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Preamble

An important aspect of cancer research is the development of better tools to
understand underlying cellular processes. These tools are crucial as they help
clinicians choose the best treatment strategy for each patient or develop new
treatment strategies.

Gene expression data is typically represented as a large matrix of gene
expression levels across various samples. The study of such data is a valuable
tool to improve the understanding of biological processes. Grouping genes
according to their expression under certain conditions or group conditions
based on the expression of some genes is a frequent objective of gene ex-
pression analysis. Biclustering, also known as co-clustering, is one of the
most common approaches for such a task. It identifies specific subsets of
rows and columns that jointly form homogeneous entries. However, relevant
gene/sample combinations can be missed when they lack the assumed homo-
geneity of expression values. It is a growing concern as cancer is a heteroge-
neous disease. Moreover, there is an ongoing trend for the study of cellular
processes by combining heterogeneous data sources.

This thesis is centered around the development of approaches that find
patterns of high values in large data matrices. It encompasses the definition
of optimization problems and algorithmic solutions to find such patterns. The
relevance of these contributions is evaluated through implementation and
comparative experiments on biological data. The main focus of this thesis is
not methodological but rather consists in solving difficult optimization prob-
lems to guide biologists. In particular, the main contributions of this thesis
are the following.

m Proposition of new optimization problems to model biological problems.

Three problems related to the extraction of patterns in biological data
are considered. It includes the search for a single pattern of globally
high value, the search for multiple patterns that do not overlap, and
the search for multiple patterns that may overlap.

m Proposition of algorithmic solutions to address the new optimization prob-
lems.
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It encompasses the contributions aiming at providing simple and ef-
ficient algorithms to solve the combinatorial problems presented ear-
lier. These contributions include the study of upper and lower bounds,
the definition of filtering and dominance rules, variable heuristics, and
large neighborhood searches.

m Implementation of the algorithmic contributions.

It encompasses the contributions aiming to test, evaluate, and share
the implementations to solve the optimization problems that are ad-
dressed. These implementations include several constraint program-
ming approaches, new constraints implementation, a column generation
approach, integer programming approaches, and an R package.

m [llustration of the relevance of the previous contributions to biological
data.

It encompasses the evaluation of the relevance of the mathematical ob-
jectives and the time performance of our implementations, as compared
to existing algorithms. It includes a rigorous statistical validation pro-
tocol to assess and prove the quality of the patterns found in gene ex-
pression data.

The thesis is organized as follows.

CHAPTER 1, The maximal sum submatrix problem, presents the problem
of finding a subset of rows and columns that maximizes the sum of covered
entries from an input matrix. This chapter can be seen as the intersection of
the work presented in all publications done during the thesis.

CHAPTER 2, Mining a submatrix of maximal sum, presents a simple yet ef-
ficient constraint programming approach to solve the maximal sum submatrix
problem. This chapter corresponds to the work published in [BSD17; BSD18].

Then, CHAPTER 3, Mining K disjoint submatrices of maximal sum, and
CHAPTER 4, Mining k overlapping submatrices of maximal sum, presents two
extensions to the maximal sum submatrix problem that concern the identifi-
cation of k submatrices that cannot and may overlap, respectively. CHAPTER 3
corresponds to the work published in [Bra+19b]. CHAPTER 4 corresponds to
the work published in [Der+19]. My main contributions, as a second author,
of that last publication consist of the bounds and dominance rules proposi-
tions, the experiments, and the evaluation of the results.

Subsequently, CHAPTER 5, Mining submatrices of maximal sum in gene ex-
pression data, presents an application of the maximal sum submatrix problem
to biological data. This chapter corresponds to the work published in [BSD19].
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CHAPTER 6, Mining submatrices of maximal sum quicker, presents an im-
proved solution to the maximal sum submatrix problem to find submatrices
in difficult instances. This chapter is an ongoing work not yet published.

Finally, CHAPTER 7, Conclusions and perspectives, summarises the main
conclusions and results obtained and investigates some directions for future
works.
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The maximal sum
submatrix problem

1.1 Definition

Consider a matrix M € R"™" with m rows and n columns. The matrix is
associated with a set of rows R = {ry,...,r;;} and a set of columns C =
{c1,...,cn}. Entry M; j is the real value in row i and column j of the matrix,
with i € Rand j € C. FIGURE 1.1a presents an illustrative instance matrix M.

A submatrix is a subset of rows and columns from an input matrix. For-
mally, the submatrix (I, J) denotes all the elements M; ; of the matrix M such
thati € Tand j € J with T C Rand J C C. We say that (T, J) covers all these
elements. Alternatively, we say that these elements are covered by (1, J).

The weight of a submatrix refers to the sum of entries it covers. The
weight of a submatrix (I, J) is maximal if any other subset of rows and columns
is of smaller weight. That submatrix (I, J) is of maximal sum.

FIGURE 1.1b presents the maximal sum submatrix associated with the in-
put matrix M in FIGURE 1.1a. The weight of ({1, r2, ra, rs5}, {c2, c4, C5,C6}) s
27.3. There is no other combination of rows and columns with larger weight.

The problem of finding such a maximal sum submatrix (MSS) is formally
stated in DEFINITION 1.

DEFINITION 1.
Let M € R™" be a matrix of m rows and n columns. Let 6 be a minimum
threshold to consider entries as potentially relevant or informative. Let R =
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c1 co c3 cy cs Cg Co cy cs Cg

| | | | | | | | | |
rn--42 -21 -32 39 21 50 - -2.1 39 21 50
r--51 23 -41 31 40 -09 T2 - 2.3 31 40 -09

rs--32 19 40 34 -21 -41
rs--52 09 03 -41 30 20 T4 - 0.9 -41 30 20
rs--01 01 -1.2 52 09 19 T5 - 0.1 52 09 19

To- 42 50 09 27 02 -19
(a) Instance matrix M. (b) Submatrix of weight w = 27.3.

Figure 1.1: An example matrix and one of the possible submatrices associ-
ated. Low and high values are indicated in blue and red, respectively.

{r1,...,xtm}andC ={cy,...,cn} be the set of rows and columns of M, respec-
tively. The maximal sum submatrix problem consists in finding the submatrix
(1%,7%), with1* C R and J* C C, such that:

(I%,77%) = argmax E (M;; - 06) . (1.1)
ISR er
sée IE]

The maximization term in EQuATION (1.1) rewards matrix entries with
values above the threshold 6. Matrix entries with values below 8 are pe-
nalized. Changing this threshold allows controlling the size of the optimal
submatrix. FIGURE 1.2 illustrates solutions for two definitions of 6 and FiG-
URE 1.1b presents the solution with 6 = 0. One only considers matrices with
values both above and below the threshold. The optimal solution is trivially

[ cy cy Cy cy c, Cs
I | I I | | |
- 13 34 23 94 76 105
Tr- 04 78 14 86 95 46
3- 23 74 95 89 34 14
Ty- 03 64 58 14 85 7.5

Ts5 - 0.1 Ts- 54 56 43 107 64 74

Ts- 13 05 64 82 57 36
(a) Threshold 5.1. (b) Threshold -5.5.

Figure 1.2: The submatrices of maximal sum obtained from different thresh-
olds applied on the instance matrix in FIGURE 1.1a.
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defined otherwise.
In the remaining of this work, we consider the simpler formulation of the
problem defined below:

(1%,7%) = argmaxz M;; . (1.2)
ISR e
JCC jeT

The latter formulation implicitly assumes that the threshold 6 is equal
to zero. A domain expert can set a different threshold by subtracting some
constant to all matrix entries. The threshold 6 is explicitly subtracted during
the maximization in EQuATION (1.1). Alternatively, that threshold is implicitly
subtracted prior to the maximization in EQUATION (1.2).

The maximal sum submatrix problem is N'-hard from a simple reduction
of the maximum edge weight biclique problem [DKT96].

THEOREM 1.
The maximal sum submatrix problem is NP -hard.

Proof. The NP-hard maximum edge weight biclique problem (MWBP) in-
troduced by Dawande, Keskinocak, and Tayur [DKT96] is defined as follows:
given a bipartite graph B = (V; UV,,E), find Uy C V4, Uy C V; such that
V(u,0) € Uy XU, : (u,0) € E (biclique constraint) and such that the sum of the
edge weights >, w(u,v) is maximum. That problem can be reduced
(u,v) EUL XU,
to the maximal sum submatrix problem by defining a |v;| X |Vz| matrix with
values M; ; = w(i, j) if (i, j) € E, —co otherwise. Any solution to the maximal
sum submatrix problem with an objective value larger than —co corresponds
to a biclique in B and its objective is the same as in the original maximum
edge weight biclique problem. O

This maximal sum submatrix problem is difficult to solve, especially in
gene expression analysis, as one is typically interested in solving it for large
instances made of thousands of genes and possibly hundreds of samples.

1.2 Interpretation in gene expression analysis

Gene expression data is typically represented as a large matrix of gene ex-
pression levels across various samples. Values are generally in a continuous
range, for instance on a logarithmic scale, and properly normalized: negative
and positive values represent expression values below and above a thresh-
old 0, respectively. That threshold may correspond to the median expression
level over the whole matrix, or a row-specific value representing the average
expression level of a gene across all samples.
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The objective function defined in EQuATION (1.2) seeks for subsets of rows
and columns with globally high values. In biological terms, one looks for
a subset of biomarkers that are, after appropriate normalization, relatively
highly expressed among a subset of samples.

After proper normalization, positive values are considered the interesting
ones for the maximal sum submatrix problem. They correspond, by default,
to the high levels of expression one is interested in finding in the instance
matrix. One could also look for low expression levels by replacing such a
normalized matrix M by its opposite —M.

1.3 Identifying k submatrices

A natural extension to the MSS problem is to identify K submatrices that to-
gether maximize the sum of the entries covered. Such an extension has many
practical data-mining applications where one is interested in discovering K
strong relations between two groups of variables (rows and columns) repre-
sented or representable as a matrix.

In gene expression analysis, rows correspond to genes and columns to
samples, and the value in M; ; is the measurement of the expression of gene
i in sample j. One is typically interested in finding a subset of genes that
present high expression in a sample subset. It would indicate that a particu-
lar biological pathway made of these genes is active in these samples. Finding
multiple pathways is a common task in gene expression analysis. Indeed, a
gene might participate in multiple pathways specific to different subsets of
samples. Similarly, several biological pathways might be active simultane-
ously in a sample.

In migration data, rows correspond to source location and columns to
destinations. The value M;; represents the number of persons that moved
from source location i to destination j. The goal is to find multiple groups of
source and destination pairs characterized by large, conjoint migration flow.
The data could be a square matrix with identical row and column labels. The
matrix content above the diagonal would be redundant with the content be-
low it, and the diagonal does not appear relevant for migration studies. In
practice, however, countries could be split into source locations and destina-
tions, without overlaps, based on:

m the continent they belong to,
m the richness of the countries,

= common governments policies,
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Such splits allow to answer more specific questions regarding migration flows
among continents, poor and rich countries, or between locations with major
policies differences. Likewise, locations could be divided between free and
infected regions when studying the spread of a pandemic.

A sports journalist could be interested in Olympic games to discover mul-
tiple pairs of (countries subsets, sports subsets) of strong performance. The
matrix value M; ; then represents the number of medals obtained by the coun-
try i in sport j. Similarly to migration data, the aim is to find specific countries
with high performance in specific sports and conversely.

A simple adaptation of the problem in DEFINITION 1 to maximize the sum
of the weights of the K submatrices is not relevant. Indeed, the optimal solu-
tion is trivially defined as selecting K times the maximal sum submatrix. Such
a solution does not bring any useful information other than the maximal sum
submatrix. One must modify the objective function or impose additional con-
straints to find pairwise-different submatrices.

We considered two such alternatives. CHAPTER 3 presents an extension
with disjunction constraints preventing any overlap of the K submatrices.
Then, an extension with overlap opportunities is presented in CHAPTER 4.
The problem is defined as the sum of entries covered by at least one subma-
trix. These extensions are defined such that the ordering of the submatrices
is irrelevant.

1.3.1 Disjoint submatrices

CHAPTER 3 presents an extension to the MSS problem to find K submatrices.
It relies on a modification of the problem introducing a disjunction constraint.
The disjunction constraint enforces that the intersection of entries covered by
any pair of submatrices is empty. In other words, each matrix entry cannot
be selected more than once. It must be stressed that any submatrix pair may
share rows or columns. The disjunction constraint only prevents submatrices
from sharing both rows and columns at the same time.

Such a structure of the solution is commonly called nonoverlapping nonex-
clusive nonexhaustive in the context of biclustering:

m each matrix entry can be covered by at most one bicluster,
m every bicluster pair can share some row or some columns but not both,

m some rows and columns can be excluded from all biclusters.

1.3.2 Possibly overlapping submatrices

CHAPTER 4 presents an extension to the identification of K possibly over-
lapping submatrices with maximal weight. It relies on a modification of the
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objective function such that covered entries contribute strictly once to the
objective. In other words, the coverage is important, not the number of times
an entry is covered. The objective is to discover K submatrices that together
cover the largest sum of entries of the input matrix.

1.4 Related work

The maximal sum submatrix problem and its extensions have several close
and distant variants. This section presents the main similarities and differ-
ences with related works.

1.4.1 Biclustering

Biclustering, also known as co-clustering, is one of the most common ap-
proaches in gene expression analysis as it identifies specific subsets of rows
and columns which jointly form homogeneous entries.

A substantial number of biclustering methods and applications have been
described since the application of biclustering, introduced in [Har72], to gene
expression data analysis [CC00]. Several biclustering algorithms reviews have
been published emphasizing on various characteristics of the biclustering al-
gorithms, applications, or results.

For example, Madeira et al. study in [MO04] a collection of sixteen biclus-
tering methods and categorize them according to the structures and patterns
of biclusters they can find, the methods used to perform the search, and the
approach used to evaluate the solution. In [PGA15], the survey mentioned
above is updated and extended to forty-seven biclustering algorithms. Each
method is further categorized based on the use, or not, of evaluation metrics
within the search.

Padilha et al. conduct, in [PC17a], a comparative study on seventeen al-
gorithms on a large collection of synthetic and real datasets. They conclude
that algorithms only achieved satisfactory results in a specific context, and
that the best results are obtained by selecting an algorithm depending on the
specific task at hand. A similar conclusion is presented in [Ere+12], based on
results from a comparative study on twelve algorithms on a suite of synthetic
datasets and eight real datasets.

A systematic summary of basic and advanced biclustering applications
for biological and biomedical data is presented in [Xie+18]. Guidance on the
appropriate algorithms and tools to effectively analyze specific data types and
to generate valuable biological knowledge is provided.

Biclustering is typically applied on a dataset in the form of a matrix M
where the entry M;; represents the value of a specific row i (e.g. a gene)
obtained for a specific column j (e.g. a sample). A bicluster is a submatrix
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of M defined by a subset of selected rows and a subset of selected columns.
The selected rows or selected columns need not be contiguous in the original
matrix M.

Biclustering algorithms tend to produce biclusters sharing similar expres-
sion values, such as minimizing the variance across the selected genes and
selected samples. However, some relevant biclusters may be missed when,
due to the presence of a few outliers, they lack the assumed homogeneity of
expression values among a few gene/sample combinations.

As an alternative, the maximal sum submatrix problem seeks for subsets
of rows and of columns with globally high values. They form a rectangular,
and not necessarily contiguous, submatrix of the original data matrix exactly
like biclusters do. Yet, the mathematical criterion used to find such submatrix
differs and is less influenced by the presence of some outliers. There is no
assumption of homogeneity in the maximal sum submatrix problem. The
difference is illustrated in FIGURE 1.1b where a highly negative entry —4.1 in
(x4, cq) is selected. This results from the sums of the entries in r4 and in ¢4
which contribute positively to the maximal sum. In contrast, as one looks for
a rectangular submatrix, a positive entry may be excluded from the optimal
solution if it is penalized by the presence of negative values along its row
and its column. This is the case, for example, for entry 4.0 in row r; and
column cj of this toy example. In the biclustering context, any entry that
differs from entries of a bicluster or from entries in its row or its column is
not expected to be selected. FIGURE 1.3 represents the results obtained with
two different biclustering algorithms, namely CCA and 1SA (further described
in the section 5.2 Mining approaches), starting from the same toy example
(FIGURE 1.1a). Both their solutions strongly differ from the one represented
in FIGURE 1.1b. In particular, the CCA solution includes many negative entries
as they imply a lower variance along selected rows and selected columns. In
contrast, the ISA solution only includes positive entries but is missing several
genes and samples that should arguably be selected as in FIGURE 1.1b.

1.4.1.1 Cohesive biclusters

Cohesive biclusters, with high average values, are build by aggregating en-
tries that are higher than a certain threshold such that the average value of the
bicluster is higher than a second threshold [Pio+13; Pio+15]. Then all entries
must be higher than the first threshold, while in the maximal sum submatrix
problem, there is no expected minimum value for an entry to be selected.

1.4.2 Maximum subarray

The maximum (contiguous) subarray problem introduced in [Ben84] iden-
tifies a subarray of maximal sum from an array. For a one-dimensional ar-
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C1 C2 c3 C2 Cs5

r- 42 -21 -32

s - 2.3 4.0
ri- 52 09 03 Ty - 0.9 3.0
(a) CCA solution. (b) ISA solution.

Figure 1.3: Bicluster found using CCA and ISA on the instance matrix in F1G-
URE 1.1a.

ray, this problem can be solved in linear time by Kadane’s algorithm [Ben84].
Cubic and sub-cubic time complexity algorithms have been proposed in the
two-dimensional case [Ben84; Tak02; TT98]. This problem is however sim-
pler than the maximal sum submatrix problem since the selected submatrix is
constrained to be formed of contiguous rows and contiguous columns from
the original matrix. Such a restriction is however not justified in the general
context of transcriptomics since it would require to know in advance unique
and specific orders in which the genes and the samples can be clustered.

1.4.3 Maximal ranked tile mining

The maximal ranked tile mining problem has been introduced in [Le +14].
This is a special case of the maximal sum submatrix problem for which the
matrix entries are discrete ranks, corresponding to a permutation of column
indices on each row.

Two extensions to the maximal ranked tile mining problem to mine K
submatrices have been considered. The diverse ranked tiling imposes a dis-
junction constraint on the rows: no two submatrices can have overlaps on
their rows. The ranked tiling considers penalties for the possible overlaps of
submatrices.

While the discrete ranking is an important characteristic of the maximum
ranked tile mining problem, and the associated extensions, the corresponding
constraint programming solutions do not require discrete entries nor benefit
from it. In this work, we present optimization approaches to solve problems
with arbitrary continuous entries.
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1.4.4 Subgroup discovery

Subgroup discovery is a data mining technique that extracts classification
rules concerning a target variable [Atz15; Her+11]. It departs from the stan-
dard learning of a classifier as the extracted rules are not necessarily intended
to cover all possible instances. Besides, such a technique focuses on the inter-
pretability of the classification rules rather than the generalization capability
to classify new instances. Mining a maximal sum submatrix is somewhat
similar to subgroup discovery, but there is no supervision by a specific target
class variable. The hotspot detection problem, which can be considered as a
particular form of subgroup discovery, aims at identifying subgroups that are
unexpected with respect to some baseline information [FG15]. In the maxi-
mal sum submatrix problem, one does consider globally high values without
any baseline distribution of the data.

1.5 Constraint programming

Constraint programming (CP) is a flexible programming paradigm that is ca-
pable of solving optimization problems. It received an increasing interest
for solving unsupervised (clustering) data-mining problems [Le +14; SAG17;
Kuo+18; AGS16; Bes+16; DV+17; CS17].

As a declarative approach, it only requires to model the problem and, by
using existing solvers, let it search and find solutions.

A model is defined as a constraint satisfaction problem CSP = (V, D, C)
where V is the set of variables, D is their respective domains, and C is a set of
constraints defined over the variables. A feasible solution is an assignment of
the variables to values of their domains such that all constraints are satisfied.

1.5.1 Constraints

Constraints are exploited to iteratively reduce the domains of variables. Such
constraint propagation reduces the number of variable assignments to con-
sider. Once all unfeasible values are removed from the domains of variables,
the fix-point of the propagation is reached. Then the solver selects a variable
X € V that is unbound and recursively calls the solver while assigning a value
to this variable.

Through depth-first-search (DFS) exploration of a search tree, the solver
either reaches a solution or backtracks when the domain of variables becomes
empty. Using a branch & bound (B & B) depth-first-search avoids the explo-
ration of proven suboptimal solutions.
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1.5.2 Efficient backtracking

Efficient backtracking is achieved through trailing, a state management strat-
egy that facilitates the restoration of the computation state to an earlier ver-
sion, effectively undoing changes that were imposed since then.

The trail exposes two methods: saveState and restoreState to re-
spectively time-stamp the current state and restore it. Its implementation is
captured in terms of two simple stacks. The first stack holds entries to undo,
the second one holds the frame sizes stacked between two consecutive calls to
saveState. Trailing enables the design of reversible objects defined on the
trail. We refer to MiniCP [MSV18] for a detailed description of trailed-based
solvers.

1.5.2.1 LNS

The search space of some problems can be so large that proving optimality re-
quires excessive computational time. To overcome this limitation, exhaustive
CP search can be embedded into a large neighborhood search (LNS) [Sha98].
LNS is a local search approach using CP to discover improvements around
the current best solution:

m First the CP exhaustive search is used during a limited time, to discover
an initial solution.

m For a given number of iterations, the CP exhaustive search is used again
but this time with some variables partially fixed as in the current best
solution.

The LNS strategy is commonly implemented as follows: after a given
number of backtracking, the constraints on a fraction of the variables of the
best solution found so far are removed and the search restarts in another re-
gion.

LNS may improve the time to identify a good solution at the cost of losing
the possibility to prove optimality since the search is no longer complete.

1.6 Submatrix modeling

Submatrices are modeled in subsequent chapters using either binary decision
variables or set variables. Preference is given to the model that best clarifies
the description and simplifies the notations. In practice, however, all origi-
nal CP implementations rely on sparse-sets. A sparse-set is an efficient data
structure to store, add and remove elements from a collection [BT93]. Storing
the dynamic size of the sparse-set in the trail allows restoring the collection
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to earlier versions in O(1). A submatrix is modeled using four sparse-sets to
encode:

1. the rows that might or might not be in the submatrix,

2. the columns that might or might not be in the submatrix,

3. the rows required in the submatrix,

4. the columns required in the submatrix.

Rows and columns excluded from a submatrix are implicitly defined as the
rows and columns absent from the four sparse-sets.






Mining a submatrix of
maximal sum

2.1 Introduction

The problem of finding a maximal sum submatrix (MSS) is presented in the
previous chapter. The particular application of the MSS problem to biological
data is presented in SEcTION 1.2. Le Van et al. [Le +14] proposed a constraint
programming approach combined with large neighborhood search (LNS) to
solve the special case where matrix entries are discrete ranks.

This chapter aims at proving the applicability of the problem in instances
matrices with orders of magnitude more rows and columns as is common
in biological applications. Gene expression data is typically represented as a
large matrix of tens of thousands of gene expression levels across hundreds
of samples. A submatrix of maximal sum defines in such data a subset of
genes that present a high expression pattern for a specific subset of samples.
The study of such data is a valuable tool to improve the understanding of the
underlying biological processes.

The main contributions are:

1. the refinement of the search space of the maximal sum submatrix prob-
lem;

2. the definition of an upper bound that is easy to compute, speedying up
the search for a solution;

13
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3. the design and implementation of two CP and two mixed integer linear
programming models;

4. experiments on real gene expression data and synthetic data showing
the performance of each implementation;

5. the study of the relative benefits of the proposed methods across vari-
ous problem instances.

2.2 Search space

For a defined subset of columns J, the objective function can be formulated

as f (I,J) = > r; with r; being the contribution of the row i. In other words,
ie1

r; is the sum of entries in row i and in the set of columns J:

ri = ZMi’j . (21)

jes

This is important as the actual search can be limited to one dimension
through independent computation of the contributions along the other di-
mension. Indeed, for any of the two dimensions being fixed, optimization
along the other dimension is straightforward since it amounts to select only
the subset of entries whose contribution is positive. The subset of rows I;* C
R that maximizes the weight of a submatrix with a fixed subset of columns
J C Cisidentified as:

1, = argmaxZMu ={ierR|r; >0} . (2.2)
ISR Yer
jer

In the gene expression analysis context, with order(s) of magnitude more
rows (the genes) than columns (the samples), one typically searches for a
subset of columns and selects the associated optimal subset of rows.

The search space of the maximal sum submatrix problem contains 2™ X
2" feasible solutions that are rectangular submatrices (I CR,J C C) of the
original m by n matrix M. Thanks to the independent contribution along one
dimension, the number of feasible solutions to be explicitly evaluated is thus
reduced to 2" X m.

2.3 Optimization approaches

There is more than a single way to address the maximal sum submatrix prob-
lem. Two types of approaches are considered: constraint programming and
mixed integer linear programming. A submatrix is modeled using boolean de-
cision variables to insert or exclude rows and columns in a submatrix. That
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common modeling is first presented. Three CP approaches and two MILP
models are subsequently given.

Note that the actual constraint programming implementations rely on
sparse-sets (see SECTION 1.6).

2.3.1 Modeling with boolean decision variables

A submatrix from an m by n matrix M can be modeled with two boolean
decision vectors R and C associated with the rows and columns, respectively.

DEFINITION 2.

LetR = (Ry,...,R,,) denote a boolean decision vector associated with the rows
{r1,...,tm} of matrix M. The domain of R; is Dom(R;) = {0,1} for anyi €
{1,...,m}. The boolean decision variable R; is assigned the value:

m 1 if the row r; is selected, or belongs to the submatrix;
m 0 if the row r; is excluded, or does not belong to the submatrix.

Similarly, C = (Cy,...,C,) denotes the columns of matrix M. The domain of
C; is Dom(C;) = {0,1} for any j € {1,...,n}. The boolean decision variable
C; is assigned the value:

= 1 if the column c; is selected, or belongs to the submatrix;
= 0 if the column c; is excluded, or does not belong to the submatrix.

Defining a submatrix (I, J) consists in assigning a value to each variable
of RandCsuchthat1={ieR|R;=1}and T ={jec|C; =1}

DEFINITION 3.

LetR® = {i € R | R; = 1} denote the selected rows. Let C€ = {j e C| C; = 1}
denote the selected columns.

LetR® = {i € R | R; = 0} denote the rows that do not belong to the submatrix.
Let C* = {j € ¢ | C; = 0} denote the columns that do not belong to the
submatrix.

LetR” = {i € R | Dom(R;) = {0,1}} denote the unbound rows, or rows that
are not assigned a value yet. Let C* = {j € C | Dom(C;) = {0,1}} denote the
unbound columns.

An assignment of the variables (Ry,...,Ry,) and (Cy, ..., C,) is complete
if R? = 0 and C* = 0. Any complete assignment defines a submatrix which is
a feasible solution to the MSS problem. Finding a best solution requires some
way of specifying which feasible solutions are better than others. An objective
function allows to specify which solutions are better than others. The weight
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of a submatrix is an objective function to compare submatrices. It maps any
feasible solution to a real value that can be maximized.

Finding a maximal sum submatrix consists in finding a complete assign-
ment of the variables in R and C such that f(R€, C€) is maximal:

FRECH = > My; . (2.3)
ieR€
jiCE

2.3.2 Constraint programming

The performance of constraint programming techniques, introduced in SEc-
TION 1.5, depends on the model representing a problem. Three different mod-
els are shown in this subsection. First, the original model proposed by Le Van
et al. [Le +14] is presented. A refinement of that model is subsequently given,
exploiting the reduction of the search space presented in SEcTION 2.2. Finally,
a new algorithm capturing the whole MSS problem in a global constraint is
defined.

2.3.2.1 CP-LNS,

The maximal sum submatrix problem is modeled by Le Van et al. [Le +14] as
follows:

maximize Z RixC;jxM;; , (2.4)
i€eR,jeC

ViER:R,-=14:>ZCj><M,-J20, (2.5)
jec

Vjiec: Cj=1e ) RixM;;>0 . (2.6)
i€ER

EXPRESSION (2.4) states the optimization problem. The exploration of the
depth-first-search tree leads to a leaf, or feasible solution, as soon as all rows
and columns variables are bound.

The model relies on the idea that any row should be selected if and only
if the sum of entries along the selected columns is positive. These constraints
on the rows are reified in EQUATION (2.5). A constraint c is reified if there is
a Boolean variable b associated with ¢ such that c is satisfied if and only if
b is true. Reified constraints are similarly defined on the columns in EQua-
TION (2.6).

