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Abstract

Identifying nonlinear relationships in large datasets is a daunting task particularly when the
form of the nonlinearity is unknown. Here, we introduce Network Maximal Correlation (NMC)
as a fundamental measure to capture nonlinear associations in networks without the knowledge
of underlying nonlinearity shapes. NMC infers, possibly nonlinear, transformations of variables
with zero means and unit variances by maximizing total nonlinear correlation over the underlying
network. For the case of having two variables, NMC is equivalent to the standard Maximal
Correlation. We characterize a solution of the NMC optimization using geometric properties of
Hilbert spaces for both discrete and jointly Gaussian variables. For discrete random variables,
we show that the NMC optimization is an instance of the Maximum Correlation Problem and
provide necessary conditions for its global optimal solution. Moreover, we propose an efficient
algorithm based on Alternating Conditional Expectation (ACE) which converges to a local
NMC optimum. For this algorithm, we provide guidelines for choosing appropriate starting
points to jump out of local maximizers. We also propose a distributed algorithm to compute
a l-e approximation of the NMC value for large and dense graphs using graph partitioning.
For jointly Gaussian variables, under some conditions, we show that the NMC optimization
can be simplified to a Max-Cut problem, where we provide conditions under which an NMC
solution can be computed exactly. Under some general conditions, we show that NMC can
infer the underlying graphical model for functions of latent jointly Gaussian variables. These
functions are unknown, bijective, and can be nonlinear. This result broadens the family of
continuous distributions whose graphical models can be characterized efficiently. We illustrate
the robustness of NMC in real world applications by showing its continuity with respect to small
perturbations of joint distributions. We also show that sample NMC (NMC computed using
empirical distributions) converges exponentially fast to the true NMC value. Finally, we apply
NMC to different cancer datasets including breast, kidney and liver cancers, and show that
NMC infers gene modules that are significantly associated with survival times of individuals
while they are not detected using linear association measures.

1 Introduction

Identifying relationships among variables in large datasets is an increasingly important task in sys-
tems biology [1], social sciences [2], finance [3], etc. While correlation-based measures capture linear
associations, they can fail to infer true nonlinear relationships among variables, which can often
occur in real-world applications [4]. One family of measures to infer nonlinear associations among
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variables is based on mutual information [5,6]. Although mutual information computes a measure
of association strength among variables, it does not provide functions through which variables are
related to each other. Moreover, reliable computation of mutual information requires an excessive
number of samples, particularly for large number of variables [7].

A classical measure to infer a nonlinear relationship between two variables is Mazimal Correlation
(MC), introduced by Gebelein [8] and studied in references [9-12]. MC infers, possibly nonlinear,
transformations of two variables with zero means and unit variances by maximizing their pairwise
correlation. MC can be computed efficiently for both discrete [13] and continuous [14] random
variables. For discrete variables, under some mild conditions, MC is equal to the second largest
singular value of a normalized joint probability distribution matrix [13]. In that case, transfor-
mations of variables can be characterized using right and left singular vectors of the normalized
probability distribution matrix. Recently, MC has been used in different applications in information
theory [15-17], information-theoretic security and privacy [18-20], and data processing [21,22].
Many modern applications include large number of variables with possibly nonlinear relationships
among them. Using MC to capture pairwise associations can cause significant over-fitting issues
because each variable can be assigned to multiple nonlinear relations. Here we propose Network
Mazimal Correlation (NMC) as a fundamental measure to capture nonlinear associations in net-
works without the knowledge of underlying nonlinearity shapes. In the NMC optimization, each
variable is assigned to at most one transformation function with zero mean and unit variance.
NMC infers optimal transformations of variables by maximizing their inner products over edges of
the underlying graph. For the case of two variables, NMC is equivalent to MC. The NMC defi-
nition does not assume a specific relationship among node variables and the graph structure. For
illustration, we consider this relationship in different NMC applications such as graphical model
inference. Furthermore, the NMC optimization can be regularized to have even fewer nonlinear
transformations to avoid over-fitting issues.

