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Abstract

The classical Canonical Correlation Analysis (CCA) identifies the correlations be-
tween two sets of multivariate variables based on their covariance, which has been
widely applied in diverse fields such as computer vision, natural language process-
ing, and speech analysis. Despite its popularity, CCA can encounter challenges in
explaining correlations between two variable sets within high-dimensional data con-
texts. Thus, this paper studies Sparse Canonical Correlation Analysis (SCCA) that
enhances the interpretability of CCA. We first show that SCCA generalizes three
well-known sparse optimization problems, sparse PCA, sparse SVD, and sparse
regression, which are all classified as NP-hard problems. This result motivates us
to develop strong formulations and efficient algorithms. Our main contributions
include (i) the introduction of a combinatorial formulation that captures the essence
of SCCA and allows the development of approximation algorithms; (ii) the estab-
lishment of the complexity results for two low-rank special cases of SCCA; and
(iii) the derivation of an equivalent mixed-integer semidefinite programming model
that facilitates a specialized branch-and-cut algorithm with analytical cuts. The
effectiveness of our proposed formulations and algorithms is validated through
numerical experiments.

1 Introduction

The Canonical Correlation Analysis (CCA), proposed by H. Hotelling [23], aims to identify the
correlations between two sets of multivariate variables based on their covariance. Since then, CCA
has become a powerful statistical technique used for multivariate data analysis, with its applications
across diverse fields such as computer vision [24], natural language processing [38], and speech
analysis [21]. Despite its popularity, CCA can encounter challenges in explaining correlations
between two variable sets within high-dimensional data contexts, such as genomic datasets [36]. In
contrast, Sparse Canonical Correlation Analysis (SCCA), which seeks sparse linear combinations of
these variable sets, offers substantially enhanced interpretability [41, 42, 44].

Formally, this paper studies the SCCA problem:

v' = max {x'Ay:z'Bx <1,y Cy<1,|z|o < s1,llyllo < s2) s (SCCA)
xER" ycR™

o B A . .
where s; < n, sg < m are positive integers and ( AT C> denotes a covariance matrix of (n —+ m)

random variables. Specifically, B and C are the covariance matrices of the n and m random variables,
respectively, and A € R™*™ is the cross-covariance matrix between n and m random variables.

A

Hence, AT c) B, C are positive semidefinite matrices of size (n + m), n, and m, respectively.

Here, matrices B, C' can be singular, i.e., some random variables may be dependent on others. In fact,
the covariance matrices B, C' are often low-rank, especially within the high-dimension low-sample
size data context (see, e.g., the gene expression data in [41]).
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The SCCA problem generalizes three widely-studied sparsity-constrained optimization problems as
special cases, which are sparse PCA [2, 13, 27], sparse SVD [28, 41], and sparse regression [22, 3].
To be specific, when n = m, s; = so, B, C are identity matrices, and A is a positive semidefinite
matrix, SCCA reduces to the classic sparse PCA problem; when B, C are identity matrices, SCCA
becomes the sparse SVD problem; and when A is rank-one, Section 3 shows that SCCA is equivalent
to two sparse linear regression subproblems.

1.1 Main contributions

SCCA is generally NP-hard, given that its special cases, sparse PCA, sparse SVD, and sparse
regression are all classified as NP-hard problems. We are motivated to develop efficient formulations
and algorithms for SCCA through a mixed-integer optimization lens. The main contributions, along
with the structure of the remainder of this paper, are the following:

(i) In Section 2, we present an exact semidefinite programming (SDP) reformulation and derive a
closed-form optimal value of classic CCA problem. We also develop an equivalent combinatorial
formulation of SCCA, which allows the development of approximation algorithms;

(i) When the covariance matrix (ABT é) is low-rank, Section 3 studies the complexity of two

special cases of SCCA. This motivates us to develop a polynomial-time exact algorithm of
complexity O(n® + m?) for solving SCCA to global optimiality when the sparsity levels (i.e.,
s1 and s9) meet or exceed the ranks of B and C;

(iii) Section 4 derives an equivalent mixed-integer SDP (MISDP) reformulation for SCCA. When
applying the Benders decomposition approach, instead of solving the large-scale SDPs, we
design a customized branch-and-cut algorithm with closed-form cuts, which can successfully
solve SCCA to optimality; and

(iv) Section 5 numerically test the proposed formulations and algorithms. It is noted that our
polynomial-time exact algorithm can solve real-world instances with n = 19,672 and m =
2,149 variables in seconds, provided that both s; and s5 are at least the ranks of B and C.

Our analyses and results can be extended to SCCA with multiple pairs of basis vectors (z,y),
allowing for a more flexible and comprehensive exploration of correlations among data sets. The
detailed formulations of multiple SCCA, along with the computational results, are provided in
Appendix F.

1.2 Relevant literature

SCCA. To the best of our knowledge, the work [36] was the first paper that introduced the concept
of SCCA to select only small subsets of variables to better explain the relationship between many
genetic loci and gene expression phenotypes. A handful subset of features enhances interpretability, a
desirable property, especially in complex data analysis, which has been successfully demonstrated in
Sparse PCA [25]. To obtain sparse canonical loadings (x,y), [39] first applied elastic net penalty
to the classical CCA via an iterative regression procedure. In a seminal work on SCCA [41], the
authors proposed a rigorous formulation by enforcing the ¢; constraints on variables (x,y) and
developed a penalized matrix decomposition method to solve the penalized CCA problem. Then,
extensive research has focused on various penalty norm functions to obtain sparse canonical loadings
(see, e.g., [20, 26, 39, 42, 10]). In particular, [10] penalized multiple canonical loadings by ¢; norm
and computed the sparse solution by the linearized Bregman method. It should be noted that under
the assumption that the leading canonical loadings are sparse, [7, 17, 18] established theoretical
guarantees of iterative approaches for estimating sparse solutions. Another research direction in
SCCA introduced penalty functions based on group structural information of input data and developed
group SCCA methods [29, 30]. For a comprehensive overview of CCA and SCCA methods, we
refer readers to the survey by [44] and the references therein. These approaches, however, do not
strictly enforce the exact sparsity requirement but only approximate the sparsity requirement (i.e.,
the ¢y norm) by a convex function. Another relevant work [40] introduced binary variables to recast
SCCA as a mixed-integer nonconvex program under the assumption of positive definite matrices
B, C, based on which they designed a branch-and-bound algorithm. Different from the literature,
our work does not require positive definiteness assumption of matrices B, C, and we are able to
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obtain mixed-integer conic and semidefinite programming reformulations, allowing for better exact
and approximation algorithms.

Connections to and differences with sparse PCA and sparse SVD. Analogous to SCCA, both sparse
PCA [13, 25] and sparse SVD [28] select small subsets of variables to improve the interpretability of
dimensionality reduction methods: PCA and SVD. Considerable investigation has been conducted on
solving sparse PCA and sparse SVD from three angles: convex relaxations [12—14], approximation
algorithms [6, 9, 28], and exact algorithms [2, 27, 28]. As mentioned before, in sparse PCA and
sparse SVD, the covariance matrices B, C are identity. Such a setting dramatically simplifies the
subset selection problems of sparse PCA and sparse SVD compared to that of SCCA, as in these
problems, it suffices to focus on the selection of a submatrix of the matrix A. Specifically, it is shown
in [11, 27, 35] that sparse PCA reduces to selecting a principal submatrix of A to maximize the
largest eigenvalue(s) and sparse SVD reduces to selecting a possibly non-symmetric submatrix of A
to maximize the largest singular value(s) [28]. Quite differently, the combinatorial reformulation (1)
of SCCA aims to simultaneously select a sized-(s1 x s1) principal submatrix of B, a sized-(s2 X $2)
principal submatrix of C, and a sized-(s; X s2) submatrix of A. These fundamental differences in
the underlying formulations of sparse PCA and sparse SVD preclude the direct application of their
existing algorithms to the SCCA.

