148, 19, 175, 178, 71, 140, 16, 116
(R10) 21, 103, 48, 232, 179, 122, 187, 70, 8, 219
(R11) 154, 124, 102, 136, 244, 84, 59, 246, 160, 212
(R12) 109, 223, 97, 169, 165, 188, 2, 65, 38, 14
(R13) 104, 202, 98, 47, 222, 205, 108, 11, 18, 63
(R14) 17, 201, 226, 213, 117, 129, 141, 114, 30, 200
(R15) 69, 24, 144, 180, 176, 119, 139, 167, 29, 72
(R16) 89, 150, 242, 107, 159, 3, 156, 237, 126, 142
(R17) 80, 25, 191, 170, 45, 194, 162, 230, 77, 101
(R18) 130, 166, 73, 207, 88, 134, 203, 10, 7, 74
(R19) 233, 158, 155, 147, 146, 163, 125, 27, 196, 61
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(R21) 215, 95, 26, 164, 110, 247, 185, 76, 6, 93
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(R24) 5, 58, 220, 208, 235, 217, 120, 66, 172, 168
(R25) 23, 234, 192, 96, 137, 143, 197, 118, 113

From top to bottom in each section,

(R1) 111, 32, 68, 37, 151, 115, 127, 55, 49, 123

(R2) 54, 214, 173, 43, 138, 248, 243, 81, 145, 50
(R3) 105, 13, 41, 206, 131, 186, 56, 128, 227, 100
(R4) 51, 189, 67, 31, 94, 15, 86, 218, 35, 33

(R5) 20, 83, 249, 106, 161, 190, 44, 239, 46, 121
(R6) 34, 193, 36, 87, 57, 112, 216, 195, 182, 231
(R7) 1, 198, 149, 238, 181, 240, 64, 210, 228, 209
(R8) 22, 224, 177, 241, 82, 52, 28, 183, 91, 79

(R9) 174, 99, 148, 19, 175, 178, 71, 140, 16, 116
(R10) 21, 103, 48, 232, 179, 122, 187, 70, 8, 219
(R11) 154, 124, 102, 136, 244, 84, 59, 246, 160, 212
(R12) 109, 223, 97, 169, 165, 188, 2, 65, 38, 14
(R13) 104, 202, 98, 47, 222, 205, 108, 11, 18, 63
(R14) 17, 201, 226, 213, 117, 129, 141, 114, 30, 200
(R15) 69, 24, 144, 180, 176, 119, 139, 167, 29, 72
(R16) 89, 150, 242, 107, 159, 3, 156, 237, 126, 142
(R17) 80, 25, 191, 170, 45, 194, 162, 230, 77, 101
(R18) 130, 166, 73, 207, 88, 134, 203, 10, 7, 74
(R19) 233, 158, 155, 147, 146, 163, 125, 27, 196, 61
(R20) 229, 53, 90, 92, 60, 225, 153, 75, 4, 211

(R21) 215, 95, 26, 164, 110, 247, 185, 76, 6, 93
(R22) 12, 85, 62, 152, 157, 236, 132, 133, 135, 204
(R23) 171, 42, 221, 184, 9, 78, 245, 199, 40, 39
(R24) 5, 58, 220, 208, 235, 217, 120, 66, 172, 168
(R25) 23, 234, 192, 96, 137, 143, 197, 118, 113

From left to right in each section,

(C1) 1, 108, 91, 105, 117, 90, 97, 114, 48, 64

(C2) 87, 83, 142, 50, 138, 95, 79, 76, 71, 100

(C3) 74, 152, 56, 145, 2, 174, 101, 38, 31, 151

(C4) 165, 7, 44, 17, 124, 130, 29, 66, 88, 121

(C5) 168, 109, 166, 194, 196, 104, 132, 119, 136, 34
(C6) 133, 99, 195, 36, 197, 127, 96, 40, 46, 161

(C7) 137,177, 158, 159, 209, 58, 210, 176, 25, 173
(C8) 185, 15, 186, 126, 19, 28, 206, 118, 80, 13

(C9) 160, 219, 52, 4, 220, 103, 208, 54, 222, 205

(C10) 187, 188, 70, 221, 60, 224, 131, 225, 143, 125
(C11) 42, 178, 167, 67, 11, 207, 175, 150, 184, 21
(C12) 211, 223, 120, 9, 144, 61, 183, 24, 247, 246
(C13) 245, 244, 243, 242, 241, 240, 235, 238, 226, 227
(C14) 228, 229, 237, 230, 231, 232, 233, 234, 236, 239
(C15) 249, 248, 22, 69, 85, 148, 12, 218, 217, 198
(C16) 26, 213, 199, 162, 214, 200, 59, 193, 155, 212
(C17) 202, 62, 203, 156, 201, 190, 43, 153, 171, 192
(C18) 86, 169, 189, 182, 181, 128, 191, 33, 23, 45
(C19) 47, 27, 78, 41, 6, 111, 215, 65, 204, 216