In this paper, we characterize a solution of the NMC optimization using geometric properties of
Hilbert spaces for both discrete and continuous jointly Gaussian variables. For discrete random
variables, we show that the NMC optimization is an instance of the Maximum Correlation Problem
(MCP) which is NP-hard [23-26]. In this case, using results of the Multivariate Eigenvector Prob-
lem (MEP) [23], we provide necessary conditions for a global NMC optimum. We also propose an
efficient algorithm based on Alternating Conditional Expectation (ACE) [13], which converges to
a local NMC optimum. We also provide guidelines for choosing appropriate starting points of the
algorithm to jump out of local maximizers. The proposed ACE algorithm does not require forming
joint distribution matrices which could be expensive for variables with large alphabet sizes. We
also propose a distributed version of the ACE algorithm to compute a 1-¢ approximation of the
NMC value for large and dense graphs using graph partitioning.

For jointly Gaussian variables, we use projections over Hermitte-Chebychev polynomials to char-
acterize an optimal solution of the NMC optimization. Under some conditions, we show that the
NMC optimization is equivalent to the Max-Cut problem, which is NP-complete [27]. However,
there exist algorithms to approximate its solution using Semidefinte Programming (SDP) within
an approximation factor of 0.87856 [28]. In this case, we provide conditions under which an NMC
solution can be computed exactly. Using these results, under some general conditions we show that
NMC can infer the underlying graphical model for functions of latent jointly Gaussian variables.
These functions are unknown, bijective, and can be nonlinear. This result broadens the family of
continuous distributions whose graphical models can be characterized efficiently.



In real-world applications, often only noisy samples of joint distributions are available. For this
case, we prove a finite sample generalization bound, and error guarantees for NMC. In particular,
under general conditions we prove that NMC is continuous with respect to joint probability dis-
tributions. That is, a small perturbation in the distribution results in a small change in the NMC
value. Moreover, we show that Sample NMC (i.e., NMC computed using empirical distributions)
converges exponentially fast to the NMC value as the sample size grows.

Moreover, we use the NMC optimization to characterize a nonlinear global relevance graph with a
certain complexity [29] and propose a greedy algorithm to infer such a nonlinear relevance graph
approximately. Finally, we apply NMC to different cancer datasets [30] including breast, kidney
and liver cancers and show that using the NMC network, we can infer gene modules that are
significantly associated with survival times of individuals while they are not detected using linear
association measures.

2 Maximal Correlation

In this section, we introduce notations and review prior work on maximal correlation.

2.1 Notation

Suppose X7 and X9 are two random variables defined on probability space (€2, F, P) taking values
in (X1,B1) and (X, Bs), respectively. The map X; : (2, F) - (X;,B;) generates the subalgebra
Fi = X{l(Bi) of F. Let Px, be the restriction of the measure P on F;, ¢ = 1,2. For discrete
variables, X; and X are their finite support sets with cardinalities |X;|, for ¢ = 1, 2.

2.2 Definition and General Properties

A Pearson’s linear correlation coefficient between real-valued variables X; and X5 is defined as
E[(X1 - E[X1]) (X2 - E[X2])]
Vvar(X1) y/var(Xa)

where var(X;) represents the variance of random variable X;, for i = 1,2. Correlation-based mea-
sures capture linear associations between variables, ignoring possible nonlinear relationships.

cor(Xy,X9) =

i

Example 1 Suppose X is a Gaussian variable with zero mean and unit variance. Let X9 = X 12 In
this case, even though variables are strongly associated with each other, the correlation coefficient
between them is close to zero (see e.g. Figure 1-a). It is because these variables are related
through a nonlinear transformation. One way to capture such a nonlinear relationship between these
variables is to quantify maximum correlation between their, possibly nonlinear, transformations.
In this example, suppose ¢1(X1) = a11X12 + a1z and ¢2(X2) = ag1 Xs + e, where coefficients Qi
are selected so that ¢;(X;) has zero mean and unit variance, for both i = 1,2. In this case, the
correlation coefficient between transformed variables is one (see e.g. Figure 1-b), capturing a strong
nonlinear association between variables X; and Xs.