Redundant constraints are constraints that can be omitted without chang-
ing the solution space. The constraints in EQUATION (2.5) and EQUATION (2.6)
are redundant as they are implicitly defined in the maximization term in
ExPRESSION (2.4). However, these constraints are usefull as they permit a
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stronger filtering during the search. Assume a complete assignment on the
columns, C* = (. The optimal solution can be found by applying |R?| redun-
dant constraints from EQUATION (2.5). These constraints filter 2Rl _ 1 nodes
of the search tree.

The large neighborhood search strategy, presented in SEcTION 1.5.2.1, is
implemented here as follows:

1. Search for a solution until a given number of backtracking happens.
2. Perform a uniform random selection of half of the columns.

3. Constrain these variables to their value in the current best solution.
4. Repeat 1 on the other variables.

LNS may improve the time to identify a good solution at the cost of losing
the possibility to prove optimality since the search is no longer complete.

2.3.2.2 CP-LNS

An improved CP model obtaining the same filtering as the original one but
resulting in a lighter propagation of the constraints is proposed as follows:

maximize Z R; Xr;, (2.7)
ier
with VieR: riZZCjXMiJ s (2.3)
jec
suchthat VieR: Rij=1or; >0 . (2.9)

EXPRESSION (2.7) states the optimization problem. The objective is to max-
imize the sum of rows contributions r;, formalized in EQuaTION (2.8), for the
rows that are selected.

First, the search is performed on the column variables until all are bound.
By virtue of the search space reduction presented in SECTION 2.2, the tree
reaches a leaf as soon as the column variables are bound. The rows contri-
butions are computed afterwards in EQuaTion (2.8). Finally, each row with
positive contribution is constrained in EQuATION (2.9) to be selected. Rows
with negative contributions are excluded.

This improved model avoids the computation of the quite-heavy reified
sum constraints in EQUATION (2.6) and reduces the number of terms in the ob-
jective function. As each product between variables in the objective is trans-
lated into a small binary constraint, reducing their number from |R| X |C| to
|R| makes a significant difference in the time spent to compute the fix-point
in each node.
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In the gene expression analysis context, m = |R| can easily be orders of
magnitude larger than n = |C|. Then, the following symmetrical counterpart
of CP-LNS would benefit of a smaller number of terms in the objective and a
smaller number of reified constraints:

maximizeZCjXCj ,
jec
with VjEC: cj:ZRiXMi,j s
i€R
suchthat Vjec: Cj=1&¢; >0 .

However, the benefits are balanced by the branching performed on the
rows rather than on the columns as in EQUATIONS (2.7-2.9). The size of the
search space is significantly increased from 2" X m to 2™ X n .

Note that the CP-LNS model and its symetrical counterpart have an iden-
tical search space and identical depth-first-search exploration if they are given
as input matrix M and its transpose M, respectively.

2.3.2.3 CP Global Constraint

A global constraint is a constraint that captures a relation between a non-fixed
number of variables. An example is the constraintalldifferent (xy,...,x,),
which specifies that values assigned to the variables xy, . . ., x,, must be pair-
wise distinct. Typically, the relations between variables in a global constraint
can be expressed as the conjunction of several simpler constraints. A global
constraint facilitate the work of the constraint solver by providing it with a
better view of the structure of the problem [HK06].

The CP models CP-LNS, and CP-LNS employ reified constraints to ex-
press the relations between row and column variables Ry, ..., R, Cy,...,Cy.
Theses relations can equivalently be expressed as a global constraint captur-
ing the whole MSS problem. ALcoriTHM 1 presents the pseudo-code of an
algorithm encapsulated inside a global constraint. The call to the bounding
and filtering procedures has been made explicit. In practice, the lines 10 to
16 would be encapsulated in the global constraint triggered by the fix-point
algorithm.

The key characteristics of the global constraint approach described in Ar-
GORITHM 1 are:

m A feasible solution at each node of the search tree.
m An efficient bounding procedure.

= An efficient procedure to filter the domains.
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Algorithm 1: CP Global Constraint

Data: M, C, R
Output: Columns of the maximal sum submatrix in M

1 best «— —o0 // best so far objective
2 bestCol «— 0 // best so far columns
3 rPU™: array[m] // partial sums of rows

4 Function dfs():
if C’ # 0 then

5
6 j « selectUnboundvar( C?)
7 foreach v € {0,1} do
8 saveState()
9 Dom(C;) <o
10 currentBest < evaluate ()
11 if currentBest > best then
12 best «— currentBest
13 L bestCol «— C*€
14 ub « upperBound ()
15 if ub > best then
16 filter()
17 L dfs()
18 restoreState()
19 return bestCol
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The actual implementation of ALGORITHM 1 benefits from the use of re-
versible objects to allow efficient backtracking (see SEcTiON 1.5.2 Efficient
backtracking) for each call to the restoreState() function.

The CPGC name comes from the fact that the implementation captures
relations between the rows and columns and provides a bound on the sum
of covered entries. However, it also presents dominance rules and filtering
procedures to reduce the time spent finding a solution. Consequently, AL-
GORITHM 1 is rather a dedicated solution to the MSS problem than an actual
global constraint.

A feasible solution at each node of the search tree. CP usually updates
its feasible solution and best so far lower bound in the leaf-node of the search
tree, that is when every variable of the problem is bound. One can observe
that for the maximal sum submatrix problem, any partial assignment of the
variables can be extended implicitly as a complete solution for which the un-
bound variables would be set to 0. In other words, all C’ variables are con-
sidered unselected in each node. Consequently, there is no need to wait that
every variable is actually bound to evaluate the solution and possibly update
the best so far lower bound. The value of the objective function of the feasible
solution is computed in the evaluate () function, ALGORITHM 2, as the sum
of the positive rows contributions of the partial solution:

Z max (0, r;74m) | (2.10)
ier
with rl_psum = Z Mi,j . (211)
jeCe

That definition is a direct consequence from the search space reduction pre-
sented in SECTION 2.2.

An efficient bounding procedure. CP uses a branch & bound depth-first-
search to avoid the exploration of proven suboptimal solutions. The B & B
performance depends on the strength and efficiency of the procedure to com-
pute the upper bound. A simpler yet efficient bounding procedure for the
maximal sum submatrix problem is presented hereafter. Intuitively, one com-
putes an upper bound on the row contribution of each row and sums up all
the positive bounds on the rows.

The upper bound on the contribution of a row is the sum of the matrix
entries in the selected columns plus the sum of the positive entries in the
unbound columns:

riub = ripsum + Z max (0, Mi,j) . (212)
jec?
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Algorithm 2: Evaluating the objective value
Data: M, C, R, rPsum
Output: The weight of the best submatrix with columns C€

1 Function evaluate():

2 for j e C’do

3 if Dom(C;) # {0,1} then

4 C’'—C"\j

5 if Dom(C;) = {1} then

6 foreach i € R’ do

7 L L pPSUm  p psum +Mi,j
8 obj — 0

9 foreach i € R’ do
10 L obj « obj + max(0, r;*4™)
11 return obj

The upper bound for any partial assignment is the sum of positive bounds
on the rows:

Zmax 0, r;m 4+ Z max (0, M;;) | - (2.13)

i€R jEC?

The bound is admissible but not tight as it may optimistically evaluate the
objective:

Zmax 0, r;Psum 4 Z max (0, M; ;)| > Z M;; . (2.14)

I€ER jec? ieR*
jeC*
|
Upper bound from EQuATION 2.13 Optimal solution

Indeed, it relies on a per-row relaxation of the problem, each row selecting a
possibly different set of columns.

The upperBound () function, ALGORITHM 3, is an implementation of the
proposed upper bound using reversible double to store the incremental mod-
ifications of the partial contribution of the rows. Using a reversible sparse-set
for the candidate row variables R” allows an efficient exclusion or inclusion
of the rows through descent or backtrack [Sai+13]. Indeed, as soon as the
bound on the row contribution becomes negative it should not be considered
in the descendant nodes of the search tree. The number of rows to consider
goes from exactly |R| to at most |R|.
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Algorithm 3: Computing the upper bound
Data: M, C, R, rPsum
Output: The upper bound of a partial assignment

1 Function upperBound():

2 ub— 0

3 for i e R” do

4 rl_ub — ripsum

5 foreach j € C’ do

6 L ri® — r;** + max(0, M; ;) // see equation 2.12
7 if r;“* > 0 then

8 ‘ ub — ub+r;4b

9 else

10 L R’ « R\ i // rP" always <0
11 return ub

An efficient filtering procedure. The filter() function, ALGORITHM 4,
evaluates the upper bound result for two one-step look-ahead scenarios:

1. if column j would be selected,

= that look-ahead upper bound is denoted ub;<;
= any column j such that ub;€ < best is discarded: its inclusion can
only lead to worst solution than the best solution found so far;

2. if j would not be selected,

= that look-ahead upper bound is denoted ub;¥;

= any column j such that ub;# < best is included: its exclusion can
only lead to worst solution than the best solution found so far.

The time complexity for computing all the look-ahead upper bounds is
in O (|R?| X |C?|). Indeed the look-ahead bound update of each line for each
column can be obtained in O (1) from r;*0.

2.3.3 Mixed Integer Linear Programming

Mixed integer linear programming (MILP) [NW88] involves the optimization
of a linear objective function, subject to linear constraints. Some or all of the
variables are required to be integer. A MILP solver explores a branch & bound
tree using linear programming (LP) bounds at each node of the search tree.
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Algorithm 4: Filtering impossible values

Data: M, C, R, r*

1 Function filter():

2 for j e C’ do

3 ub;jc <0 // upper bound if j was selected
4 ubﬁ «— 0 // upper bound if j was excluded
5 for i e R’ do

6 if M,"j > 0 then

7 if r;ub— M;; > 0 then

8 L ubj¢<—ubj¢+ri“b—M,~,j

9 ub;€ « ubj€+ri”b

10 else if M;; < 0 then

11 Lll’)j¢ — ubj¢+rl-“b

12 if ri”b+Ml-,j > 0 then

13 L ubje «— ubje + }"l‘ub+Ml‘)j
14 if ub; < best then

15 L Dom(C;) <~ Dom(C;) \ {1}
16 if ub;® < best then
17 L Dom(C;) < Dom(C;) \ {0}
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It differs from a classical branch and bound as a linear programming (LP)
relaxation, obtained by removing all the integrality constraints of a node,
is solved before branching. The domain of all rows and columns variables
changes from {0, 1} to [0, 1]. That relaxed problem can be solved in polyno-
mial time and the solution is an upper bound on the objective value of the con-
strained problem. As an upper bound, the LP relaxation solution can be used
to prune out suboptimal solutions. If any integer variable is associated with
a fractional value in the linear programming relaxation, two subproblems are
generated imposing restrictions on the domain of that variable. When all in-
tegrality constraints are satisfied in the solution of a node, then it corresponds
to a feasible solution and the lower bound is possibly updated.

In an initial formulation, each entry of the matrix is associated with a
decision variable that takes the value 1 if and only if both rows and columns
are selected. The objective function is computed as the sum of the selected
matrix entries.

2.3.3.1 Initial model

The maximal sum submatrix problem can be linearized as:

maximizeZMi,j XXij , (2.15)
jee
subjectto x;; <R; , VieRVjecC, (2.16)
xij <Cj, VieRVjecC, (2.17)
xij 2R +Cj -1, VieRVjecC, (2.18)
R; € {0,1} , Vier, (2.19)
Cje{o1}, Vjec, (2.20)
xij €{0,1} , VieRVjecC, (2.21)

where:
m each row i is associated with a binary decision variable R;;
= each column j is associated with a binary decision variable C;;
= each matrix entry is associated with a binary decision variable x; ;.

The objective function is computed as the sum of matrix entries whose de-
cision variable is set to one. Equations (2.16-2.18) enforce that variable x; ; = 1
if and only if R; = 1 and C; = 1. All these decision variables are relaxed to
the interval [0, 1] at each node of the search tree of the MILP solver.
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2.3.3.2 Big M model

An improved and more compact MILP formulation of the problem is proposed
hereafter. It relies on the search space study in SECTION 2.2: a row is selected
if and only if its contribution to the weight of a submatrix is positive.

A variable r;* is defined for each row i € R. Variable r;" takes the value
of the contribution of row i if the contribution is positive, 0 otherwise:

. L & My i X M >0,
VieR: r;7 =qJ€Ce jece (2.22)
0, otherwise .

That formulation is equivalent to the following:

Vi eR : r;* = max(0, Z M;;) . (2.23)
jeCe

The objective is to maximize the sum over these variables r;*. This model
uses “big M” constants to linearize EQUATION (2.23). The big M method ex-
tends the use of the simplex algorithm to problems that contain smaller-than
constraints. It does so by associating the constraints with large positive con-
stants which would not be part of any optimal solution, if it exists.

The maximal sum submatrix problem using big M constants is stated as
follows:

maximize Z rit, (2.24)
i€R
subjectto r; = Z M;; xC; , Vi €ER , (2.25)
jec
r <SRy x WM, VieR, (2.26)
ri<ri+(1-R)xM;™ VieR, (2.27)
R; € {0,1} , Vier, (2.28)
Cje{o1}, Vjec, (2.29)

where IM;* and IMM;~ are the upper bound and lower bound, respectively, on
the sum of entries in row i.

The combination of the maximization term in EQUATION (2.24) and EQua-
TIONS (2.26) and (2.27) linearize r;* = max(0, r;) with r; being the sum of the
selected entries in row i. Specifically, EQUATIONS (2.26) and (2.27) ensure that
rit < max(0,r;).

Consider the influence of the possible values of the decision variable R;
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on the model:

VierR: R;=1 =>r,-+Sr,-+(1—Ri)><§IR,-_SRixiTJi,-+, (230)
rit <ri, (2.31)
VieR: R;=0 :>ri+SRi><§Ui,-+Sri+(1—Ri)X§m,-_, (232)
rif<o0. (2.33)

From the maximization term in EQUATION (2.24),
ri>0 = ri*=r; = {0} ¢ Dom(R;) . (2.34)

Indeed, if r; > 0, the best assignment for r;* is r;* = r; which requires that
R; = 1. Otherwise, the best assignment is r;* = 0 which requires that R; = 0.
This formulation is valid if and only if ;" > r; and MM;™ + r; > 0 for any
row i € R.

To avoid rounding errors and ill conditioned matrices, the big M constants
can be replaced in EQUATIONS (2.26) and (2.27) as:

Vier: W= > max(0,M;;) (2.35)
jec

VierR: M =- Zmin(o, M) . (2.36)
jec

2.4 Experiments

This section describes experiments conducted to assess the relative perfor-
mance of three algorithms to solve the maximal sum submatrix problem.
CP-LNS denotes the improved version of the method CP-LNS proposed by Le
Van et al. [Le +14]. The other algorithms are original methods proposed in
the present work:

1. CPGC: a CP approach with a global constraint;

2. MILP: a mixed integer linear programming approach using “big M”
constants.

These algorithms are first compared on data matrices which are generated
in a controlled setting. Experiments on the breast cancer gene expression data
used in [Le +14] are reported next.

The main criterion to assess the performance of the various methods is
the computing time to solve a particular problem instance.

All algorithms have been implemented in the Scala programming lan-
guage (2.11.4). Each run is executed with a single thread on a MacBook Pro
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(OS version 10.10.5) laptop (Intel i7-2720 CPU @ 2.20-3.30GHz, 4GB RAM per
run). Constraint programming implementations are based on OscaR [Osc12]
(version 4.0.0) and MILP is based on Gurobi (version 7.0.2). The code, datasets
and supplementary results are provided in [BS19].

2.4.1 Evaluation

One could assess algorithms performance through runtime or number of fea-
sible solutions. While the former may depend on implementation details, the
latter strongly depends on the time spent in each node. As an example, the
large number of reified constraints in CP-LNS( has a major impact on the time
spent to compute the fix-point in each node while the filtering is as strong as
the filtering of the CP-LNS model. While both should perform equally well
in terms of the number of feasible solutions, it was observed in preliminary
experiments that CP-LNS, is significantly slower than CP-LNS.

We prefer the runtime comparisons as it is a more common approach and
we made sure to implement the algorithms in the most comparable fashion.
This is technically assessed through an any-time profile defined below.

2.4.1.1 Any-time profile

In practice, an important criterion for the user is the time required to solve
an instance and the ability to find the best solution within a given budget of
time. Using any-time profiles, one can summarize these characteristics.

The idea behind any-time profiles is that an algorithm should produce as
high quality solution as possible at any moment of its running time [LS14]. It
directly provides a cumulative probability for a method to solve an arbitrary
instance after a given budget of time. In the MSS problem, a high solution
quality corresponds to a submatrix of large sum. For each instance, runs not
completed in a maximum budget of time t™** are interrupted.

DEFINITION 4.

Let f(i,t), be the objective value of the best solution found by an algorithm
a, from a set of algorithms A, at a given time t on an instance i from a set of
instances S.

Let t™** be the maximal time allocated for any algorithm to solve an instance.

The any-time profile of an algorithm a is the solution quality Q(a, t, A, t™®X,S)

computed on all instances as a function of time:

f(,t)a

o(a, t, A, t™%5) = =& Z FE o (2.37)

i€S

with f(4, ™), = argmax f (4, ™), . (2.38)
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2.4.2 Synthetic data

Synthetic data are generated by implanting a submatrix (I, J) of interest in
a larger matrix M = (R, C) made of m rows and n columns, following a sim-
ilar protocol as proposed by Le Van et al. [Le +14]. The implanted subma-
trix (I, J) forms a specific selection of rows and columns chosen uniformly
at random. For each row index i in {1,...,m} and each column index j in
{1,...,n} of M, a binary variable x; and y;, respectively, is sampled from a
Bernoulli distribution B (p). The associated row or column is included in the
submatrix (1,J) if B(p) = 1. Hence, I = {i e R | x; ~ B(p) = 1} and
T={jec|y; ~B(p) =1} Next, the full matrix M is generated according
to two normal distributions:

= N (1,1) whenever the particular entry belongs to the implanted sub-
matrix,

s N (-3,1) otherwise.

More formally, an instance is defined from parameters m, n, and p as:

Vie{l,....m}je{1,...,n}: (2.39)
xi ~B(p) , (2.40)
yi ~B(p) . (2.41)

N((L,1) , if xx=1Ay; =1,
,-j~{ (LD i =1ny (2.42)

N (-3,1) , otherwise .

Such a generation protocol favors the occurrence of higher values in the
implanted submatrix and lower values elsewhere. Yet, given the standard
deviations chosen equal to 1, both ranges of values may overlap. Therefore,
the implanted submatrix is not guaranteed to be an optimal solution to the
maximal sum submatrix problem. This generation protocol looks however
realistic to define a rectangular (and not necessarily contiguous) submatrix of
interest in a larger matrix.

Problem instances are generated for various matrix sizes (m,n) and a
varying parameter p. As p increases, the size of the implanted submatrix
is expected to increase as well. In the gene expression analysis context, m can
easily be two orders of magnitude larger than n and the submatrix of interest
is typically small as compared to the full matrix. Such cases are included in
the controlled experiments reported below but a larger spectrum of problem
instances is also considered.

2.4.3 Gene expression data

The proposed case study concerns biomarker discovery for breast cancer sub-
types using heterogeneous molecular data types. For a biological analysis and
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interpretation of the results, the reader is redirected to the work of Le Van et
al. [Le +14]. The preprocessed data consists of a matrix of m = 2,211 rows
and n = 94 columns.

Matrix entries are first transformed to discrete ranks along each row.
Ranking allows to easily combine heterogeneous data with different scales.
A given threshold 0 X n is then subtracted from each entry. As € increases,
the proportion of positive entries decreases and, consequently, a smaller sub-
matrix of interest is expected to be found. Hence, the control parameter 60
plays a similar role as the parameter p, defined in SEcTION 2.4.2, but in an
opposite way.

2.4.4 Results

FiGURE 2.1 presents the any-time profile on 50 synthetic data with 100 rows
and p = {0.05,0.3,0.7} for 20 columns (column 1) or 100 columns (column 2).
The CP-LNS, method is clearly outperformed by the CP-LNS method when
the number of columns increases.

These results clearly illustrate the benefits of CP-LNS over CP-LNSy:
while both have identical filtering, the latter uses a lot of reified constraints
and more terms in the objective function which imply longer time spent to
compute the fix-point in each node of the search tree.

FIGURE 2.2 presents the any-time profile on 50 synthetic data with 10, 000
rows and p = {0.05,0.3,0.7} for 100 columns (column 1) or 1,000 columns
(column 2) and the any-time profile on breast cancer gene expression data
with 2, 211 rows, 94 columns and variable choices of 6 (columns 3 and 4).

Results on synthetic data. The CP-LNS method is clearly outperformed
by the two other methods. It can barely produce any solution within the
allocated time budget. The best approach is CPGC followed by MILP. The
reported curves are stopped whenever the proof of optimality is obtained or
else the maximal running time is reached. Hence, CPGC also exhibits best
results whenever proving optimality is possible in the allocated running time.

Results on gene expression data. FEach curve corresponds here to the
performance of an algorithm on a single instance, the one obtained for a spe-
cific choice of 6. On the whole spectrum of instances considered, the clear
winner is CPGC. The most interesting instances are those for which 6 > 0.9
since such settings correspond to small submatrices which are more likely to
illustrate an interesting biological pattern. In such cases, the best approaches
are CPGC and CP-LNS.
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Figure 2.1: Any-time profiles of the constraint programming method with
large neighborhood search by Le Van et al. [Le +14], called CP-LNS,, and an
adapted version of it, CP-LNS.

Reported curves correspond to the average solution quality over synthetic
instances as a function of time, in seconds. Results are computed on 50 syn-
thetic instances with 100 rows, 20 columns (left) or 100 columns (right), a
variable p and a maximum budget of time of 10 seconds.
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Figure 2.2: Any-time profiles of constraint programming with a global con-
straint (CPGC), the constraint programming method with large neighborhood
search (CP-LNS) and a mixed integer linear programming method (MILP).

Columns 1 and 2: reported curves correspond to the average solution qual-
ity over all synthetic instances as a function of time, in seconds. Results are
computed on 50 synthetic instances with 10,000 rows, 100 (column 1) or 1,000
(column 2) columns, a variable p and a maximum running time of 20 (column
1) or 200 (column 2) seconds.

Columns 3 and 4: reported curves correspond to the solution quality over
each gene expression problem instance obtained for a specific 6 as a function
of the time (in seconds). Results are computed on breast cancer gene expres-
sion data with 2,211 rows, 94 columns and various 0 values for a maximum
CPU time of 1,000 seconds.
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Influence of randomness on LNS. Each restart of the LNS allows explor-
ing the neighborhood of the best solution found so far. However, the restart
frequency influences the ability to find improving solutions in the neighbor-
hood. In practice, the LNS restarts after a parametrized number of backtracks.
There are two extreme cases:

1. restart on the first backtrack, which is equivalent to generating solu-
tions without exploration of the solution neighborhood,

2. restart after an infinite number of backtracks, or no restart, which is
somewhat equivalent to a complete search.

The best parameter value for LNS restart probably lies between these extreme
cases and is influenced by the restart strategy and the problem to solve. These
elements could be tuned to fit certain contexts or problems. However, the
quality of the LNS restarts also depends on the randomness when fixing some
of the variables.

We performed additional experiments to evaluate the influence of ran-
domness in the restart strategy. We generated a set of instances, and each
instance is solved ten times with LNS and different seeds. This provides ten
different exploration LNS for each instance. We also considered 12 different
parameter values for the number of backtracks to perform before restarting
the LNS. We then compare the solution quality of each run with the best so-
lution found overall for each instance. We considered instances as provided
in the synthetic data. All runs have the same solution after the allocated time.
We considered more difficult instances for which the difference between the
implanted submatrix and background noise is smaller. We considered 10 syn-
thetic 1,000 X 200 matrices with p = 0.5 and a background noise following
the N (—1,1) distribution and the implanted submatrix following the N (0, 1)
distribution. FIGURE 2.3 reports the impact of the randomness and the influ-
ence of the number of backtracks before restarting the LNS. The randomness
has a limited impact on the solution quality in these experiments. The influ-
ence of the number of backtracks is minor but exists. While there may be a
trend, the optimal parameter value may change with the optimal solution to
find. The actual expectation of the user should also influence the parameter.
If the goal is to find a good solution within a short time, it would be best to
increase the restarts. If the goal is to find the best solution within a long time,
it would be worth spending some of the time in a larger exploration of the
neighborhood.

2.4.4.1 Summary

As expected by the size of the search tree, CP-LNS is sensible to the size
of the instance matrix producing barely no results on the larger synthetic



2.5. Conclusions 33

. *“—l—i\}—‘_'
£ 095
=]
o
S
$ 090
2
< 0.85
0.80
12 5 10 20 50 100 200 500 1000 2000 5000

Number of bactracks before restarting the LNS

Figure 2.3: Solution quality found by CP-LNS as a function of the number of
backtrack before restarting the LNS. The quality corresponds to the objective
value of an instance divided by the maximal objective value found for that
instance over all runs. The reported values correspond to the average quality
of 10 instances and 10 repeats per instance.

instances within the time budget. On the opposite, CPGC achieves the best
results. Indeed the model uses a dedicated global constraint with efficient fil-
tering through computation of an upper bound and fast update of the lower
bounds. The results of MILP are surprisingly good given its inability to ex-
press specialized constraints such as these of constraint programming. This
is explained by the benefits of the linear programming relaxation to tighten
the gap between the lower and the upper bounds. The current major issue is
related to the “big M” approach that fails to guide the search in some settings
on the gene expression data. When 6 is smaller, the big M constant I~ is
tighter. As a consequence, the result of the LP relaxation as a higher chance
to be a tighter bound. It follows a speed-up of the search as it implies a more
efficient pruning of the tree.

2.5 Conclusions

The maximal sum submatrix problem consists in finding a rectangular sub-
matrix in a large matrix whose sum is maximal. This problem is originally
motivated, in the context of gene expression analysis, by the search of a sub-
set of highly expressed genes in a specific subset, to be found, of relevant
samples exhibiting such a pattern. A close variant of this problem, known
as maximal ranked tile mining problem, has already been studied and tackled
with constraint programming (CP) combined with large neighborhood search
(LNS) [Le +14].

We present here key properties of the maximal sum submatrix problem
to speed up the search for a solution. This results in an improved CP-LNS
implementation. We also propose two new algorithms to solve this problem.
Experiments reported both on synthetic data and the original gene expression
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data used by Le Van et al. [Le +14] illustrate the benefits of our proposed
methods. In particular, a CP approach with a global constraint, CPGC, is the
most effective one in a large spectrum of problem instances. Overall, the CPGC
method is also best at proving optimality when such proof can be obtained
within the allocated process time budget.

The second approach proposed here, called MILP, relies on mixed integer
linear programming. It is arguably the simplest to formulate and to address
with a standard solver for such problems. It is competitive with the other
methods and largely outperforms CP-LNS as well in our controlled experi-
ments. It exhibits however some performance degradation on some instances
from gene expression data, most likely as a consequence of the specific relax-
ation it is based on.

The proposed experiments are only concerned with implementation ef-
ficiency. Le Van et al. [Le +14] illustrated the relevance to biological data
studies of a special case of the MSS problem for which the matrix entries are
discrete ranks. An actual evaluation of the maximal sum submatrix problem
on biological data is proposed in CHAPTER 5.



Mining K disjoint
submatrices of maximal
sum

3.1 Introduction

The objective of the maximum weighted set of disjoint submatrices problem
is to discover K disjoint submatrices that together cover the largest sum of
entries of an input matrix. It has many practical data-mining applications, as
the related biclustering problem, such as gene module discovery in bioinfor-
matics. It relies on an explicit formulation of disjunction constraints: subma-
trices must not overlap. In other words, all matrix entries must be covered by
at most one submatrix. The particular case of K = 1, called the maximal sum
submatrix (MSS) problem, was successfully tackled with constraint program-
ming (CP) in the previous chapter. Unfortunately, the case of K > 1 is more
challenging to solve as the selection of rows cannot be decided in polynomial
time solely from the selection of K sets of columns. It can be proved to be
NP-hard.

We introduce in this chapter an hybrid column generation approach using

35
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CP to generate columns. It is compared to a standard mixed integer linear
programming (MILP) through experiments on synthetic datasets. Overall,
fast and valuable solutions are found by column generation while the MILP
approach cannot handle a large number of variables and constraints.

3.1.1 Problem definition

The maximal sum submatrix problem, introduced in the Chapter 1, consists
in finding a subset of rows and columns of an input matrix M that maximizes
the sum of the covered entries.

In this chapter, we consider an extension to the identification of K sub-
matrices. It relies on:

1. a modification of the objective function computed as the sum of the K
submatrices weights, and

2. the explicit addition of disjunction constraints.