Notations: The following notation is used throughout the paper. We use bold lower-case letters (e.g.,
x) and bold upper-case letters (e.g., X) to denote vectors and matrices, respectively, and we use
corresponding non-bold letters (e.g., ;) to denote their components. We let S, ST, S¥ | denote the
set of all the n X n symmetric real matrices, the set of all the n X n symmetric positive semidefinite
matrices, and the set of all the n x n symmetric positive definite matrices, respectively. We let I denote
the identity matrix and let O denote the vector or matrix with all-zero entries. We let R”} denote the
set of all n-dimensional nonnegative vectors. We let [n] = {1,2,--- ,n}, [s,n] = {s,s+1,--- ,n}.
Given a matrix A € R™ ™ and two subsets S C [n], T C [m], we let AT denote the pseudo
inverse of matrix A, let Ags 1 denote a submatrix of A with rows and columns indexed by sets S, T,
respectively, and let (Ag 7)' denote the pseudo inverse of submatrix A 7. For a set S and an integer
k, we define the set S + k = {i + k|i € S}. Given a vector @ € R™ and a subset S C [n], we let ags
denote a subvector of a in the subset S. We define [A]; = max{\,0}. We let opax(+) denote the
largest singular value function and let A\;,,ax(-) denote the largest eigenvalue value function.

2 A combinatorial reformulation of SCCA

This section introduces an equivalent combinatorial optimization reformulation of SCCA. This
reformulation serves as the foundation for developing two effective approximation algorithms.

2.1 An exact semidefinite programming representation of CCA

To begin with, let us focus on the classic CCA problem, which refers to SCCA without zero-norm
constraints, as defined below:

max {mTAy cx'Bx <1,y Cy< 1} . (CCA)
zER",y€R™

This formulation of CCA can be regarded as a quadratically constrained quadratic program concerning
the variables | ~ ) € R™*™_ We next define three-block matrices of size (n 4+ m) below that aid in

the presentation of our results.
~ 0 A/2 ~ B 0 ~ 0 0
A‘(AT/z 0>’B—<0 0>’C—(0 C)'

T
By introducing a size-(n + m) matrix variable X = Zz Z and removing the rank-one

constraint on X, we can obtain an SDP relaxation of (CCA), as described below

max_ {tr (AX) : tr (BX) <1 tr (CX) < 1}. (SDP Relaxation)
esytn
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Next, let us present a key lemma regarding properties of block matrices being positive semidefinite,
fundamental for reformulating the SCCA.

Lemma 1 ([16]) For any symmetric matrix <ABT é) € 8™ the followings are equivalent:

(i) The block matrix is positive semidefinite;
(ii) Be S, (I -BBHYA=0,C - ATB'A ¢ S7*; and
(iii) C € ST, (I - CCT)A" =0, B— ACTAT € S

Inspired by Lemma 1, we hereby establish the equivalence between CCA and its SDP Relaxation.
Remarkably, both of these problems achieve the same optimal value, namely 0. (V BT AV CT).

Proposition 1 For the CCA problem, we have the following results.

(i) Both CCA and its SDP Relaxation have an optimal value O'max(\/ﬁ AVCT );
(ii) A pair of optimal solutions (x*,y*) to CCA satisfies
z* = VBlq, y* = VCip,
where g € R™, p € R™ denote a pair of leading singular vectors of matrix VBYAVCT; and

(iii) An optimal solution X* to the SDP Relaxation is

Proof. See Appendix A.1. ]

Proposition 1 motivates the following observation on the optimal values of CCA and SCCA.
Observation 1 The optimal value of CCA is upper bounded by 1, so is the optimal value of SCCA.

It is noteworthy that the results presented in Proposition 1 are established through a distinct method-
ology. This methodology leverages the positive semidefinite condition of block matrices, as shown in
Lemma 1, and incorporates duality theory. This approach differs from most prior research [31, 37, 44],
which proved Part (i) of Proposition 1 by relying on the singular value decomposition and assuming
that matrices B and C are positive definite (i.e., full rank). To the best of our knowledge, [10] showed
parts (i) and (ii) of Proposition 1 for a special low-rank CCA problem, where the authors assumed
that the covariance matrices are definedas A = UV, B=UU",and C = VV T, Remarkably,
Proposition 1 extends this result to a more general scenario where B and C' are not constrained to
be strictly positive definite and A is not constrained to directly depend on B, C, allowing for rank
deficiencies and flexible data structure.

2.2 An equivalent formulation of SCCA

In this subsection, we transform SCCA into a combinatorial optimization problem, according to the
insights provided by Proposition 1.

Theorem 1 SCCA is equivalent to the following combinatorial optimization:

* = e | /(B "Ag 5,1/(C L 1
v SIC[m],sl<21?s}'{2c[n},|SQ<s2{a a ( (Bs,,s,) As, s,/ ( sz,sz)>} )]

Proof. See Appendix A.2. (]

The combinatorial formulation (1) presents significant computational difficulties when attempting to
solve SCCA. The primary obstacles are two-fold: first, simultaneously selecting submatrices from
the matrices A, B, C requires a sophisticated optimization across multiple dimensions. Second,
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the selection criterion is particularly complex, as it involves optimizing the largest singular value
of the product of the selected submatrix of A and the square root of pseudo-inverse submatrices of
B and C. These complexities necessitate effective optimization solution procedures to address the
high-dimensional and non-convex nature of the problem.

Motivated by Theorem 1, we customize the greedy and local search algorithms for SCCA (1) that has
been widely used in the literature to solve special cases of SCCA, such as sparse PCA and sparse
SVD in literature (see, e.g., [27, 28]). The detailed implementations can be found in Appendix B.

3 Low-rank SCCA

L . . B A . .
In practice, it is common that the sample covariance matrix AT C exhibits low-rank characteris-

tics. This phenomenon is especially prominent when dealing with high-dimensional, low-sample size
data, e.g., the real gene expression data in [41]. In this section, we study two special cases of low-rank
SCCA and their computational complexities. Specifically, we develop a polynomial-time exact
algorithm of complexity O(n® + m3) for solving SCCA to global optimiality when sparsity levels
(i.e., s1 and s9) exceed or equal the ranks of B and C'. Besides, we recast SCCA into mixed-integer
convex quadratic programming when matrix A is rank-one.

3.1 Special Case I: SCCA with low-rank covariance matrices

In this section, we show that the computational complexity of SCCA is contingent upon the ranks of
the covariance matrices B and C. To be more precise, when the sparsity level s; (or s2) is equal to
or greater than the rank r (or 7) of the covariance matrix B (or C), the imposition of a zero-norm
constraint over x (or y) in SCCA becomes redundant. Consequently, lower ranks in the covariance
matrices correspond to better computational complexity in solving SCCA.

Theorem 2 Suppose r = rank(B) and # = rank(C), then SCCA takes a complexity of
O™ tm™ 1 + n"=t 4+ m"=1). The following results hold:

(i) When s1 > r and s > 7, the SCCA problem is equivalent to CCA, i.e.,

v* = max {mTAy cx'Bx <1,y Cy< 1}; 2)
rCR™ ycR™

(ii) When s1 > r and sy < 7, the SCCA problem can be reduced to

v = max {acTAy sz Bx <1,y Cy<l1, llyllo < 52}; 3)
xER" ycR™

(iii) When s1 < r and sy > 7, the SCCA problem can be reduced to

v = max {:cTAy cx'Bx <1,y Cy <1,z < 51}. )
zER™ ,yeR™

Proof. See Appendix A.3. ([

The results in Theorem 2 build on the covariance structure of the data matrix. Specifically, if B and C
are of rank r and 7, respectively, there are only r and 7 linearly independent vectors in the subspaces
corresponding to B and C. Thus, the cosine of the principal angle can always be represented by
these r and 7 vectors. As a result, the canonical directions of CCA consist of only r and # nonzero
elements. We further make the following remarks about Theorem 2:

(i) Theorem 2 implies the complexity of solving SCCA, as summarized in the corollary below.

(ii) Inspired by Part (i) of Theorem 2, we also develop a polynomial-time exact algorithm yielding
an optimal solution to SCCA (1) when s; > r and s, > 7. The detailed implementation can be
found in Algorithm 1, which successfully solves some large instances with up ton = 19,672
and m = 2, 149 variables in seconds in our numerical experiments; and

(iii) The proof of Theorem 2 implies that CCA always admits an optimal sparse solution (x*, y*)
satisfying ||z*||o < r and ||y*||op < 7. We show in Proposition 1 that the SDP Relaxation of
CCA is exact. Therefore, as a side product, we provide the first-known sufficient condition
about (i.e., s1 > r and sy > 7) when the convex SDP Relaxation matches SCCA.
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Corollary 1 Suppose r = rank(B) and #* = rank(C). There exists an algorithm that can find an
optimal solution to SCCA in O(n"~tm" 1) time complexity.