Mazimal correlation (MC) between variables X; and Xy which was introduced by Gebelein [§]
captures a nonlinear association between them by selecting, possibly nonlinear, transformation
functions ¢1(X1) and ¢2(X32) so that ¢1(X1) and ¢1(X1) have the highest correlation among all
other transformation functions with zero means and unit variances.
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Figure 1: (a) Samples of variables X; and X9 with a nonlinear relationship consid-
ered in Example 1. (b) ¢1(X;) and ¢2(X3) are transformed variables, capturing the
nonlinear relationship between X; and X5s.

Definition 1 (Maximal Correlation) Maximal correlation between two random variables X3
and X5 is defined as

p(X1,X2) 2 max E[¢1(X1) ¢2(X2)], (2.1)

subject to ¢;(X;): Q — R is measurable! | E[¢;(X;)] =0, and E[¢;(X;)?] =1, for i = 1,2.

Fori=1,2, let ¢/ (X;) denote an optimal solution of (2.1). Maximal correlation p(X1, X2) is always
between 0 and 1, where a high MC value indicates a strong association between two variables [8].
The study of maximal correlation and other principle inertia components between two variables
dates back to Hirschfeld [9], Gebelein [8], Sarmanov [10], Rényi [11], and Greenacre [12]. Recently,
MC has been used in information theory and applied probability problems such as data processing,
inference of common randomness among others [10, 14,22, 31,32]. Unlike linear correlation, MC
only depends on the joint distribution of variables Px, x,(-,-), and not on their alphabets X;.
Several works have investigated different aspects of optimization (2.1) for both discrete [13] and
continuous [14] random variables. In particular, the existence of an optimal solution for the MC
optimization and the uniqueness of such solutions have been investigated in [13]. Reference [14]
has used projections over Hilbert spaces to compute MC for Gaussian variables. We extend this
approach to derive existing MC results for discrete variables. In the next section, we use a similar
approach based on Hilbert projections to characterize network maximal correlation for both discrete
and jointly Gaussian variables.

Definition 2 For i = 1,2, we define a Hilbert space H; as
Hi = {(Z)Z(XZ)|¢1(X1) is measurable, [E[¢Z(Xz):| = O, [E[(¢2(Xz))2] < (>O}7
where the product is defined as (¢;, ¢}) = E[¢;(X;) ¢L(X;)].

Since every Hilbert space has an orthonormal basis (Theorem 2.4, [33]), we let {91 ;}:%; and {12},
be corresponding orthonormal bases of H; and Hs, respectively. Consider the following optimiza-

1(;5,- is a mapping from X; to R and X; is a mapping from 2 to X;. Thus, we have ¢;(X;) =i 0 X; : Q > R.



tion:

max Za“agﬁ Pij (2.2)

g, 5 i
Z =12,

i Eli;(Xi)] =0, 1=1,2,

where p;; 2 E[v1,;(X1) 12,(X2)].

Proposition 1 Suppose ¢} (-) and a; ; are optimal solutions of optimizations (2.1) and (2.2), re-
spectively. Then, we have

¢ (x) = Z a; i Vij(x). (2.3)

j=1

Moreover, the joint probability distribution can be written as
Px, x,(x1,22) = szﬂ/Jl (1), (x2).

7]
Proof A proof is presented in Section 10.1. [ |
Proposition 1 provides an alternative optimization (2.2) to solve the maximal correlation problem
(2.1). Selecting appropriate orthonormal bases for Hilbert spaces H; and H is critical to obtaining a

tractable optimization (2.2). In the following, we use Proposition 1 to solve the maximal correlation
optimization for general discrete variables as well as for jointly Gaussian variables.

Example 2 (MC for Discrete Random Variables) Suppose X; and X3 are two discrete ran-
dom variables with a joint probability function Px, x,(-,-). Let {1,...,|X1]} and {1,...,|Xs[} be

alphabets of random variables X; and Xs, respectively. We choose the following orthonormal bases
for Hy and Ho:
1 1
Vii(z) = Ho=i}———= and ¢;(z) =Yz =j}——=.
PX1 (7’) PX2 (.7)
By these selections of bases, we have

PXlXQ(i7j)
= E[y4(X (X)) =
i = Bl (X0) e (X)) = Z=as =

[E[wz,](Xz)] =V PXi(j)7 1=1,2.