(C20) 170, 63, 14, 57, 18, 180, 73, 37, 140, 49

(C21) 3, 39, 94, 163, 112, 157, 179, 154, 32, 16
(C22) 135, 93, 35, 68, 172, 8, 147, 51, 129, 10

(C23) 164, 139, 53, 75, 30, 149, 55, 146, 123, 82
(C24) 141, 134, 20, 107, 102, 81, 122, 116, 113, 110
(C25) 106, 115, 98, 92, 72, 77, 89, 84, 5

From left to right in each section,

(C1) 1,108, 91, 105, 117, 90, 97, 114, 48, 64
(C2) 87, 83, 142, 50, 138, 95, 79, 76, 71, 100
(C3) 74, 152, 56, 145, 2, 174, 101, 38, 31, 151

(C4) 165, 7, 44, 17, 124, 130, 29, 66, 88, 121

(C5) 168, 109, 166, 194, 196, 104, 132, 119, 136, 34
(C6) 133, 99, 195, 36, 197, 127, 96, 40, 46, 161

(C7) 137,177, 158, 159, 209, 58, 210, 176, 25, 173
(C8) 185, 15, 186, 126, 19, 28, 206, 118, 80, 13

(C9) 160, 219, 52, 4, 220, 103, 208, 54, 222, 205

(C10) 187, 188, 70, 221, 60, 224, 131, 225, 143, 125
(C11) 42,178, 167, 67, 11, 207, 175, 150, 184, 21
(C12) 211, 223, 120, 9, 144, 61, 183, 24, 247, 246
(C13) 245, 244, 243, 242, 241, 240, 235, 238, 226, 227
(C14) 228, 229, 237, 230, 231, 232, 233, 234, 236, 239
(C15) 249, 248, 22, 69, 85, 148, 12, 218, 217, 198
(C16) 26, 213, 199, 162, 214, 200, 59, 193, 155, 212
(C17) 202, 62, 203, 156, 201, 190, 43, 153, 171, 192
(C18) 86, 169, 189, 182, 181, 128, 191, 33, 23,45
(C19) 47, 27, 78, 41, 6, 111, 215, 65, 204, 216

(C20) 170, 63, 14, 57, 18, 180, 73, 37, 140, 49

(C21) 3, 39, 94, 163, 112, 157, 179, 154, 32, 16

(C22) 135, 93, 35, 68, 172, 8, 147, 51, 129, 10

(C23) 164, 139, 53, 75, 30, 149, 55, 146, 123, 82

(C24) 141, 134, 20, 107, 102, 81, 122, 116, 113, 110
(C25) 106, 115, 98, 92, 72, 77, 89, 84, 5

Figure 18: Results of the metropolis traffic census dataset with SVD-Rank-One.

5.6 Chapter conclusion

In this chapter, we proposed a new matrix reordering method, called DeepTMR, based on a
neural network model. By using an autoencoder-like architecture, the proposed DeepTMR
can automatically encode the row and column of an input matrix into one-dimensional
nonlinear features, which can be subsequently used to determine the row and column
orders. Moreover, a trained DeepTMR model provides a denoised mean matrix as output,
which illustrates the global structure of the reordered input matrix. Through experiments,
we showed that the proposed DeepTMR can successfully reorder the rows and columns of
both synthetic and practical datasets and achieve higher accuracy in matrix reordering than
the existing spectral and dimension-reduction-based matrix reordering methods based on

SVD and MDS.
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Reordered input matrix