Proposition 2 Suppose r = rank(B) and © = rank(C'). Then Algorithm 1 returns an optimal
solution to SCCA (1) in O(n® + m3) time complexity when s1 > r and sy > 7.

Proof. Following the proof of Theorem 2, we can show that the output solution of Algorithm 1 is
optimal to SCCA (1). In addition, the Step 2 of Algorithm 1 needs computing the eigendecomposition
of matrix B € S”, which takes a time of O(n?). Given a matrix @ € R™* (=) it also takes a time
of O(n?) to find its (n — r) linearly independent rows at Step 3 through the QR decomposition [19].
Hence, Algorithm 1 takes a complexity of O(n?® +m3). O

Algorithm 1 An exact algorithm for SCCA (1) when s; > r and so > 7

1: Input: Matrices A € R™*", B € ST, C' € ST and integers s, € [r,n], s3 € [, m]
Compute the eigenvectors Q € R™*("~7) of B that correspond to its (n — 1) zero eigenvalues,
Find (n — r) linearly independent rows in @, and collect their indices into a subset T} C [n]

Perform the same procedure on matrix C' to obtain the subset T C [m]
Define the subsets S = [n] \ T} and S5 = [m] \ 75, and compute

vt = Omax (\/mAsf;SS (ngxS;)T>

6: Output: An optimal solution (S, S5) and optimal value v*

3.2 Special Case II: SCCA with a rank-one cross-covariance matrix

In this subsection, we study the other interesting low-rank special case of SCCA where the cross-
covariance matrix A is rank-one. For this special case, we prove its NP-hardness with reduction to
the sparse regression problem. We further demonstrate that rank-one SCCA can be simplified to
solving two Mixed-Integer Convex Quadratic Programs (MICQPs), which can be more scalable than
directly solving SCCA. Our numerical findings confirm this improved scalability.

We observe that SCCA can be separable over variables  and y for the rank-one A. In fact, suppose
that A = ab', then SCCA is equivalent to

v* = max {wTabTy cx'Bx <1,y Cy<1,|z|o < syl < s2} )
xER™ yER™

which can be equivalently the product of the optimal values of the following two subproblems:

v, = max{a'x:x' Bx <1, |zlo < s},
e ©
vy = ;Ielizgl{bTy 1y Cy < 1,[|yllo < s2}

That is, the identity v* = v,v, holds. Next, we show that each subproblem in (6) can be reduced to
the classic sparse regression problem [1, 33] and is thus NP-hard as shown below.

Theorem 3 When matrix A = a ' b is rank-one, each maximization problem in (6) is NP-hard.

Proof. See Appendix A.4. O

Theorem 3 links the maximization problem (6) and the well-known sparse regression problem,
implying that even solving the rank-one SCCA problem (5) is NP-hard. However, it also motivates us
to adapt existing mixed-integer optimization techniques from sparse regression (see, e.g., [1, 4, 43])
to tackle each subproblem in (6). By introducing binary variables to model the zero-norm constraint,
we derive equivalent MICQP formulations for subproblems (6) in Appendix C. There are two types
of formulations depending on whether matrices B and C' are positive definite, which build on the
Big-M and perspective techniques, respectively.
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4 Reformulating SCCA as a mixed-integer semidefinite program (MISDP)

While the combinatorial formulation (1) is elegant in its structure, it poses significant challenges
when attempting to solve it to optimality using branch-and-bound based methods. To fill this gap, in
this section, we derive an equivalent MISDP formulation for SCCA, amenable for developing exact
methods.

First, it is noted that an optimal solution (z*, y*) to SCCA is always bounded that satisfies ||z*||3 <
M, and ||y*||2 < My, where we specify the construction of the coefficients M) and M, in Appendix
C.1. Such bounds are essential to the derivation of the MISDP. It is convenient to introduce the
following notation about { Mi; }icfr4m:

M;; = Ml,Vi € [n], M;; = MQ,Vi € [n+ 1,n+m]

Theorem 4 The SCCA is equivalent to the following MISDP:
v=  max {tr(AX):tr(BX) < 1,tr(CX) <1, Xy < Mgz, Vi€ [n+m]}. (1)
z

XeSitm ze

where the feasible set is defined as Z = {z € {0,1}"t™ : Diem) %i S S1, 2. 12 < s2

i€[n+1,n+m
Proof. See Appendix A.5. ]

Note that the proposed MISDP formulation (7) is of size (n+m) X (n+m) since our matrix variable

o
X replaces (;) (Z) in SCCA.

We have formulated SCCA as a mixed-integer convex optimization problem in Theorem 4. Unfor-
tunately, no commercial solvers can efficiently solve MISDP problems. We derive an equivalent
mixed-integer linear program of SCCA with exponentially many linear constraints and an efficient
separation oracle based on the approach introduced by [15], which allows us to develop a tailored
branch-and-cut algorithm. First, by separating the binary variables z, we rewrite the MISDP (7) as

*=m v <
v zeg}fv{v v < f(z)}, ®
where the function f(z) is defined as

f(z)= _max {tr(AX) Str(BX) < 1,t0(CX) < 1, Xy; < Mz, Vi € [n+ m}}. )
xesytm
For any feasible solution 2 € Z of the problem (8), by leveraging the concavity of function f(-), the
linear inequality
v f(2)+0f(2) (2 - 2)

cuts off the solution 2z unless it happened to be optimal in (8), which paves the way for a delayed
cut-generation procedure within a branch-and-bound framework. As the linear inequality of the
above type needs to be added dynamically given different solutions 2 at each iteration, it calls for an
efficient evaluation of function f(2) and its subgradient. To speed up the computation, we derive the
closed-form expression for both of them. The detailed derivations can be found in Appendix D.

Strategies to improve computational speed in practice: First, we provide a variable-fixing method
that can identify some binary variables of the MISDP (7) being one at optimality. Removing these
pre-selected variables from the feasible set reduces the problem size of SCCA. Second, we enhance
the branch-and-cut algorithm with a high-quality warm start solution obtained from the local search
algorithm. Third, by relaxing the binary variables in the MISDP (7) to be continuous or computing
CCA, we can obtain an upper bound of SCCA, and the gap between this bound and the local search
output gives an initial gap at the root node. Finally, at each iteration, the branching node is selected
based on its potential to decrease the current upper bound instead of random branching.

5 Numerical results

This section tests the numerical performance of our formulations and algorithms on synthetic and
real data. All the experiments are conducted in Python 3.6 with calls to Gurobi 9.5.2 and MOSEK
10.0.29 on a PC with 10-core CPU, 16-core GPU, and 16GB of memory. The codes and data used in
our experiments are available at https://github.com/yongchunli-13/SCCA.git.
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5.1 Experimental setup

Synthetic data generation: Before we present the empirical results, we first describe the properties
of the synthetic data which shall be used throughout this section. By following [32], given parameters
(n,m, s1, 52), we first synthetically generate positive definite matrices B* € S} and C* € ST, by

B*=BBT +ITandC* = CCT +1, respectively, where B and C consist of elements generated
from a normal distribution A'(0, 1). Then, we let A* € R"*™ = AB*uwv ' C*, where we generate \
uniformly from (0, 1), and vectors w, v are generated from a normal distribution A/(0, 1) that satisfy
llullo = s1, |v]lo = s2, u" B*u = 1and v" C*v = 1. Next, we sample N = 5,000 data samples
from a normal distribution A/ (07 ( (£>T é*>) and compute their sample covariance matrix to

AT C

Real data: To obtain a comprehensive understanding of the overall performance of our algorithms,
we further conduct experiments on six UCI datasets [5] with sizes ranging from 34 to 385 variables.
The dataset is split into the first n variables and the remaining m variables to construct the sample
covariance matrices A, B, C. Besides, we examine the performance of the proposed algorithms on
the real breast cancer dataset [8] that contain n = 19, 672 and m = 2, 149 variables. The information
on each dataset is summarized in Appendix E.

obtain the testing data ( B A).

won

Throughout, the computational time is in seconds, the time limit is one hour, and the dashed line
denotes the unsolved case within the time limit. Note that we let LB denote the lower bound obtained
from the approximation algorithm, and we let UB denote the upper bound obtained from convex
relaxations of SCCA. Besides, we define gap(%)= 100 x (UB — v*)/v* to be the optimality gap,
and we replace v* with the best lower bound when v* is not available. We define MIPGap(%) to be
the gap of exact algorithms at termination. Notably, the complexity analysis of the SCCA problems in
Section 3 indicates that its solution process depends on the ranks of the data matrices. Therefore, we
present the numerical results under both full-rank and low-rank cases for a comprehensive evaluation.