The disjunction constraints prevents the identification of K identical sub-
matrices corresponding to the maximal sum submatrix. By allowing over-
laps on the rows or the columns, but not both simultaneously, we avoid the
identification of redundant submatrices. Moreover, the interpretability of the
solution by a domain expert is eased. Such a solution is usually called nonover-
lapping nonexclusive nonexhaustive in the biclustering context [MO04]:

m each matrix entry can be covered by at most one bicluster,
m every bicluster pair can share some row or some columns but not both,
m some rows and columns can be excluded from all biclusters.

From a biological viewpoint, the studied problem consists in finding mul-
tiple pairs of rows and columns such that:

m a gene should be specific enough to participate in at most one pathway,

m a sample should be only considered if it presents a (single) clear pat-
tern of expression and not a combination of multiple highly expressed
pathways.

DEFINITION 5.

Let M € R™" be a matrix of m rows and n columns. Let K = {1,...,K}
be the index-set for a target number K of submatrices to find. The maximum
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weighted set of disjoint submatrices problem is to select a set of K submatrices
(12,31, ., (2%, 7K*) such that:

K
(1™, 7%),..., (IK*,JK*) =  argmax Z Z M, (31

(1131, (TKIK) h=1 jeqk

jerk
st: IFCR, Vke K , (3.2)
skcce, Vk e K, (3.3)
(IkXJk)n(Ik'XJk’) 0, VK eK: k+k' . (3.4)

The maximization term in EQUATION (3.1) enforces that the sum of the
covered entries is maximal. The disjunction constraints in EQuaTion (3.4)
enforce that each matrix entry is selected by at most one submatrix. Restrict-
ing to G (> 1) overlaps would result in [K/G] groups of G identical subma-
trices. While any submatrix pair may share rows or columns, the constraint
prevents any pair from sharing rows and columns simultaneously. Note that
the specific submatrix ordering is irrelevant given the definition provided.

3.1.2 Applications

The maximum weighted set of disjoint submatrices (MWSDS) problem has
many practical data-mining applications where one is interested in discover-
ing K specific relations between two groups of variables. A few examples are
provided hereafter.

m In gene expression analysis.

The rows correspond to genes and columns to samples, and the value
in M; ; is the measurement of the expression of gene i in sample j. One
is typically interested in finding a subset of genes that present high ex-
pression in a subset of the samples. It would indicate that a particular
biological pathway made of these genes is active in these samples. Find-
ing multiple pathways is a common task in gene expression analysis.
Interpreting submatrices overlaps can be challenging in such a context.
The disjunction constraint ensures that the role of a matrix entry M; ;
in a submatrix is clear: its contribution to the decision of including gene
i and sample j in the submatrix is M; ;. It follows that the contribution
of each gene, and each sample, in the definition of the pathway can be
easily computed as the sum of matrix entries for each of the selected
samples and genes respectively.
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m In migration data.

The value M; ; represents the number of persons that moved from source
location i to destination j. The goal is to find multiple groups of sources
and destinations pairs characterized by large, conjoint migration flow.
Using different source and destination locations may allow finding mi-
gration flows between locations based on some features such as rich-
ness or government policies. Overlaps on both the rows and columns
would not necessarily be desirable. Indeed, the shared set of rows of
overlapping submatrices would correspond to source location where
migration is not highly specific to some destination. Similarly, the shared
set of columns of overlapping submatrices would correspond to desti-
nations that attract many immigrants from various origins.

u In sports data.

A sports journalist could be interested in Olympic games to discover
multiple pairs of (countries subsets, sports subsets) of strong perfor-
mance. The matrix value M;; then represents the number of medals
obtained by the country i in sport j. Similarly to migration data, the
aim is to find specific countries with high performance in specific sports
and conversely.

3.1.3 Related work

The work presented in this chapter extends the maximal sum submatrix prob-
lem to K > 1 by adding disjunction constraints and adapting the objective
function.

The work related to the maximal sum submatrix problem is introduced in
SECTION 1.4. Additional work is presented and notable differences with the
maximum weighted set of disjoint submatrices problem are enlighted.

u The minimum sum-of-squares clustering problem.

It involves the definition of non-overlapping sets of rows, or columns,
covering all matrix entries. Although the problem differs, we use a sim-
ilar approach as in [AHL12]: the combination of an integer linear pro-
gramming (ILP) and delayed column generation.

m The biclustering problem.
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There is a variety of biclustering problems. These problem are con-
cerned with the discovery of homogeneous submatrices rather than
maximizing the weight of covered entries.

m The maximum subarray problem.

That problem is simpler than the maximum weighted set of disjoint
submatrices as a single submatrix is required and it is constrained to be
formed of contiguous subsets of rows and columns.

u The maximal ranked tile mining problem and extensions.

It is a special case of the maximal sum submatrix problem for which
matrix entries are discrete ranks. The diverse ranked tiling problem
impose disjunction on the rows, while in the maximum weighted set
of disjoint submatrices problem, disjunction is imposed on the matrix
entries. In the ranked tiling problem, overlaps might exists even if they
are penalized.

3.1.4 Contributions

The contributions of this chapter are the following.

1. The introduction of the maximum weighted set of disjoint submatrices
(MWSDS) problem as a generalization of the maximal sum submatrix
(MSS) problem.

2. A mathematical programming approach to solve the MWSDS problem.

3. The formulation of the MWSDS problem as an integer linear program-
ming (ILP) relying on constraint programming to produce relevant vari-
ables.

4. An evaluation of the performance of these two alternatives and the ben-

efit of the ILP+CP combination over a greedy approach on synthetic
datasets.

3.2 Constraint programming approaches

The general constraint programming paradigm is introduced in SECTION 1.5.
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3.2.1 Search space

The search space of the maximal sum submatrix problem can be limited to
searching on a single dimension, as explained in SECTION 2.2 SEARCH SPACE.
Indeed, the optimal subset of rows I"* can be found in polynomial time from
a fixed selection of columns J C C:

VieR: ZMi,j>0 = ieI”
jEs

Let us consider the MWSDS problem when all columns are fixed. This is
formally stated in DEFINITION 6 as the MWSDS problem with fixed column
selections.

DEFINITION 6.
The problem is a particular case of the maximum weighted set of disjoint subma-
trices problem presented in DEFINITION (5). In this case, the selections of columns
for each submatrices, 7', ..., IK, are given. The problem is to define the rows of
each submatrix:

G = aIrlgmax Z Z M;; (3.5)

k= 1r€Ik

cegk
st: IFCR, Vk e K, (3.6)
skce, Vk e K, (3.7)
(1 X 7 ) (Ik’XJk’)zw, VEK €K : k2k . (38)

For K > 1, once the columns J¥ of all the K submatrices are fixed, it
remains to decide for each row i and each submatrix k whether i is to be
selected (i € T¥) or not. These K decisions per row cannot be optimally taken
in polynomial time, as stated in THEOREM (2). As a consequence, the search
will have to assign both the row and column set variables, as opposed to the
simpler K = 1 problem.

THEOREM 2.
The maximum weighted set of disjoint submatrices problem with fixed column

selections is NP-hard

Proof. We reduce the Maximum Weighted Independent Set (MWIS) problem
to our problem. MWIS is NP-hard (by immediate reduction from the Inde-
pendent Set problem [GJ90]), and aims at finding, in a graph G =< V, E > with
weights w, on each vertex v € V, the set of vertices with the maximum sum
such that they do not share edges in G. For simplicity, we represent edges and
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vertices as numbers: V = {1,...,|V|} and E = {1, ..., |E|}. We reduce an in-
stance of the MWIS to an instance of the MWSDS problem with fixed column
selections. We create a 1 by (|V|+ |E|) matrix M: M;; = w; if i € {1,...,|V|},
and M;; = 0 otherwise. The columns sets Cl,...,CVI are constructed as fol-
lows: C¥ = {v} U {|V| +e | e € E A edge e has v as origin or destination}.
Each vertex in the graph G is transformed in a submatrix. If the single row
of matrix M is selected by a submatrix, then the vertex is included in the
MWIS. The non-overlapping constraint of MWSDS problem forbids two adja-
cent vertices (i.e., submatrices) to both be included in the solution (construct-
ing an independent set), due to the way the column selections C?,...,C!V
are constructed. Resolving the MWSDS problem then leads to the same opti-
mal objective result as the original MWIS problem, and the selected rows R?,
Yo € [1,...,|V]|], indicates, for each node o, if the node is inside the MWIS
(R? = {1}) or not (R = 0). As computing the MWIS in general graphs is NP-
hard, and as the MWSDS problem with fixed column selections can encode
the MWIS problem, we conclude that the MWSDS problem with fixed column
selections is NP-hard. O]

3.2.2 Greedy baseline

A simple approach to solving the maximum weighted set of disjoint subma-
trices problem is to solve the maximal sum submatrix repeatedly using the
CPGC implementation presented in CHAPTER 2. For each new maximal sum
submatrix found, the corresponding values are replaced by —co, forbidding
subsequent iterations from selecting these entries again.

Each iteration is performed until the first of these scenarios occurs:

1. optimality is proved,;
2. absence of solution is proved,;

3. at least one solution is found and a given time-out is reached.

3.2.3 Column generation

We propose a column generation (CG) approach [DDS06] to find solutions to
the MWSDS problem. It relies on CP, introduced in SECTION 1.5, in an integer
linear programming (ILP) setting. The CP part identifies candidate submatri-
ces. The ILP efficiently combines submatrices and guides the CP part. ILP is
equivalent to mixed integer linear programming, introduced in SECTION 2.3.3,
except that all variables are required to be integer in the ILP.

Let us represent the given matrix M of m X n entries as the vector V of size
v (= m X n) obtained by stacking the columns of the matrix M. The maximum
weighted set of disjoint submatrices problem is formulated using a v x 2™*"
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binary matrix B representing all 2"*" possible submatrices. Each column [
of B corresponds to a submatrix / such that B;; = 1 if and only if entry V;
is covered by the submatrix [ € £ where £ = {1,...,2™*"} denotes all the
possible submatrices. The weight w; of submatrix [ is the sum of entries it
covers: w; = »,;_; V; XxB; ;. EQUATIONS (3.1) and (3.4) can be formulated as an
ILP:

maximize Z wy X x; (3.9a)
leL
st. > Buxx <1, Vie{l,... 0}, (3.9b)
leL
Z x1 <K, (3.9¢)
leL
x; €{0,1} , Vle L, (3.9d)

By {01}, Vie{l...,oLVie L . (3.9)

The binary decision variable x; encodes the selection of submatrix I. EQua-
TION (3.9b) ensures submatrices disjunction and EQuATION (3.9¢) enforces the
selection of at most K submatrices. EQUATION (3.9d) defines the integrality
constraints on the variables x;.

Defining the matrix B before solving the ILP is computationally not fea-
sible, even for small input matrices M. In subproblem solving, the master
problem (or ILP), in EQUATIONS (3.9a)-(3.9d), is restricted to a subset £ C £
of submatrices effectively defining a restricted master problem (RMP). Itera-
tively, an RMP is solved, and one or multiple new submatrices (columns) are
inserted in £’, defining a new RMP. Submatrices (columns) are candidates for
insertion to an RMP if its insertion can improve the objective function of the
RMP.

To find such candidate submatrices, we define a linear programming re-
laxation of the restricted master problem (LP-RMP) which comes along the
integrality constraints relaxation of the ILP in an LP, and the subsetting of L.
We use the dual of the LP-RMP to find submatrices with a positive reduced
cost, given that the problem is a maximization problem. Such submatrix can
improve the LP-RMP. If no such submatrix exists, the optimal solution to the
LP-RMP is an optimal solution to the LP [Bar+98]. The dual of the LP-RMP
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is:

minimize 0 XK+ Z Ai (3.10a)
i=1
st. 0+ Byxhizw, VieLl, (3.10b)
i=1
A=>0, Vie{1...,o}, (3.10¢)
0>0. (3.10d)

The dual values A; and 6 corresponding to the primal constraints defined
in EQuATIONS (3.9b) and (3.9¢), respectively, are obtained by solving an LP-
RMP. Each column x; of the RMP is associated with a constraint, in EQua-
TION (3.10b), in the dual.

Finding a submatrix with a positive reduced cost is called pricing. Such a
submatrix is defined as any submatrix [/ € £ for which

0
—Q—ZBinAi+wl<0. (3.11)
i=1
The LP-RMP is optimal if the pricing problem has no solution. Moreover, if
the LP-RMP (being optimal) and the RMP have the same objective value, then
the solution to the ILP is optimal.
The pricing problem can be reformulated as:

0
Z [Biyx (Vi—24)] >0 . (3.12)
i=1

This problem amounts to identifying a submatrix (B;) in the input matrix (V)

modified by the A; values such that its weight is larger than some 6. It is
equivalently reformulated as a maximal sum submatrix problem:

(1%,7%) = argmax Z M;; , (3.13)
TR ierjer

with  M;; = Vigmaj = Aixmsj — 0, (3.14)

R={1,...,m}, (3.15)

c={1,...,n}, (3.16)

and submatrix (1% J*) is transformed into B;.

Such pricing problem can then be solved using an exact CP or mixed in-
teger linear programming implementation. An optimal solution is associated
with maximal reduced cost. Solving to optimality is not a trivial task, how-
ever, as the problem is NP-hard (see THEOREM 1). Alternatively, any subma-
trix with positive reduced cost, or positive weight, is a (possibly suboptimal)
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solution to the pricing problem. The pricing can then be solved using the
CPGC implementation presented in CHAPTER 2 or even with the greedy ap-
proach presented in the previous section.

The greedy approach produces up to K solutions to the pricing problem,
whereas the CPGC approach produces a single solution. Preliminary experi-
ments showed that using the greedy approach to find solutions to the pricing
problem slightly improves the column generation approach as compared to
CPGC. In practice, we use the greedy approach to solve each pricing problem.

3.2.3.1 Important considerations

Implementation details may have an important role in the effectiveness of the
approach. Such details are presented next.

Redundant constraints. To maximize the information given by the dual
values, we avoid having redundant constraints, notably the constraints in
EquaTiON (3.9b). For example, if two submatrices overlap on more than one
cell, we enforce only one constraint representing all the overlapping cells.
Precisely, constraint in EQUATION (3.9D) is replaced by the following:

Yust, v5e{{leuB,-,l:l}|ie{1,...,o}}. (3.17)

leS

That is, we enforce one non-overlap constraint per group of entries sharing
the same intersecting submatrices, or an overlapping group. EQUATION (3.17)
uses the set notation to implicitly remove duplicates. We then redistribute the
dual value of the constraint equally (we divide it by the number of entries)
over all the entries in this overlapping group. This allows the method to avoid
a pitfall of most solvers: when facing multiple equivalent constraint, only one
will be tight, i.e. having a non-zero dual value. Redistributing the duals on
all the entries in an overlapping group allows the subproblem solver to find
more interesting submatrices.

Linear relaxation. The LP-RMP does not necessarily provide a binary de-
cision on the submatrix selection. To effectively identify a solution to the
original MWSDS problem, the RMP is solved for any solution to the LP-RMP.
Observe that the objective value of the LP-RMP is an upper bound to the
objective value of the RMP. All experiments present the results of the RMP
solution.

A greedy hot-start. The subset L’ defining the first RMP to solve is ob-
tained using the greedy approach searching for K submatrices. This serves as
a greedy hot-start for the column generation approach.
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Given the non-trivial pricing problem, there is no guarantee that the greedy
subroutine identifies an optimal solution to the pricing problem. While it
would be possible to use a branch-and-price algorithm [Sav97], it would be
non-trivial to solve the pricing problem to optimality. The running time
needed to solve the LP-RMP to optimality (i.e. to the point where no new
submatrix with positive reduced cost exists) is already quite high, as shown
in the experiment section below.

Number and weight of the submatrices. Guidance on the search for bet-
ter submatrices requires many submatrices in the RMP with large weight.
Moreover, the greedy subroutine may identify many solutions (i.e. submatri-
ces) to the pricing problem. As the number of submatrices to find increases,
the weight of these submatrices likely decreases. It is then more useful to
seek multiple submatrices later in the column generation process. As a con-
sequence, at iteration p of the column generation, up to p solutions, or sub-
matrices, to the pricing problem are identified and are inserted in the RMP.

3.2.4 Mixed Integer Linear Programming

We propose a mixed integer linear programming (MILP) model with analogies
to the “big M” formulation of the maximal sum submatrix problem presented
in SECTION 2.3.3.2. The model uses the binary variables R;* and Cjk to rep-
resent the selection of row i and column j in the submatrix k. These decision
variables are used to compute the contribution r;** of the row i to the sub-
matrix k. The sum of the row contributions is the objective function to be
maximized. The model presented below is based on a “big M” formulation of
the MWSDS where:

VieR: M= > max(0, M) , (3.18)
jec
Vier: M~ = me(o, M), (3.19)

jec
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and M;* and M;~ are the upper bound and lower bound, respectively, on the
sum of entries covered by row i. The MILP model is formulated as follows:

maximize Z rift, (3.20a)

i€ER

keK

s.t.: rik+ < Z (Mi,j X Cjk)

jec
+(RF-1)xM;~, Vierkek , (3.20D)
< Mt xRF VieRkeXK, (3.20¢)
2xof, < RF+Cl, VieR jeckeXK , (3.20d)
RF+CF < 149, VieRjeckekK , (3.20)
of, < 1, VieRjecC . (3.20f)

keK

Constraints in EQUATIONS (3.20b) and (3.20c) ensure that the row contri-
bution r;** is computed correctly. If R;* = 0, constraint in EQUATION (3.20c)
ensures the row contribution is zero, with the right hand side of constraint in
EQUATION (3.20b) being always positive. Otherwise (R;* = 1), constraints in
EquaTIONS (3.20b) and (3.20c) ensure

rit = Z (Mi,j X Cjk) ;
jec
thus computing the effective value of the contribution.
EguaTions (3.20d) and (3.20e) linearize

kK _npk k
Ui,j_Ri XCj .

The binary variable vf.f i indicates if cell (i, j) is selected by submatrix k and
ensures submatrices disjunction through constraint in EQuaTION (3.20f).

This model is plagued by the number of variables and constraints which
are both in O(m X n x K), mainly due to the non-overlap constraints.

3.3 Experiments

This section describes experiments conducted to assess the performance of
the proposed algorithms and to provide guidance on the selection of the ap-
propriate solution.

3.3.1 Evaluation

Given enough time and memory, both the column generation (CG) approach
and the MILP approach converge to the optimal solution. Therefore compar-
ing performance solely on the objective value of an approach is irrelevant. As
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a consequence, CG and MILP approaches are evaluated and compared given
a budget of time, the time-out ™, on synthetic datasets with implanted sub-
matrices using any-time profiles. The definition of an any-time profile is pro-
vided in SECTION 2.4.1.1, DEFINITION 4.

All experiments are performed using Java 1.8.0 on an AMD Bulldozer
clocked at 2.1 GHz; one core and 6 GB of RAM per instance and a time-out
™ of 2 hours. MILP and CG approaches rely on Gurobi 8.1.0 [Gur18]. The
greedy hot-start of the CG process is given 5 minutes evenly split between
each of its K iterations of solving a maximal sum submatrix problem. Solu-
tions to the MSS problem are carried out on OscaR [Osc12] using a constraint
programming approach relying on a global constraint, called CPGC. The algo-
rithm CPGC is provided in SEcTION 2.3.2.3. It is a depth-first-search approach
composed of major CP ingredients:

m filtering rules,
m bounding procedure,
» dominance rules,

m variable-value heuristic.

3.3.2 Datasets

Datasets are generated by implanting K submatrices, called + entries, on a
background noise, called - entries. In a first dataset, we consider alterna-
tive dispositions of + and - entries drawn from different distributions. Each
combination defines a scenario presented in FIGUREs 3.1a to 3.1b. For each
scenario, 14 different matrices are generated according to different input ma-
trix size and number of implanted submatrices, as presented in FIGURE 3.1c.

A total of 70 instances is generated such that the hot-start is bound to
find suboptimal solutions, giving very little information to the CG method.
The benefit of CG is evaluated relatively to the suboptimal hot-start solution
through the objective value improvement.

3.3.3 Results

FIGURE 3.2a presents the any-time profile of each method for the first dataset.
It clearly illustrates that column generation can escape the suboptimal regions
of the search space trapping the hot-start. Given roughly 25 times larger time-
out than the suboptimal hot-start, MILP is outperformed by both the greedy
hot-start and the column generation approach.

Local optimums (trapping the hot-start) are provided as starting solutions
for CG. Such local optimum can be found before the given time-out. The
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Scenario 1 & 2 Scenario 3 & 4 Scenario 5
- - +
+ + _
+ + B
_ + + - - +
(a) Layout.

Scenario ‘ + entries ‘ - entries
land3 K+1 -1
2and4 | ~N(K+1,1) | ~N(-1,0.8)

5 ~N(2, 2) ~N(=21)

(b) Generative distributions.

mxn |K=2|K=5|K=8|K=10|K=20
50 X 50 $=81 | $s=81

100X 100 | s=51 | s=8 $ =58
200200 | s=5s1 | s=581 | s=8 | s=8 s =51
500X 500 | s=s1 | s=s57 s =58 $=58

(c) Parameters for the first dataset.

mxn |K=2|K=5]|K=10
400X 100 | s=583 | S=583 | $=59
320X 125 | s=59 | =59 S =589
200200 | s=55 | s=5 S$=358y

(d) Parameters for the second dataset.

Figure 3.1: Dataset construction. 3.1a and 3.1b: layout and generative distri-
butions of the implanted + and - entries, respectively. 3.1c and 3.1d: Param-
eters considered in the generation of the first dataset, with s; = {1.0}, and the
second dataset, with s, = {0.05,0.01,0.2,0.5}, respectively. Implanted subma-

trices are of size (ZX%; 2X2),
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shift between hot-start and CG curves in the first 300 seconds is explained
by the fact that CG can refine solutions as soon as the hot-start subroutine is
completed.

In the second dataset, 720 instances are generated according to the layout
of scenarios 3 and 4 from FIGURE 3.1a. It differs, however, by the size of the in-
put matrix, the number, and size of implanted submatrices. More importantly,
values are drawn from different distributions:

= - entries ~ N (-1, 1);
= + entries ~ N(1, 0.5).

The definition of closer distribution averages is considered as more realis-
tic, for gene expression analysis, than the very different distributions used in
the scenarios of the first dataset. The generation script is available on Zen-
odo [Bra+19a].

FIGURE 3.2b presents the any-time profile of CG and MILP on the second
dataset. Whereas the average solution quality of CG and MILP should rise
to 1, given enough time, it is clear that CG is significantly faster than MILP,
with higher solution quality within reasonable time limits, even for small in-
stance matrices. The poor performance of MILP are explained by the number
of variables and constraints required to model the problem: MILP obtains
satisfactory results for the smaller problems, with K = 2, only. FIGURE 3.2¢c
presents the any-time profile of CG and MILP on the second dataset while
only considering the instances with two implanted submatrices. The hot-
start rarely ends before the allocated 5 minutes, explaining the near-perfect
overlap between hot-start and CG curves.

3.4 Conclusions and perspectives

We present a new optimization problem, called the maximum weighted set
of disjoint submatrices (MWSDS) problem along with two methods to solve
it. One is based on mathematical programming, the other on constraint pro-
gramming,.

Our main contribution, the column generation (CG) method for the MWSDS
problem, finds new candidate submatrices using dual variables of a linear re-
laxation of the submatrix selection problem. Experiments on synthetic datasets
indicate that CG finds better solutions than the mixed integer linear program-
ming (MILP) approach.

The performance of the CG can be further improved by complementing
the exploration with a branch-and-price algorithm [Sav97]. Such improve-
ment is non-trivial, however: the time taken to solve the underlying LP prob-
lem is already quite long but is nonetheless an attractive direction for future
work.
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(c) Subset of the second dataset with K = 2.

Figure 3.2: Comparison of the different methods proposed to solve the max-
imum weighted set of disjoint submatrices problem. Each graph presents
any-time profiles as described in DEFINITION 4, SEcCTION 2.4.1.1. For each
instance, the time-out is fixed at 2 hours. The hot-start time-out is set to 5
minutes. Col.Generation starts as soon as the hot-starts is completed.
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Experiments proposed here are only concerned with implementation ef-
ficiency. CHAPTER 5 consists of an evaluation of the problem of finding K
submatrices of maximal sum with overlap. Biological evaluations of the pro-
posed implementations should be performed. Moreover, results should be
compared to standard biclustering algorithms to evaluate the relevance of
the maximum weighted set of disjoint submatrices problem as compared to
the maximal sum submatrix problem and common biclustering problems.






Mining k overlapping
submatrices of maximal
sum

4.1 Introduction

A natural extension to the maximal sum submatrix (MSS) problem is to iden-
tify K submatrices. In the previous chapter, disjunction constraints are stated
to prevent a matrix entry from being selected more than once in the final solu-
tion. An alternative approach to seek for multiple non-repetitive submatrices
is to modify the objective function.

4.1.1 Problem definition

An example matrix and two submatrices are presented in FIGURE 4.1. The
maximal sum submatrix, of weight 27.3, is illustrated with a dark red frame.
Let us assume that one seeks for K = 2 submatrices that together maximize
the sum of covered entries. It is clear from that example that the best solution
is to select the maximal sum submatrix twice: 27.3 X 2 = 54.6. Such a solution
does not provide any additional information. We therefore need to define a
new objective function to prevent the identification of redundant submatrices.

53
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B The submatrix framed in dark red, with rows
R N 21 {r1, ¥y, 4, r5} and columns {cy, c4, Cs, Cs}, is
i | Ny of maximal sum, with weight equal to 27.3.
73 - 40 34 The submatrix framed in dark blue, with rows
o oo fos [R50 20 {rs, r4} and columns {cs, c4, 4}, weights 7.2.
rs- 01 |0 - I The combination of these two submatrices de-
r6 2o I fines an optimal solution to the MWSC prob-

lem with an objective value of 38.6.

Figure 4.1: Example of matrix and associated submatrices of maximal sum.

The objective of the maximum weighted submatrix coverage (MWSC)
problem is to discover K submatrices that together cover the largest sum of
entries of the input matrix. The problem is formally stated in DEFINITION 7
and an example is provided in FIGURE 4.1.

DEFINITION 7.

Let M € R™" be a matrix of m rows and n columns. Let K = {1,...,K} be the
index-set for a target number K of submatrices to find. The maximum weighted
submatrix coverage problem is to select a set of K submatrices (I, 7). ..,
(5%, 7%*) such that the sum of the matrix entries covered by at least one sub-
matrix is maximal:

(11*,J1*),,..,(1K*’JK*)= argmax > M; X Deouer (i) > (41)
(11,71),...(1X,3K) Ge1
j€eJ

where cover is the set of all entries covered by a submatrix,

cover = URk x CK | with RExCF={(@i,j)|ieRF A jeCF}, (4.2
keK

and 1oyer is the indicator function

1 if (i, j) € cover ,

P (4.3)
0 if(i,j) ¢ cover .

Lcover ((i, ])) = {

4.1.2 Applications

The maximum weighted submatrix coverage problem has similar applications
to the maximum weighted set of disjoint submatrices problem presented in
the previous chapter, in SEcTION 3.1.2. Submatrices overlap appear as a rea-
sonnable assumption in many cases. Consider gene expression analysis. It is
likely that, in real data, some rows or columns do not belong to any submatrix
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at all and that the submatrices overlap in some places. However, overlap can
be challenging from the point of view of interpretability:

m For a gene participating in multiple pathways (submatrices), what is
the actual influence of the gene on each pathway?

m For a matrix entry covered by multiple submatrices, what is its influ-
ence on each submatrix?

m For a particular submatrix overlapping with others, would it still be
relevant if other submatrices were discarded?

4.1.3 Related work

The work related to the maximal sum submatrix problem is introduced in
SEcTION 1.4. Notable differences with the maximum weighted set of disjoint
submatrices problem are enlighted.

m The biclustering problem [Har72; MO04; PGA15; PC17a].

There is a variety of biclustering problems. These problem are con-
cerned with the discovery of homogeneous submatrices rather than
maximizing the sum of the covered entries. Common approaches are
heuristic based and greedily selects the next bicluster after randomiza-
tion of entries covered by the previously discovered submatrices.

m The maximum subarray problem [Ben84].

That problem is simpler than the maximum weighted set of disjoint
submatrices as a single submatrix is required and it is constrained to be
formed of contiguous subsets of rows and columns.

m The ranked tiling [Le +14].

It is a special case of the maximum weighted set of disjoint submatri-
ces problem for which matrix entries are discrete ranks. In the ranked
tiling problem, overlaps might exists even if they are penalized. In the
maximum weighted set of disjoint submatrices problem, there is an im-
plicit penalty to enforce that each matrix entry contributes only once
to the objective value.
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4.1.4 Contributions

The contributions of this chapter are the following.

m The introduction of the maximum weighted submatrix coverage (MWSC)
problem as a generalization of the maximal sum submatrix problem.

m A constraint programming (CP) approach for solving the maximum
weighted submatrix coverage problem including

filtering,

bounding,

dominance rules,

a variable-value heuristic,

a large neighborhood search.

m A comparative evaluation, on synthetic and real datasets, of the perfor-
mance of

— the CP approach,

— a greedy baseline approach, using the maximal sum submatrix
problem as subroutine, and

— two mathematical programming models.