matrix

(SVD-Angle) 10
From top to bottom in each section, From left to right in each section,
(R1) 63, 226, 66, 135, 74, 6, 93, 99, 229, 82 (C1) 151, 164, 67, 33, 163, 158, 129, 157, 167, 173
0.8 (R2) 83, 4, 29, 155, 41, 125, 165, 156, 108, 45 (C2) 166, 135, 155, 102, 85, 169, 106, 161, 46, 136
(R3) 113, 136, 40, 55, 19, 34, 28, 78, 2, 69 (C3) 180, 118, 116, 19, 50, 178, 73, 119, 131, 154
(R4) 134, 13, 47, 64, 8, 249, 75, 71, 10, 123 (C4) 79, 128, 174, 37, 107, 58, 43, 168, 66, 227
c (RS) 162, 247, 104, 16, 137, 53, 114, 61, 89, 20 (C5) 6, 162, 86, 56, 52, 84, 62, 103, 39, 176
S (R6) 157, 43, 26, 161, 115, 23, 242, 160, 97, 126 (C6) 93, 133, 159, 152, 160, 94, 27, 114, 57, 244
=] 0.6 (R7) 96, 77, 232, 240, 107, 124, 51, 91, 122, 154 (C7) 61, 25, 29, 78, 10, 218, 104, 105, 245, 5
S (R8) 234, 84, 153, 141, 92, 88, 163, 159, 158, 35 (C8) 134, 219, 117, 95, 249, 11, 23, 49, 235, 229
<] (R9) 27, 236, 140, 164, 59, 49, 227, 138, 67, 57 (C9) 242, 221, 233, 156, 21, 87, 231, 223, 214, 35
o (R10) 238, 106, 139, 105, 112, 98, 206, 202, 207, 212 (C10) 31, 248, 71, 53, 17, 177, 153, 216, 212, 40
Q (R11) 210, 224, 211, 223, 216, 219, 217, 218, 214, 208 (C11) 115, 1, 210, 175, 238, 225, 130, 179, 132, 165
S 0.4 (R12) 213, 244, 221, 44, 14, 178, 46, 133, 231, 150 (C12) 72, 68, 7, 96, 45, 172, 171, 15, 170, 237
Jo: (R13) 18, 145, 37, 12, 200, 183, 76, 85, 194, 171 (C13) 90, 92, 88, 65, 150, 147, 59, 99, 81, 145
(R14) 42, 151, 65, 184, 70, 1, 147, 73, 169, 190 (C14) 108, 18, 125, 148, 89, 127, 113, 76, 101, 2
(R15) 121, 130, 39, 167, 56, 191, 33, 54, 248, 197 (C15) 123, 100, 126, 63, 20, 22, 143, 243, 240, 121
(R16) 143, 186, 102, 241, 86, 131, 129, 38, 170, 179 (C16) 42, 182, 181, 186, 184, 187, 192, 193, 194, 196
0.2 (R17) 174, 243, 176, 230, 168, 188, 68, 81, 228, 21 (C17) 198, 202, 197, 199, 201, 200, 203, 204, 191, 185
(R18) 127, 90, 87, 172, 52, 100, 9, 15, 142, 3 (C18) 195, 190, 189, 188, 183, 14, 41, 110, 97, 77
(R19) 30, 32, 201, 7, 5, 195, 17, 94, 192, 24 (C19) 36, 124, 8, 239, 142, 26, 224, 139, 220, 230
(R20) 110, 235, 80, 189, 148, 132, 120, 237, 128, 117 (C20) 13, 120, 38, 247, 141, 109, 28, 138, 75, 12
(R21) 109, 25, 118, 62, 246, 193, 103, 149, 22, 245 (C21) 74, 209, 82, 208, 215, 140, 246, 55, 48, 9
0.0 (R22) 31, 225, 199, 180, 111, 119, 50, 95, 187, 173 (C22) 146, 122, 222, 206, 211, 111, 44, 205, 228, 34
: (R23) 146, 182, 36, 198, 79, 166, 239, 116, 152, 196 (C23) 32, 91, 83, 24, 232, 60, 241, 16, 226, 54
(R24) 181, 48, 60, 144, 101, 58, 175, 177, 185, 233 (C24) 236, 3, 47, 207, 213, 51, 217, 30, 234, 70
(R25) 222, 11, 220, 205, 72, 215, 209, 204, 203 (C25) 69, 98, 4, 149, 137, 80, 112, 64, 144
1.0
From top to bottom in each section, From left to right in each section,
(R1) 169, 52, 171, 217, 234, 213, 172, 243,245,236  (C1) 217, 229, 231, 232, 234, 167, 221, 171, 210, 169
0.8 (R2)106, 237,221, 238, 124, 216, 53, 231, 242,232 (C2) 215, 189, 172, 237, 209, 240, 200, 213, 244, 245
(R3) 208, 239, 162, 102, 174, 107, 214, 170, 248, 173 (C3) 212, 216, 52, 241, 236, 214, 220, 223, 173, 134
(R4) 223, 215, 229, 164, 167, 108, 192, 235, 200, 109 (C4) 208, 51, 247, 204, 124, 107, 170, 248, 53, 239
(R5) 209, 161, 244, 163, 230, 166, 220, 104, 212, 165  (C5) 207, 166, 219, 238, 101, 163, 158, 162, 235, 230
5 (R6) 207, 240, 128, 51, 224, 132, 168, 211,50, 103 (C6) 226, 246, 106, 103, 243, 100, 211, 174, 147, 249
=] 0.6 (R7)241,247, 249, 186, 203, 204, 105, 123, 177,218 (C7) 164, 153, 145, 203, 132, 165, 108, 155, 50, 242
© "7 (R8) 134, 96, 176, 219, 210, 155, 189, 153, 246, 202 (C8) 98, 177, 128, 104, 96, 133, 222, 224, 192, 161
g (R9) 127, 226, 175, 190, 100, 47, 222, 99, 44, 233 (C9) 99, 186, 182, 202, 123, 127, 105, 89, 102, 47
= (R10) 101, 98, 48, 159, 160, 129, 182, 151, 126, 181 (C10) 39, 233, 218, 48, 179, 109, 154, 110, 191, 151
(] (R11) 195, 158, 147, 89, 156, 152, 133, 110, 227, 145  (C11) 44, 156, 195, 126, 175, 206, 168, 181, 176, 28
€ 0.4 (R12)39,121,206, 225,28, 138, 154, 41, 1, 188 (C12) 228, 88, 140, 198, 149, 159, 129, 131, 41, 142
<] *7 (R13) 115, 148, 205, 228, 42, 178, 119, 142,199, 88 (C13) 152, 90, 43, 150, 121, 97, 197, 225, 87, 199
T (R14) 191, 146, 180, 198, 38, 30, 140, 97, 86, 183 (C14) 40, 95, 30, 148, 146, 79, 46, 160, 67, 36
(R15) 150, 131, 114, 118, 157, 93,179, 112, 90,43 (C15) 157, 115, 86, 196, 118, 135, 69, 190, 42, 130
(R16) 149, 143, 2, 144, 111, 135, 139, 197, 37, 36 (C16) 139, 138, 205, 93, 49, 119, 68, 65, 58, 77
0.2 (R17) 40, 193, 46, 116, 57, 83, 136, 68, 113, 201 (C17) 188, 92, 141, 180, 143, 64, 94, 144, 227,193
4 (R18) 91, 130, 56, 6, 26, 95, 25, 33, 60, 94 (C18) 66, 60, 113, 136, 80, 111, 34, 38, 82, 117
(R19) 196, 27, 141, 3, 34, 49, 120, 67, 73, 18 (C19) 37, 70, 84, 120, 125, 78, 61, 178, 137, 187
(R20) 79, 13, 35, 87, 45, 194, 7, 72, 69, 58 (C20) 33, 27, 59, 81, 194, 35, 83, 184, 122, 85
(R21) 80, 66, 117, 29, 84, 5, 82, 61, 16, 59 (C21) 76, 183, 75, 63, 116, 71, 45, 114, 54, 201
0.0 (R22)64,137.31 75, 78,63, 92,10, 71, 14 (C22) 22,185, 91, 23, 32, 112, 20, 26, 31, 25
‘Y (R23)187, 77, 4, 81, 125, 184, 54, 185, 55, 17 (C23) 18, 55, 29, 57, 21, 72, 74, 56, 62, 73
(R24) 22, 74, 65, 9, 76, 122, 21, 85, 24, 8 (C24) 19, 24,17, 14,15, 7, 10, 11, 6, 12
(R25) 70, 23, 19, 62, 15, 20, 32, 11, 12 (C25) 16, 8,5,9,13,2,4,3,1