5.2 TIllustration of the impact sparsity levels on SCCA

In this subsection, we apply the local search algorithm to evaluating the performance of SCCA
against different sparsity levels s; and so. Specifically, for a given dataset, we compute the ratio of
correlations between SCCA and CCA for various s1, so parameters. We test the real UCI data and
synthetic data, and the results are displayed in Figure 1 and Figure 2. This visualization provides
insights for the maximum sparsity SCCA can achieve while maintaining the correlation of full data.
For the real UCI data, SCCA almost recovers the correlation of CCA when s1 &~ n/2 and so ~ m/2.

Figure 1: On UCI c]lata with n,m = 28,29  Figure 2: On syntheti]c data with n, m = 80, 80
5.3 Solving SCCA with full-rank matrices

The numerical results on synthetic and real data are presented in Table 1 and Table 2, respectively,
which include multiple instances with various parameters (n,m, s1, s2). First, we observe that the
greedy and local search algorithms are scalable, and their outputs match the optimal values for most
solved testing cases. That is, they achieve zero optimality gaps on these cases. In the “Convex
relaxation" column, we compute an upper bound by solving either the continuous relaxation of
MISDP (7) or CCA, and we use CCA for n > 40 and m > 40 cases for efficiency. It is seen that
the upper bound maintains an optimality gap at most 2.78%. Then, we apply the branch-and-cut
algorithm to solve SCCA to optimality, which can handle the case up to a size of n = m = 120 in
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Table 1. The unsolved case in Table 1 may be because the initial gap is weak at the root node, implying
that the branch-and-cut algorithm explores a considerable amount of nodes before termination (see,
e.g.,n =m = 80 and s; = s2 = 10). Hence, the branch-and-cut algorithm may struggle with
large-scale instances with weak initial gaps.

Table 1: Evaluation of algorithms on synthetic data

Greedy |Local search| Convex relaxation Branch-and-cut
n m s; so| LB time| LB time | UB gap(%) time| v* MIPGap(%) time
20 20 5 51(0.244 0.01|0.244 0.02/0.256  1.23 1]10.244 0.00 9
20 20 10 10{0.275 0.02|0.275 0.04/0.278 1.23 110.275 0.00 4
40 40 5 50.695 0.03(0.695 0.05/0.701  0.83 1]0.695 0.00 1
40 40 10 10|0.705 0.06(0.705 0.1210.708  0.45 110.705 0.00 7
60 60 5 51(0.885 0.04|0.885 0.09|0.887  0.28 1]0.885 0.00 1
60 60 10 10/0.884 0.09/0.884 0.19/0.887  0.28 1]0.884 0.00 8
80 80 5 5(0.633 0.06/0.633 0.12{0.650  2.78 1]0.633 0.00 1705
80 80 10 10{0.631 0.13]|0.631 0.26|0.644  2.02 1]0.643 1.85 -
100 100 5 5(0.942 0.09|0.942 0.16/0.944  0.23 1]0.942 0.00 4
100 100 10 10{0.940 0.17{0.940 0.34{0.942  0.23 1/0.940 0.00 15
120 120 5 5|0.845 0.11]0.845 0.27/0.853  0.97 1]0.845 0.00 924
120 120 10 10]0.848 0.21|0.848 0.43|0.856  0.85 1]0.855 0.80 -

Table 2: Evaluation of algorithms on six UCI datasets

Greedy |Local search| Convex relaxation Branch-and-cut
n m s S| LB time| LB time | o gap(%) time| v* MIPGap(%) time
17 17 5 510970 0.01|/0.971 0.04/0.984  1.35 1]0.980 0.00 1
17 17 10 10]/0.981 0.02|0.983 0.14|0.984  0.09 1]0.983 0.00 1
28 29 5 510.761 0.02{0.761 0.05|0.769 1.11 110.761 000 6
28 29 10 10]0.766 0.04|0.766 0.07|0.769  0.45 1]0.766 0.00 22
32 32 5 510991 0.02{0.991 0.04/0.993 0.17 110.991 0.00 1
32 32 10 10{0.992 0.04/0.992 0.12|0.993  0.05 1]/0.992 0.00 1
38 39 5 5 1 0.02| 0.02 0.06| 0.16 0.00 0.01 1 0.00 2
38 39 10 10 1 0.04| 0.05 0.07| 047 0.00 0.01 1 0.00 2
64 64 5 51(0.998 0.05/0.998 0.39(0.999  0.07 110.998 0.00 1
64 64 10 10{0.999 0.09|0.999 0.59(0.999  0.02 110.999 0.00 2
192 193 5 5 1 0.21 1 046 1 0.00 1 1 0.00 36
192 193 10 10 1 0.36 1 0.68 1 0.00 1 1 0.00 37

5.4 Solving SCCA with low-rank matrices

Despite the high dimensions of the breast cancer dataset [8], the resulting sample covariance matrices
B and C have arank of 89, i.e., r = # = 89. When s; > r and sy > 7, we apply Algorithm 1 to
solving SCCA that returns optimal solutions and values in one second, as shown in Table 3. If s; < r
and sy < 7, Algorithm 1 cannot applied and the proposed branch-and-cut algorithm is hard to scale
to this dataset. Hence, we only consider using approximation algorithms to solve SCCA for small
s1 and so cases in Table 4. To be specific, we randomly sample n and m variables from the breast
cancer data to construct testing cases. As displayed in Table 4, the greedy and local search algorithms
run fast, and the local search algorithm slightly outperforms the greedy output.

Table 3: Solving SCCA by Algorithm 1 on Table 4: Approximation algorithms on breast
breast cancer data when s; > r and so > 7 cancer data when s; < rand sy <7

Algorithm 1 Greedy Local search

n m  s1 So |[vT MIPGap(%) time n  m S So| LB time| LB time

100 100| 1 0.00 1 100 100 10 10]0.983 0.17]0.985 0.63

19.672 2.149 150 150| 1 0.00 1 500 500 1010/0.991  1/0.993 6

’ ’ 200 200| 1 0.00 1 800 800 10 10]0.993  5|0.993 37

250 250| 1 000 1 1000 1000 20 20 1 12 1 146

The SCCA (5) problem with a rank-one matrix A can be more tractable, as we can equivalently
decompose it into two MICQPs (see Appendix C). By approximating A with a rank-one matrix
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including leading singular value and vectors, Table 5 presents the numerical results for solving
rank-one SCCA (5). The continuous relaxation of the MICQPs also provides an upper bound and
is denoted by the Perspective relaxation in Table 5. We see that the perspective relaxation is
computationally efficient and yields small optimality gaps. Besides, we can directly solve two
MICQPs below via Gurobi to find the optimal value of rank-one SCCA (5), i.e., v* = v,v,, where
the performance can be found in the last column of Table 5. We can address the rank-one SCCA (5)
problem up to size 200 x 200 within one hour, improving the problem-solving capacity compared to
the size-120 x 120 full-rank SCCA (5) in Table 1. However, it should be pointed out that the SCCA
may not be mixed-integer convex quadratic representable in general.