4.2 Constraint programming approach

The general constraint programming paradigm is introduced in SEcTION 1.5.

4.2.1 Notations

We model a submatrix using the set variables R and C for the rows and
columns, respectively. The domain of a set variable S is the set of all the
(sub)sets of S. That domain is approximated by a closed interval denoted
[S €S€uU S?] ,in CP, by means of the set domain bounds representation [Ger97].
S€ are the mandatory elements and S’ are the possible additional ones, with
S€NS? = 0. Such an interval represents all the sets in between those two
bounds according to the inclusion relation {S | S€ € S € (S€US?)}. A set
variable is bound whenever it contains a single set in its domain. This situa-
tion happens when set interval bounds are equal, or equivalently, the possible
set is empty: S7 = 0.
For a set variable S, the update operations of the domain are:

» The inclusion of an item j in the mandatory set S ©:
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— denoted require(j, S),
- implies that S€ « S€ U {j} and S’ « S’ \ {j}.

= The exclusion of an item j from the possible set S*:

- denoted exclude(j,S),
- implies that S” « S’ \ {jj}, and j ¢ S€.
For each submatrix k € K = {1,...,K}, a set variable R* and a set vari-

able C* are introduced to represent the rows and columns of a submatrix k.
Then, R*€ denotes the set of mandatory rows in submatrix k.

We define Rf’je and Rf’je as the subsets of R¥-€ whose matrix value in col-
umn j is positive and strictly negative, respectively. Similar notations holds
for the columns:

REF={ieRFS [ My; 200, CES={(jeCh |My;200, (44)
REC={ie RN M <0}, CS={jeC’|My;<o0}. (45

Similar notations holds for R*? and for C*:

Rf; ={ie R | M;; >0}, Cff? ={jeC"| M;; >0}, (4.6)
RE ={ieRF | My;<0},  CN=(jec |My<0}. (@7

The sum of the elements in a given row i and in a column set S is noted

as sum(S). Similarly, the sum of elements in column j and row set § is:
Iow 1

sum(S) = E M;; , sum(S) = E M;; . (4.8)
row i 4 col j ‘
jeS ieS

The set of matrix entries selected by at least one submatrix is denoted
cover<. The set of matrix entries excluded by all submatrices is denoted cover?:

cover® = {(i,j) | Tk :i € RS A j e CF€) (4.9)
cover® = {(i, j) | Yk : i ¢ (RS URF)) v j ¢ (CF€uCk?)} (4.10)
The CP resolution is made via a depth-first-search exploration. The following

subsections discuss the search space, sketch the algorithm and its key com-
ponents.
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4.2.2 Search Space

As explained in the SEcTION 3.2.1 of the previous chapter, the search space
of the MWSC problem with K = 1 can be limited to searching on a single
dimension, for instance C'. Indeed, the variable R can be fixed optimally in
polynomial time by a simple inspection argument:

Vie RY :sum(C!) >0 = ie R:E . (4.11)
Iow 1

For K > 1, once all the columns set variables are fixed (C*’ = 0 for all
k € K) it remains to decide for each row i and each submatrix k whether i
should be part of R¥ or not. Those K decisions per row does not enjoy the
monotonicity or the anti-monotonicity properties as illustrated on the next
example.

ExAaMPLE 1.
Let us consider a 1 X 3 input matrix M:

M=[2 2 -3] . (4.12)

Let us consider K = 2 with column selection C! = {1,3}, C? = {2,3}. The sum
of entries covered by selecting the row in both R' and R? is negative (—1) for
each submatrix individually. But since weights of covered elements count only
once, the value —3 is added only once and the objective value obtained is 1. Now
consider the matrix M:

M=[-2 -2 3] . (4.13)

Individually for each submatrix, the sum of entries covered by selecting the row
in both R and R? is positive (1). But since weights of covered elements count
only once, the value 3 is added only once and the final objective value is —1.

Actually, those K decisions per row cannot be optimally taken in poly-
nomial time anymore as stated in Theorem 3. As a consequence, the CP
search will have to branch both on the rows and columns variables rather
than branching on the columns only.

THEOREM 3.
Fixing optimally the row set variables R* for all k € K, given fixed column set
variables C* for all k € K, is NP-hard.

Proof. We reduce the NP-hard Set Cover Problem [Kar72] to our problem:
Given a universe U = {1,---,n} and a set {Sy,---,Sk} of K subsets of U,
the Set Cover Problem is to find the minimum number of sets such that their
union covers the universe. We construct a matrix with a single row and n +
K columns. The unique row values of this matrix are given by the regular
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expression [K + 1]{n}[-1]{K} (value K + 1 repeated n times followed by —1
repeated K times). The column variables are fixed to C* = S, U {n + k}.
In this reduction, Sy is selected if and only if R¥ = {1} for every set k. A
first observation is that any optimal solution covers the universe otherwise
it could be improved by K by selecting any additional set that contains an
uncovered element. The optimal objective function can thus be written as
N-(K+1) - |{k | R* = {1}}|. As N - (K + 1) is fixed, maximizing this
expression amounts at minimizing [{k | R* = {1}}| which is exactly the set
cover objective. O

4.2.3 Resolution via Depth-First-Search

The CP resolution through DFS exploration is sketched in ALGORITHM 5.
All the procedures are assumed to take the decision variables {RY,--- JRK
Cl,---,CX} and the input matrix M as parameters.

Algorithm 5: Sketch of the DFS resolution

1 Function solveDFS():
if !'lallvariablesBound() then
S « selectUnboundSetvar ()

i — selectvalue(S’)
foreach action € [require(i, S),exclude(i, S)] do
saveState()
post (action)
propagateDominanceRule ()
(Ib, cb, ub) « updateBounds ()
best < max(best, cb)
if ub > best then

L solveDFS()

O 0N NG R W N

= e e
N o= O

[y
w

restoreState()

The procedure selectUnboundSetVar chooses a not yet bound set
variable among {R"’,--- ,RK? C17 ... CK"}. The subsequent line chooses
for the selected row or column set of some submatrix k, the specific row or
column i (among the possible ones) to be included on the left branch and to
be excluded on the right branch. The explored search tree is binary. The com-
bination of the two lines and the recursion corresponds to the insertion and
exclusion of all rows and all columns in each submatrix. Once the constraint
is posted, and the previous state saved for later backtracking, the procedure
propagateDominanceRule can include (exclude) rows or columns in every
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submatrix that can be proven to participate (or not) in any optimal solution.
The updateBounds function updates and returns the lower, current and up-
per bounds for the state. The current bound is obtained by transforming the
partial assignment into two complete feasible solutions,

1. one that excludes all rows in R’’, and
2. one that excludes all columns in C”’.

If the current bound cb is better than the best value found so far, stored in
variable best, the current state (RS, - - RK€ CLE ... CK€) is a better so-

lution, then:
m the value of variable best is updated,
» the submatrices of the solution are stored.

Then, a check is made to ensure that better solution exists down the tree
node. That is done by verifying that the upper bound is greater than the best
objective value found so far; if that is the case, the DFS continues recursively.
Once these steps are done, the state is backtracked and the next state visited.

Efficient backtracking is achieved through trailing, a state management
strategy that facilitates the restoration of the computation state to an earlier
version. Trailing enables the design of reversible objects. We refer to MiniCP
[MSV18] for a detailed description of trailed-based solvers and to [Sai+13] for
a trailed based implementation of set domains with sparse-sets.

Only four functions are specific to our method to solve the maximum
weighted submatrix coverage problem:

m propagateDominanceRule that prunes the domains of the set vari-
ables,

m updateBounds that prunes the bounds on the objective, helping the
branch & bound algorithm to prune impossible values,

m selectUnboundSetVar and selectValue that define the strategy
of the depth-first-search.

The following subsections are dedicated to the main functions of the algo-
rithm.

The other functions are method available in most constraint program-
ming solvers:

m saveState and restoreState save and restore, respectively, the
state of the reversible variables to allow efficient backtracking,

m post adds a new constraint to the solver.
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4.2.4 Functions SELECTUNBOUNDSETVAR and SELECTVALUE

selectUnboundSetVar chooses, at each step of the DFS, the next (un-
bounded) row or column interval set S to branch on, while selectvalue
selects the value I € S” to include or exclude from this set when branching.
That is, when a pair (S, ) has been chosen, the DFS branches on the left, by
setting require(/, ), and on the right, by setting exclude(l, ). The decision
of the interval set and of the value are not done independently. To choose the
next (set, value) pair to branch on, our algorithm maintains two (reversible)
counters per row or column and per submatrix:

= 1”7 contains the sum of matrix entry values that will be immediately

added to the objective value if row i is included in R*. Similarly, t]i"!
contains the sum of matrix entry values that will be immediately added
to the objective value if col j is included in C*:

t = sum ({j | jeChe AL )) ¢ covere}) , (4.14)
’ Irow 1

tl‘éo]l = sum ({l lie RS A (L)) ¢ covere}) . (4.15)
: col j

= p° contains the sum of positive values in the line i that could be taken
by submatrix k, i.e. whose columns have not been excluded:

Pr; = sum ({j |je(Crkeuck’) @, j) e covere}) . (4.16)
P} = sum ((i11e REURR) MG ) ¢ cover}] . (@17)
: col j

The algorithm then selects the (submatrix, row), or (submatrix, column), pair
(k. i), or (k, j), that maximizes £;°}", or tl‘éojl Ties are broken by maximizing

row col
Piei > OF P

e

. The selected interval set and value are then R¥ and i, or C¥ and

Recomputing these counters at each iteration is costly as this operation
is in O(Kmn + K(m + n)) for the MWSC problem with an m X n matrix and
K submatrices. We propose here to maintain these counters using the finite
state machine (FSM) shown in FIGURE 4.2. The algorithm we propose virtually
maintains an FSM for each (row, column, submatrix) triplet. The FSMs are
updated each time a row/column is added to/excluded from a submatrix:

» When a row i is included in, or removed from, the submatrix k, at most
n FSMs must be updated: one for each matrix entry in the row.

= When a column j is included in, orremoved from, the submatrix k, at
most m FSMs must be updated: one for each matrix entry in the column.
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= Updating a matrix entry is in O(1), if it does not become selected by a
submatrix (i.e. the row and column of the matrix entry are both in the
mandatory sets of the submatrix).

m If a matrix entry becomes selected, K — 1 other matrix entries must be

updated.
cell required by
R —
P;Zf)iwx +=0 other submatrix P/r(?iws —=v
start — p(:()ls 4=t pcols =t
. . k k,] . . k k!]
requ W, C )
ol =g B 4=
j/ exclude(j,C*)  exclude(i, R¥) ’

/ \

+

cell required by cell required by

Tows _ _ 1 — i .
pk,iw -=0 ngs -=0 other submatrix
\

TOWS _ _
tki 0

. . rows _ _ .+
require(i, R¥)  |Pr; —=0

other submatrix

. . k
Plccf)jls —=o*| require(j,C") require the cell

Figure 4.2: Finite state machine maintained for each (row, column, subma-
trix) i, j,k in the variable and value selection algorithms. For simplicity,
v = M;j, v* = max(v,0) and v~ = min(v,0). FSMs states in blue are termi-
nal states.

Let A,ows denote the number of added or excluded (submatrix, row) tables
between two calls of the algorithm. Let A denote the number of added or
excluded (submatrix, column) tables between two calls of the algorithm. Let
Agelected denote the number of selected matrix entries between two calls of the
algorithm.

The update of the finite state machine between two calls of the algorithm
runs in O (Arowsn + Acolsm + Agelected K ). To that update process must be added
the verification of the counters to select the best set/value pair, which is in
O(K(m + n)).

Over a complete branch of the DFS tree, which has a maximum depth of
K(m + n), we have that:

Arows < K-m (4.18)
branch

Z Aeots <K -1, (4.19)
branch

Aselected S n - m (4.20)

branch

Over a complete branch, the FSM-based algorithm maintains the states
and returns the best set/value pair in O(K?(m + n)?), which is a signifi-
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cant improvement over the recomputation-based algorithm which runs in
O(K?(n’m + nm?)) over a complete branch.

4.2.5 Function PROPAGATEDOMINANCERULE

In some cases, given a partial assignment with some rows and columns al-
ready included in the set variables C* and R¥, dominance rules permit to de-
tect additional rows or columns that must be included in any optimal solution
extending this partial assignment, or rows or columns that never participate
in an optimal solution. The current state is defined by (Rk’e, Rk? Cko€ Ck’?),
and we denote the optimal solution extending this state as (R**€, 0, C**€, 0)
with Rk,e C Rk,*e’ Rk,*e C (Rk,e URk’?), Ck,e C Ck,*e’ Ck,*e C (Ck,e UCk’?).

THEOREM 4 gives the condition to be satisfied to detect that a row i should
be included in submatrix [ in any optimal solution extending the current state.

THEOREM 4.

Vie R sum|(Ct uct)\ (| ] chfuck)|>0=ie RS (421)
row i kIl

Proof. (sketch) Let us assume the worst-case scenario: despite selecting all
the columns with negative values in this row i, while other submatrices would
take the columns with positive values, the submatrix still has a positive sum
contribution for this row i. Therefore this row must be included in submatrix
I in any optimal solution extending the current state. O

THEOREM 5 gives the condition to be satisfied to detect that a row i will
never be included submatrix / in any optimal solution extending the current
state, using the best-case scenario.

THEOREM 5.

VieRY : sum|(CHUC)\ ( | c5uct)|<o=je RS (422)
k|k#j

These two properties, and their symmetric counterparts for the columns,
can be used in any node of the search tree to reduce the search space.

Recomputing the rules at each call to propagateDominanceRule is ex-
pensive:

m O(Kmn) at each call,
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= O(K?(m?n+mn?)) over a complete branch of the DFS.

We describe below how to maintain the rules on rows. The method is sym-
metric for columns.

We maintain virtual FSMs for each triplet (row, column, submatrix) as
shown in FIGURE 4.3. The FSMs collectively maintain two reversible values,
shared between FSMs, for each (submatrix k, row i) table:

m lby; is the value of the worst-case scenario for submatrix k and row i.
It corresponds to the left part of EQuaTioN (4.21):

Iby,; = sum| (C*< U IO ckrueEh]| . )
k|k#l

= uby; is the value of the best-case scenario for submatrix k and row i. It
corresponds to the left part of EQUATION (4.22):
ubg; = sum | (C* U CE\ (| ] 5 ucth| (4.24)
’ row i +H —i i

k|k#j

The FSMs also maintain the number of supports of each matrix entry (i, j),
i.e. the number of submatrices that could still select the matrix entry:

support; ; = |{k | i € (REEUREY A je(CREuCk)) . (4.25)

Each support, ;, shared across all FSMs, is maintained as reversible integer by
the solver. Its state can then be backtracked.

Iby; +=0~ exclude(j, C*) lby,; —= p—+
ub;; i +=0" ubg; —=v
- support; ; —=1

start —

I
ire(i.Ck exclude(i, R¥ : tii=1
require(J, C7) i} ¥ ( : JPPottiy / exclude(j, C¥)
exclude(i, Rk ) exclude(i, R
support;; —= 1
Sum} lbki +=ot mk)
ubk,,- +=0"

Figure 4.3: Finite state machine maintained for each (row, column, subma-
trix) i, j, k in PROPAGATEDOMINANCERULE method. For simplicity, v = M, ;,
v* = max(v,0) and v~ = min(o, 0). FSMs states in blue are terminal states.

The transition and update operations of our finite state machines are the
following:
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m When a row (resp. column) is excluded from a submatrix, the FSMs of
at most n (resp. m) matrix entries must be updated.

The contribution of the matrix entry to ub and 1b is removed, and the
support of the matrix entry is decremented. Each of these operations
are in constant time, and overall takes O(n) (resp. O(m)).

» When a matrix entry (i, j) becomes supported by only one remaining
submatrix k, support; ; = 1, and column j is included in that submatrix

k, j € CF€, the value of uby; and lb ; are updated.

Since j € C*€ and support; ; = 1, it implies that i € (R*€ U RK?). The
contribution of the matrix entry to ub and 1b is added. That operation
is also in constant time, and in O(K) for all submatrices.

s When a row i (resp. column j) is included in a submatrix k, a check on
all columns j (resp. rows i) must be performed.

If a matrix entry (i, j) with support;; = 1 and i € R*€ and j € C*€
exists, [by; and uby; are updated to include the value of the matrix
entry. Overall, this operation is in O(n) (resp. O(m)).

Once the updates of the FSMs are done, each (row, submatrix) pair is veri-
fied with respect to the rules in O (Km). A call to propagateDominanceRule
is in O (Km+Arowsh+Acolsm+Arequired K+Asupport=1K). Over a complete branch,
the number of operations required is in O (Km?®+Kmn). If the rules are applied
symmetrically on columns, the overall running time is in O(K max(m, n)?).

4.2.6 Function UPDATEBOUNDS

Upper bounds on the objective for the current tree node must be computed
efficiently, in order to run the branch & bound. The chosen method also pro-
vides a lower bound, with no additional (marginal) computational cost.

The upper bound ub is the sum of every matrix entry that is either selected
in a submatrix or that is positive and could still be selected. The lower bound
Ib is similarly defined, but keeping negative-valued matrix entries. Formally,
they are computed as follows:

ub="{M;; | (i,j) € cover® V (My; > 0 A (i, j) & cover®)} ,  (4.26)
b= Z{Mi’j | (i, j) € coverS v (M;; <OA(i,)) ¢ cover)} . (4.27)

Recomputing these bounds from scratch in each node is costly: O(Knm).
The running time can be improved by incrementally maintaining the number
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of submatrices supporting each matrix entry, in the same way as done for the
propagateDominanceRule function. These bounds, stored as reversible
floating point numbers, can be maintained easily:

m When a row i is included in a submatrix k, check if any column j is
already in C k€ and that (i, J) ¢ cover€ yet. If that is the case and
M; ; > 0 (resp. < 0), increase ub (resp. 1b) by M; ;. This operation runs
in O(n).

m The similar operation must be performed when a column is included in
a submatrix. Each of these operations runs in O(m).

m When a row i is excluded from a submatrix k, check if any column j
is not already excluded (j ¢ (C*€ U C*7)). If that is the case, decrease
support; ; by one. This operation runs in O(n).

= The same operation goes for excluded columns in O (m).

= When the support; ; is reduced to zero, if M;; > 0 (resp. < 0), then
decrease ub (resp. 1b) by M; ;. This operation runs in O(1).

The whole maintenance process for the bounds behaves in O(Aowsn +
Acoism). Over a complete branch, the incremental method is in O(Knm),
while the one based on recomputations is in O(K?(n?m + nm?)).

4.2.7 Large neighborhood search

The exhaustive approach presented above eventually finds and proves the op-
timum value provided enough time is given. Unfortunately, the search space
is so large that even for small matrices and a limited number of submatri-
ces, it tends to quickly find a good solution but is not able to improve it. To
overcome this limitation, we propose to embed the exhaustive CP search into
a large neighborhood search (LNS)[Sha98]. LNS is a local search approach
using CP to discover improvements around the current best solution:

m First the CP exhaustive search is used during a limited time, to discover
an initial solution.

m For a given number of iterations, the CP exhaustive search is used again
while fixing some of the variables (fragment), as detailed below, to their
value in the current best solution.

In addition, to limit the risk of having an iteration stuck for too long, we
limit the DFS to 1000 failures.
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The current best solution at iteration ¢ has the form ((RV5*€, - . . | REE*€),
(CLh*€, ... CK1*€)) We propose three different fragment selection heuris-
tics that define parts of the solution to constrain when restarting the LNS for
next iteration:

1. Select uniformly at random a subset of rows and columns in the set
of rows and columns used by some submatrix: R? C (Ugcpp REP*€),
CP C (Ugepp CFH*€), then for each submatrix, include the set of rows
and columns intersecting with those sets:

Rk,t+1,€ — Rk,t,e N Rp ’ and Rk,t+1,? =R \ Rk,t+l,€ i (428)
and similarly for the columns.

2. A similar operator is defined with rows and columns selected inside the
whole matrix: R? C R, C? C C. This allows for greater diversification,
notably by allowing discovery of previously unselected rows/columns.

3. Selecting uniformly at random a subset of submatrices M? C {1,---,K}.
For each of these submatrices, select at random different subsets of rows
and columns Rz C Rktx€E Cﬁ C Ck!*€ that is constrained: RF!+1L€ =
Rk1.E N R‘z, REH1L? = R\ REI1L€ and similarly for columns.

Experiments show that these three operators are complementary.

4.3 Experiments

This section describes experiments conducted to assess the performance of
the proposed algorithms and to provide guidance on the selection of the ap-
propriate solution. We first evaluate the methods on synthetic datasets, where
the optimum is known, then on real datasets.

We compare our exhaustive CP and LNS methods against a greedy base-
line approach, CP-Greedy, that solves at each step the maximal sum subma-
trix (K = 1) problem using the constraint programming approach presented
in CHAPTER 2. That approach iteratively selects the next best submatrix, on a
modified matrix in which the previously selected entries are set to 0 such that
there is no incentive to select several times the same positive entries. Each

max
ta

iteration is performed within “— with #™** the allocated budget of time.

The implementation has been carried out on OscaR [Osc12], using Java
1.8.0 on an AMD Bulldozer clocked at 2.1 GHz; one core and 3 Go of RAM
per instance. The source code is available here: https://github.com/

GuillaumeDerval/MWSCP.


https://github.com/GuillaumeDerval/MWSCP
https://github.com/GuillaumeDerval/MWSCP
https://github.com/GuillaumeDerval/MWSCP
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4.3.1 Evaluation

Approaches are compared using any-time profiles as described in DEFINI-
TION 4 in SECTION 2.4.1.1.

4.3.2 Synthetic dataset

A synthetic dataset composed of 1,617 instances has been generated using a
Python script which is available on Zenodo [Der+18]. For those, the optimal
solution is known as they were all generated by implanting randomly K sub-
matrices before adding some noise. Note that the optimal solution may be
slightly different than the implanted submatrices because of the noise addi-
tion. TABLE 4.1 describes parameter values considered in the generation.

Table 4.1: Parameters for the synthetic dataset generation

Parameter Values used Description
(m,n) (800, 200), (640, 250), (400, 400) | Size of the matrix M € R™*"
K 2,4,8 Number of submatrices
0 0, 0.3, 0.6 Minimum overlap between
submatrices (in % of matrix
entries)
o 0,0.5,1.0 Background noise variance
(mean is 0)
(r,s) (35, 70), (50, 50) Size of submatrices (noisy,
Gaussian with o = =)
seed [0,9] Seed for matrix generation

FIGURE 4.4 gives the any-time profiles of the CP-Greedy baseline method,
along with CP-Exhaustive (the exhaustive process presented above) and CP-
LNS. The results clearly illustrates the overall better performance of the CP-
LNS whenever the computation time roughly exceeds 20 seconds.

TaBLE 4.2a presents the performance of the algorithms for each parameter
value considered in the synthetic data generation. Reported performance is
computed as the average performance of each algorithm obtained before a
certain limit of computation time.

4.3.3 Real dataset

We also experiment with non-synthetic datasets of several types described in
SECTION 4.1.2:

1. olympic,

2. migration, and
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Any-time profile
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Figure 4.4: Comparison between CP-Greedy, CP-Exhaustive and CP-LNS on
1,617 matrices generated as described in SEcTION 4.3.2. The graph presents
the any-time profiles as described in DEFINITION 4 (SECTION 2.4.1.1). For each
instance, 18 minutes were allocated for computations.

3. genes.

The results presented in TABLE 4.2b are similar to those obtained for syn-
thetic datasets. CP-LNS is the best method on most datasets given 10 seconds
of computation time. There are two notable exceptions (alizadeh and gar-
ber datasets), in which case LNS did not find the optimum in the 20 minutes
allowed for each dataset.

4.3.4 Comparison against Mixed Integer Linearly and Quadratically
Constrained Programming

We tested our methods against MIP (linear) and MIQCP (quadratic terms in
the constraints) methods. As these two methods do not perform well on big-
ger instances, we do not integrate them in our experiments presented above
on large matrices.

MIP model MIQCP model
max ;M- sij max ;i M;j s
Sij Z€jk Vi,jk | K-sij = XkTki-Chkj Vi, j
Si,j < Dk @ijk Vi, j Si,j < 2kTkiCkj Vi, j
€ijk +1 2> Tk,i+ Ck,j Vi, j, k
2-€jk S TkitcCrj Vi, j, k

All variables € {0, 1}

MIP and MIQCP methods are plagued by the number of variables, that is
in O(Knm) for MIP and O(K(n + m)) for MIQCP, and by the number of
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Table 4.2: Comparison between CP-Greedy (GRE), CP-Exhaustive (EX) and
CP-LNS (LNS). The table shows the Q(a, t) for each algorithm a given a certain
amount of time ¢ (see DEFINITION 4 in SECTION 2.4.1.1). Migration, olympic
and gene expression data are described by Dao et al. [Dao+18], IOC Research
and Reference Service, The Guardian [IOC], and de Souto et al. [de +08], re-

spectively.
(a) Synthetic dataset
10s 20s 100s 1080s
Parameters GRE | EX | LNS | GRE EX | LNS | GRE | EX | LNS | GRE | EX | LNS
{m=400,n=400} | 0.70 | 0.33 | 0.37 | 0.74 | 0.57 | 0.76 | 0.76 | 0.75 | 0.95 | 0.77 | 0.75 | 0.97
{m=640,n=250} | 0.71 | 0.34 | 032 | 0.75 | 048 | 0.79 | 0.77 | 0.74 | 0.95 | 0.77 | 0.75 | 0.97
{m=800,n=200} | 0.73 | 0.34 | 0.29 | 0.77 | 0.48 | 0.61 | 0.79 | 0.77 | 0.94 | 0.79 | 0.78 | 0.96
K=2 0.85 | 0.78 | 032 | 0.85 | 0.88 | 0.83 | 0.85 | 0.90 | 0.96 | 0.85 | 0.91 | 0.97
K=4 0.72 | 0.20 | 030 | 0.77 | 0.51 | 0.72 | 0.78 | 0.74 | 0.94 | 0.78 | 0.75 | 0.96
K=8 0.57 | 0.03 | 036 | 0.64 | 0.13 | 0.61 | 0.68 | 0.62 | 0.94 | 0.68 | 0.62 | 0.97
0=0% 0.58 | 0.27 | 0.34 | 0.67 | 0.45 | 0.71 | 0.71 | 0.66 | 0.97 | 0.71 | 0.66 | 0.98
0=130% 0.71 | 034 | 031 | 0.73 | 0.50 | 0.69 | 0.75 | 0.75 | 0.93 | 0.75 | 0.76 | 0.95
0=60% 0.85 | 0.40 | 034 | 0.86 | 0.57 | 0.77 | 0.86 | 0.86 | 0.94 | 0.86 | 0.86 | 0.97
=00 0.73 | 0.34 | 0.78 | 0.78 | 0.63 | 0.80 | 0.81 | 0.77 | 0.98 | 0.81 | 0.78 | 1.00
=05 0.72 | 0.33 | 0.04 | 0.75 | 0.44 | 0.67 | 0.78 | 0.74 | 0.94 | 0.78 | 0.74 | 0.97
o=1.0 0.69 | 0.33 | 0.16 | 0.73 | 0.44 | 0.68 | 0.73 | 0.75 | 0.93 | 0.73 | 0.75 | 0.94
{r=50,s =50} 0.71 | 034 | 034 | 0.75 | 0.52 | 0.73 | 0.77 | 0.76 | 0.94 | 0.77 | 0.77 | 0.96
{r=355=70} 0.71 | 032 | 032 | 0.76 | 0.50 | 0.71 | 0.78 | 0.75 | 0.95 | 0.78 | 0.75 | 0.97
(b) Real datasets

K=4 1s 5s 20s
Type Dataset GRE | EX | LNS | GRE | EX | LNS | GRE | EX | LNS
migration | migration_0.001 0.96 | 092 | 0.96 | 0.96 | 0.92 | 0.99 | 0.96 | 0.92 | 1.00
migration | migration_0.003 0.87 | 0.89 | 0.93 | 0.87 | 0.89 | 0.99 | 0.87 | 0.89 | 1.00
migration | migration_0.005 0.83 | 0.79 | 0.96 | 0.83 | 0.79 | 1.00 | 0.83 | 0.79 | 1.00
olympic | olympic_0.01 0.88 | 0.69 | 0.92 | 0.88 | 0.91 | 0.97 | 091 | 0.91 | 1.00
olympic | olympic_0.02 0.79 | 0.69 | 0.87 | 0.84 | 0.84 | 0.97 | 0.84 | 0.84 | 1.00
olympic | olympic_0.04 0.62 | 0.81 | 0.91 | 0.76 | 0.82 | 0.96 | 0.93 | 0.82 | 1.00
olympic | olympic_0.06 0.80 | 0.92 | 0.93 | 0.97 | 092 | 0.98 | 0.97 | 0.92 | 0.99

K=4 10s 20s 100s
Type Dataset GRE | EX | LNS | GRE | EX | LNS | GRE | EX | LNS
gene alizadeh-2000-v1_095 1.00 | 0.48 | 0.82 | 1.00 | 0.48 | 0.82 | 1.00 | 0.48 | 0.92
gene armstrong-2002-v1_095 | 0.73 | 0.60 | 0.92 | 0.73 | 0.60 | 0.99 | 0.73 | 0.60 | 1.00
gene bhattacharjee-2001_095 | 0.82 | 0.31 | 0.98 | 0.91 | 0.86 | 0.99 | 0.91 | 0.96 | 1.00
gene bittner-2000_095 0.96 | 0.53 | 0.86 | 0.96 | 0.53 | 0.98 | 0.96 | 0.53 | 0.98
gene bredel-2005_095 0.98 | 0.86 | 1.00 | 0.98 | 0.86 | 1.00 | 0.98 | 0.86 | 1.00
gene chen-2002_095 0.74 | 0.80 | 1.00 | 0.89 | 0.80 | 1.00 | 0.89 | 0.80 | 1.00
gene chowdary-2006_095 0.82 | 0.83 | 1.00 | 0.82 | 0.83 | 1.00 | 0.87 | 0.83 | 1.00
gene dyrskjot-2003_095 0.97 | 094 | 0.99 | 097 | 0.94 | 1.00 | 0.97 | 0.94 | 1.00
gene garber-2001_095 0.59 | 0.24 | 0.58 | 0.82 | 0.32 | 0.58 | 1.00 | 0.50 | 0.86
gene golub-1999-v1_095 0.86 | 0.88 | 0.92 | 0.86 | 0.88 | 0.95 | 0.86 | 0.88 | 0.96
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constraints, which is O(Knm) for MIP and O(nm) for MIQCP. TABLES 4.3a
and 4.3b show that both models are slow compared to our LNS method, and
are heavily affected by matrix size, number of submatrices to find and noise.
For bigger submatrices, such as the synthetic and real ones presented in the
previous section, both methods timeout either without returning solutions or
with comparatively poor solutions.