Figure 19: Results of the metropolis traffic census dataset with SVD-Angle and MDS.

5.A Application of DeepTMR to the statistical tests in
Chapters 3 and 4

The proposed DeepTMR can also be used for estimating the bicluster structure of a given
matrix by using its extracted row/column features. Therefore, in this section, we consider
application of the DeepTMR to the statistical tests in Chapters 3 and 4. Specifically, we
propose the following biclustering algorithm based on a trained DeepTMR model. First,
for a given observed matrix A, we define matrix A based on (5.20) by replacing A®)
and A with A©® and A, respectively. Then, we train the DeepTMR model with matrix A
and obtain the reordered row and column feature vectors g™ and h(™) and the row and
column permutations 7. For a given number of row clusters K, we find the top K — 1
boundaries between the adjacent pairs of entries in vector g(™ in terms of the absolute
value of the difference. Finally, we define the row clusters by segmentation of the reordered

154



5. Matrix reordering method for capturing flexible structural patterns in a relational data
matrix

Table 5.A1: Biclustering accuracy of the DeepTMR-based method and the hierarchical
clustering (HC) in the settings of Gaussian, Bernoulli, and Poisson distributions.

’ Gaussian LBM H Bernoulli LBM H Poisson LBM ‘
| DeepTMR | HC | DeepTMR | HC | DeepTMR | HC |
| 094 100 047 ]098] 092 [1.00]

row indices based on such boundaries. Based on the same procedure, we also define the
column clusters by using vector k(™ and a given number of column clusters H. In the
experiments of the next subsections, we use this biclustering algorithm for estimating the
block structure of a given matrix.

5.A.1 Application of DeepTMR to the asymptotic test on the number
of biclusters in Chapter 3

First, we tried using the DeepTMR-based biclustering algorithm to compute the test
statistic 7" of Chapter 3’s test in a realizable case. We generated 100 data matrices based
on Gaussian, Bernoulli, and Poisson LBMs, estimated their bicluster structures based on
DeepTMR, and computed the test statistics 7". We set the matrix size to (n, p) = (300, 225).
Aside from the biclustering algorithm and the number of trials, we used the same settings
as in Section 3.5.1. We used the same hyperparameter settings as in Section 5.4.3 for
training the DeepTMR.

Table 5.A1 shows the biclustering accuracies (see Section 4.4.1 for definition) of
the DeepTMR-based method and the hierarchical clustering. Figures 5.A1, 5.A2, and
5.A3, respectively, show the Q-Q plots of the test statistic 7" and the T'W; distribution
in the settings of Gaussian, Bernoulli, and Poisson distributions. Each plotted point
corresponds to a sample of test statistic 7', and the horizontal and vertical lines, respectively,
show its theoretical and sample quantiles. These figures show that (1) the DeepTMR-
based biclustering method could not achieve as high biclustering accuracy as hierarchical
clustering and (2) the empirical distribution of the test statistic computed with hierarchical
clustering was more similar to the 7'V distribution than that computed with the DeepTMR-
based biclustering method. This can be partly attributed the fact that the DeepTMR is
affected by random initialization and mini-batch selection, which sometimes leads to bad
local optimal solutions. To successfully apply the DeepTMR-based biclustering to the
goodness-of-fit test, we need to improve its robustness to such random effect, which is
beyond the scope of this dissertation.
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Figure 5.A1: Q-Q plot of test statistic 7' computed with the DeepTMR-based biclustering
method (left) and hierarchical clustering (right) against the 7'W; distribution in the setting