Table 5: Solving SCCA on synthetic data with a rank-one matrix A

Greedy |Local Search | Perspective relaxation SCCA (5)
n m s So| LB time| LB time | UB gap(%) time | v* MIPGap(%) time
50 50 5 510.753 0.04/0.753 0.07|0.757  0.57 110.753 0.00 1
50 50 10 10|0.753 0.07/0.753 0.15|0.757 0.46 1]0.753 0.00 9
100 100 5 510975 0.09(0.975 0.16/0.977 0.21 110.975 0.00 2
100 100 10 10]0.966 0.17|0.966 0.33|0.969  0.35 110.966 0.00 25
150 150 5 5 (0.850 0.15/0.850 0.26(0.859 1.08 1]0.850 0.00 9
150 150 10 10]0.857 0.27/0.857 0.53|0.867 1.13 1]0.857 0.00 167
200 200 5 5(0.810 0.23/0.810 0.37]0.828 2.19 210.810 0.00 55
200 200 10 10]0.816 0.39/0.816 0.74|0.833 2.11 210.816 0.00 1692

5.5 Experimental comparison of SCCA algorithms

This section compares the proposed local search algorithm with the SCCA methods of [10, 37, 41]
in correlation (Corr) value, the zero norm of x (denoted by S.x), the zero norm of y (denoted by
S.y), and running time. The computational results on synthetic, UCI, and breast cancer data are
presented in Table 6, where we highlight the best correlation and sparsity results in bold. Unlike the
local search algorithm, these existing methods do not strictly enforce the exact sparsity requirement,
i.e., the zero-norm constraints on variables x, y. Consequently, the local search algorithm achieves
the best sparsity for nearly all testing cases. More importantly, the local search algorithm yields a
larger correlation value than these existing methods in 16 out of 22 testing cases. Finally, the running
time of the local search algorithm dominates that of [10, 37].

Table 6: Comparison of SCCA algorithms in Correlation, sparsity, and time

Local search [41] [37] [10]
n m 51 So| Corr S.x S.y time| Corr S.x S.y time| Corr S.x S.y time| Corr S.x S.y time
20 20 5 5]0.244 5 50.04/0.200 9 110.01{0.239 13 14 2]/0.256 18 16 15
20 20 1010(0.275 10 10 0.06/0.212 7 80.01/0.259 19 14 2|0.278 18 18 12
40 40 5 510695 5 50.08/0.594 23 300.03/0.659 26 19 2(0.696 17 18 13
40 40 1010}0.705 10 100.17|0.597 17 150.01|0.660 19 22  2/0.704 16 20 15
60 60 5 5/0.885 S5 50.13|0.794 37 450.01{0.865 27 25 3|0.880 10 8 23
60 60 1010/0.884 10 10 0.27/0.777 33 36 0.01/0.847 31 31 3|0.879 12 15 23
80 80 5 5]0.633 5 50.17/0.534 55 43 0.03|0.606 36 32 3]0.634 33 23 34
80 80 1010/0.631 10 10 0.37|/0.528 53 38 0.02|0.603 29 41  3]0.632 36 41 32
100 100 5 5(0942 5 50.22/0.813 58 63 0.02/0.902 46 33 4/0941 5 5 38
100 100 10 10(0.940 10 10 0.49/0.768 54 550.02/0.884 47 37 4/0.938 10 10 37
120 120 5 5(0.845 5 50.42|0.681 83 74 0.02/0.804 37 43 4/0.833 10 8 47
120 120 10 10/0.848 10 10 0.59|0.720 71 76 0.02|0.821 39 36 4|0.840 13 12 47
17 17 5 510971 5 50.04/0.794 6 90.01j0.742 10 8 2/0.970 14 16 15
28 29 5 5]0.761 5 50.05/0.704 23 290.01{0.667 3 7 2|0.744 24 19 15
32 32 5 5(0991 5 50.04/0.730 31 230.01/0.904 15 10 20906 18 15 43
38 39 55 1 5§ 50.15/0994 8 9043/0997 38 23 3 1 24 32 29
64 64 5 50998 5 50.38/0.897 64 640.0110.990 7 6 2/0.997 33 31 19
192 193 5 5 1 5 5045/0.103 82 500.21(0.856 13 12 10 1 11 6 45
100 100 10 10{0.985 10 10 0.63]0.936 18 41 0.01{0.686 42 43 40952 75 76 36
500 500 10 10(0.993 10 10 6|0.977 78200 0.78|0.871 173 371 31|0.935 74 44 50
800 800 10 10/0.993 10 10 37|0.974 133 316 1.94/0.879 280 526 50(0.990 84 63 57
1000 1000 10 10{0.995 10 10 11]0.980 166 401 7.30]0.848 401 558 58|0.985 80 59 60
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Appendices

A Proofs of technical results

A.1 Proof of Proposition 1

Proof. The proof includes three parts.

Part (i). To prove the equivalence between CCA and its SDP Relaxation, let us introduce the
Lagrangian multiplies #; > 0,62 > 0 corresponding to two constraints in SDP Relaxation, which
leads to the following Lagrangian dual problem

012>0,02>0 012>0,02>0 —5 0,C

. _ 6B A
min {01+02:913+920§A}: min_ {646 (4 2 =00 (10)

where the equation results from the definition of block matrices A, B, and C. Given the nonzero
matrices A # 0, B # 0,C # 0 and positive semidefinite matrices B = 0,C > 0, following
Lemma 1, we must have §oC — AT (6, B)TA/4 = 0 and 6; B — A(02C)T AT /4 = 0, implying that
either 6; = 0 or 65 = 0 is infeasible to the minimization problem above. That is, #; > 0 and 6, > 0
must hold.

According to Lemma 1, the block matrix (ABT é) is positive semidefinite, implying that (I —
CCY)AT =0,(I - BB')A = 0. Then, it is easy to show

AT
(I-6,C(6,C)") 5 = 0,0, >0.

Given 64, 0> > 0 and using Lemma 1, the result above allows us to further simplify the right-hand

side minimization problem in (10) to

min . {601+ 0 :46:0,B = ACTAT}

01>0,0,>
— min {91 16y : 46,0, > o2 (\/EA\/E)} = Omax (\/EA\/E) ,

61>0,05>0 max
where the first equation is because
46,6,B = ACTAT < 40,0,1 = VA-1QTACTATQVA-T
= 40105 > Anax (\/FQTACTATQ\/F)

= 40,05 > Apax (\/CTATBTA\/CT) s 40,0, > 02

max

(JEA\/E) ,

where we let B = QAQ denote the eigendecomposition of matrix B with A containing all the
positive eigenvalues.

As aresult, the dual problem of SDP Relaxation admits an optimal value of o,,x ( VBTAVC T),

which gives an upper bound of the CCA and its SDP Relaxation. Next, we construct their optimal
solutions, which exactly attain this upper bound. Thus, this upper bound is achievable and equals
their optimal values.

Part (ii). For the CCA, let us consider a part of optimal solutions (x*, y*) below
x" =VBiq, y*=VCip,

with ¢ € R", p € R™ denoting a pair of leading singular vectors of matrix v Bt AV C'.
First, (z*, y*) is feasible to the CCA as

(") Bx*=q'VBTBVBiq<q'q=1, (y*)'Cy*=p'VCICVCip<p'p=1,
where the inequalities stem from the facts that I = vV BtBvV Bt and I = vCTCvCH.

10719 https://doi.org/10.52202/079017-0342



On the other hand, according to the definitions of g, p, we can show that (x*, y*) is optimal to the

CCA,ie.,
(x*)" Ay* = ¢ VBTAVCip = 0pnax (v BtAv C’T) )

* * T
Part (iii). In a similar vein, we can show that X™* = <w*> (az*) is optimal to SDP Relaxation

with the optimal value oy, (\/ BtAVC T) . O

A.2 Proof of Theorem 1

Proof. By introducing the subsets (S1, S2) to denote the supports of variables (¢, y) in SCCA, then
we can remove the zero-norm constraints on (i, y) and reformulate SCCA as

v* = max max {wTAsl_’SQy : ccTle,Sla: < 1,yTCS2,52y < 1}. (11
S1C[m],|S1]|<s1, zeRIS1],
52C[n],|S2|<s2 4 cRlS2l

Following from the Part (i) in Proposition 1, we can show that for any subsets S; C [n], Se C [m],
the following identity holds.

T T T
max {#'As, 5,y : 2" Bs, 5,2 <1,y ' Cs, 5,y <1}
zeRIS1! yerlS2!

Plugging the result above into the inner maximization problem in (11), we complete the proof. [J

A.3 Proof of Theorem 2

Proof. The proof is split into three parts.

Part (i). It suffices to prove that CCA admits an optimal solution (z*, y*) satisfying ||x*|o < r and
ly*[lo < #. Then, (z*,y*) is also feasible and optimal to SCCA, which implies the equivalence
between SCCA and CCA.

First, according to Part (ii) in Proposition 1, we can obtain a closed-form optimal solution (&, y) for
the CCA. By adjusting (&, y), we will construct a new optimal sparse solution (x*, y*) satisfying
[ [lo <7 and [ly*[o < 7.