4.4 Conclusions

We presented a generalization of the maximal sum submatrix problem to mul-
tiple submatrices, called the maximum weighted submatrix coverage prob-
lem, along with a method to solve that problem based on constraint pro-
gramming and large neighborhood search. Experiments on both synthetic
and real datasets show that our CP-LNS method finds consistently better so-
lutions (when more than 10 seconds are allocated) than both MIP/MIQCP, an
exhaustive CP method and a greedy approach using the method presented in
CHAPTER 2 to solve the MSS problem.

The proposed experiments are only concerned with implementation effi-
ciency. An evaluation of the maximum weighted submatrix coverage problem
on biological data is proposed in CHAPTER 5.
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Table 4.3: Comparison between CP-LNS, MIP and MIQCP, on a synthetic
dataset, generated as described in SEcTION 4.3.2. All methods were given
a fixed time limit of 300 seconds. The metric used is the any-time profile
(see DEFINITION 4 in SEcTION 2.4.1.1). CP-LNS finds the optimum on each
dataset. The time when the best found solution was found is indicated in-
side parentheses. Experiments made on Gurobi 8.1.0.

(a) Varying number of submatrices and noise, with matrices of
size 50 X 50 and submatrices of size 16 X 16

K o | CP-LNS MIP MIQCP

2 00]1.00 (1s)| 1.00  (0s) | 1.00  (Is)
2 05| 1.00 (1s) | 1.00  (7s) | 1.00  (7s)
2 10| 1.00 (1s) | 0.89 (233s) | 0.79  (57s)
3 00| 1.00 (2s)| 1.00 (1s) | 1.00  (2s)
3 05| 1.00 (3s)| 1.00 (140s) | 1.00 (138s)
3 1.0 | 1.00 (3s) | 074 (254s) | 0.48 (256s)
4 00100 (2s)| 1.00 (1s) | 1.00  (62s)
4 05100 (3s)| 1.00 (252s) | 0.88 (290s)
4 1.0 | 1.00 (6s) | 0.64 (260s) | 0.69 (225s)
5 00| 1.00 (4s) | 1.00  (79s) | 1.00 (275s)
5 05| 1.00 (5s) | 0.82 (257s) | 0.69 (237s)
5 1.0 1.00 (6s) | 077 (24s) | 036  (38s)

(b) Varying size of the matrix and noise, with matrices of size mxm
and K = 2 submatrices of size | 3] x | 2]

m o CP-LNS MIP MIQCP
50 0.0 | 1.00 (0s) | 1.00 (1s) | 1.00 (3s)
50 05| 1.00 (1s) | 1.00 (5s) | 1.00 (7s)
50 1.0 | 1.00 (1s) | 0.95 (207s) | 0.82 (204s)
100 0.0 | 1.00 (4s) | 1.00 (1s) | 1.00  (33s)
100 0.5 | 1.00 (1s) | 0.86 (293s) | 1.00  (45s)
100 1.0 | 1.00 (3s) | 0.65 (269s) | 0.82 (191s)
200 0.0 | 1.00 (17s) | 1.00 (8s) | 1.00 (135s)

) )

) )

) )

) )

) )

200 05 | 1.00 (21s) | 0.37 (191s) | 3%  (81s)
200 1.0 | .00 (6s) | 0%  (0s) | 5% (134s)
400 0.0 | .00 1.00  (31s) | 1.00  (54s)
400 05| 1.00 (1s)| 0%  (1s)| 0%  (0s)
400 1.0 | .00 0%  (1s) | 4% (301s)




Mining submatrices of
maximal sum in gene
expression data

5.1 Introduction

Gene expression data is typically represented as a large matrix of gene ex-
pression levels across various samples. The study of such data is a valuable
tool to improve the understanding of the underlying biological processes. A
frequent objective of gene expression analysis is to group genes according to
their expression under certain conditions or to group conditions based on the
expression of a number of genes. Biclustering, also known as co-clustering,
is one of the most common approaches for such a task as it identifies spe-
cific subsets of rows and of columns which jointly form homogeneous en-
tries [MO04; Xie+18].

Biclustering algorithms tend to produce biclusters sharing similar expres-
sion values, for example by minimizing the variance across the selected genes
and selected samples. However, some relevant biclusters may be missed when,
due to the presence of a few outliers, they lack the assumed homogeneity of
expression values among a few gene/sample combinations.

73
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As an alternative, the maximal sum submatrix (MSS) problem seeks for
subsets of rows and of columns with globally high values. In biological terms,
one looks for a subset of biomarkers which are, after appropriate normaliza-
tion, relatively highly expressed among a subset of samples. One could also
look for patterns of low expression simply by considering the opposite values
of a normalized version of the original matrix. By default, we will look for
high expression patterns. Both subsets of selected genes and of selected sam-
ples are a priori unknown and must be identified. They form a rectangular,
and not necessarily contiguous, submatrix of the original data matrix exactly
like biclusters do. Yet, the mathematical criterion used to find such submatrix
differs and is less influenced by the presence of some outliers. In the sequel,
we use the terms submatrix and bicluster interchangeably and, depending on
the context, they refer to the solution of existing biclustering algorithms or
of our own method.

From a biological viewpoint, there might be several biclusters to be iden-
tified from the same original data matrix. Indeed, a single gene may partici-
pate in multiple pathways which may or may not be co-active under several
conditions [MO04]. Specific genes may also be representative of expression
patterns among some samples, while other genes would be more informative
for other subsets of samples. In other words, one typically looks at several
biclusters which might partially overlap in terms of genes or of samples they
contain.

5.1.1 Biclustering and maximal sum submatrix

The maximal sum submatrix problem, introduced in DEFINITION 1, SECTION 1,
consists in finding a submatrix with maximal sum of the selected entries.

The data matrix typically represents gene expression values in a continu-
ous range, for instance on a logarithmic scale and properly normalized: neg-
ative values, respectively positive values, represent expression values below,
respectively above, a threshold 6. For example, § may correspond to the me-
dian expression level over the whole data matrix, or a row-specific value rep-
resenting the average expression level of a gene across all samples. After such
normalization, positive values are considered as the interesting ones. By de-
fault, they correspond to the high levels of expression one is interested in
finding in the data matrix. One could also look for low levels of expression
by replacing such a normalized matrix M by its opposite —M.

FIGURE 5.1a depicts a toy example of such a normalized data matrix. Posi-
tive values, in red, are considered to have high expression levels and negative
values, in blue, correspond to low expression levels. FIGURE 5.1b represents
the optimal solution to the maximal sum objective. It defines a specific rect-
angular submatrix, or bicluster, of genes and samples, maximizing the sum of
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its entries. It can include a few outliers in terms of high expression levels. For
example, the —4.1 entry (row r4, column c) is included in the optimal solu-
tion because such a low value is compensated along its row and its column by
other positive values, hence all selected rows and selected columns contribute
positively to the objective function. In contrast, as one looks for a rectangular
submatrix, a positive entry may be excluded from the optimal solution if it
is penalized by the presence of negative values along its row and its column.
This is the case, for example, for the entry 4.0 in row r3 and column c3 of this
toy example.

FIGURES 5.1c and 5.1d represent the results obtained with two different
biclustering algorithms, namely CCA and ISA (further described in the Skc-
TION 5.2 Mining approaches), starting from the same toy example FIGURE 5.1a.
Both their solutions strongly differ from the one represented in FIGURE 5.1b.
In particular, the CCA solution includes many negative entries as they imply
a lower variance along selected rows and selected columns. In contrast, the
ISA solution only includes positive entries but is missing several genes and
samples that should arguably be selected as in FIGURE 5.1b. Experimental re-
sults reported in SEcTION 5.4 Results illustrate the benefits of the proposed
approach to extract biologically relevant gene subsets.

The maximum weighted submatrix coverage (MWSC) problem is an ex-
tension to the maximal sum submatrix problem that consists in finding K sub-
matrices such that the sum of all entries covered by the submatrices is max-
imum. In this chapter, we study the applicability of that maximum weighted
submatrix coverage problem to discover several, and possibly overlapping,
biclusters from gene expression data and we show its benefits compared to
existing biclustering algorithms.

5.1.2 Contributions

The main contributions of this chapter are:

1. K-CPGC, a greedy extension to the CPGC method provided in SEcTION 2.3.2.3
to produce several, possibly overlapping, biclusters of maximal sums in
gene expression data,

2. arigorous statistical validation protocol to assess the performance of
six well-known biclustering methods compared between them and with
K-CPGC,

3. practical experiments on 17 gene expression cDNA microarray datasets
from Saccharomyces cerevisiae samples under various controlled condi-
tions,
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Figure 5.1: An instance matrix, the submatrix of maximal sum, the bicluster
found with cCcA and with ISA algorithms. Low and high values are indicated
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4. practical experiments on 18 single-channel Affymetrix chip datasets
from various Human tissue samples,

5. agene enrichment analysis showing that the proposed K-CPGC method
outperforms biclustering algorithms to find biologically relevant biclus-
ters,

6. a freely available R package implementing K-CPGC.

5.2 Mining approaches

This section briefly presents six biclustering algorithms frequently cited in
the literature and for which software implementations are publicly avail-
able [PC17a; Li+09; Pre+06; BKC10; Ere+12; Yu+12]. Next, we present the
constraint programming approach, CPGC, to identify a submatrix of maximal
sum and its extension to extract K submatrices. Our evaluation protocol, in-
cluding the data collection and experimental setup, is also detailed.

5.2.1 Biclustering algorithms

5.2.1.1 Cheng and Church’s algorithm

Cheng and Church’s Algorithm (CCA) is based on iteratively adding or remov-
ing rows and columns to a current bicluster in order to minimize the variance
within it [CC00]. The variance in a bicluster (I, J) is evaluated as a mean
squared residue MSR:

1
MSR(I,7) = —— » (M;; — M;; — My + M1 ;)? , (5.1)
|I||J| ; J J Ij 1,J
jer
where M, j is the average of the ith row in the bicluster,
1
My = > My (5.2)
jes
M ; the average of the jth column,
M, ;= — Z M (5.3)

and M ; the average of all elements in the bicluster,

1
M, , = —— M;; . 54
15 = 1] 2 M (5.4)
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A parameter § defines a threshold of maximum MSR for a bicluster to be
accepted. The identification of multiple biclusters is achieved iteratively by
replacing all entries of the previously identified bicluster(s) by random values
within the range of the original data matrix.

5.2.1.2 Conserved gene expression motifs

Conserved Gene Expression Motifs (xMOTIFs) finds biclusters with simul-
taneously conserved genes in subsets of samples in a discretized data ma-
trix [MKO02]. Each discretized entry corresponds to a continuous range of
expression values from the original matrix. Genes are considered conserved
across a subset of samples if the discretized expression values are identical.
This approach greedily searches for a largest xMOTIF starting from various
random seeds. When such an xMOTIF is found, the corresponding samples
are removed from the original matrix and the whole process is iterated. This
approach is thus constrained to return biclusters without overlap between the
respective samples they contain.

5.2.1.3 Iterative signature algorithm

Iterative Signature Algorithm (ISA) starts from a randomly selected bicluster
and greedily adds or removes columns and rows till reaching some prescribed
minimal average value T¢ (Tg) across the selected columns (rows) [BIB03].
Several biclusters can be found by restarting from another randomly selected
bicluster.

5.2.1.4 Qualitative biclustering

QUalitative BIClustering (QUBIC) discretizes the original matrix and builds
a graph where each node corresponds to a gene, and each edge weight is
the number of samples for which two genes have the same nonzero dis-
cretized value. It then searches for biclusters corresponding to heavy sub-
graphs [Li+09].

5.2.1.5 Plaid

Plaid fits a generative statistical model with K components from which each
entry M; ; of the original matrix is assumed to have been generated [LO02].
M;; =B+ Zlk(:l(,uk + ik + Bik) pikkjk + €ij
where B is a background level, i is a specific bicluster effect, a;x and i are
row and column effects, p and x are cluster memberships respectively along
the rows and the columns, ¢ is a random noise. The P1aid algorithm fits such
an additive model by minimizing a mean square error between the modeled
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and observed data [TBKO05]. This algorithm may actually return less than K
biclusters because a specific bicluster is returned only if it offers a better fit
(= a lower residue) than biclusters found from random permutations of the
original matrix.

5.2.1.6 Spectral

Spectral relies on singular value decomposition to cluster genes and samples
simultaneously after a specific normalization of rows and columns [Klu+03].
It looks for distinctive checkerboard patterns which form biclusters including
contiguous rows and contiguous columns. The net result is a set of biclusters
of low variance such that each gene and each sample exactly belong to a single
bicluster.

5.2.1.7 CPGC

The CPGC algorithm to solve the maximal sum submatrix problem is provided
in SECTION 2.3.2.3. It is a depth-first-search (DFS) approach composed of ma-
jor CP ingredients:

m filtering rules,

m bounding procedure,

= dominance rules,

» variable-value heuristic.

A solution to the maximal sum submatrix problem is represented by two
vectors of boolean decision variables R = (Ry,...,R,,) for the rows and
C = (Cy,...,Cy,) for the columns, with R; € {0,1} and C; € {0,1}. When a
decision variable is equal to 1, its corresponding row or column is selected in
the solution. When it is equal to 0, its corresponding row or column is not
part of the selected submatrix. The algorithm searches through the space of
possible variable assignments in the form of a tree as depicted in FIGURE 5.2.
Initially, at the root, all decision variables are unbound and the algorithm ex-
plores such a tree in a depth-first-search fashion. Any configuration with no
unbound variable defines a specific submatrix and is called a feasible solution.
The goal is to find an optimal solution, i.e. a solution of maximal sum, among
the feasible solutions.

The complexity of this approach is defined by the number of nodes ex-
plored and the complexity of the methods executed at each node. The CPGC
approach explores O(2") nodes, or possible assignments of column variables.
The time complexity of the methods performed at each node of the search
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Figure 5.2: Search tree. This figure illustrates the search tree defined on the
set of possible submatrices. A question mark refers to an unbound variable
that can be equal to 0 or 1.

tree is in O(m X n). The global time complexity of CPGC is therefore in
O(2" X m X n).

The space complexity of the nodes is in O(m + n). The number of nodes
to maintain effectively is in O(n), by virtue of the DFS exploration strategy.
The global space complexity of CPGC is therefore in O (n X (m + n)).

These bounds on the space and time complexities do not consider the sub-
stantial reduction of the search space induced by the filtering procedures. In
experiments with instance matrices of 10, 000 rows by 1, 000 columns, the best
solutions are found within short periods of time, usually less than a few sec-
onds. Moreover, providing more time (up to 1,000 seconds) never improves
the objective value. Further technical details, experiment and result descrip-
tions are provided in CHAPTER 2 Mining a submatrix of maximal sum. These
results suggest that CPGC is scalable to tackle reasonably large problems from
biological to biomedical domains.

5.2.2 The greedy K-CPGC

The CPGC algorithm looks for a single submatrix of maximal sum from an
original data matrix while there might be several biclusters to be identified.
In gene expression analysis, the same gene may indeed participate in mul-
tiple pathways. Hence one would like to identify K biclusters with possible
overlaps between them. The control parameter K must be chosen by the data
analyst (e.g. K = 10) but, as illustrated in the SECTION 5.4 Results, a biolog-
ical interpretation of the biclusters found may help in this regard. Formally,
any row and any column of the original data matrix may belong to zero, one
or up to K biclusters. Hence, each decision variable can now take 2K values.
The extension to the MSS problem to identify K solutions would thus lead
to a search space containing O(2K" x 2K") feasible solutions. A complet as-
signment of the column variables does not help in this regard. Indeed, each
decision for row i in submatrix k depends on the decisions on row i for the
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K — 1 other submatrices, as stated in THEOREM 3, SECTION 4.2.2.

Consequently, one can no longer hope to find optimal solutions in a rea-
sonable time from gene expression datasets. Instead, we propose to follow a
greedy strategy as commonly adopted in several biclustering algorithms [MO04;
CCo00; PGA15].

A first submatrix is found by solving the maximal sum submatrix opti-
mization problem with CPGC. Next, the values of the selected entries in this
solution are replaced in the original matrix by zeros. A zero value is indeed
neutral with respect to the maximal sum objective. In other words, any par-
ticular entry that has already been selected can again be selected but with-
out any benefit nor loss in the objective value. Such a strategy allows for a
possible overlap between several biclusters, neither forcing such overlap nor
discarding it a priori. This process can be iterated till producing K biclusters.

The time complexity of the method is computed as K times the complexity
of the CPGC subroutine. The greedy procedure does not alter the space com-
plexity. Identifying K submatrices with a large total sum is performed within
a reasonable time (in the order of a minute with the computational power
described in the experiments), which is unsurprising given the performance
of the CPGC subroutine.

An implementation of this greedy algorithm, called K-CPGC, is freely
available as an R package [Bra20].

5.3 Experiments on human tissues and on Saccharomyces
cerevisiae

5.3.1 Datasets

In this study, we look for biologically relevant biclusters computed from 35
publicly available gene expression microarray datasets. The first 18 datasets
were obtained from human tissues using single-channel Affymetrix chips
(Affy), proposed and preprocessed by de Souto et al. [de +08]. Similarly to
the latter work, expression values are transformed prior to further analyzes:
M; ;" logz(Afn—l;j ,

where m; is the median of row i and M; ;" is the value in row i and column
j after transformation. The subsequent 17 datasets, proposed and prepro-
cessed by Jaskowiak, Campello, and Costa Filho [JCC13], were obtained from
Saccharomyces cerevisiae samples under various controlled conditions using
double-channel cDNA (cDNA) technology. These expression values are left
unaltered. TABLE 5.1 summarizes this collection by reporting the number of
genes and samples measurements in each dataset.

The datasets analyzed during the current study are available in the bi-
clustlib repository [PC17a; PC17¢; PC17b].
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Table 5.1: Data collection summary.

Name Chip Genes Samples Organism Tissue/Condition

1 armstrong-vl Affy 1081 72 Human Blood

2 armstrong—vz Affy 2194 72  Human Blood

3 bhattacharjee Affy 1543 203  Human Lung

4 chowdar y Affy 182 104 Human Breast, Colon

5 dyr SkJ ot Affy 1203 40 Human Bladder

6 gOI‘dOl’l Affy 1626 181 Human Lung

7 laiho Affy 2202 37 Human Colon

8 nutt-vl Affy 1377 50 Human Brain

9 nutt-v2 Affy 1070 28  Human Brain
10 nutt-v3 Affy 1152 22  Human Brain
11 pomeroy-vl Affy 857 34 Human Brain
12 pomeroy-v2 Affy 1379 42  Human Brain
13 r amaswamy Affy 1363 190 Human Multi-tissue
14 Shlpp Afty 798 77 Human Blood
15 singh Affy 339 102  Human Prostate
16 su Affy 1571 174 Human Multi-tissue
17 west Affy 1198 49  Human Breast
18 yeoh—vl Afty 2526 248  Human Bone marrow
19 alpha factor cDNA 1099 18  Yeast Cell cycle synchronisation
20 cdc 15 cDNA 1086 24 Yeast Cell cycle synchronisation
21 cdc 28 cDNA 1044 17 Yeast Cell cycle synchronisation
22 elutriation cDNA 935 14 Yeast Cell cycle synchronisation
23 1mM menadione cDNA 1050 9 Yeast Environmental modifications
24 1M sorbitol cDNA 1030 7 Yeast Environmental modifications
25 15mM diamide cDNA 1038 8  Yeast Environmental modifications
26 25mM DTT cDNA 991 8  Yeast Environmental modifications
27 constant 32nM H,O, DNA 976 10 Yeast Environmental modifications
28 diauxic shift cDNA 1016 7 Yeast Environmental modifications
29 complete DTT cDNA 962 7 Yeast Environmental modifications
30 heat shock 1 cDNA 988 8  Yeast Environmental modifications
31 heat shock 2 cDNA 999 7 Yeast Environmental modifications
32 nitrogen depletion cDNA 1011 10 Yeast Environmental modifications
33 YPD1 cDNA 1011 12 Yeast Environmental modifications
34 YPD2 cDNA 1022 10 Yeast Environmental modifications
35 Yeast sporulation cDNA 1006 7 Yeast Sporulation
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5.3.2 Experimental setup

Our objective is to assess to which extent biclustering algorithms and our own
K-CPGC approach are able to find biclusters representative of the controlled
conditions in our evaluation study. To do so, we analyze the gene subsets
found by each approach and we check which of them are significantly en-
riched.

To compare all approaches on a fair basis, we look for (up to) K = 10
biclusters for each controlled experiment. As detailed below, some algorithms
do not produce so many solutions while others, including K-CPGC, could be
tuned to produce more solutions. Ten biclusters from each data matrix are
also considered as reasonable for the subsequent biological interpretation of
the results.

All algorithms used in this work are available through R packages: bi-
clust [Kai+18], isa2 [CKB10] and mssm [Bra20] for K-CPGC. By default, the
control parameters of each biclustering algorithm are those recommended by
their original authors. For example, as proposed by the authors of CCA, the
original data matrices are initially multiplied by 100 to match the range of
data values their control parameters are assuming. The discretization step
of XMOTIFs is performed with 10 equally spaced intervals from minimum to
maximum. The K-CPGC threshold 6 (seeSEcTION 1.2 Interpretation in gene
expression analysis) is set to the 75th percentile of expression values, specif-
ically to each dataset. We consider such a threshold as representative of the
objective of capturing high expression patterns. Given the performance of
the CPGC approach on larger datasets, the K-CPGC method waits for conver-
gence of the CPGC method. In other words, each call to the CPGC method is
interrupted whenever the solution is proved optimal, or the best solution has
not been improved for 10 seconds. We additionally compare the performance
of the CPGC subroutine to the other approaches.

5.3.3 Evaluation

In order to evaluate the biological relevance of the biclusters returned by the
various algorithms in this study, a gene enrichment analysis is performed
from the selected genes in each bicluster. Specifically, we perform an enrich-
ment step for the selected genes through the Gene Ontology (GO; consid-
ering the Biological Process Ontology) [Ash+00] using the clusterProfiler R
package [Yu+12].

For each of the 35 datasets, each of the 8 algorithms produces up to 10
biclusters. For each bicluster, the enrichment step provides a list of GO terms
and false discovery rate (FDR) corrected p-values [BH95]. This p-value refers
to the probability of selecting at random n genes out of the N genes from
the original expression matrix, with ¢ out of n being associated with the same
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functional class C. Let s be the true proportion of the N genes associated with
the functional class C, the p-value associated with a GO term, or functional
class C, is computed as:

(N2 .
()

For each GO term, or functional class C, we calculate the p-value of the
current submatrix enrichment as the probability of selecting at random at
least ¢ genes of this functional class C in the submatrix, where c is the actual
number of genes from this class present in the current submatrix [Li+09]. The
smaller the p-values of the terms associated with a submatrix, the more likely
the selected genes come from the same biological process.

According to the methodology proposed in [PC17a; Li+09; Pre+06; Ere+12],
a specific bicluster is considered enriched if there is at least one GO term with
a FDR corrected p-value below 5%. An algorithm is considered better if it
produces more enriched biclusters.

A refined analysis has also been proposed in [PC17a; JCC14] through pair-
wise comparison of the smallest p-value among the GO terms found from the
selected genes returned by each algorithm. Such a comparison could be criti-
cized as it is limited to a single p-value for each algorithm, not necessarily
computed for comparable GO terms. Instead, when comparing two algo-
rithms A; and A,, for any GO term considered significantly enriched (FDR
corrected p-value < 5%) by both algorithms, one computes a performance
difference as:

Pr(c| N,s,n) =

diff (A}, Ay) = — log(% . (5.6)

A
The larger diff (A, Az), the smaller the corrected p-value of p4, compared to
pa, with a positive difference whenever A; outperforms A,.

5.4 Results

While this work focuses on the biological relevance of identified submatrices,
it must be stressed that K-CPGC usually finds the best solutions in less than a
minute. On average, K-CPGC requires 14.7 seconds, the median being equal
to 1.7 seconds. The longest run is performed within 195.7 seconds on dataset
18 (Yeoh-v1).

All reports of time in the present work are computed from experiments on
a MacBook Pro (OS version 10.10.5) laptop (Intel i7-2720 CPU 2.20-3.30GHz,
1GB RAM per run) with a single thread using the CPGC implementation pre-
sented in CHAPTER 2 combined with a python script to identify K submatrices.
That implementation is equivalent to that of the mssm R package developed
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in this work. Time performances have not been thoroughly studied but are
similar with both implementations.

5.4.1 Significantly enriched biclusters

TABLE 5.2 gives a global overview of the ability of the various algorithms to
find significantly enriched biclusters among the 35 gene expression datasets
from human tissues and Saccharomyces cerevisae. The K-CPGC algorithm
clearly outperforms the other approaches in this global overview: it is the
best in terms of the number of enriched biclusters found. Some algorithms
are only able to produce a limited number of distinct biclusters, even less
enriched ones. This is due to the specifics of each algorithm. For instance,
several random initializations used by ISA do not guarantee to find distinct
solutions. P1aid only returns biclusters that offers a better fit to their under-
lying statistical model than those obtained through random permutations of
the original matrix. As for K-CPGC, a slight increase of the threshold 8 would
lead to producing more biclusters while constraining further the objective of
finding high expression patterns. The reported setting looks sound anyway as
the prescribed number of 10 biclusters for each dataset is very close to being
found with this approach.

Table 5.2: Total number of identified and enriched biclusters.

Algorithm  Biclusters Enriched biclusters

CCA 349 108
ISA 163 90
K-CPGC 342 177
Plaid 102 57
QUBIC 269 107
Spectral 147 44
XMOTIFs 309 60
CPGC 35 35

Results reported for each algorithm on the 35 gene expression datasets from
human tissues and Saccharomyces cerevisae. The defined target is K = 10 bi-
clusters for each dataset, for a maximum of 350 biclusters overall. A bicluster
is considered significantly enriched if the subset of genes it contains is asso-
ciated with at least one GO term with an FDR corrected p-value below 5%.