Thus, optimization (2.2) is simplified to the following optimization:

Moreover, we have

max ai.;a e SR AUY) 4
NN 24
|X1|

Z(CLL]')Q = 1, 1= 1,2,

||

Zam VPx,(j)=0, i=1,2.




According to Proposition 1, to solve MC optimization (2.1) it is sufficient to find an optimal solution
of optimization (2.4). In the following, we show that an optimal solution of optimization (2.4) can
be computed in a closed form using matrix spectral decomposition. Define the normalized joint
distribution matrix as

PX1,X2(i7j)

D P VP

(2.5)

whose size is |X;| x |Xa|. Let
a; = (aLl, a2, ---, a1,|X1‘)T and ag = (a271, az2,---, CL2,|X2‘)T

be coefficient vectors. Moreover, let
V1= (VP (1), VP (@), V/Px, (D) (2.6)
VB2 £ (VPR (D), VP (2), /P (D)

be vectors of square roots of marginal probabilities. Optimization (2.4) can be re-written as follows:

max al Q ap (2.7)
”aiHQZL 1=1,2,
a; L\/pi, t=1,2

In the following, we show that optimal coefficient vectors a; and ag of optimization (2.7) are equal
to the left and right singular vectors of the matrix ) corresponding to its second largest singular
value. Moreover, the optimal value (the maximal correlation between two variables X; and X»)
is equal to the second largest singular value of the matrix Q. To show this, we define random
variables Z1 and Z5 such that

ai; as .
P [Zl =———,722= —] = Px, x,(i,7),
\/PXI(Z) \/PXQ(j) v

where |a;| =1 and |az|| = 1. Using the Cauchy-Schwartz inequality, we have that

aj Qaz = E[Z122] < \/E[Z}]E[Z3] = |Jau | [laz] = 1.

Therefore, the maximum singular value of @ is at most one. Using (2.5), one can see that the right
and left singular vectors of Q with the singular value one are \/p1 and /p2, respectively. Thus, the
feasible set of optimization (2.7) includes unit-norm vectors orthogonal to leading singular vectors
of Q. Thus, the optimal value is equal to the second largest singular value and optimal vectors a]
and a; are left and right singular vectors corresponding to the second largest singular value.

Example 3 (MC for Jointly Gaussian Random Variables) This example is studied in ref-
erence [14] to compute MC between two Gaussian variables. In Section 6, we use a similar approach
to characterize network maximal correlation for jointly Gaussian variables.
Suppose (X1, X2) are jointly Gaussian variables with the correlation coefficient p. The k-th
Hermitte-chebychev polynomial is defined as

2> dF 2

Uy (z) = (-1)Fe” @e*f : (2.8)



These polynomials form an orthonormal basis with respect to Gaussian distributions. That is,
[ Hi(fEl)Hj(.’I}Q)f(fL’l,.’L'Q)dl'ld.’L'Q = ,Oi]li:j, (2.9)

where f(x,y) is the joint density function of Gaussian variables with correlation p, and 1,-; is one
when ¢ = j, otherwise it is zero. Let 9; ; to be the j-th Hermitte-Chebychev polynomial, for ¢ = 1, 2.
Using (2.9), we have

pij = E[1i(X1) v2,5(X2)] = p'Licy.
Moreover, we have
El¢s;(Xi)] =150, i=1,2, (2.10)

because all of these functions for j > 1 have zero means over a Gaussian distribution. Therefore,
optimization (2.2) can be written as

max Zalﬂ-ag,ipi (2.11)
=0
S(aij)* =1, i=1,2,
3=0
ai,0 = O, 1= 1,2.