of Gaussian case.
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Figure 5.A2: Q-Q plot of test statistic 7' computed with the DeepTMR-based biclustering
method (left) and hierarchical clustering (right) against the 7'/ distribution in the setting

of Bernoulli case.
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Figure 5.A3: Q-Q plot of test statistic 7" computed with the DeepTMR-based biclustering
method (left) and hierarchical clustering (right) against the 7'/, distribution in the setting

of Poisson case.
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5.A.2 Application of DeepTMR to the selective test on the estimated
bicluster structure in Chapter 4

Although there is no theoretical guarantee that the DeepTMR-based biclustering algorithm
outputs the minimum squared residue solution, as in the experiment in Section 4.F, we can
use it for estimating the cluster memberships g under the assumption that it yields a good
approximation of the global minimum solution.

We generated data matrices and performed the approximated test in a realizable case
when using the DeepTMR-based biclustering algorithm for estimating the optimal cluster
memberships g. For finding the solution ¢ of the truncation interval, we used Algorithm 2.
Aside from the biclustering algorithm, we used the same settings as in Section 4.4.3. We
used the same hyperparameter settings as in Section 5.4.2 for training the DeepTMR.

Figures 5.A4 and 5.AS, respectively, show the histograms of the p-values of the
proposed and naive approximated tests. We also plotted (i) the test statistics D+/r of the
Kolmogorov-Smirnov test [36], for the p-values of the proposed and naive tests, and (ii)
the accuracy of the DeepTMR-based biclustering algorithm in Figures 5.A6 and 5.A7,
respectively. Figures 5.A8 and 5.A9 show the FPR/TPR and the AUC score. From these
figures, we see that the DeepTMR-based biclustering algorithm could not achieve as high
accuracy as the SA-based algorithm. This can be partly attributed to the fact that the
number of training data points (i.e., the number of entries in an observed matrix) was too
small for the neural network model to be successfully trained. With regard to the AUC
score, from Figure 5.A9, we see that the proposed test achieved comparable or better
performance than the naive one in most settings.

5.B Correspondence of the attribute indices with mean-
ings in the divorce predictors dataset

The meaning of each attribute index of the divorce predictors dataset [162, 163] is as
follows:

1. If one of us apologizes when our discussion deteriorates, the discussion ends.
2. I'know we can ignore our differences, even if things get hard sometimes.

3. When we need it, we can take our discussions with my spouse from the beginning
and correct it.

4. When I discuss with my spouse, to contact him will eventually work.
5. The time I spent with my wife is special for us.

6. We don’t have time at home as partners.
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Figure 5.A4: Histograms of p-values in the null case (i.e., § = ¢™)) for different matrix
sizes, which was computed by the approximated version of the proposed test based on
the biclustering algorithm using DeepTMR.
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Figure 5.A5: Histograms of p-values in the null case (i.e., § = ¢™) for different matrix
sizes, which was computed by the approximated version of the naive test (4.37) based on
the biclustering algorithm using DeepTMR.
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Figure 5.A6: Test statistics D+/r of the Kolmogorov-Smirnov test [36] for the p-values
of the proposed (left) and naive (right) approximated tests based on the biclustering
algorithm using DeepTMR.
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Figure 5.A7: The ratio of the number of the null cases (i.e., § = ¢'N)) for each setting of
matrix size (n, p) and mean vector py, where ¢ is output by the biclustering algorithm
using DeepTMR. For the experiment, we used the setting of n = p.

7.

10.
11.

12.
13.
14.

We are like two strangers who share the same environment at home rather than
family.

. I enjoy our holidays with my wife.

. I'enjoy traveling with my wife.

Most of our goals are common to my spouse.

I think that one day in the future, when I look back, I see that my spouse and I have
been in harmony with each other.

My spouse and I have similar values in terms of personal freedom.
My spouse and I have similar sense of entertainment.

Most of our goals for people (children, friends, etc.) are the same.
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Figure 5.A8: FPR and TPR in the realizable case with different significance rates (e.g.,
a = 0.1,0.05, and 0.01), for the approximated version of the proposed (left) and naive
(right) statistical tests based on the biclustering algorithm using DeepTMR.
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Figure 5.A9: AUC score in the realizable case for the approximated version of the
proposed and naive statistical tests based on the biclustering algorithm using DeepTMR. If
there were no null (i.e., § = ¢V)) or alternative (i.e., § # ¢™)) cases, respectively, then
the corresponding bars would not have been plotted.
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15. Our dreams with my spouse are similar and harmonious.
16. We’re compatible with my spouse about what love should be.
17. We share the same views about being happy in our life with my spouse.
18. My spouse and I have similar ideas about how marriage should be.
19. My spouse and I have similar ideas about how roles should be in marriage.
20. My spouse and I have similar values in trust.
21. I know exactly what my wife likes.
22. I know how my spouse wants to be taken care of when she/he sick.
23. I know my spouse’s favorite food.
24. I can tell you what kind of stress my spouse is facing in her/his life.
25. T have knowledge of my spouse’s inner world.
26. I know my spouse’s basic anxieties.
27. 1 know what my spouse’s current sources of stress are.
28. I know my spouse’s hopes and wishes.
29. I know my spouse very well.
30. I know my spouse’s friends and their social relationships.
31. Ifeel aggressive when I argue with my spouse.