5.4.2 Statistical assessment

A non-parametric Friedman test [Fri37] is routinely used in the machine learn-
ing literature to assess the relative performance of various classification algo-
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rithms across several datasets [Dem06]. We adopt here the same methodology
to compare biclustering algorithms and our own K-CPGC method. For each
dataset, the algorithms under study are ranked according to the number of
enriched biclusters they return. TABLE 5.3 reports the number of enriched bi-
clusters identified per dataset by each algorithm and its associated rank. The
last row reports the average rank R4 of algorithm A over all datasets. The
Friedman statistic has a y% distribution with v — 1 degrees of freedom where
N is the number of datasets and v the number of algorithms being tested:

v 2
v(v+1

§ Rj——( )

A=1 4

The results presented in TABLE 5.3 lead to reject the null hypothesis of
no difference between the v = 8 algorithms over N = 35 datasets with an
associated p-value equal to 1.33 x 107!, It should be highlighted that some
algorithms present performance discrepancies regarding the data collections.
Namely, ISA, QUBIC and Spectral present higher enrichment performance
on the Human tissues collection than on the Yeast collection. Each of the other
approaches provides comparable performance on both collections of datasets.

We proceed with a post hoc test, the Hochberg’s sequential procedure [Hoc88],
to determine whether K-CPGC significantly outperforms the other algorithms.
FIGURE 5.3 reports a diagram of critical differences between the ranks of the
various algorithms. The horizontal lines in bold represent the differences
between ranks that are required for statistical significance. Such intervals
increase as more approaches are included in the comparison following the
Hochberg’s correction for multiple testing. In conclusion, K-CPGC has a sig-
nificantly better rank compared to all other approaches.

, _ 12N

XF v(v+1) (5.7)

K-CPGC

CCA
QUBIC
ISA
xMOTIFs
Plaid
CPGC
Spectral

Figure 5.3: Critical difference of ranks. Comparison between the average
rank of each algorithm over N = 35 datasets, with a 5% level of significance
and Hochberg’s correction for multiple testing.
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Table 5.3: Number of enriched biclusters found by each algorithm on each
dataset.

dataset CCA ISA K-CPGC Plaid QUBIC Spectral xMOTIFs CPGC

1 1(5.0) 7(1.0) 6(20) 1(50) 0(7.5) 0(7.5) 2(3.0) 1(5.0)

2 0(75) 8(1.0) 6(20) 1(5.0) 1(5.0) 0(7.5) 2(3.0) 1(5.0)

3 1(60) 8(1.0) 7(20) 1(60) 5(3.0) 0 (8.0) 3(4.0) 1(6.0)

4 1(5) 2(25 1(55) 2(25) 0(8.0) 5(1.0) 1(55) 1(5.5)

5 2(40) 6(1.5)  2(40) 1(65) 6(1.5) 0 (8.0) 2(4.0) 1(6.5)

6 1(55) 7(1.0) 5(20) 2(40) 0(7.5) 0(7.5) 3(3.0) 1(5.5)

7 2(50) 3(40) 8(1.0) 1(7.0) 7(2.5) 7 (2.5) 1(7.0) 1(7.0)

8 3(5.0) 8(15  8(15) 1(7.5) 6(3.0) 5 (4.0) 2(6.0) 1(7.5)

9 1(70) 2(45) 7(1.0) 1(7.0) 6(2.5) 6 (2.5) 2(45) 1(7.0)
10 1(5.0) 1(5.0) 5(1.0) 1(50) 0(8.0) 2 (2.0) 1(5.0) 1(5.0)
11 0(75) 1(45) 4(15 0(7.5) 4(15) 1(4.5) 1(45) 1(45)
12 2(35) 8(1.0) 7(20) 0(75 2(3.5) 0(7.5) 1(55) 1(5.5)
13 0(7.0) 3(15)  3(15 0(7.0) 2(3.5) 0(7.0) 2(3.5) 1(5.0)
14 2(45) 3(25  1(65 0(8.0) 2(45) 10 (1.0) 3(2.5) 1(6.5)
15 3(20) 3(20) 245 0(8.0) 3(2.0) 2 (4.5) 1(65) 1(6.5)
16 1(55) 8(1.5) 8(15 0(75 4(3.0) 0(7.5) 2(4.0) 1(5.5)
17 0(7.0) 3(20) 1(45 0(7.0) 3(2.0) 0(7.0) 3(2.0) 1(4.5)
18 2(20) 1(40) 3(1.0) 0(7.0) 1(4.0) 0 (7.0) 0(7.0) 1(4.0)
19 8(25) 0(7.0) 9(1.0) 6(40) 8(2.5) 0 (7.0) 0(7.0) 1(5.0)
20 6(20) 3(45) 10(1.0) 3(45 4(3.0) 0 (8.0) 2(6.0) 1(7.0)
21 2(40) 1(65) 8(1.0) 4(2.0) 2(4.0) 0 (8.0) 2(4.0) 1(6.5)
22 6(20) 1(65) 8(1.0) 0(8.0) 3(4.5) 5 (3.0) 3(45) 1(6.5)
23 2(25) 0(7.0)  4(1.0) 0(7.0) 2(2.5) 0(7.0) 1(45) 1(4.5)
24 4(15) 0(65) 4(15 065 0(6.5) 0(6.5) 1(35) 1(3.5)
25 5(15) 0(7.0) 5(1.5) 3(3.0) 0(7.0) 0(7.0) 1(45) 1(4.5)
26 4(15) 0(7.5)  4(15) 2(45) 2(45) 0(7.5) 3(3.0) 1(6.0)
27 4(10) 1(65) 3(20) 2(40) 2(4.0) 0 (8.0) 2(4.0) 1(6.5)
28 5(1.0) 0(7.0) 4(20) 2(3.5) 2(3.5) 0(7.0) 0(7.0) 1(5.0)
29 3(35) 1(60) 6(1.0) 3(35) 4(2.0) 0 (8.0) 1(6.0) 1(6.0)
30 5(1.0) 0(7.5) 2(25) 1(50) 1(5.0) 0(7.5) 2(25) 1(5.0)
31 4(25) 1(55) 5(1.0) 4(25) 1(55) 0 (8.0) 1(55) 1(5.5)
32 8(15) 0(7.5) 5(45) 7(3.0) 8(L5) 0(7.5) 5(4.5) 1(6.0)
33 6(3.0) 0(80) 7(20) 3(40) 9(10) 1(6.0) 1(6.0) 1(6.0)
34 6(20) 0(7.5) 4(3.0) 3(45) 7(10) 0(7.5) 3(4.5) 1(6.0)
35 7(1.0) 0(65)  5(20) 2(3.0) 0(6.5) 0 (6.5) 0(65) 1(4.0)

avg. rank 3.7 45 2.1 5.4 39 6.2 4.7 5.6

Numbers in parentheses are the associated ranks. In case of ties, average
ranks are assigned. The last row corresponds to the algorithm ranks aver-
aged over the 35 datasets. Best performances are highlighted in bold. It is
observed that all enriched biclusters have different GO enrichment. Note
that CPGC is the original algorithm identifying a single submatrix of maxi-
mal sum per dataset.
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The analysis so far has been focusing on the number of biclusters for
which the subset of genes they contain is associated with at least one signifi-
cant GO term. Since K-CPGC and CCA are the best methods according to this
analysis, one looks now at all significant GO terms identified by both algo-
rithms. FIGURE 5.4 reports the difference metric between p-values of these
GO terms according to EQUATION (5.6). It shows that K-CPGC outperforms
CCA in this regard since it exhibits a positive difference in 638 out of 1,054
cases. In other words, K-CPGC identifies gene subsets which are generally
estimated more significant as they correspond more often to lower p-values.

Differences of p-values

30 A

20 A

416

638

— log;(p-values K-CPGC) + log; o (p-values CCA)
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Figure 5.4: Comparison of K-CPGC and CCA p-values for enriched GO terms.
This figure presents the (logarithmic) ratio of corrected p-values associated
with each GO term identified by both K-CPGC and CCA. Positive values (638
GO terms) are in favor of K-CPGC.

5.4.3 Biological relevance

We further analyze the actual gene subsets identified by K-CPGC from Saccha-
romyces cerevisae samples to check whether the 20 most significantly enriched
GO terms it identifies in each dataset are consistent with the controlled con-
ditions under which these experiments were conducted. K-CPGC produces
up to 10 submatrices of maximal sum per dataset. Each submatrix is associ-
ated with a subset of genes and a subset of samples. Up to 10 gene subsets are
identified by K-CPGC per dataset. An enrichment step provides a list of GO
terms and FDR corrected p-values [BH95] for each gene subset.

The 20 most significantly enriched GO terms are reported in TABLES 2
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to 18 (in Additional tables). Each table presents the results of one dataset.
One GO term is listed per row and the associated rank is provided in the first
column. The second column gives the unique GO identifier of a term. The
third column contains a short description for each term. Finally, the corrected
p-value of the enrichment step is given in the last column. These tables con-
firm that identified GO terms are consistent with the controlled conditions
under which these experiments were conducted.

The GO terms identified in the first four datasets, representative of cell cy-
cles, are associated with some form of biogenesis, including ribosome, RNA,
peptide and macromolecules synthesis. The GO terms identified in the next
12 datasets are indeed associated with various forms of response to stress-
induced environments, including many representatives of the response to
the stimulus, oxidation-reduction processes, and cellular responses to stress.
Some GO terms also refer to generic responses to stress which are less spe-
cific to the controlled condition. For example, in the complete DTT dataset,
many GO terms relate to alteration in the general patterns of protein biosyn-
theses as reported by Miller et al. [MXG79]. The last experiment related to
yeast sporulation includes GO terms referring to cell cycle, sporulation, and
reproductive processes.

5.4.4 Influence of the parameters

The proposed K-CPGC method could be considered as including two control
parameters: the number K of biclusters one looks for and the threshold 6
defining the level of expression above which interesting patterns are searched.

We fix 0 to the 75th percentile of expression values and we argue that this
is a reasonable choice to find high expression patterns. Yet, the user may be
interested in playing with this parameter as it influences indirectly the sizes
of the biclusters found. In the limit, if 6 is set below the minimal expression
value, all entries of the normalized matrix will be positive and the solution to
the maximal sum problem is trivially identified as the full matrix. Similarly,
if 0 is set above the maximal expression value, all entries of the normalized
matrix become negative and the optimal solution is the empty matrix. An
intermediate 0 value between these extreme cases is typically chosen. For a
fixed data matrix increasing 6 tends to produce smaller biclusters. The actual
bicluster sizes found is difficult to predict exactly, as it also depends on the ac-
tual distribution of expression value in the matrix, but the analyst may easily
play with 0 to find biclusters of interest.

For a fair comparison between all algorithms, we fix the maximal number
of biclusters to be found to K = 10. In practice, however, this is not a critical
choice since the analyst can start with K = 1 and use the proposed gene
enrichment analysis to check whether the successive biclusters returned by
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increasing K are still significantly enriched. Let us consider the evolution of
the GO enrichment as a function of K.

We report here the evolution of the number of enriched biclusters and the
evolution of the number of enriched GO terms as a function of K. Value of
parameter K ranges from 1 up to no significant improvement.

Each dataset is separately normalized by subtracting a threshold 6 to all
matrix entries before using K-CPGC. The threshold 6 is set to the 75th per-
centile of expression values, specifically to each dataset, as default value. We
consider such a threshold as representative of the objective of capturing high
expression patterns. We also examine the 65th and 85th percentiles of ex-
pression values to complement analyzes. We report as K-CPGC_0_xx the
results of our approach after normalization through subtraction of the xxth
percentile.

FIGURE 5.5 presents the evolution of the number of enriched biclusters as
a function of K. We observe a rapidly growing number of enriched biclusters
up to the chosen value in the main manuscript (K = 10). Our approach, with
its three different 6 values, essentially identifies more enriched biclusters than
other approaches in the first part of the graph. Nevertheless, CCA produces
more enriched biclusters in the long run. We explain the absence of important
improvements in our approach by the size of the discovered gene subsets. In-
deed, biclusters are identified only when there is some signal remaining in the
matrix. Therefore, identifying larger subsets of genes is penalized, as the re-
maining signal depends on the previously identified (and masked) biclusters.
TABLE 5.4 presents the average size of gene subsets for K = 10 and K = 40. We
observe that the difference between CCA and the three variants of K-CPGC in-
creases with K. A data analyst would consider smaller values of K given the
size of the datasets, the size of the identified subsets of genes and the results
from Figure 5.5.

FIGURE 5.6 presents the number of different enriched GO terms identified
by each approach for increasing values of K. We observe a rapidly growing
number of enriched GO terms up to the chosen value in the main manuscript
(K = 10), for most approaches, as in FIGURE 5.5. It confirms the ability of
K-CPGC to quickly identify a large part of the relevant signal. It is furthermore
noticeable that K-CPGC_0_65 and K-CPGC_0_75 identify more GO terms
than all others approaches for any value of the parameter K.

Interpretations of both graphs can be reunited by observing that:

1. K should be large enough to observe differences regarding the enrich-
ment,

2. K should, however, be small enough to ensure that there still is a signal
to be found, regarding the number of biclusters and the number of GO
terms.
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Evolution of the number of enriched biclusters
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Figure 5.5: Evolution of the number of enriched biclusters as a function of K.
The left axis presents the cumulated number of biclusters identified as K, the
maximal number of biclusters to be found, increases. The right axis presents
a performance computed as the number of enriched biclusters divided by the
number of enriched biclusters identified by the best algorithm at K = 40. The
100% performance corresponds to identifying 142 enriched biclusters.

Table 5.4: Size of gene subsets averaged on 17 Saccharomyces cerevisae
datasets.

Name K=10 K =140

K-CPGC_0_65 129 98
K-CPGC_0_75 110 93
K-CPGC_0_85 81 69
CCA 84 40

ISA 82 82

QUBIC 170 122

Plaid 130 126
Spectral 6 6

XMOTIFs 38 17
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Evolution of the number of enriched GO terms
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Figure 5.6: Evolution of the number of enriched GO terms as a function of
K. The left axis presents the cumulated number of different GO terms iden-
tified as K, the maximal number of biclusters to be found, increases. The
right axis presents a performance computed as the number of different en-
riched GO terms identified divided by the number of different enriched GO
terms identified by the best algorithm at K = 40. The 100% performance cor-
responds to identifying 2879 enriched GO terms.

5.5 Discussion

The experiments and results reported in this work show that the K-CPGC
method outperforms six well-known biclustering algorithms to identify bio-
logically relevant gene subsets among subgroups of samples. The various al-
gorithms are compared essentially based on their ability to return gene sub-
sets which are associated with significantly enriched GO terms. One could
consider that such a performance assessment validates only part of the results
as it focuses on the genes (rows) and does not validate a posteriori the identi-
fied subgroups of samples (columns). This is actually a common limitation of
the assessment of biclustering methods from gene expression data [PC17a].
For the Saccharomyces cerevisae experiments reported here, there is no gold
standard in terms of subgroups of samples to be identified. Yet, these sub-
groups of samples are, at least indirectly, validated because their components
directly influence the subsets of genes which are returned. This is particu-
larly clear for the CPGC approach as one looks for a rectangular submatrix
of maximal sum and the returned genes are directly constrained by the se-
lected samples in such a submatrix. This is also true for biclustering algo-
rithms since, for instance, they look for homogeneous expression patterns
both across rows and columns. Notwithstanding, in a medical context, for



5.6. Conclusions 93

example, the actual samples are typically associated with specific patients.
In such a case, direct validation of the identified subgroups of samples could
be performed by comparing these subgroups with actual clinical annotations.
Interpreting the evaluation of unsupervised method on their ability to re-
cover an expected structure is difficult, however. As an illustrative example,
Padilha et al. [PC17a] evaluated the ability of several biclustering algorithms
to recover the predefined sample classes. They showed that the best meth-
ods are biased towards methods that force every row and every column to be
biclustered.

The K-CPGC approach can also be used to find low expression patterns
instead of high-level ones simply by considering the opposite of the normal-
ized data matrix. These are two obvious possibilities but it is straightforward
to generalize this approach. For instance, if one would be interested in find-
ing patterns of average expression values (neither over-expressed nor under-
expressed), one can easily transform the original matrix to a new one, e.g.
according to a Gaussian or RBF kernel, in which a higher value would repre-
sent an original entry closer to the average expression value. This average (or
median) value can be computed overall, row-wise or column-wise. Countless
variants are easy to define and illustrate the flexibility of this approach.

5.6 Conclusions

We propose a novel algorithm, K-CPGC, to find K non-redundant and possibly
overlapping submatrices of maximal sum from a large gene expression matrix.
The returned solutions have the same bi-dimensional structure as biclusters
produced by existing biclustering algorithms. Yet, the mathematical objective
is different and more explicitly optimized with the proposed methodology.
Indeed, the role of a matrix entry (i, j) in a submatrix is clear: its contribution
to the decision of including gene i and sample j in the submatrix is M; ;. It
follows that the contribution of each gene in the definition of a gene subset,
respectively each sample, can be easily computed as the sum of matrix entries
for each of the selected samples, respectively genes.

Through enrichment analysis performed on 35 gene expression datasets
from human tissues and Saccharomyces cerevisae samples, we show that the
K-CPGC method outperforms biclustering algorithms when looking for bi-
ologically relevant gene subsets. Not only is our approach efficient, but it
also identifies more enriched biclusters than other biclustering methods. The
K-CPGC approach provides stronger results (lower p-values of gene subsets
or GO terms) than these alternative algorithms. These results illustrate the
benefits of the proposed approach in terms of biological enrichments and bi-
ological relevance.

The K-CPGC is, however, not limited to gene expression analysis. For ex-
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ample, Liu and Wang [LW03] use a drug activity dataset consisting of a matrix
of 10,000 compounds with 30 features for each compound. The K-CPGC al-
gorithm could be used to identify subsets of compounds presenting highly
valued entries in subsets of features.

This method has the potential to find relevant gene subsets across various
-omics technologies since, unlike biclustering algorithms, it does not look for
homogeneous gene expression values. The specific search order it follows
could also be easily adapted to discover small relevant submatrices rather than
large biclusters, hence focusing on rare but relevant expression patterns.

The K-CPGC method and the biclustering algorithms it is compared to
are unsupervised methods since they do not require any particular annota-
tion of the analyzed samples. A different and interesting setting arises when
the samples, or at least a fraction of them, are labeled according to various
conditions or clinical variables. In such a context, a new objective would be to
identify subsets of genes that are maximally relevant to discriminate between
subsets of samples from different conditions.



Mining submatrices of
maximal sum quicker

Constraint programming approaches presented in previous
chapters are dedicated to solving a particular task. Modifi-
cations of the objective function and addition of constraint
may not always be trivial. It may require changing some or all
functions of the presented algorithms. In this chapter, we de-
sign a constraint that can be used in any constraint program-
ming (CP) model. A tighter bound and new filtering rules are
also provided to define a new model for the maximal sum sub-
matrix problem. A CP implementation using that model re-
quires less computational time than an implementation using
a model with an upper bound and filtering rules as presented
in CHAPTER 2, particularly for the difficult instances. The im-
proved upper bound and stronger filtering reduce the size of the
search space by removing infeasible solutions. Evaluation on
synthetic data suggests that the new model is globally prefer-
able in terms of computational time and size of the search space
than the original approach.

6.1 Introduction

CPGC, a constraint programming (CP) approach relying on an upper bound
to the weight of the maximal sum submatrix is introduced in CHAPTER 2,
SEcTION 2.3.2.3. That approach has two limitations that this chapter aims at
overcoming;:

1. CPGC has shorter time requirements to solve instances than competing
approaches. Such better performance is particularly clear with matrices
containing only a few positive entries or when the optimal solution
covers a small fraction of the input matrix. The upper bound struggles
to solve matrix instances containing many positive entries, however.

2. CPGC is a dedicated algorithm. Efficient propagation of additional con-
straint might require a thorough modification of the algorithm.

95
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6.1.1 Contributions

The main contributions of the chapter are:

s The formal definition of the SubmatrixWeight constraint to model
the sum of entries covered by a submatrix.

m The definition and implementation of an upper bound and filtering
rules specifying a competitive constraint programming approach.

= An evaluation of the benefits of the new approach on synthetic data as
compared to CPGC, the CP approach with global constraint, defined in
CHAPTER 2.

6.2 Constraint programming model

CP is a flexible programming paradigm for solving (discrete) optimization
problems. A constraint programming model is a triplet (V, D, C) where V is
the set of variables, D their domains, and C is a set of constraints. A feasible
solution is an assignment of the variables to values of their domains such that
all constraints are satisfied. Constraints are exploited to reduce iteratively the
number of variable assignments to consider. Once all unfeasible values are re-
moved from the domains of the variables, the solver selects a variable X € V
that is nonfixed and recursively calls itself while assigning a value to this vari-
able. By exploring a depth-first-search (DFS) tree, the solver either reaches a
solution or backtracks when the domain of a variable becomes empty.

6.2.1 Model

We model a submatrix using the set variables R and C for the rows and
columns, respectively. A variable w denotes the weight of the submatrix
(R; C). The maximal sum submatrix can be modeled by maximizing the vari-
able w under the constraint that

w= Z M . (6.1)

ieR,jeC

The domain of a set variable S is the set of all the (sub)sets of S. That
domain is approximated by a closed interval denoted [S £ScuUS ?], in CP,
by means of the set domain bounds representation [Ger97].

» S°€ are the mandatory elements,

= S7 are the possible additional ones (S€ NS’ = 0).
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Such an interval represents all the sets in between those two bounds accord-
ing to the inclusion relation {S | S€ € S € (S€US’)}. A set variable is
fixed whenever it contains a single set in its domain. This situation happens
when set interval bounds are equal, or equivalently, the possible set is empty:
S?=0.

6.2.2 Notations

DEFINITION 8.
Let R (resp. C€) denote the mandatory rows (resp. columns) and R’ (resp. C*)
the possible rows (resp. columns) that might be added to the mandatory rows
(resp. columns).

DEFINITION 9.

Let (RE,R?, C¢, C?) and (R*,0,C**,0) denote a partial assignment and the
optimal solution extending it, respectively, with RS C R<*, R<* C (RS UR?),
CE CC,C C (CEUCY). Let (RS*;C=*) denote the submatrix correspond-
ing to the optimal assignment extending the partial assignment.

We refer to (R*;C**) as the best extension since the optimal solution
extending a partial assignment might be suboptimal for the pure maximal
sum submatrix problem, which has no variable fixed. We refer to the sum of
entries covered by the best extension as the best value, or simply best, with
best = Z Mi,j-

i€RE* jeCE*
ExAMPLE 2.
Let us consider the following matrix with the partial assignment ({11}, {12, 3,
T4, T's, Yo}, {C1}, {Ca, C3, C4, C5}). Mandatory variables are depicted in grey. The
best extension is defined by variables ({r1, r4, vs}; {c1, c2}), depicted in light-
grey, and best = 12.
Fea || eaf o5 caf o5
ol 2] 3]-2]-8]-1]

DEFINITION 10.
Let r;?*™ denote the partial sum of a row i with ri#*™ = % ;.cc M; j. Let the
partial sum of column j be symmetrically defined: ¢ ;7™ = 3\, cge M; ;.

DEFINITION 11.
Let C(a — b) denote the contribution (or impact) of a on the computation of b.
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DEFINITION 11 let us clarify concepts as follows:

m C(i € R¥" — best) is the contribution of row i € R€* to the weight (or
sum of entries) of the best extension (R*; C<*):

ClieRY - best) = > M . (6.2)
jGCE*

m C(i ¢ R* — best) is the contribution of i ¢ R€* to the best value:

C(i ¢ R — best) =0 . (6.3)

The variable w of our model of the maximal sum submatrix corresponds to
the weight of submatrix (R;C). The SubmatrixwWeight constraint enforc-
ing w = Xjer jec Mij is introduced in the next section. Filtering algorithms
tightening the domain of the variables and dominance rules are subsequently
presented, achieving the same level of filtering as the CPGC approach intro-
duced in CHAPTER 2.

6.3 The SubmatrixWeight constraint

The maximal sum submatrix can be modeled by maximizing the variable w
under the constraint that

w = Z Mi,j . (64)

ieR,jeC

The latter constraint is equivalent to the SubmatrixWeight constraint de-
fined below:

SubmatrixwWeight(R,C, M, w) . (6.5)

That constraint enforces variable w to be equal to the weight of submatrix
(R;C) given a matrix M. The domain of R (resp. C) is the set of all the
(sub)sets of rows (resp. columns) of the matrix M and the domain of w is R.
A submatrix of maximal sum is an assignment of R, C, and w, such that the
value of w is maximal and constraint SubmatrixWeight holds.

6.3.1 Filtering the domain of the weight variable

The objective of a filtering algorithm is to remove values that do not partici-
pate in any solution of the constraint. Effective filtering algorithms remove as
many inconsistent values as possible. We are interested in achieving bound-
consistency for the SubmatrixWeight constraint. In a bound-consistent
constraint, every variable bound (maximum or minimum) occurs in a solu-
tion of the constraint.
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DEFINITION 12.
Let w™m (resp. w™) denote the minimal (resp. maximal) value in the domain

of variable w: [w’"i”, wm“x] .

Two opposite optimization problems must be solved to filter the domain
of w and achieve bound-consistency: minimizing and maximizing the sum of
entries covered by sets of rows and columns.

DEFINITION 13.
Let w and w denote the optimal values to the following optimization problems:

w = min Z M;; , W = max Z M;; . (6.6)
ieR,jeC ieR,jeC

Values w and w can be used to filter the domain of w:

[w™, w] — [max(w™, w), min(w™, w)]| . (6.7)

Unfortunately, finding w and w are NP-hard problems, as stated in THE-
orREM 1. However, we can design good bounds for them. An upper bound
to w, baseUB, which can be computed in O(m + n), has been introduced in
CHAPTER 2:

baseUB = Z Z M;; + Z max (0, M )

ieRE | jeC*E jec?
(6.8)
+ Z max |0, Z Mi,j + Z max (O, Mi,j)
ier? JeC* jec?

A lower bound to w, baseLB, can be defined from baseUB by replacing all
maximization terms by minimization terms. The filtering on the domain of w
becomes:

[wmin, wmax] — [max (wmin, baseLB) , min (w™, baseUB)] . (6.9)
We define r;?*? and ¢ jP“b (see DEFINITION 14) and rewrite baseUB for the
sake of clarity: baseUB = Y;cge ri?*? + ¥, cg» max (o, riPub).

DEFINITION 14.
Let ri?, denoted the bound to the row i, be the partial sum of i plus all the
positive entries in the possible columns:

P =4 > max (0, M) (6.10)
jec?

Let cjp”b denote the bound to the column j:

ijub — ijsum + Z max (0’ Mi,j) . (6.11)
ieRr?
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6.3.2 Filtering the domain of the set variables

It happens that decisions leading to unfeasible solutions can be detected be-
fore taking them. Filtering such decisions from the domains of the variables
reduces the size of the solution space.

DEFINITION 15.
Let S «— e denote a situation where element e is included in the mandatory set

S¢€:
S€—SUfe}, and S’ —S"\{e} . (6.12)
Let S \ e denote a situation where element e is excluded from the possible set:
S"— 8"\ {e}, and e¢ S . (6.13)

Let vs—, and vs\. denote the value v under the hypothesis that S < e and
S\ e, respectively.

Filtering rule in EQUATION (6.14) defines a sufficient condition to keep
only assignments of R including a row i, therefore forcing R < i. Excluding
i from the set variable R would lead to unfeasible solutions: baseUBg\; <
wiin - — way < wm and the domain of w would be empty. Similarly,

EQuATION (6.15) defines a sufficient condition to exclude row i from R (R \ i).

V(RE,R”,CS,C7),i € R : baseUBgy; < w™® = R i, (6.14)

V(RE, R, C5,C%),i € R : baseUBg; < w™™ = R\ i . (6.15)

Those two filtering rules are evaluated for all possible rows in O(m) at
each node of the search tree from incremental updates of r;?*:

baseUBg ; = baseUB + min (0, r,-p“b) ) and (6.16)

baseUBR\; = baseUB — max (0, r,-p“b) ) (6.17)

6.3.3 Dominance rules

Dominance rules define decisions leading to suboptimal solutions and pos-
sible alternative decisions leading to better solutions. Considering only the
alternative decisions benefits to the search by reducing the size of the search
tree.

A partial assignment may satisfy the maximization constraint on w only
if its best extension may improve upon the best solution found so far. Invalid
assignments are filtered out by fixing the maximal weight so far as the lower
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bound of the domain of w. THEOREM 6 reduces the domain of w by defining a
new, possibly better, submatrix in each node of the search tree. Fortunately,
that lower bound comes at no additional computational cost as it is already
computed in baseUB.