Since |p| < 1, an optimal solution of optimization (2.11) is obtained when |aj 1| =1, |ag 1| = 1, while
other coefficients are equal to zero. The signs of a; 1 for i = 1,2 are determined so that a1 1a2;1p = lpl-
This leads to the maximal correlation |p| between two variables that is equal to the absolute value
of the correlation coefficient between them when the two random variables are jointly Gaussian.
Moreover, optimal transformation functions are

6i(Xi) =ai1in =+X;, i=1,2,

where signs of variables are selected so that aj ja2,1p = |p|.

3 Statistical Properties of Maximal Correlation

In many applications, often only noisy samples of joint distributions are observed. In this section,
we prove a finite sample generalization bound, and error guarantees for maximal correlation of
discrete random variables. Specifically, under some general conditions, we prove that

e maximal correlation is a continuous measure with respect to the joint probability distribution.
That is, a small perturbation in the distribution results in a small change in the MC value.

¢ sample maximal correlation between two variables, computed using m samples from the joint
distribution, converges exponentially fast to the MC value, as m grows.

These properties establish maximal correlation as a robust association measure to capture nonlinear
dependencies between variables in real-world applications.



Throughout this subsection we only consider discrete random variables and assume that all
alphabet elements x; € X; have positive probabilities (otherwise they can be neglected without loss
of generality). That is, if

0; £ arg min Py, (x;), 1=1,2, (3.1)

xieX.L

then §(P) £ min{dy,d2} > 0. The empirical distribution of these variables using m observed samples
is defined as PU™ (z1,x9) = % > l{xgl) = a:l,xgl) = x9}, where {xil),xél)}izl are i.i.d. samples
drawn according to a distribution Px, x,. The vector of observed samples of variable X; is denoted

by x; = (:cgl),a;z@), . ,xgm)). For any vector v = (v1,...,vp) € RY and p > 1, we let |v|, represent

the standard p-norm of the vector v defined as

4\
Ivllp = (Z Uf) :
i=1
For p =2, we drop the subscript if no confusion arises, i.e., |[v|| = ||v]o.

3.1 Continuity of Maximal Correlation

Let Py, x,(-,-) and Px, x,(-,-) be two distributions over alphabets (X}, X2) with the corresponding
MC values p and p, respectively. In the following, we show that if the distance between P and P is
small (i.e., ||P = P||o < €), their corresponding MC values (p and p) are close to each other as well.

Theorem 1 Let ||P - Pl <€, for some € >0. Then, we have
_ €
-0l <255 D%, (3.2)

where D = max{|Xy],|Xs|}, and § = min(6(P),5(P)).

Proof A proof is presented in Section 10.2. [ |

The sketch of the proof is as follows: The normalized joint distribution matrix @ (2.5) can be
written as

1 _1
Q= DX1 (P)_ZPX17X2DX2(P) 2, (3-3)

where Dx,(P) denotes a diagonal matrix whose diagonal is Px;,, for i = 1,2. Since the matrix @
is a continuous function of Px, x,(:,-), its singular values (and therefore its second largest singular
value) are continuous functions of P as well.

3.2 Sample Maximal Correlation

Let {x%,25}™ be ii.d. samples drawn according to a joint probability distribution Px, x,(:,-).
Suppose P(m)(~, -) denotes the empirical distribution obtained from these samples. Maximal corre-
lation computed using this empirical probability distribution is called Sample Maximal Correlation
and is denoted by p,, (X1, X2). In the following, we show that p,, (X1, X2) converges to p(X1, X2)
exponentially fast, as m — oo.



Theorem 2 For any distribution P, and any € >0, P [|pm (X1, X2) — p(X1, X2)| > €] = 0, exponen-
tially fast. More precisely, if

_(5(P) \/_log(24)

then,

P [lpm(XlaX2) - p(XhX?)l > 6] <,

where D = max{|X1|,|X2|}. The bound can also be written as

1
P [lpm (X1, Xa)  p(X1, X)| > €] < —exp(—m

3(P)’e
24 )

3vD

Proof A proof is presented in Section 10.3. [ |

The proof follows from the facts that maximal correlation is a continuous function of the input
distribution according to Theorem 1, and the empirical distribution converges exponentially fast
to the true distribution.