32. When discussing with my spouse, I usually use expressions such as “you always” or
“you never.”

33. I can use negative statements about my spouse’s personality during our discussions.
34. I can use offensive expressions during our discussions.

35. Ican insult my spouse during our discussions.

36. I can be humiliating when we discussions.

37. My discussion with my spouse is not calm.

38. I hate my spouse’s way of open a subject.
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39,
40.
41.
42.
43.
44.
45.
46.
47.

48.
49.
50.
S1.
52.
53.
54.

matrix

Our discussions often occur suddenly.

We’re just starting a discussion before I know what’s going on.

When I talk to my spouse about something, my calm suddenly breaks.
When I argue with my spouse, I only go out and I don’t say a word.

I mostly stay silent to calm the environment a little bit.

Sometimes I think it’s good for me to leave home for a while.

I’d rather stay silent than discuss with my spouse.

Even if I'm right in the discussion, I stay silent to hurt my spouse.

When I discuss with my spouse, I stay silent because I am afraid of not being able to
control my anger.

I feel right in our discussions.

I have nothing to do with what I’ve been accused of.

I’m not actually the one who’s guilty about what I’'m accused of.
I’'m not the one who’s wrong about problems at home.

I wouldn’t hesitate to tell my spouse about her/his inadequacy.
When I discuss, I remind my spouse of her/his inadequacy.

I’m not afraid to tell my spouse about her/his incompetence.

5.C Correspondence of the indices with locations in the

metropolis traffic census dataset

The meaning of each row or column index of the metropolis traffic census dataset [1] is as
follows:

e [Tokyo] 1: Chiyoda-ku, 2: Chuo-ku, 3: Minato-ku, 4: Shinjuku-ku, 5: Bunkyo-ku, 6:

Taito-ku, 7: Sumida-ku, 8: Koto-ku, 9: Shinagawa-ku, 10: Meguro-ku, 11: Ota-ku,
12: Setagaya-ku, 13: Shibuya-ku, 14: Nakano-ku, 15: Suginami-ku, 16: Toshima-ku,
17: Kita-ku, 18: Arakawa-ku, 19: Itabashi-ku, 20: Nerima-ku, 21: Adachi-ku,
22: Katsushika-ku, 23: Edogawa-ku, 24: Hachioji City, 25: Tachikawa City, 26:
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Musashino City, 27: Mitaka City, 28: Ome City, 29: Fuchu City, 30: Akishima City,
31: Chofu City, 32: Machida City, 33: Koganei City, 34: Kodaira City, 35: Hino
City, 36: Higashimurayama City, 37: Kokubunji City, 38: Kunitachi City, 39: Fussa
City, 40: Komae City, 41: Higashiyamato City, 42: Kiyose City, 43: Higashikurume
City, 44: Musashimurayama City, 45: Tama City, 46: Inagi City, 47: Hamura City,
48: Akiruno City, 49: Nishitokyo City, 50: Mizuho Town, 51: Hinode Town, 52:
Hinohara Village, 53: Okutama Town

¢ [Yokohama City, Kanagawa Prefecture] 54: Tsurumi-ku, 55: Kanagawa-ku, 56:
Nishi-ku, 57: Naka-ku, 58: Minami-ku, 59: Hodogaya-ku, 60: Isogo-ku, 61:
Kanazawa-ku, 62: Kohoku-ku, 63: Totsuka-ku, 64: Konan-ku, 65: Asahi-ku, 66:
Midori-ku, 67: Seya-ku, 68: Sakae-ku, 69: Izumi-ku, 70: Aoba-ku, 71: Tsuzuki-ku

o [Kawasaki City, Kanagawa Prefecture] 72: Kawasaki-ku, 73: Saiwai-ku, 74:
Nakahara-ku, 75: Takatsu-ku, 76: Tama-ku, 77: Miyamae-ku, 78: Asao-ku

e [Sagamihara City, Kanagawa Prefecture] 79: Midori-ku, 80: Chuo-ku, 81:
Minami-ku

e [Kanagawa Prefecture] 82: Yokosuka City, 83: Hiratsuka City, 84: Kamakura City,
85: Fujisawa City, 86: Odawara City, 87: Chigasaki City, 88: Zushi City, 89: Miura
City, 90: Hadano City, 91: Atsugi City, 92: Yamato City, 93: Isehara City, 94: Ebina
City, 95: Zama City, 96: Minamiashigara City, 97: Ayase City, 98: Hayama Town,
99: Samukawa Town, 100: Oiso Town, 101: Ninomiya Town, 102: Nakai Town,
103: Oimachi, 104: Matsuda Town, 105: Kaisei Town, 106: Hakone Town, 107:
Manazuru Town, 108: Yugawara Town, 109: Aikawa Town