For matrix B € 8%, we let {q;};cn—, € R" denote the eigenvectors corresponding to (n — ) zero
eigenvalues of B. Thus, {q; };c[,— are orthonormal. There exists a size-(n — r) subset S C [n]
such that the subvectors {(q;)s }ic[n—, are linearly independent, where (g;)s denotes the subvector

of g; indexed by S for each i € [n — r]. As aresult, there exist a vector (1, -+ ,7,_,) ' such that
&s =Y vila@)s- (12)
1€[n]

Let us now construct solution x*

rt=a - Z Vi,

1€[n—r]

where x; = 0 for all i € S based on the equation (12) and |S| = n — r, implying ||z*|o < r. In
addition, we show that the new solution x* is still optimal to CCA. First, * is feasible since

(") B(z*) =2 Bz <1,
where the equation is due to Bq; = 0 foralli € [n — 7].
. .. . . . B A . .. . .
Given the positive semidefinite block matrix AT ) using Part (ii) of Lemma 1, the identity

(I — BB')A = 0 is equivalent to Dien—r] qiq; A = 0. Then, for each i € [n — r], multiplying
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g; on both sides of this equation leads to

qj( Z qjquA)A:qiTO:>qiTA:0,
jE€[n—r]

where the result follows from g, g; = 0 for any ¢ # j. Then, we can show the optimality of the new
solution x*:

(@) Ag=a"Ag+ > pig] Ag=2'Ag.
1€[n—r]
Similarly, we can also construct an optimal sparse solution y* by leveraging ¢ and eigenvectors of
zero eigenvalues of C' such that ||y*||o < sa.

Therefore, there exists an optimal solution (x*, y*) to the CCA whose zero norms are bounded from
above by r, 7, respectively. Adding the constraints ||z|o < r, ||y|lo < 7 to the CCA does not affect
the optimality, which gives an equivalent formulation (2) of CCA.

Part (ii). Suppose that (&, ) denotes an optimal solution to problem (3). When s; > r, following
the proof of Part (I), &, we can construct another optimal solution * whose zero norm is bounded by
r and (x*, g) is feasible and optimal to SCCA.

Part (iii). Similarly, we can reduce SCCA to problem (4). We thus complete the proof. U

A.4 Proof of Theorem 3

Proof. Let us first consider the maximization problem over x in (6), i.e.,

Vg = mné%gi{aTaz cx' Bx <1, ||z|jo < 51} (13)

Then, we derive a combinatorial optimization reformulation of problem (13) based on the result
below.

Claim 1 For any subset S C [n], maxgcgpisi{alz: 2" Bsgsx <1} = al (Bss)tas.

T
b'a C
the identity (I — BS,SB;S)aSbT = 0 must hold for any subset S. As a result, we have ag —

Proof. Given A = ab', since the matrix ( B ab ) is positive semidefinite, using Lemma 1,

BS7SB; gas = 0 as vector b is nonzero.

Next, the Lagrangian dual of the problem max,cpisi{al® : " Bg sz < 1} can be written as

max {aga: cx" Bggr <1} = min max aga: + p— px' Bg g
zcRIS| ’ #>0 zeRIS| '

Tt
) agBg qas =
- 57957 aT(Be o)t
Iﬁlznolu+ 44 as(Bss)as,

where the second equation builds on the identity ag — BS,SB; gas = 0 and optimal solution

Bgysas
val(Bss)fas ’
Suppose that an optimal solution to problem (13) admits the support S*. According to Claim 1, we
have

*

r = <

= a \/aTB Ta :\/aT*B* tag.
e s(Bs,s)tas s+ (Bs+,s<)as

On the other hand, the Lagrangian dual of problem (13) can be written as

v, < min max{a'x + X -z Bz : ||z|o < 51}
AER} weR™

T t
B
— min max )4 2s(Bss)las
AER} SC[n],|S|<s 4\
T B T
< max )\*Jras( s5,5)'as
SCn,|S|<s 4N*

N

= \/a; (Bs=,s+)tag < g,
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where the first equation is due to Claim 1, the second inequality is by plugging the feasible solution

Val g )l
A= Vs (BS 5195 460 minimization problem, and the last equation is from the optimality of
subset S*. Smce both left-hand and right-hand sides above equal v, the strong duality of problem
(13) holds, and all the inequalities above must attain the equalities. That is, problem (13) is equivalent
to

.
_ B <
Uy = /\Hel%& mné%)i{a r+A— Az Bx:|zlo < s}

Since the outer minimization is a one-dimensional convex program that can be solved efficiently, as a
result, for any given A > 0, the inner maximization is equivalent to solving

max{a'x — \x' Bz : ||z|/o < s1}. (14)
xeR”™

Next, let us consider the NP-hard sparse regression problem (see, e.g., [34]), which admits

érem}L {lIlv - Uzx|3: ||zl < s} = meax {Q’UTU.’B ' UTUB: ||z|o < s}, (15

where data matrix U consists of observations of n variables and vector v denotes the corresponding
response variables.

Suppose that in the problem (14), let us define A\B = U " U and @ = 2U " v. Then using the singular
value decomposition of matrix U, we see that the following equation still holds.

ag — Bs7ng7SaS =0,VS C [n]

Thus, for any given A > 0, the maximization problem (14) is equivalent to the sparse regression
problem (15). This shows that problem (13) is NP-hard.

Similarly, the maximization problem over y in (6) can also be reduced to the sparse regression
problem. 0

A.5 Proof of Theorem 4

Proof. For the SCCA (11), according to Proposition 1, the inner maximization problem admits
an exact semidefinite programming formulation. Using the variables z € Z to describe the set
constraints in SCCA (11), we can reformulate it as

v* =max max { tr( (AX) :tr(BX) < 1,tr(CX) <
ZE€EZ xXesptm (16)

Pr0p0s1t10n 3 shows that there is an optimal solution (x*, y*) to SCCA that satisfies ||z*||2 < M,

and ||y*||3 < M>. Based on this, we can construct an optlmal solution (z*, X *) for SCCA (16) by
letting

T . '
«_ (Z7) (=7 1 ifxf#0 . 1 ifyr £0
X" = * * y Ri = L 5 y RZi4n — ot ) )

(y > <y ) z {0 ifar =0 Vi € [n], zi+ {O ifyr = 0 Vi € [m)]

where the optimal solution X * satisfies the following inequalities
Xz*z = (ﬂff)Q < Mz, Vi€ [n]’ XEki+n)(i+n) = (y;k)Q < M2Zi+n7Vi € [m]
This allows us to recast the SCCA (16) into an MISDP formulation (7). O

B Implementations of greedy and local search algorithms

This section presents the detailed implementations of greedy and local search algorithms based on
the combinatorial formulation (1) of SCCA.

C Mixed-integer convex quadratic programming reformulations

This section shows that each subproblem in (6) can be equivalently formulated by a MICQP. Therefore,
SCCA (5) is mixed-integer convex quadratic representable when matrix A is rank-one.
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Algorithm 2 Greedy algorithm for SCCA (1)

1: Input: Matrices A € R™*", B € ST, C' € ST and integers s, € [n], s3 € [m]

2: Compute (i*,j*ﬂ) S AIGMAN; ¢ ), je(n] V(Bii)TAij/(Ci)T

3: Define subsets 51 = {i*} and Sy = {j*}

4: for { =2,--- ;max{sy, sz} do

5: if ¢ < min{sy, so} then

6 it e argmax;c(,\ g, Cmax (\/(BSHU{i},S'lLJ{i})TASHU{Z'},Sb (CS%%)T)
7: Update S = S U {i*}
8
9

" € argmax, ¢ g, Oma (Bs, 5.)' 45, 5001\ Coopy s.00)')
else if s; < s5 then

10: J" € argmax; ¢\ g, Omax ( (Bﬁlﬁl)msl,ézu{j}\/(Cézu{j}sgu{j})f)
11: Update Sy = S5 U {j*}

12: else

13: e argmaxie[n]\gl Omax (\/(Bglu{i},§1U{i})TA§1U{i},5'2 (C§27§2)T>
14: Update S = S U {i*}

15: end if

16: end for

17: Output: Sl, S’g

Algorithm 3 Local search algorithm for SSVD (1)
1: Input: Matrices A € R™*", B € ST", C € S7" and integers 51 € [n], s € [m]