4 Network Maximal Correlation

4.1 Definition and General Properties

In this section, we introduce Network Maximal Correlation (NMC) as a fundamental measure to
capture nonlinear associations over networks. Let G = (V| E) be a graph with n nodes and |E|
edges. The graph G is un-weighted, does not have self-loops, and can be directed or undirected.
Each node ¢ is assigned to a random variable X;. Here, we introduce NMC without assuming a
specific relationship among node variables and the graph structure. We discuss this relationship in
different applications of NMC in Sections 6, 7, and 8. NMC infers best nonlinear transformation
functions assigned to each node variable so that the total pairwise correlation over the network is
maximized.

Suppose Xj,..., X, are n random variables defined on probability space (2, F, P), where X;
takes values in (X;,B;). The map X; : (Q,F) — (X;, B;) generates the subalgebra F; = X;1(B;) of
F. Let Py, be the restriction of the measure P on F;, ¢ = 1,...,n. For discrete variables, &} and
X are their finite support sets with cardinalities n; = |;], for i =1,...,n

Definition 3 (Network Maximal Correlation) Network maximal correlation among variables
X1,..., X, connected by a graph G = (V, F) is defined as

pc (X1, Xp) 2 max Y E[¢i(X;) 6;(X;)], (4.1)
Lesfn (i,)€eE

subject to ¢;(X;): Q - R is measurable, E[¢;(X;)] =0, and E[¢;(X;)?] =1, for 1 <i<n.

The Optimization (4.1) maximizes total pairwise correlation over the network without distinguish-
ing among positive and negative correlations. In some applications, the strength of an association
does not depend on the sign of the correlation coefficient. In those cases, one can re-write the NMC
optimization (4.1) to maximize the total absolute pairwise correlations over the network as follows:



Definition 4 (Absolute Network Maximal Correlation) Consider the following optimization:

max > [E[¢i(Xi) ¢5(X)][, (4.2)

¢'1»~~~7¢n (i,j)EE

subject to ¢;(X;) : © » R is measurable, E[¢;(X;)] = 0 and E[¢?(X;)] = 1, for any 1 <4 <n. We
refer to this optimization as an absolute NMC optimization.

Let ¢;(-) be an optimal solution of the NMC optimization (4.1) (in Proposition 2 we prove the
existence of such solution). Then, an edge maximal correlation between variables i and j is defined
as

pe(Xi, X;) = |E[6; (X3) 05 (X)], (4.3)

where (7,7) € E. Unlike maximal correlation formulation of (2.1), transformation functions in
optimization (4.1) are constrained by the network structure. Therefore, an edge maximal correlation
between variables X; and X is always smaller than or equal to their maximal correlation, i.e.,

pa(Xi, Xj) < p(Xi, Xj).

Computation of maximal correlation for each edge independently results in two nonlinear functions
assigned to nodes of that edge. Therefore, if the network has |E| edges, it will result in inference of
2|E| possibly nonlinear functions. In that setup, each node can be associated to different nonlinear
transformation functions which can raise over-fitting issues particularly for dense networks. On the
other hand, in the NMC formulation of (4.1), we assign a single function to each node in the graph.
Therefore, optimization (4.1) results in n possibly nonlinear functions.

Lemma 1 The NMC optimization (4.1) is equivalent to the following MSE optimization:

1
min LY E[(6(X0) - 6;(X)))7]. (4.4
¢17~~~7¢n 2(’57]2):GE

where E[¢;(X;)] =0 and E[¢?(X;)] =1, for any 1 <i < n.

Proof A proof is presented in Section 10.4. [ |

Similarly to Definition 2, for i = 1,2,...,n, we define a Hilbert space H; as
H; = {$i(X;)|¢i(X;) is measurable, E[¢i(X:)] =0, E[(¢:(X;))?] < oo},

where the product is defined as (¢;, ¢}) = E[¢;(X;) ¢L(X;)].
The following proposition shows the existence of optimal transformations of the NMC optimization
(4.1):

Proposition 2 Under the assumption that Hilbert spaces H;’s are compact, there exist functions
¢} such that E[¢7(X;)] = 0 and E[¢; (X;)?] = 1 for 1 < i < n, that achieve the optimal value of
optimization (4.1).