THEOREM 6.
For any partial assignment (RS, R”,C<, C?),

[wmi”, wmax] — | max(w™n", Z M; j), min (w™*, baseUB)| . (6.18)
ieRE,jeCe
Proof. Let 3, M, be the weight of the extension (RS, 0, C<, 0) of a par-
ieRE,jeCe
tial assignment. Let us define any other extension (X, 0, Y,0), with R€ C
X C (RE U R7) andCcC VY C (CE U C7). Such (X, 0,Y,0) is not a solution

to the maximal sum submatrix problem if
Z M;j < Z M; (6.19)
ieX,jelY i€eRE,jeCE
as its weight is not maximum. The partial assignment (ﬂe, R’,CE,C ?) and

its extensions can be filtered out of the search space. O

THEOREM 7 defines a rule to detect a row that never belongs to the best
extension to an assignment.

THEOREM 7.
Given a partial assignment, any rowi € R’ with r?** < 0 never belongs to the
best extension:

VieR' : rif* <0 = i¢ R . (6.20)

Proof. Let us define X, Y and i such that:

Xe{X|R€ng(R€uR?\{i})} , (6.21)
ieR” A r?<o, (6.22)
yelyicccyc(cuc) . (6.23)
For any partial assignment (X, {i}, Y, 0):
WRei = WR\; + Z M;; (6.24)
jey
and r;P% = Z M;;+ Z max (0, M; ;) > Z M;; , (6.25)
jece jec? jey
then r?* <0 = Z M;; <0 = wgei <WR\; - (6.26)

jey
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Any extension (X, 0, Y, 0) is a better solution than (X U {i}, 0, Y, 0). Conse-
quently, i never belongs to the best extension:

i¢ (R?nRE*) — ¢ RS (6.27)
0

The dominance rules in THEOREM 7 are evaluated for all the possible rows
in O(m) at each node of the search tree. The time complexity is explained by
incremental updates of r?%™, rP4b: all r;P*“™ and r;?** for all possible rows are
updated in O(m) at each node of the search tree.

Note that EQuATIONS (6.14) and (6.15) and THEOREM 7 have symmetrical
counterparts for the columns, which can also be used to reduce the solution
space at each node of the search tree.

6.4 A tighter bound and new dominance rules

The SubmatrixWeight constraint and the dominance rules proposed in
SecTION 6.3 achieve the same level of filtering as the global constraint im-
plemented in CHAPTER 2. This section introduces a tighter upper bound to
w and new dominance rules to reduce further the domains of the variables.
Many positive entries contributing to baseUB do not contribute to the tighter
bound, as suggested by theorems and definitions presented in this section.
Note that most of the theorems and definitions have a symmetrical coun-
terpart on the columns or the rows. All dominance rules are presented in a
different subsection from the bound subsection, even if some allow to define
the bound parts, to distinguish them from the bound.

6.4.1 Tighter upper bound

Only columns {j € C* | ¢ jp”b > 0} should contribute to w as none of the
columns in {j € C* | ¢ jpub < 0} belong to the best extension (from the
symmetrical counterpart of THEOREM 7). By extension, only columns {j €

C’|c jp“b > 0} should contribute to baseUB as well as its constituents r*®.

DEFINITION 16.
The modified-bound r;?“** is an adjustment ofr,-f’”b to only consider columns
{j €C”|c;P" > 0}:

rl_pub+ — ripsum + Z max (0, Mi,j) . (6.28)

JEC|c;Pub >0
Let ijub+ be symmetrically defined:

ijub+ — ijsum + Z max (0’ Mi,j) . (6.29)

ieR? |r;Pub >0
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Only columns {j € C’ | ¢ jP”b+ > 0} should contribute to w as none of
the columns in {j € C? | ¢ jpub+ < 0} belong to the best extension (from
the symmetrical counterpart of the dominance rule presented in THEOREM 9).
Consider c4 of EXAMPLE 2: the maximal contribution of cy4 is c. 41’”1’* =-2as
¢ is never to be selected (given that rrﬁf’”b = —1). Column c4 cannot be in
the best extension as it may only decrease the objective value (c.,”“** < 0).

Entry M; ; should contribute to r;?*** only if j € C” can belong to the best
extension (c;/*** > 0). Then, C(M;; — r;****) should be diminished by the
part of M; ; that ensures that c;”“* > 0. Let x be the maximal contribution
of M; ; (0 < x < M;;) to the row and M; ; — x be the rest for ¢;P4*: ¢;Pub+

c;PU* — x. The largest value x such that ¢;/“* — x > 0 is min(M; j, ¢;”**).

The best scenario for row i is to consider only positive x. This defines r;,

computed in O(m X n).

DEFINITION 17.
The explicit-bound r;*® is an adjustment of ri?*** to explicitly account for the
contribution of M; j to ¢;P*** (to ensure ¢;?*** > 0):

r b = p psum Z max (0, min (M,-,j, ijub+)) , orequivalently  (6.30)
jec?
poeub =y pubt Z (cjpub+ _ Ml-,,-) , (6.31)

jEC? |Mi,j>ijub+20
The explicit-bound c;® is symmetrically defined.

The remainder of this section introduces newUB, computed in O(m X n),
and tunes a component of it, specifically the term c;*, to ensure that w <
newUB. The dominance rule showing that r,-e”b <0 = i¢ R helps defin-
ing the bound but is presented in THEOREM 11, SECTION 6.4.2 DOMINANCE
RuULEs.

DEFINITION 18.
For any partial assignment (R, R?,C<,C’),

newUB = Z rPum
ieRe

+ Z ripsum

ieR?|r;eub >0
" Z ¢ Psum (6.32)
jeC?cj5>0

+ Z max (0, Mi,j)

ieR?|r4v>0
jEC? |ijub+ >0



104 Chapter 6. Mining submatrices of maximal sum quicker

The weight of the best extension, best, can be rewritten as sums of contri-
butions from mandatory and possible rows and columns, similarly to EQua-

TION (6.32):
best = Z pPsum

ieRe
ie(R’nRe*)

+ Z ¢ Poum (6.33)
je(c’ncer)

+ Z Mi,j .
ie(R’'NRE)
je(C’nce)

THEOREM 8 proves that the sum of the second and fourth term of EQua-
TION (6.32) is higher than that of EQuaTioN (6.33). More formally, it proves
that the possible rows, together, contribute more to newUB than to best.

THEOREM 8.
For any partial assignment (R€,R’,C€,C”),

Z ppsum 4 Z max (0, M; ;)

ieR? |rieub >0 ieR’ |r; >0
JeC? et >0

S o (6.34)

ie(R’nRe*) ie(R’'nRe)

je(c’ncer)

Proof. The symmetrical counterpart of dominance rule in THEOREM 9 states
that for any j € C":
¢t <0 = jeC . (6.35)

Then, (C’NC®*) C {j € C" | ¢;*** > 0} and for any i € R":

rips”m + Z max (0, M,',j) > rips”m + Z Mi,j . (636)
JEC? |cjpubr >0 je(C?ﬂCE*)

Moreover, dominance rule in THEOREM 11 states that for any i € R”:
rif <0 = igRE, (6.37)

which implies that (R” N R*) C {i € R? | ri¢“? > 0}. Then, EQUATION (6.34)
holds if there is no row i € R’ such that:

rieub >0 A UMy Z max (0, Mi,j) <0. (6.38)

jec? |ijub+ >0
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Such a row cannot exist as, for any possible row i,

ripsum + Z max (O, Mi,j) > rieub . (6-39)

jEC?|Cqub+ZO

O

Consider any column j € (C*\ C**) with ¢;*** > 0. Entries in j and
rows {i € R” | r;** > 0} with M; j = 0 should not contribute to the left-
hand side of EQUATION (6.34) as they do not contribute to the right-hand side.
However, such entries do contribute to the left-hand side to compensate for
the (possibly negative) r;#*™.

Let us compute the part of M;; required to compensate for r;?**™ and
the part that makes the left-hand side exceed the right-hand side of EQua-
TION (6.34). From definition of r;¢“®, max (0, min(M;, jsc jp"b+)) of M; ; is ded-
icated to r;®“? while the rest, M; ; — max (0, min(M; ;, cjf’“l”)), only increases
the left-hand side of EQUATION (6.34). Similarly, if M;; > —min(0, r;”**™),
value —min(0, 7;#*™) of M;; compensates for r;**™ while the rest, M; ; +
min(0, r;7*™), only increases the left-hand side.

DEFINITION 19.
Let us define, for any j € C’,

s psum
Cj- =¢Cj

+ Z max [max (0, Mi,j) — max (0, min (Mi,j, ijub+

ieR?|r;eub>0

) a0
max (0, min (0, ripsum) + Mi,j) ]

as the left-hand side of EQUATION (6.34) exceeds the right-hand side by at least
max(0, M; ;) — max(0, min(M; ;, c;/***)) ,
and at least
max (0, min(0, ;™) + M; ;) ,
foranyi € R? and any j € (C* \ C*) such that
rieub >0 A cjpub+ >0 .

The inequality of EQUATION (6.34) is not modified by the addition of
> ¢ P (6.41)
je(CN\C)le;520

to its left-hand side (see DEFINITION 19). Moreover, ¢;**" > 0 = ¢;* >

0 = > c;Psum > > c;P“™. Consequently, adding
je(CNCE)e;5 20 je(C’ncex)

Z ppsum Z ¢ Poum (6.42)

ieRe jeC’|c;s>0
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to the left-hand side, which becomes equal to newUB, and adding

Z pbsum 4 Z ¢ Poum (6.43)

ieRE jE(C?ﬂCE*)

to the right-hand side, which becomes equal to best, of EQUATION (6.34), pre-
serves the inequality. Consequently, newUB is an upper bound to best as the
bound is larger or equal to the best value.

The definition of newUB allows stronger filtering on the domain of w:

[w™™, W] — [w™" min (W™, newUB)| . (6.44)

The upper bound newUB to best is equal to 15 in ExampLE 2. The upper
bound baseUB to best is equal to 25 is ExAMPLE 2.

6.4.2 New dominance rules

Let us define rules to filter out solutions from the solution space or values
from the domain of the variables. THEOREMS 9, 10, and 11 define rules to
detect rows (or columns) that never belong to the best extension to any partial
assignment.

THEOREM 9.
Given a partial assignment, any rowi € R’ with r;?** < 0 never belongs to the
best extension:

VieR' : riP <0 = i¢ RS . (6.45)

Proof. Excluding row i is a better decision in all extensions to any partial as-
signment when maximizing w, similarly to proof given in THEOREM 7. Con-

sequently, i never belongs to the best extension: i ¢ (R7 N Re*) = i¢
RE*. O

LEMMA 1.
Given a partial assignment, any rowi € R’ with r;?*** > 0 never belongs to the
best extension if 3j € (C? \ C%*) such that M; j > rPubt

VieR,jeC |My>r?>0:j¢gC™ = igR™ . (6.46)

Proof. For any i € R’, any j € C’ such that M; ; > r?“** > 0, the value of
riP0+ after exclusion of j is

rl‘pub+c\j = ripub+ — max (0, Ml',j) . (647)

Then, C \j = ri#c; <0 = i¢ R O
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ExampLE 2 illustrates LEMMA 1: c3 (cc,”*** = 4) only decreases the objec-
tive if rs is removed from the partial assignment (CC3pub+7e\r3 =-2 = c3¢

C**). Also, excluding c3 implies the exclusion of rj: rr31”“b+c\C3 =1-6.

THEOREM 10.
Given a partial assignment, row i (€ R’ | r;®® > 0) and column j (€ C’ |
c;°“® > 0) never belong to the best extension ifr;P*** +c;P*** —max (0, M; ;) < 0:

VieR,jeC | rif" >0 A ;" >0 :

\ , (6.48)
rif" + ;P —max (O,M; ;) = i¢RAjeC™
Proof. Let us define X, Y, i and j such that:
Xe{X|R€ng(R€uR?\{i})} , (6.49)
ieR” A P >0, (6.50)
ye{y|c€gyg(c€uc?\{j})}, (6.51)
jeC’ A ¢ >0 . (6.52)

For any partial assignment (X, {i}, Y, {j}):

WR—i = WR\{i}
Cej C\{j}

6.53
+r,~p5um+ Z mj j +Cj,psum+ Z m,-r’j+Ml-,j s ( )
ie(Cny) 7e(R'NX)

and

rP40t 4¢P max (0, M; ;)

> rips“m + Z mi j + cjpsum + Z my j + Mi,j . (654)
je(c'ny) e(RINX)

Then,

r U0 4 ijub+ —max (0,M;;) <0 = wgei < Wg\(i} (6.55)
Cej C\{j}

and (X, 0, Y, 0) is a better solution than (X U{i}, 0, Y U{j}, 0). Consequently,
i or j never belongs to the best extension: i ¢ R* Vv j ¢ C*. However,
i¢ RS = j ¢ C* and symmetrically from LEMMA 1 and its symmetrical
counterpart. Consequently, neither i nor j belong to the best extension: i ¢

RE* A j ¢ CE*. O
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ExampLE 2 illustrates THEOREM 10: r3 and cs are mainly supported by
value 6 in (13, c3) as rr31"“l’+ =-5+6and cCBP“bJr = —2+6. Yet, (r3, c3) cannot
support them simultaneously as the maximal benefit of taking both r3 and c3
is =5 —2+6 = r, P 4¢P —6 < 0.

LEMMA 2.
Forany rowi € R?,

ripub+ * rieub — {j € C? | Mi,j > ijub+ 2 O} #0 . (6.56)

THEOREM 11.
Given a partial assignment, any possible rowi € R’ withr;®? < 0 never belongs
to the best extension:

VieR’ : r® <0 = igR . (6.57)
Proof. Let us define a set D; = {j €C” | M;j > c;Pubt > O}.

VieR'|Di=0: r*<0 = r" <0, LEMMA2 , (658)
6.58
P <0 = g RS, THEOREM 9 .

For any partial assignment (X, {i}, Y, D;), if |D;| > 0, LEMMaA 1 states that
excluding row i implies the exclusion of all columns in D;. Let (X, 0, Y, 0) and
(XU{i},0,YUD7, 0) be the best extensions when excluding and selecting row
i, respectively, with D} = D; N C**. Let us compute the difference between

the weight of (X U {i},0,Y U D7, 0) and (X, 0,Y,0):

ripsum + Z Ml',j + Z M,"j + Z ijsum + Z my j

je(C?’nCe)\D; Jjeb; Jjeb; e(RINRE)\{i}
< rl-ps'”" + Z Mi,j + Z ijub+ (659)
je(Cnce*)\D: JjeDj
< pyPsum oy Z max (0, M; ;) + Z ot (6.60)

je(C’nCE=)\D; jeD;
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The latter (right-hand side of EQUATION 6.60) is smaller than r;€*%:
rm 4 Z max (0, M; ;) + Z cPub* (6.61)
je(C’nCE)\D; jeD;
= rl_psum + Z max (O, Mi,j)
je C’NCE* |cApub+ZMi’A
oty 66
+ iju +
jG(C?ﬁCE*)lMl"j>ijub+ZO
_ ...psum Z : ., pub+
=r; + max | 0, min (M, j, c; (6.63)
je(cncer)
psum : pub+ )\ _ . eub
<r; + Z max (0, min (M,-,j, cj )) =r; . (6.64)
jec?

This illustrates that if r;°*® is negative, selecting i and its dependent columns
D7 can only alter the objective function: i must be excluded. O]

Consider ExaMpLE 2: c3 depends on rs and reciprocally. Selecting r;
comes with a cost of 10, to be balanced by (r3, c3): C((r3,c3) — r3) =
5 = C((r3,c3) — cCS)e”b =1and ccse“b = —1. Similarly, c3 comes with a
cost of 2 to be balanced by (r3, c3): C((r3,c3) = ¢c3) =2 = C((r3,c3) —
rr3)e“b =4andry, eub — _2_ Tt is clear that (rs, c3) cannot support both rs
and cs.

Let us define ¢;’* = ¢;/*™+ ¥ min (0, M; ;). THEOREM 12 define
ieR?|rieub>0
rules to detect columns (or rows) that always belong to the best extension to

any partial assignment.

THEOREM 12.
Given a partial assignment, any column j € C* with ¢;"* > 0 always belongs to
the best extension:

VieR" : ¢/'>0 = jeC™ . (6.65)

Proof. Inserting column j is a better decision in all extensions to any par-
tial assignment when maximizing w, similarly to proof given in THEOREM 7.
Therefore, j always belongs to the best extension: j € (R” N RE) = je
C*". O]

Observe that if r;¢4 + M; ; < 0, one would likely exclude the row rather
than adding M; ;, with costs ri¢“? and —M;, j» respectively. Let us define ¢ jdb =
CiPUM 4 3R | e o Max (min (0, Mj ;) , —r;*“%) as the smallest contribution
of j if it was selected. It accounts for the influence of j on the set of possible
rows upon (hypothetical) selection of j. Then, c je”’ >0 = jeCasj
always belongs to the best extensions.
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6.5 Experiments

This section describes experiments conducted to assess the performance of
two implementations using:

1. the baseUB upper bound and associated filtering and dominance rules,
and

2. the newUB upper bound and the corresponding new filtering and new
dominance rules.

The two implementations, respectively called after the name of the upper
bound they rely on, are compared using data matrices generated in a con-
trolled setting. By comparing these two implementations, we can evaluate
the increased filtering provided with the new upper bound, filtering rules,
and dominance rules.

We consider small instances matrices to allow the search to solve to op-
timality. This allows comparing implementations on the time or number of
nodes to find the optimal solution and the time or number of nodes required
to prove optimality. Additional experiments on large instance matrices using
large neighborhood search is left as future work.

Algorithms have been implemented in Scala (2.13.1). Each run is exe-
cuted with a single thread on a MacBook Pro (OS version 10.10.5, Intel
i7-2720 CPU @ 2.20-3.30GHz, 4GB RAM per run). CP implementations
are based on OscaR [Osc12] (version 4.1.0). The code and datasets are avail-
able at [Bra21]. Only instances solved within 2 minutes by both methods are
considered to compare the time to find and prove the optimal solution.

6.5.1 Synthetic dataset

We generated 224 instances using a similar approach to [BSD17] while con-
sidering harder to solve instances for which positive entries do not belong to
the optimal solution. Each instance is actually generated as a matrix of size
(x,y) € {(40,40), (50, 32), (64, 25), (80, 20)} with values drawn from a normal
distribution N (-3,1), a number K € {2,5} of submatrices is defined with
values drawn from N (1, 1). Each submatrix is defined as uniformly selected
subsets of rows and columns of sizes (4/p X x,+/p X y) with p € {0.2,0.5}. A
value is added or subtracted to all matrix entries such that a fraction d € {0.2,
0.3,0.4,0.5,0.6,0.7,0.8} of the matrix entries are positive.

6.5.2 Results

FIGURE 6.1a presents the number of instances that each algorithm solves more
efficiently. An instance is considered more efficiently solved by an algorithm
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Criterion: time to prove optimality
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(b) Performance profiles

Figure 6.1: Results of the performance of newUB and baseUB, and the associ-
ated filtering and dominance rules, computed on 224 generated instances. (a):
each bar represents the fraction of instances solved more efficiently by each
approach. The green bars correspond to the sum of the orange and blue bars.
(b): each point (x,y) on a curve with label ¢ indicates that the performance
of ¢ is within a factor x from the performance of the other algorithm in a
fraction y of the instances. Results are reported only for instances solved by
both approaches within 2 minutes.
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if the time required to prove the optimality of its solution is smaller than that
of other algorithms. Counts are reported as a function of the rate of positive
entries in the instances matrices. It is clear from the graph that the perfor-
mance are influenced by the fraction of positive entries in the instance matrix.
The new upper bound appears less sensitive to the influence of positive en-
tries.

While it is interesting to quantify the performance of each algorithm, per-
formance profiles [DM02] may provide more general insights and conclu-
sions. A performance profile is a cumulative distribution function F(7) of a
given performance metric 7. In this paper, the 7 value is the ratio between the
solving metric (typically, time or number of nodes) of a target approach and
that of the best approach for the particular instance. Let us consider the third
graph in FIGURE 6.1b as an example. We can read that Fp,syp(7 = 15) = 0.50.
This means that the performance, computed as the number of nodes explored
to prove optimality, of baseUB is within a factor 15 of the performance of
newUB in 50% of the problems. Alternatively, reading that F,.,yp(7 = 1) = .98
means that newUB requires less nodes to prove optimality in 98% of the prob-
lems. This illustrates the benefit of newUB in terms of nodes explored, even
in instances containing only a small fraction of positive entries. Nevertheless,
one might be more interested in computational time.

The first graph in FIGURE 6.1b presents the performance profiles using as
the performance metric the time required to get the optimal solution, but not
considering the time required to prove that it is optimal. Note that the x-axis
is linear while it is semi-log in other graphs. The performance of newUB is
within a factor of 2.7 from the performance of baseUB in all instances. The
performance of baseUB is within a factor of 2.7 from newUB in half of the
instances. Performance of baseUB is within a factor 48.2 of the performance
of newUB in all instances when considering the time required to find the best
solution.

The second graph in FIGURE 6.1b presents the performance profiles using
the time required to prove optimality as the performance metric. We observe
that baseUB is efficient on many instances but fails miserably in some in-
stances. If given 10 times the time required by newUB to solve an instance,
baseUB solves roughly 75% of the instances. This clearly illustrates that the
new upper bound, while being more computationally intensive, is a better
option if there is no knowledge on which approach would be best.

6.6 Conclusions

A new model for the maximal sum submatrix problem was proposed, which
achieves the same filtering as the constraint programming approach defined
in CHAPTER 2. That new CP model and the approach defined in an earlier
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chapter prove to be quite competitive due to reduced computational-time
complexity. We illustrated limit cases for which the upper bound is not tight
and is consequently inefficient to filter out suboptimal parts of the search
tree. Those cases have been addressed by defining a new bound and new
dominance rules. Experiments on synthetic data expose the limits of the
baseUB, which may largely fail on unfavorable instances. The new upper
bound newUB appears as a relevant alternative to baseUB as it does not re-
quire many additional resources to solve all instances. It actually requires
fewer resources in some instances.

Most extensions to the maximal sum submatrix problem rely on the iden-
tification of a submatrix of maximal sum. Those extensions might benefit
from newUB and the dominance rules introduced in this paper just as the
bound and rules benefit to implementations solving the maximal sum subma-
trix problem. The benefits of newUB and dominance rules to those extensions
should be evaluated in future works.






Conclusions and
perspectives

7.1 Few problems and many solutions

This thesis presents the maximal sum submatrix problem. It consists in find-
ing subsets of rows and of columns of a matrix. The submatrix has to be
of maximal weight: the sum of entries in the submatrix must be as high as
possible. Two extensions are also presented. They concern the identifica-
tion of multiple submatrices. The multiple submatrices cannot overlap in the
maximum weighted set of disjoint submatrices problem, presented in CHAP-
TER 3 MINING K DISJOINT SUBMATRICES OF MAXIMAL SUM. Submatrices may
overlap in the maximum weighted submatrix coverage problem, presented in
CHAPTER 4 MINING K OVERLAPPING SUBMATRICES OF MAXIMAL SUM.

The three optimization problems considered in this thesis are N'#-hard.
It is hopeless to find optimal solutions on large instance matrices such as
gene expression matrices with hundreds of thousands of entries. An optimal
solution is easy to find in some circumstances, however. This is related to the
implicit threshold and the maximization term that rewards positive entries
and penalizes negative entries. Changing the threshold can drastically change
the solution space and the search space. The optimal solution is easier to find
but less relevant from a biological point of view for extreme threshold values.

The thesis focuses on the more difficult instances with intermediate thresh-
old values. This is motivated by the biological applications where small but
non-empty submatrices are to be expected. It is quite common for NP-hard
problems to fix a trade-off between the time spend to find a solution and the
expected quality of that solution. The trade-off is set here by fixing a maxi-
mal amount of time to find the best solution possible. There is an underlying
assumption that one is interested in high solution quality in short amounts of
time. In all experiments, the maximal time allocated ranges from few minutes
to few hours.

Many algorithmic contributions of this document are related to the re-
duction of the computational time to explore the search space. It usually
comes from the design of efficient bounds and efficient filtering procedures
or dominance rules. Still, incomplete searches, such as greedy search or large
neighborhood search, are usually required to provide the best performances.

115
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This can be explained by our assumption that one is interested in high solu-
tion quality in short amounts of time. One could argue that time might be less
critical than the solution quality in a biological context. The results presented
throughout the thesis could be vastly impacted in such context. It would be
worth testing how solution quality advances may improve the biological re-
sults obtained.

This document presents many algorithms and implementations. They dif-
fer on the solver they rely on, the search strategy considered, and the prob-
lems they are designed to address. Other differences are explained by the
fact that they have been designed to produce the highest performance profile
possible in a particular (set of) experiments. Still, there are many similitudes
between the problems to solve and the experiments performed. TABLE 7.1
presents all implementations used during the thesis and illustrates some of
the similarities and differences between them.

7.2 Guidance and perspectives for the biologist

Results in CHAPTER 5 are supporting the relevance of the maximal sum sub-
matrix problem as compared to standard biclustering approaches. This sug-
gests that searching for relevant bicluster should be done through the max-
imization of the sum of the covered entries. Still, it may not be advisable to
use one of the implementations provided in this work without some prior
considerations. Some important elements are presented hereafter:

1. What is the actual problem?

(a) Are there multiple or just one submatrix to find?

(b) Should overlaps be allowed?

(c) Are there additional constraints that are not considered in the pro-
vided implementation(s)?

2. What is the actual data?

(a) Does it require preprocessing?

(b) Does it require normalization?
3. Should quality or efficiency be favored?

Experiments performed in CHAPTER 5 are restricted to the search of over-
lapping submatrices with a focus on efficiency. It is important to compare
these results with the performances of the implementations provided in CHAP-
TER 4 and the approaches for finding disjoint submatrices proposed in CHAP-
TER 3. Comparisons should take into account both the quality and efficiency
of each implementation.
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Table 7.1: Implementations presented throughout the thesis

Problem Subm. Solver Optim. Features
model Sol.
CP-LNS, MSS Booleans OscarCP X
CP-LNS MSS Booleans OscarCP X - Reduced search space
- Reduced search space
- Upper bound
CPGC MSS Sparse-Sets  OscarCP X .
- Dominance rules
- Variable value heuristic
MILP MSS Booleans Gurobi v - 8(m X n) variables
MILP Big M MSS Booleans Gurobi v - 0(m + n) variables
baseUB MSS Sparse-Sets  OscarCP v ' D.ommance rules
- Light upper bound
newUB MSS Sparse-Sets  OscarCP v - Tight but costly
rules and bounds
- Subroutine: CPGC
Greedy Best solution in
baseline MWSDS  Sparse-Sets  OscarCP X a budget of time
/Hot start - Overlaps penalized
with —oo
- Suboptimal solving
Column Gurobi + of the pricing problem
Generation MWSDS  Sparse-Sets OscarCP v with t}I:e Greg(;e(ll)y
baseline
MILP MWSDSP  Booleans Gurobi v - (m + n) variables
- Subroutine: CPGC
for a given

CP greedy MWSC  Sparse-Sets OscarCP X e ot -

- Overlaps neutralized
- Finite state machines
CP exhaust. =~ MWSC  Sparse-Sets OscarCP v ' Bounsis and
dominance rules
- Variable value heuristic
- Finite state machines
- Bounds and
CP LNS MWSC  Sparse-Sets OscarCP X dominance rules
- Variable value heuristic
- Three LNS restarts

MIP model MWSC  Booleans Gurobi v - 0(kmn) variables

MIQCP MWSC  Booleans Gurobi v - 0(k(m + n)) variables
- Subroutine: CPGC

K-CPGC MWSC  Sparse-Sets  OscarCP X until convergence

- Overlaps neutralized
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One of the current challenges in cancer research is the integration of
various molecular data to define clinically or biologically meaningful sub-
types. Combining the increasingly available genomes, transcriptomes and
epigenomes provides a broader view of the underlying biology.

A motivation for the application of the maximal sum submatrix prob-
lem to biological data is the ability to deal with heterogeneity, as obtained
by combining data types. Mutation matrices are sparse binary matrices with
ones corresponding to a particular mutation for a particular sample; zeros
corresponds to no occurrence. There are biological connexions between mu-
tations and gene expression, and integrative methods are promising [Sub+20].
It is not clear yet how gene expression matrices and mutation matrices could
be combined in the context of the MSS problem. Moreover, actual experi-
ments on the maximal amount of heterogeneity that the proposed optimiza-
tion problems can be dealt with should be carried out.

The maximal sum submatrix mining problem could be extended to a su-
pervised classification setting. For example, in gene expression analysis, one
typically wants to find genes that discriminate between two conditions. In
other words, the columns could be a priori labeled according to two condi-
tions. The objective can then be to identify a subset of maximally relevant
rows to discriminate between subsets of samples from different conditions.
This could be encoded in a larger matrix for which columns represent pairs
of columns in either conditions from the original matrix and the value stored
is interpreted as a distance value for a particular gene across both conditions.