Initialize (Sl, 52) as the output of greedy Algorithm 2
do
for each pair (i1,71) € S1 x ([n] \ S1) do

it Omax (\/(Bélu{jl}\{il},ﬁlu{jl}\{n})TAﬁlu{jl}\{il}Sz (Cﬁzﬁzﬁ) ”

Onax (,/(Bgl,%)mghgz, [(Cs,5,)7T) then

6: Update S; = S U {71} \ {i1}
7: end if

8: end for

9:

for each pair (ig, j2) € Sy x ([m] \ S3) do

100 if  Omax (\/(Bglu{jl}\{il},élu{m}\{n})TAéluul}\{h}Sz (Cézﬁz)T> ”

Tmax (\/@Asl,gﬂ/ (Cs,5,)1) then

11: Update Sy = S5 U {ja} \ {ia}
12: end if
13: end for

14: while there is still an improvement
15: Output: 51, So

C.1 Valid inequalities for SCCA

Before deriving the formulations, we first prove that there exists a bounded optimal solution (x*, y*)
of the SCCA. To be specific, we show that there exists an optimal solution (z*, y*) of the SCCA
satisfying the constraints ||z*||3 < M; and |ly*||3 < My, where M; and M, are finite-valued
parameters.

Proposition 3 The SCCA admits an optimal solution (z*,y*) satisfying ||z*||3 < My and ||y*||3 <
Mo, where My = 1/ A (B) + 1/ (A (B)Smin(B)) and Ma = 1/A:(C) + 1/(A+(C) smin (C)) with
A (B), A+ (C) being the smallest nonzero eigenvalues of matrices B, C and $pin(R) being the
smallest nonzero singular value of all the submatrices of the zero eigenvectors of matrix R.
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Proof. Let (x*,y*) denote an optimal solution to SCCA. We bound ||x*||2 first and the same
technique can be also straightforwardly applied to bound ||y*||2.

For matrix B € S of rank r, we let {g;};c[,) € R" denote the eigenvectors corresponding to
n eigenvalues A of B such that Ay > ... > A\, > A\pyy = ... = X, = 0. Thus, {q;}e[, are
orthonormal and span the space of R". Hence, there exists o € R" such that ™ = >~ ig;.
Given that (z*) " Bx* < 1, we have

Z 0512)\1' < 1.

1€[r]
Hence, the values of {c;};¢[,) are bounded. On the other hand, let us define a subset S C [n] of

size at most s; such that z} # 0 for each i € S and x = 0 for each j € [n] \ S. Then for each
j € [n]\ S, we arrive at the following linear system:

g =) aidi, (17)
jE[r+1,n] i€lr]
where g; denote a subvector of g; with indices [n] \ S for each i € [n]. For a fixed {c; };c[, since

the linear system (17) is nonempty, we let Q& = ¢ denote its minimal linear subsystem such that a

submatrix @ is non-singular and the index set S of @ is a subset of [n] \ S. Thus, we can construct
an alternative solution ¢ such that

a;, ifi € [r],
Q; = (Q‘lq)i, ifi € .5,
0, otherwise,
and & = icn] &;q;. According to Lemma 1, we have

#"Bz<1,&" Ay* = ()" Ay",
ie., (&, y*) is also optimal to SCCA. Hence,

#ll2 < \/||Q—1q%+

oy
i€[r]
Note that 37, (. af < 1/A, and
-1 112 3-112/1 412 L1
1@ a3 < 1Q Bl < — -t

where $pmin (B) denotes the smallest nonzero singular values of all the submatrices of [g,1, .. ., @n]-
In summary, we have

22 < \/1/)‘T + 1/(ArSmin(B))-
This completes the proof. O

The proof of Proposition 3 is straightforward in the case when B and C are of full rank as in this case
the feasible region is a bounded set. In order to prove the result in the case when B is not full-rank,
one has to show that it is possible to construct sparse solutions that are not “too far" away.

In fact, the bounds M;, M> in Proposition 3 also hold for any given feasible subsets (S7, .52) of
SCCA (1).

Corollary 2 For any given feasible subsets (S1, S2) of SCCA 1, there exists a SCCA feasible solution

(x,y) such that the supports of ,y are S1,Sa, respectively and we have that ||z||3 < M, and
llyl|3 < Ma, where My, My are defined in Proposition 3.

C.2 Equivalent mixed-integer convex quadratic program of rank-one SCCA

When matrix A is rank-one, let us focus on analyzing the subproblem over « in (6), i.e.,

T T
= rx Bx <1, < .
vo = max{a @:x Bz <1, |zl < 51} (18)
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Then the second subproblem over y in (6) simply follows.

According to Corollary 2, introducing the binary variables 2! € {0, 1}" can reformulate the problem
(18) as

Vy = max {aTa: ' Bxr<1 T < /My z; L vi €| Z z; < 81}

xzeR”, z1€{0,1}™
(0.1} 1€[n]

When matrix B is positive definite, there is a positive vector b € R’} , and a positive semidefinite

matrix B such that B = B + Diag(b). Given this equation, by leveraging the perspective techniques
(see, e.g., [1, 43]), we can derive another equivalent MICQP formulation of the problem (18):

T TA 2
Vg = max a xr:x Bx+ < 1,xf < szE z<5

* mE]Rn’zle{O,l}n,[LGRi{ 'ez[:] Hi= 5T = Z 1
1 n

which is often stronger than the above formulation.

D A branch-and-cut algorithm with closed-form cuts

By dualizing the inner maximization problem over X in the MISDP (7), in this subsection, we
derive an equivalent mixed-integer linear program for SCCA, which motivates us to develop a
branch-and-cut algorithm.

By introducing the Lagrangian multipliers (61,62, A), the Lagrangian dual of the maximization
problem (9) can be written as

f(z)= 01>%1£>0 xg}s%m tr(AX) — 01 tr(BX) — 02 tr(CX) 4 01 + 65,

/\GR" m
- Z XX + Z N M z; (19
i€[n+m] 1€ [n+m]
0121/(?513207 {91 + 92 + 4 Z ANiM;iz; < *AT/Q 0,C > - Dlag()\)},
ARyt i€[n+m]

where the strong duality holds due to the function f(z) being concave, bounded, and thus continuous
in the set Z and Slater condition holds for any interior point z in the set Z.

Below, we derive the closed-form expression of the function f(z) with the given binary variable
z € Z. This allows us to reformulate SCCA (8) as a mixed-integer linear program with exponentially
many linear constraints and an efficient separation oracle.

Proposition 4 The SCCA (8) is equivalent to

v* :znelng {’U 1V < Omax (\/ (leysl)TAsl-,S2 \/ (CS2$52)T) +

S XMz VS C (1] 5] < 51,5 € [m], |8, < 52},
i€S1U(Sa+n)

(20)

where for a pair of subsets (S1,S2), the scalar \* is defined as the largest positive eigenvalue of
matrix Dy Dy Dy — D3 with

D, = ( 9;251,31 _A51,52/2> D, = ( GT‘ESD[“]\SI A517[m]\32/2>
_AS1,SQ /2 95052752 ’ 7A5'2,[n]\5’1 /2 950527[771]\5'2

and
Dy= ( BiBrnsiins - —Apnsmis./2
’ ~Appsy mpsa/2 I5CTmI\S: [mI\S2

where 07 = 05 = opmax (\/ (Bs,.s,)1As, 5,/ (CS2~,SQ)T> /2.
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Proof. First, for any binary variable z € Z, suppose S1 = {i : z; = 1,Vi € [n]}, So = {i — n:
zi = 1,Vi € [n+1,n+m]}, and T C [n + m] denotes the support of z. Then following the

v
proof of Proposition 1, we can construct a rank-one optimal solution X* = (y*) (y*) to the

maximization problem below that admits the optimal value oy, ax (w /(Bs,,s,)tAs, .9,/ (Cs,.s, )T) ,

ie.,

max {tr(AX) : tr(BX) < 1,tr(CX) <1,X;; = 0,Vi € [n +m] \ T}
xXesytm

— s (B s, 50 (Coa ) 2 2,

where the inequality is because the maximization problem above relaxes the valid constraints X;; <
M;; for all 7 € T in maximization problem (9). The result in Corollary 2 suggests that *, y* can
be bounded and their two norms must not exceed M7, My, which means that the optimal solution
X* satisfies the X;; < M, for all ¢ € T'. Therefore, X * is feasible and optimal to maximization
problem (9) and we have that

f(2) = Omax (\/mx‘lsl,s2 W) )

According to strong duality, the minimization problem (19) admits an optimal value

Omax (« /(Bs, s,)tAs, 5,/ (CSLSQ)T). Next, we construct its optimal solution (67, 05, A*).