e [Saitama City, Saitama Prefecture] 110: Nishi-ku, 111: Kita-ku, 112: Omiya-ku,
113: Minuma-ku, 114: Chuo-ku, 115: Sakura-ku, 116: Urawa-ku, 117: Minami-ku,
118: Midori-ku, 119: Iwatsuki-ku

e [Saitama Prefecture] 120: Kawagoe City, 121: Kumagaya City, 122: Kawaguchi
City, 123: Gyoda City, 124: Chichibu City, 125: Tokorozawa City, 126: Hanno City,
127: Kazo City, 128: Honjo City, 129: Higashimatsuyama City, 130: Kasukabe City,
131: Sayama City, 132: Hanyu City, 133: Konosu City, 134: Fukaya City, 135: Ageo
City, 136: Soka City, 137: Koshigaya City, 138: Warabi City, 139: Toda City, 140:
Iruma City, 141: Asaka City, 142: Shiki City, 143: Wako City, 144: Niiza City, 145:
Okegawa City, 146: Kuki City, 147: Kitamoto City, 148: Yashio City, 149: Fujimi
City, 150: Misato City, 151: Hasuda City, 152: Sakado City, 153: Satte City, 154:
Tsurugashima City, 155: Hidaka City, 156: Yoshikawa City, 157: Fujimino City,
158: Shiraoka City, 159: Ina Town, 160: Miyoshi Town, 161: Moroyama Town,
162: Ogose Town, 163: Namegawa Town, 164: Ranzan Town, 165: Ogawa Town,
166: Kawajima Town, 167: Yoshimi Town, 168: Hatoyama Town, 169: Tokigawa

163



5. Matrix reordering method for capturing flexible structural patterns in a relational data

matrix

Town, 170: Yokoze Town, 171: Higashi Chichibu Village, 172: Misato Town, 173:
Kamisato Town, 174: Yorii Town, 175: Miyashiro Town, 176: Sugito Town, 177:
Matsubushi Town

[Chiba City, Chiba Prefecture] 178: Chuo-ku, 179: Hanamigawa-ku, 180: Inage-
ku, 181: Wakaba-ku, 182: Midori-ku, 183: Mihama-ku

[Chiba Prefecture] 184: Ichikawa City, 185: Funabashi City, 186: Kisarazu City,
187: Matsudo City, 188: Noda City, 189: Mobara City, 190: Narita City, 191: Sakura
City, 192: Togane City, 193: Narashino City, 194: Kashiwa City, 195: Ichihara City,
196: Nagareyama City, 197: Yachiyo City, 198: Abiko City, 199: Kamagaya City,
200: Kimitsu City, 201: Urayasu City, 202: Yotsukaido City, 203: Sodegaura City,
204: Yachimata City, 205: Inzai City, 206: Shiroi City, 207: Tomisato City, 208:
Katori City, 209: Sanmu City, 210: Oamishirasato City, 211: Shisui Town, 212:
Sakae Town, 213: Kozaki Town, 214: Ichinomiya Town, 215: Chosei Village, 216:
Nagara Town, 217: Otaki Town

[Ibaraki Prefecture] 218: Tsuchiura City, 219: Koga City, 220: Ishioka City, 221:
Yuki City, 222: Ryugasaki City, 223: Shimotsuma City, 224: Joso City, 225: Toride
City, 226: Ushiku City, 227: Tsukuba City, 228: Moriya City, 229: Chikusei City,
230: Bando City, 231: Inashiki City, 232: Kasumigaura City, 233: Tsukubamirai
City, 234: Miho Village, 235: Ami Town, 236: Kawachi Town, 237: Yachiyo Town,
238: Goka Town, 239: Sakai Town, 240: Tone Town

[Gunma Prefecture] 241: Tatebayashi City, 242: Itakura Town, 243: Meiwa Town

[Tochigi Prefecture] 244: Tochigi City, 245: Sano City, 246: Oyama City, 247:
Nogi Town

[Yamanashi Prefecture] 248: Otsuki City, 249: Uenohara City
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Conclusion

Summary and Follow-up Work

The summary for the three main contributions, which have been stated in Section 1.3, is as
follows (see also Figure 1).

e Evaluation of the number of biclusters: In Chapter 3, we developed an asymptotic
statistical test on the number of row and column clusters for an LBM. By sequentially
testing the hypothetical cluster numbers in ascending order, we can estimate the
number of biclusters in a given matrix. We can use an arbitrary biclustering algorithm
for estimating the bicluster structure, as long as it satisfies the consistency condition
(Section 3.2). The proposed test is asymptotically valid in the sense that the test
statistic converges in law to the 7'WW; distribution in the limit of matrix size m — oo.
There is no theoretical guarantee of the proposed test for a finite size matrix, however,
in Section 3.5.3, we demonstrated its effectiveness experimentally with the matrix
sizes of several hundreds times several hundreds.