The maximal sum submatrix problem could also be applied to outlier de-
tection and biclustering. For example, using an appropriate data transforma-
tion, entries that are close to the mean or to the median could be mapped to
relatively large positive entries. Similarly, entries far away from the mean
would be mapped to low values. Consequently, a submatrix of maximal sum
after such transformation would correspond to subsets of rows and of columns
exhibiting similar entries. Explicit comparisons to existing biclustering algo-
rithms could be considered in such a setting.

7.3 Guidance and perspectives for the computer scientist

Throughout the thesis, it has been shown that CP can be used to efficiently
address the maximal sum submatrix problem and its extensions.

Two major advantages of constraint programming and mixed integer lin-
ear programming approaches over the design of ad-hoc softwares are:

1. that the researcher can rely on the solvers with all the tools and search
strategies that are provided with them,

2. and existing solutions, as proposed in this document, can be combined
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with additional constraints of objective function changes, given some
additional work, to fit the particular problems that one might encounter.

However, additional work might be required to efficiently benefit from the
solvers.

Some examples of constraints addition or objective function modifications
include:

1. constraining the number of samples, such that submatrices are associ-
ated with more than a few samples,

2. constraining the number of genes, such that very generic pathways
including too many genes are excluded,

3. modifying the objective function to maximize the median value, to re-
duce the sensitivity to extreme values.

Such changes could have a large influence on the search space, the perfor-
mances, and the effectiveness of the bounds and dominance rules designed
for the maximal sum submatrix problem. The actual influence may vary a
lot and should be evaluated for the particular modifications considered. The
specific performances of the implementations provided for the MSS should
also be evaluated.

From a computational point of view, it would be interesting to see how CP
performs on some of the standard biclustering problems. Indeed, many of the
biclustering variants can be expressed as optimization problems to be solved.
It would be ideal to start with the biclustering problem defined in [CCO00].
The objective is to minimize the variance within a bicluster by minimizing its
minimum-square residue (see Cheng and Church’s algorithm in CHAPTER 5).
Simple upper bounds and variable value heuristics could be easily defined.
Efficient bounds updates and look-aheads could be designed as the minimum-
square residue is computed as a sum of averages, similarly to the weight of
submatrices for the MSS problem. Moreover, this Cheng and Church’s algo-
rithm provided the best performances with our algorithm in the biological
evaluations in CHAPTER 5 MINING SUBMATRICES OF MAXIMAL SUM IN GENE
EXPRESSION DATA. Finally, it is the first definition of a biclustering problem
and is still among the most cited techniques in biclustering.

Future work should refine the maximum weighted submatrix coverage
problem presented in CHAPTER 4 as it presents a bias: the objective function
favors overlaps of submatrices on negative entries. Indeed, once a negative
entry is covered, adding it to another submatrix is cost-free. On the other
hand, once a positive entry is covered, the objective value does not benefit
from the matrix entry coverage by additional submatrices. Intuitively, one
would like to prevent the selection of negative entries in one submatrix, or
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worst, in multiple submatrices. One would like to favor the selection of posi-
tive entries. In particular, one would like to favor the overlaps on the positive
entries rather than on the negative entries. A possible modification of the
maximum weighted submatrix coverage problem could consist in applying a
penalty for selecting matrix entries covered by multiple submatrices. In any
case, modifications of the objective function would require dedicated modifi-
cations of the algorithms provided in this work.

The search space limits the performance of all methods proposed to solve
the maximal sum submatrix problem or one of its extensions. The m by n
entries of the input matrix determine the search space. Unsurprisingly, the
decision to include or not a row r; in any node of the search space should be
completely identical to the decision for the row r; if both rows are identical,
or if:

Mrl,j:Mrz,j , Vjec.

Merging all sets of identical rows would help to reduce the size of the search
space. Similarly, merging all sets of identical columns would improve per-
formance. Solvers for the maximal sum submatrix problem or one of its ex-
tensions should work on a modified matrix M” with all sets of identical rows
and all sets of identical columns being merged. One might not expect to find
many identical rows or columns in large and real instances matrices. It is then
to determine the rules to merge rows or columns close enough to share their
domain in all possible extensions to a partial assignment.
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Additional tables

Table 2: 01_alpha_factor.

term description p-adjust.
1 GO:0042254 ribosome biogenesis 1.191613e-17
2 GO0:0022613 ribonucleoprotein complex biogenesis 2.715624e-16
3  GO:0006364 rRNA processing 3.099617e-13
4 GO:0016072 rRNA metabolic process 3.099617e-13
5 GO:0034470 ncRNA processing 2.532992e-12
6 GO:0042274 ribosomal small subunit biogenesis 6.232817e-12
7 GO:0034660 ncRNA metabolic process 9.263555e-11
8 GO0:0006396 RNA processing 4.683446e-10
9 GO:0000462 maturation of SSU-rRNA from tricistronic rRNA 5.519431e-10
transcript
10  GO:0030490 maturation of SSU-rRNA 1.055367e-09
11 GO:0044085 cellular component biogenesis 6.271420e-08
12 GO:0000460 maturation of 5.8S rRNA 9.602590e-08
13 GO:0000466 maturation of 5.8S rRNA from tricistronic rRNA  9.602590e-08
transcript
14 GO:0000478 endonucleolytic cleavage involved in rRNA pro- 3.796748e-07
cessing
15 GO:0000479 endonucleolytic cleavage of tricistronic rRNA tran-  3.796748e-07
script
16  GO:0050801 ion homeostasis 4.712789e-07
17 GO:0055080 cation homeostasis 4.712789e-07
18  GO:0000469 cleavage involved in rRNA processing 8.120976e-07
19 GO0:0044764 multi-organism cellular process 1.170023e-06
20 GO:0000746 conjugation 1.170023e-06
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Table 3: 02_cdc_15.

term description p-adjust.

1 GO:0042254 ribosome biogenesis 1.171585e-25
2 GO0:0022613 ribonucleoprotein complex biogenesis 8.445391e-23
3 GO0:0034660 ncRNA metabolic process 8.445391e-23
4 GO:0034470 ncRNA processing 1.209137e-22
5 GO:0006364 rRNA processing 2.809275e-22
6 GO:0016072 rRNA metabolic process 2.809275e-22
7 GO:0006396 RNA processing 4.656052e-19
8 GO0:0016070 RNA metabolic process 4.518930e-17
9 GO0:0090304 nucleic acid metabolic process 1.573745e-15
10  GO:0044085 cellular component biogenesis 8.007472e-15
11  GO:0010467 gene expression 6.087563e-12
12 GO:0042274 ribosomal small subunit biogenesis 1.510783e-11
13 GO:0006139 nucleobase-containing compound metabolic pro- 1.371075e-09

cess
14 GO0:0042273 ribosomal large subunit biogenesis 2.956637e-09
15 GO:0046483 heterocycle metabolic process 9.716562e-09
16  GO:0006725 cellular aromatic compound metabolic process 1.529971e-08
17 GO:0000460 maturation of 5.8S rRNA 1.955398e-08
18 GO:0000466 maturation of 5.8S rRNA from tricistronic rRNA  1.955398e-08
transcript

19  GO:0030490 maturation of SSU-rRNA 1.955398e-08
20 GO:0000462 maturation of SSU-rRNA from tricistronic rRNA  3.623493e-08

transcript
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Table 4: 03_cdc_28.

term description p-adjust.

1 GO:0002181 cytoplasmic translation 2.553447e-29
2 GO:0006412 translation 3.901098e-27
3 GO:0043043 peptide biosynthetic process 3.901098e-27
4 GO:0043604 amide biosynthetic process 3.901098e-27
5 GO:0006518 peptide metabolic process 8.745269e-25
6 GO:0043603 cellular amide metabolic process 2.993049e-23
7 GO:1901566 organonitrogen compound biosynthetic process 4.118333e-20
8 GO0:0042254 ribosome biogenesis 1.682898e-16
9 GO:1901564 organonitrogen compound metabolic process 1.951916e-16
10 GO:0019538 protein metabolic process 1.482145e-13
11 GO0:0022613 ribonucleoprotein complex biogenesis 2.570928e-12
12 GO:0044267 cellular protein metabolic process 2.730851e-12
13 GO0:0042274 ribosomal small subunit biogenesis 5.359186e-10
14 GO:0006364 rRNA processing 2.515863e-09
15 GO:0042273 ribosomal large subunit biogenesis 5.502242e-08
16 G0:0016072 rRNA metabolic process 5.567943e-08
17 GO0:0044271 cellular nitrogen compound biosynthetic process 3.490743e-07
18  GO:0034645 cellular macromolecule biosynthetic process 4.093896e-07
19  GO0:0009059 macromolecule biosynthetic process 5.144026e-07
20 GO:0000462 maturation of SSU-rRNA from tricistronic rRNA  9.260947e-07

transcript
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Table 5: 04_elutriation.

term description p-adjust.

1 GO:0042254 ribosome biogenesis 5.720403e-34
2 GO0:0022613 ribonucleoprotein complex biogenesis 2.835895e-31
3 GO:0034660 ncRNA metabolic process 6.707776e-28
4 GO:0034470 ncRNA processing 1.025721e-25
5 GO:0006364 rRNA processing 1.62721%¢e-24
6 GO:0016072 rRNA metabolic process 2.300636e-24
7 GO:0010467 gene expression 4.712617e-23
8 GO0:0006807 nitrogen compound metabolic process 1.210243e-21
9 GO0:0034641 cellular nitrogen compound metabolic process 3.630761e-20
10 GO:0006396 RNA processing 7.580284e-20
11 GO:0042274 ribosomal small subunit biogenesis 5.847937e-17
12 G0O:0044085 cellular component biogenesis 9.716219e-17
13 GO:0016070 RNA metabolic process 1.620486e-16
14  GO0:0006139 nucleobase-containing compound metabolic pro- 3.841940e-16

cess
15 GO:0046483 heterocycle metabolic process 1.615821e-15
16 GO:0006725 cellular aromatic compound metabolic process 2.396934e-15
17 G0:0090304 nucleic acid metabolic process 2.418670e-15
18  GO:1901360 organic cyclic compound metabolic process 2.720483e-15
19  GO0:0030490 maturation of SSU-rRNA 4.493421e-15
20 GO:0000462 maturation of SSU-rRNA from tricistronic rRNA  1.435419e-14
transcript
Table 6: 05_1mM_menadione.

term description p-adjust.

1 GO:0032196 transposition 4.575689¢-13
2 GO:0032197 transposition, RNA-mediated 4.575689¢-13
3 GO:0006979 response to oxidative stress 5.485371e-09
4 GO0:0034599 cellular response to oxidative stress 2.435800e-08
5 GO0:0055114 oxidation-reduction process 4.793730e-08
6 GO:0044710 single-organism metabolic process 3.606023e-07
7 GO:0042221 response to chemical 1.670056e-04
8 GO0:0002181 cytoplasmic translation 0.001291574
9 GO0:0019725 cellular homeostasis 1.889669¢e-03
10  GO:0070887 cellular response to chemical stimulus 2.766072e-03
11 GO:0006623 protein targeting to vacuole 2.766072e-03
12 GO:0072665 protein localization to vacuole 2.766072e-03
13 GO:0072666 establishment of protein localization to vacuole 2.766072e-03
14 GO:0006575 cellular modified amino acid metabolic process 3.421278e-03
15  GO0:0008652 cellular amino acid biosynthetic process 3.421278e-03
16 GO:0045454 cell redox homeostasis 1.143711e-02
17 GO:0046394 carboxylic acid biosynthetic process 1.296318e-02
18  GO0:0006520 cellular amino acid metabolic process 1.296318e-02
19 GO0:0016053 organic acid biosynthetic process 1.296318e-02
20 GO:0006820 anion transport 1.296318e-02
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Table 7: 06_1M_sorbitol.

term description p-adjust.

1 GO:0009056 catabolic process 7.574141e-08
2 GO:0006508 proteolysis 7.574141e-08
3  GO:0044710 single-organism metabolic process 7.676728e-08
4 GO:1901575 organic substance catabolic process 9.198719e-08
5 GO:0044723 single-organism carbohydrate metabolic process 8.168864e-07
6 GO:0044763 single-organism cellular process 6.135262e-06
7 GO:0006091 generation of precursor metabolites and energy 6.135262e-06
8 GO0:0030163 protein catabolic process 6.135262e-06
9 GO:0050896 response to stimulus 6.135262e-06
10  GO:0044257 cellular protein catabolic process 7.282433e-06
11  GO0:0055114 oxidation-reduction process 9.709549e-06
12 GO:0044248 cellular catabolic process 1.761001e-05
13 GO:0006796 phosphate-containing compound metabolic pro- 2.396838e-05

cess
14 GO0:0006793 phosphorus metabolic process 2.636866e-05
15 GO:0005975 carbohydrate metabolic process 3.061083e-05
16 GO:0051603 proteolysis involved in cellular protein catabolic 3.065663e-05
process

17 GO:0006950 response to stress 3.753313e-05
18  GO:0051716 cellular response to stimulus 3.755634e-05
19 GO0:0044262 cellular carbohydrate metabolic process 4.816775e-05
20 GO:0015980 energy derivation by oxidation of organic com- 6.838967e-05

pounds
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Table 8: 07_15mM_diamide.

term description p-adjust.

1 GO:0006457 protein folding 1.846434e-07
2 GO:0006081 cellular aldehyde metabolic process 2.444289e-07
3 GO0:0055114 oxidation-reduction process 1.143481e-06
4 GO0:0033554 cellular response to stress 1.746171e-06
5 GO:0044710 single-organism metabolic process 1.746171e-06
6 GO:0044712 single-organism catabolic process 1.746171e-06
7 GO:0070887 cellular response to chemical stimulus 2.990616e-06
8 GO:0006950 response to stress 2.990616e-06
9 GO0:0050896 response to stimulus 5.417786e-06
10 GO:0042221 response to chemical 7.577489¢-06
11 GO:0006979 response to oxidative stress 7.577489e-06
12 GO:0010035 response to inorganic substance 7.577489e-06
13 GO:0051716 cellular response to stimulus 7.938822e-06
14 GO:1901575 organic substance catabolic process 1.074632e-05
15  GO:0009056 catabolic process 1.074632e-05
16 G0:0005975 carbohydrate metabolic process 1.144059e-05
17 GO:0044723 single-organism carbohydrate metabolic process 4.072123e-05
18  GO0:0034599 cellular response to oxidative stress 4.072123e-05
19 GO0:0044282 small molecule catabolic process 9.929611e-05
20 GO:1901700 response to oxygen-containing compound 1.384823e-04

Table 9: 08_25mM_DTT.

term description p-adjust.

1 GO:0002181 cytoplasmic translation 2.571265e-26
2 GO:0006412 translation 1.262146e-20
3  GO:0043043 peptide biosynthetic process 1.814313e-20
4 GO:0043604 amide biosynthetic process 1.270097e-19
5 GO:0006518 peptide metabolic process 4.110698e-19
6 GO:0043603 cellular amide metabolic process 3.413801e-18
7  GO:1901566 organonitrogen compound biosynthetic process 7.571918e-16
8 GO:0010467 gene expression 1.406438e-15
9  GO:0044260 cellular macromolecule metabolic process 5.610111e-14
10 GO:0022613 ribonucleoprotein complex biogenesis 2.348392e-13
11 GO:0044267 cellular protein metabolic process 2.376363e-13
12 GO:0034641 cellular nitrogen compound metabolic process 1.072584e-12
13 GO:0042254 ribosome biogenesis 1.369765e-12
14 GO0:0043170 macromolecule metabolic process 1.769892e-12
15 GO0:0019538 protein metabolic process 2.764025e-12
16  GO:0006807 nitrogen compound metabolic process 6.721745e-12
17 GO:1901564 organonitrogen compound metabolic process 1.907148e-11
18  G0:0009059 macromolecule biosynthetic process 1.565513e-10
19 GO:0006364 rRNA processing 1.763186e-10
20 GO:0016072 rRNA metabolic process 1.763186e-10
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Table 10: 09_constant_32nM_H202.

term description p-adjust.

1 GO:0055114 oxidation-reduction process 6.602138e-14
2 GO0:0044710 single-organism metabolic process 2.692915e-09
3 GO:0006979 response to oxidative stress 8.271084e-08
4 GO0:0034599 cellular response to oxidative stress 1.049329e-06
5 GO0:0042221 response to chemical 1.246732e-05
6 GO0:0019725 cellular homeostasis 1.246732e-05
7 GO:0044699 single-organism process 1.246732e-05
8 GO0:0048878 chemical homeostasis 1.918285e-05
9 GO0:0055072 iron ion homeostasis 2.170300e-05
10  GO:0070887 cellular response to chemical stimulus 2.460483e-05
11  GO:0042592 homeostatic process 2.804128e-05
12 GO:0098771 inorganic ion homeostasis 5.681460e-05
13 GO:0050801 ion homeostasis 7.432589e-05
14 GO:0055080 cation homeostasis 1.652456e-04
15 GO0:0044723 single-organism carbohydrate metabolic process 1.71697%e-04
16  GO:0044262 cellular carbohydrate metabolic process 2.412582e-04
17 GO:0055065 metal ion homeostasis 2.412582e-04
18 GO0:0005975 carbohydrate metabolic process 2.862163e-04
19 GO:0010035 response to inorganic substance 2.862163e-04
20 GO:0055076 transition metal ion homeostasis 3.468919e-04

Table 11: 10_diauxic_shift.
term description p-adjust.
1 GO:0015980 energy derivation by oxidation of organic com- 7.076662e-17
pounds

2 GO:0006091 generation of precursor metabolites and energy 7.076662e-17
3 GO0:0055114 oxidation-reduction process 3.610217e-16
4 GO0O:0045333 cellular respiration 1.631480e-13
5 GO:0044710 single-organism metabolic process 4.596238e-12
6 GO:0009060 aerobic respiration 1.17317%-11
7 GO:0044723  single-organism carbohydrate metabolic process 8.367914e-11
8 GO0:0044262 cellular carbohydrate metabolic process 5.735060e-10
9 GO:0005975 carbohydrate metabolic process 2.338722e-09
10  GO:0044763 single-organism cellular process 1.133426e-08
11  GO:1901566 organonitrogen compound biosynthetic process 1.229324e-07
12 GO0:0006099 tricarboxylic acid cycle 2.278109e-07
13 GO:0006412 translation 2.830024e-07
14 GO:0043043 peptide biosynthetic process 2.830024e-07
15 GO0:0006518 peptide metabolic process 3.950002e-07
16  GO:0043604 amide biosynthetic process 3.950002e-07
17  GO:0006119 oxidative phosphorylation 5.075348e-07
18  GO0:0043603 cellular amide metabolic process 1.018864e-06
19 GO:1901564 organonitrogen compound metabolic process 1.018864e-06
20  GO:0022900 electron transport chain 1.136910e-06
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Table 12: 11_complete_DTT.

term description p-adjust.

1 GO:0002181 cytoplasmic translation 6.924363e-59
2 GO:0006412 translation 2.772677e-55
3 GO0:0043043 peptide biosynthetic process 5.084914e-54
4 GO:0010467 gene expression 1.800433e-52
5 GO0:0043604 amide biosynthetic process 1.567400e-51
6 GO:0006518 peptide metabolic process 1.045339e-49
7  GO:0043603 cellular amide metabolic process 3.758523e-45
8 GO0:1901566 organonitrogen compound biosynthetic process 2.466839e-40
9 GO0:0022613 ribonucleoprotein complex biogenesis 9.607187e-40
10  GO:0042254 ribosome biogenesis 1.661256e-39
11  GO0:0044271 cellular nitrogen compound biosynthetic process 6.496315e-38
12 GO:0034645 cellular macromolecule biosynthetic process 8.025738e-37
13 GO:0009059 macromolecule biosynthetic process 3.615328e-36
14 GO:0034641 cellular nitrogen compound metabolic process 6.877468e-34
15 GO0:0006807 nitrogen compound metabolic process 1.482335e-31
16  GO:0044260 cellular macromolecule metabolic process 2.894952e-31
17 GO0:0043170 macromolecule metabolic process 2.081095e-30
18  GO:0044267 cellular protein metabolic process 5.374936e-30
19  GO:0044085 cellular component biogenesis 2.198896e-28
20 GO:0044249 cellular biosynthetic process 2.496072e-28

Table 13: 12_heat_shock_1.

term description p-adjust.

1  GO:0044699 single-organism process 1.561494e-10
2 GO:0005975 carbohydrate metabolic process 1.905360e-10
3 GO0:0044723 single-organism carbohydrate metabolic process 3.756275e-10
4 GO0:0044262 cellular carbohydrate metabolic process 9.092422e-10
5 GO:0006091 generation of precursor metabolites and energy 1.459404e-09
6 GO:0044710 single-organism metabolic process 6.348805e-09
7 GO:0044712 single-organism catabolic process 1.075406e-07
8 GO0:0015980 energy derivation by oxidation of organic com- 1.075406e-07

pounds

9 GO0:0055114 oxidation-reduction process 3.361147e-07
10  GO:0044763 single-organism cellular process 3.455244e-07
11  GO:0006950 response to stress 5.776457e-07
12 GO:0006508 proteolysis 5.776457e-07
13 GO:0009056 catabolic process 6.113607e-07
14 GO:0016052 carbohydrate catabolic process 6.113607e-07
15 GO0:0044724 single-organism carbohydrate catabolic process 6.113607e-07
16  GO:0050896 response to stimulus 1.274111e-06
17 GO:1901575 organic substance catabolic process 2.070463e-06
18 GO0:0051716 cellular response to stimulus 5.109371e-06
19  GO:0005996 monosaccharide metabolic process 5.109371e-06
20 GO0:0072524 pyridine-containing compound metabolic process ~ 5.109371e-06
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Table 14: 13_heat_shock_2.

term description p-adjust.

1 GO0:0022613 ribonucleoprotein complex biogenesis 6.398150e-58
2 GO:0042254 ribosome biogenesis 1.965485e-54
3 GO:0010467 gene expression 1.192324e-52
4 GO0:0034660 ncRNA metabolic process 1.155424e-41
5 GO:0034470 ncRNA processing 3.906884e-40
6 GO:0006396 RNA processing 1.528704e-39
7 GO:0006364 rRNA processing 1.848234e-38
8 GO0:0044085 cellular component biogenesis 3.906063e-38
9 GO:0016072 rRNA metabolic process 9.596845e-38
10 GO:0034641 cellular nitrogen compound metabolic process 7.892055e-37
11 GO:0006807 nitrogen compound metabolic process 5.818113e-35
12 GO:0044260 cellular macromolecule metabolic process 2.021910e-28
13  GO:0006412 translation 3.239351e-28
14 GO:0043043 peptide biosynthetic process 1.131198e-27
15 GO:0043170 macromolecule metabolic process 1.257546e-27
16 GO:0016070 RNA metabolic process 1.834100e-26
17 GO:0002181 cytoplasmic translation 7.073856e-26
18  GO:0006518 peptide metabolic process 1.291624e-25
19 GO0:0043604 amide biosynthetic process 3.967591e-25
20 GO:0090304 nucleic acid metabolic process 3.270826e-22

Table 15: 14_nitrogen_depletion.

term description p-adjust.

1 GO:1901605 alpha-amino acid metabolic process 1.029080e-19
2 GO0:0016053 organic acid biosynthetic process 3.325122e-19
3 GO:0046394 carboxylic acid biosynthetic process 3.325122e-19
4 GO:0008652 cellular amino acid biosynthetic process 8.232890e-19
5 GO0:1901607 alpha-amino acid biosynthetic process 1.747650e-18
6 GO:0019752 carboxylic acid metabolic process 5.286085e-18
7 GO0:0043436 oxoacid metabolic process 7.086621e-18
8 GO0:0006082 organic acid metabolic process 7.887305e-18
9 GO0:0044283 small molecule biosynthetic process 7.887305e-18
10  GO:0006520 cellular amino acid metabolic process 8.789373e-18
11 GO:0044281 small molecule metabolic process 7.013921e-17
12 GO:0044711 single-organism biosynthetic process 6.173953e-13
13 G0:0032197 transposition, RNA-mediated 1.140563e-12
14 GO:0032196 transposition 1.140563e-12
15 GO0:0044763 single-organism cellular process 2.378619e-12
16  GO:0009066 aspartate family amino acid metabolic process 6.690499¢-12
17  GO:0044710 single-organism metabolic process 8.359101e-12
18  GO0:0009067 aspartate family amino acid biosynthetic process 4.292215e-10
19 GO:0009084 glutamine family amino acid biosynthetic process  1.397522e-07
20 GO:0009064 glutamine family amino acid metabolic process 2.663769e-07
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Table 16: 15 YPD 1.

term description p-adjust.

1 GO0:0055114 oxidation-reduction process 4.824315e-08
2 GO:0015980 energy derivation by oxidation of organic com- 6.532605e-08

pounds
3 GO:0045333 cellular respiration 1.978998e-07
4 GO:0006091 generation of precursor metabolites and energy 7.468324e-07
5 GO:0044710 single-organism metabolic process 1.152118e-06
6 GO0:0044763 single-organism cellular process 1.929617e-06
7 GO:0009060 aerobic respiration 2.720481e-06
8 GO0:0006119 oxidative phosphorylation 2.220305e-05
9 GO0:0022904 respiratory electron transport chain 4.184641e-05
10 GO:0042773  ATP synthesis coupled electron transport 4.184641e-05
11  GO:0042775 mitochondrial ATP synthesis coupled electron 4.184641e-05
transport

12 G0O:0022900 electron transport chain 8.983699e-05
13 GO:0044723 single-organism carbohydrate metabolic process 1.763532e-04
14 GO0O:0019236 response to pheromone 0.0004331063
15 GO:0019953  sexual reproduction 0.0004331063
16 G0O:0044703 multi-organism reproductive process 0.0004331063
17 GO:0051704 multi-organism process 0.0004737045
18  G0:0033554 cellular response to stress 4.773348e-04
19 GO:0000746 conjugation 0.0005125271
20 GO:0000747 conjugation with cellular fusion 0.0005125271
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Table 17: 16_YPD 2.
term description p-adjust.
1 GO:0015980 energy derivation by oxidation of organic com- 2.818721e-12
pounds
2 GO:0006091 generation of precursor metabolites and energy 1.958345e-11
3 GO:0055114 oxidation-reduction process 3.189884e-11
4 GO0:0045333 cellular respiration 9.617200e-11
5 GO:0009060 aerobic respiration 2.215004e-09
6 GO:0044723 single-organism carbohydrate metabolic process 2.096364e-07
7 GO:0044262 cellular carbohydrate metabolic process 3.787796e-07
8 GO0:0044710 single-organism metabolic process 1.647733e-06
9 GO:0006119 oxidative phosphorylation 5.683543e-06
10 GO:0022900 electron transport chain 1.406935e-05
11 GO0:0005975 carbohydrate metabolic process 1.446949e-05
12 GO0:0006099 tricarboxylic acid cycle 3.202010e-05
13 GO:0022904 respiratory electron transport chain 6.942742e-05
14 GO0:0042773 ATP synthesis coupled electron transport 6.942742e-05
15 GO0:0042775 mitochondrial ATP synthesis coupled electron 6.942742e-05
transport

16 GO:0016310 phosphorylation 9.188584e-05
17 GO0:0072329 monocarboxylic acid catabolic process 6.187705e-04
18 GO0:0032787 monocarboxylic acid metabolic process 8.357263e-04
19  GO:0070887 cellular response to chemical stimulus 1.097774e-03
20 GO:0007005 mitochondrion organization 1.384831e-03
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Table 18: 17_yeast_sporulation.

term description p-adjust.

1 GO:0051321 meiotic cell cycle 2.791587e-30
2 GO0:0022402 cell cycle process 8.461740e-30
3 GO:0007049 cell cycle 1.126408e-29
4 GO:1903046 meiotic cell cycle process 1.089221e-28
5 GO:0044702 single organism reproductive process 1.089221e-28
6 GO:0000003 reproduction 8.439478e-26
7 GO:0022414 reproductive process 1.521625e-25
8 GO0:0048646 anatomical structure formation involved in mor- 5.579015e-23

phogenesis
9 GO:0030435 sporulation resulting in formation of a cellular 1.380838e-22
spore

10  GO:0043934 sporulation 2.989946e-22
11 GO:0030154 cell differentiation 2.040089e-20
12 GO:0009653 anatomical structure morphogenesis 4.514985e-20
13 GO0:0048856 anatomical structure development 4.514985e-20
14 GO:0000280 nuclear division 2.341920e-19
15 GO0:0048285 organelle fission 2.341920e-19
16 GO0:0032502 developmental process 8.174620e-17
17 GO:0044767 single-organism developmental process 8.174620e-17
18  GO0:0048869 cellular developmental process 1.516129e-16
19  GO:0034293 sexual sporulation 1.053153e-14
20 GO:0043935 sexual sporulation resulting in formation of a cellu-  1.053153e-14

lar spore
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