For any given € > 0, we let 07 = f(z)/2, 05 = f(2)/2. \i(e) = arpr foralli € T, and

Ai(€) = A*(e) forall ¢ € [n] \ T, where
A (e) = {Amax (D2T (D1 + Diag (S\T(e)>)71 Dy — Dgﬂ R

It is easy to compute that 67 + 65 + 3,1, 1) Ai(€)M;iz; = f(z) + €. Thus, for any € > 0, if

(07,05, X(e)) were feasible, then it is an e-optimal solution to the minimization problem (19). It

remains to verify the feasibility of the solution (67, 05, A(€)), i.e., checking the constraint below

( _ﬁf 12 ;‘;é?) + Diag (5\(6)) = 0.

By performing the permutation of the rows and columns of the above matrix, it is sufficient to show
that the new block matrix

D, + Diag (XT(E)) D, -0 1)
D] Ds+\(I)

is positive semidefinite.

. B —A 2\ . o . . . . .
Since A§1’51 9 Csl’SQ/ is a principal submatrix of a positive semidefinite matrix
—Ag, s,/ 5,55

( B —A2

_AT)2 C ), it is also positive semidefinite. According to Lemma 1 and the fact that

0F = 035 = omax (\/(le,sl)TAsl,sz \/(CSQ,SZ)T) /2, the matrix D is also positive semidefinite.

As € > 0, the matrix Dy + Diag (S\T(e)) must be positive definite, which means that

. ) -1
(I - (D1 + Diag (AT(E))) <D1 + Diag ()\T(e))) ) D, = 0.
Besides, according to the definition of A\*(¢), we obtain

Ds + X () — D] (D1 + Diag (S\T(e)))_l D, > 0.
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Taking these results together, according to Lemma 1, the constraint in (21) must hold for a given
solution (%, 03, A(€)). Since the objective value corresponding to (6%, 63, A(€)) is at most e larger
than the optimal value of problem (19), letting ¢ — 0 and using the closedness of the feasible set in
problem (19), we can confirm the optimality of (05,65, A*) with A = 0foralli € T and \} = \*
foralli € [n]\ T.

Given the closed-form optimal solution to problem (19), the rest of the proof follows from [28,
theorem 7]. O

We note that SCCA (20) can be implemented via a delayed cut-generation procedure. That is, at
each feasible branch-and-bound node with a binary solution 2, let Sq = {i : 2, = 1,Vi € [n]} and
Sy ={i—n:2% =1,Yi € [n+ 1,n + m]}. Then we can compute the corresponding scalar A* and
generate the following valid inequality based on (20):

v < Omax (\/ (Bs,,s,)1As, 5,1/ (CSQ,SQ)T) + Z N M;;z;.

1€51U(S2+n)

E Data description

Table 7: Description of UCI and breast cancer datasets used

Dataset # of variables | # of samples n m | rank 7 | rank 7
dermatology 34 366 17 17 17 17
spambase 57 4601 28 29 28 29
digits 64 1797 32 32 32 32
buzz 77 583250 38 39 38 39

gas 128 2565 64 64 64 64
slice 385 53500 192 193 192 193
breast cancer 21821 89 (19,672 | 2,149 89 89

F Multiple Sparse Canonical Correlation Analysis

The multiple CCA problem can be formulated as follows:

ma; tr(x' Ay) a2 Be =1I,,y Cy=1
weRnXk,y}éRmxk{ ( y) kY Y k},

where k denotes the number of pairs of basis vectors and I}, denotes the identity matrix of size k.

As x,y can be matrices, we propose adding row sparse constraints to extend SCCA for multiple
vectors, which is defined as:

max {tr(x" Ay) 12" Bz = I,y ' Cy = I, ||z|jo < s1, ||yllo < s2},
mER"Xk,yER""Xk

where we let ||z||o and ||y||o denote the number of nonzero rows of  and y, respectively.

This multiple SCCA model can (i) compute the multiple weight vectors (i, y) simultaneously and (ii)
enforce the sparsity and orthogonality strictly. To be specific, the constraints ' B = I,y ' Cy =
I}, ensure the orthogonal left- and right-canonical loading vectors in multiple SCCA. By the definition
of row sparsity, the resultant multiple left- and right-basis vectors, i.e., the columns of « and y, share
the same nonzero rows, respectively.

More importantly, the row-sparsity enables us to readily extend the proposed algorithms to solve
multiple SCCA. We have tested them on UCI data, and the computational results are presented in
Table 8. As k increases, it takes branch-and-cut a longer time to return an optimal solution.
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Table 8: Evaluation of our algorithms for solving multiple SCCA on UCI datasets

Greedy |Local search| Convex relaxation Branch-and-cut
n m s sy k| LB time| LB time | UB gap(%) time| v* MIPGap(%) time
17 17 5 5 2]1.907 0.01|1.935 0.06|1.957 1.14 0.01{1.935 0.00 2
17 17 10 10 3|2.879 0.02|2.884 0.09(2.898  0.45 0.01|2.884 0.00 6
28 29 5 5 2|1.182 0.02|1.233 0.09|1.358 10.19 0.01|1.233 0.00 234
28 29 10 10 3|1.579 0.04|1.586 0.14]|1.685  6.23 0.01|1.587 533 -
32 32 5 5 2(1.906 0.02|1.906 0.04|1.935 1.55 0.01|1.916 0.00 14
32 32 10 10 3|2.736 0.04|2.741 0.19|2.770 1.05 0.01]2.742 0.00 3093
38 39 5 5 2 2 0.03 2 0.25 2 0.00 0.01 2 0.00 8
38 39 10 10 3 3 0.05 3 059 3 0.00 0.01 3 0.00 10
64 64 5 5 2[1.947 0.05/1.991 0.34/1.997  0.29 0.01|1.993 0.15 -
64 64 10 10 3|2.983 0.09|2.989 0.71|2.993  0.14 0.02]2.989 0.14 -
192 193 5 5 2[1911 0.21|1.991 236|1.995 0.22 0.04|1.991 0.21 -
192 193 10 10 3(2.907 0.38|2.951 5.782.977  0.90 0.04|2.954 0.78 -
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of the mean.

e It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

» For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

* If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.
8. Experiments Compute Resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [Yes]
Justification: We provide the details on the compute resources in the beginning of Section 5.
Guidelines:

* The answer NA means that the paper does not include experiments.

* The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

9. Code Of Ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines?

Answer: [Yes]

Justification: We have reviewed the NeurIPS Code of Ethics and make sure that we have
conformed with it.

Guidelines:

e The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).

10. Broader Impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [Yes]

Justification: The paper improves the interpretability of the widely-used CCA method,
making it more convincing when applied to real data analytics, e.g., genetic analytics of
breast cancer data. We do not foresee any negative societal impact of this work.

Guidelines:

* The answer NA means that there is no societal impact of the work performed.

* If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.
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» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.

* The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

« If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

11. Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]
Justification: The paper poses no such risks.
Guidelines:

* The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

 Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

12. Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [Yes]
Justification: We have cited the original paper that produced the code package or dataset.
Guidelines:

* The answer NA means that the paper does not use existing assets.

* The authors should cite the original paper that produced the code package or dataset.

 The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

* For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

* If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

10733 https://doi.org/10.52202/079017-0342


paperswithcode.com/datasets

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.

* If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.
13. New Assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [Yes]
Justification: The paper does not release new assets
Guidelines:

* The answer NA means that the paper does not release new assets.

* Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.

14. Crowdsourcing and Research with Human Subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [NA]
Justification: The paper does not involve crowdsourcing nor research with human subjects
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.
* Including this information in the supplemental material is fine, but if the main contribu-

tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

15. Institutional Review Board (IRB) Approvals or Equivalent for Research with Human
Subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]
Justification: The paper does not involve crowdsourcing nor research with human subjects.
Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.
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