e Evaluation of the estimated bicluster structure: In Chapter 4, we proposed a se-
lective test for the estimated bicluster structure of a given matrix based on the squared
residue criterion. Unlike the asymptotic test in Chapter 3, we derived the exact null
distribution with a finite size matrix. We can also test more detailed information (i.e.,
bicluster assignments) in the proposed method than in that of Chapter 3. However,
to fulfill these conditions, stricter assumptions were required, including that each
entry follows a Gaussian distribution and that the estimated bicluster structure is
the global optimal solution of squared residue minimization problem. The latter
condition makes the proposed test intractable with increasing matrix size m, since
the number of possible bicluster assignments increases exponentially with m. To
alleviate this problem, we also proposed an approximated test based on simulated
annealing.

e Extraction of the row and column features used for matrix reordering: In Chap-
ter 5, we constructed a new neural network model for matrix reordering. Unlike
the existing methods, the proposed model extracts the row and column features
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Figure 1: Summary of the main contributions of this dissertation.

in a data-driven way, based on which the row and column orderings are defined.
The “goodness” of such row and column features is evaluated by reconstruction
error of the model output, which can be seen as a denoised mean version of the
observed matrix. On one hand, the proposed method can extract various types of
latent structural patterns in a matrix without prior knowledge. On the other hand, it
is affected the random effect in training (e.g., parameter initialization of the model).

Follow-up work As we have introduced in the last paragraph in Section 1.3, we have two
follow-up studies for this dissertation. In [153], we develop a statistical test on the number
of biclusters in more general problem setting than that of Chapter 3 in several ways. First,
we consider the submatrix detection/localization problem in Section 2.2.2 instead of the
regular-grid biclustering in Section 2.2.1. As we have discussed in Section 2.2.2, the former
problem includes more general bicluster structures than the latter one. In the former setting,
we assume that a given matrix consists of K biclusters and A background submatrices,
where the entries in all the background submatrices follow identical distributions. Second,
we assume that the number of biclusters (including background submatrices) might increase
with matrix size m. Specifically, we show that the proposed test is asymptotically valid

under the condition that X + H = O <mfl2_€> for some € > 0 in realizable case. Third, in

[151], we propose a similar neural-network-based matrix reordering method for one-mode
relational data (the definitions of two-mode and one-mode relational data are given in
Sections 2.1.1 and 2.1.2, respectively). For one-mode relational data, we assume that
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the orders of rows and columns are identical, regardless of the data matrix is symmetric
or not (i.e., the network is directed or undirected). To fulfill this condition, we use a
weight-sharing autoencoder network, which extracts the same node feature for the ith
row and the ith column of a given adjacency matrix. These studies have extended this
dissertation in some aspects, however, there still remains a room for improvement, as we
describe in the next section.

Future Perspective

Aside from the limitation of each of the three contributions, which has been stated in
Sections 3.6, 4.5, and 5.5, respectively, possible extensions for this dissertation are as
follows.

e As for the statistical test on the number of biclusters, in Chapter 3, we derived
the asymptotic behavior of the proposed test statistic 7' in both realizable and
unrealizable cases. However, we have not considered the case in which a given
matrix does not have any latent block structure (i.e., no block structure exists under
which each entry independently follows an block-wise identical distribution). This
case was also out of scope in the selective test of Chapter 4. When applying the
proposed tests, it is considered as a special case of the alternative hypotheses,
where we have no theoretical guarantee for now. It would be helpful to check the
asymptotic behavior of the proposed test statistics in (at least a part of) this case
through empirical simulation or to develop new test that can be applied in more
general settings.

e The proposed statistical tests in Chapters 3 and 4 cannot be applied to sparse data,
which contain unknown entries. Such a sparse data matrix can be transformed into
a real matrix by substituting the unknown entries with some constant value (e.g.,
zero). However, since such substituted entries violate the LBM assumption that it is
generated from a block-wise identical distribution, the (asymptotic) null distribution
of the proposed test statistic is no longer valid. Future studies should analyze the
null distribution of the proposed (or new) test statistic in this case.

e Another important future direction would be to provide some theoretical guarantee
for the proposed matrix reordering method in Chapter 5, as well as the biclustering
problem. There has been no statistical test directly on the row and column orderings.
However, for the spectral and dimension-reduction methods, we can at least apply
a statistical inference on the model of a given observed matrix (e.g., rank of the
matrix) [2, 31, 81, 83]. It would be useful if we can develop a statistical inference
method also for the proposed neural-network-based approach. Another theoretical
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direction would be to evaluate the denoising performance or reordering accuracy of
the proposed DeepTMR model.

e In the original matrix reordering problem, we only consider a single set of row
and column orderings that yields some latent pattern of a given matrix. It would
be interesting to further extend this setting by combining the ideas of biclustering
and matrix reordering, that is, by assuming the existence of multiple biclusters
with different structural patterns. It would be useful if we can develop a statistical
inference method for the number of biclusters or the bicluster structure for such a
setting.

e Aside from biclustering and matrix reordering, we introduced various tasks with
regard to a relational data matrix in Section 1.1. It would be further interesting if
we can provide some meta-evaluation method for selecting an appropriate task (i.e.,
what type of information we should extract) for a given matrix.
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