Proof A proof is presented in Section 10.5. [ |

The assumption that Hilbert spaces H;’s are compact holds when X;’s are discrete random variables
with finite support, or when X;’s are jointly Gaussian random variables.

10



Let P; denote the projection operation from the space H; (for any j # i) onto H;, for any 1 <i <n.
According to Lemma 5 this projection can be characterized using conditional expectations a s
follows: For random variable ¢; € H;, we have

E[¢;1X;] ‘
VE[9]X:]?

The following proposition characterizes optimal NMC transformation functions using projection

Piop; = argming, ;. E [(6: - ¢;)°] =

operators:

Proposition 3 Optimal transformation functions of NMC optimization (4.1) {¢],1 <i<n} satisfy
. Zin@Pi &5 E[Zjen) 051X]

;= o = " , (4.5)
1 Zjenviy Pi @511 ELZ jenay 071Xl
where N (i) represents neighbors of node i in the graph G = (V,E).
Proof A proof is presented in Section 10.6. [ |

Note 1 A similar approach can be used to characterize the absolute NMC optimization (4.2) by
introducing extra variables to represent correlation signs of edges:

max Y s;;E[¢i(Xi)di(X;)]

(i,5)eE
E[¢:i(Xi)] =0, E[¢7(X:))]=1, 1<i<n. (4.6)

In this case, similarly to Proposition (10.6), we can write

. _LjenG) 5P 6
S e si P 951

where
siy = sign (E[¢] (X)) ¢} (X;)]).

Proposition 3 characterizes a property of optimal transformations of NMC (4.1) using projection
operations without explicitly computing the optimal NMC solution. In the following, we use or-
thonormal representations of the Hilbert spaces H; and propose a constructive approach to solve
the NMC optimization.

Recall that {1; ; };‘;1 represents an orthonormal basis for H;. Consider the following optimization:

.,
max Yoo Y aijap pff, (4.7)
(i,i")eE 3,5’

7j
=1
Yaij B[ j(Xi)]=0, 1<i<n,
=

where p% 2 B[4 ;(X;) b jo (X))

11



Theorem 3 Suppose ¢ (-) and a;; are optimal solutions of optimizations (4.1) and (4.7), respec-
tively. Then, we have

61 (z) = i e (48)

Proof A proof is presented in Section 10.7. [ |

Similarly to the case of two variables discussed in Section 2.2, selecting appropriate Hilbert spaces H;
is critical to have a tractable optimization (4.7). In the following, we consider the NMC optimization
for discrete variables, while the Gaussian case is discussed in Section 6.

Example 4 (NMC for Discrete Random Variables) Suppose X; is a discrete random vari-
able with alphabet {1,...,|&;|}. Similarly to Example 2, let v; ;j(x) = 1{z = j}@ be an

orthonormal basis for H;. Thus, we have
Px,x,(j,7")
VPx,(1)\/Px, (i)

Therefore, optimization (4.7) is simplified to the following optimization:

P = Bl (X0) i o (Xir)] =

max Yoo Y aijai Prix, 0.7') (4.9)

(i3)eE VPx,(G)\/Px, (")
||

Z(ai,j)Q =1, 1<i<n,

=1

|

Zaw Px,(j) = 1<i<n.

Similarly to Example 2, we define the matrix @Q; ;- as

PXi,X,-/ (]7],)
VPx, () Px, (")

whose size is |X;| x |Xir|. Moreover, recall that for i = 1,...,n, we have

Qi (4,5") = (4.10)

a;=(ai1,a;2,..., az’7|Xi|)T
T
VPi = (\/PXi(1)7 \/PX¢(2)a SRR \/PXZ(|XZ|)) .
Therefore, optimization (4.9) can be re-written as follows:
max Z a;TFQm-/aZv (4.11)
(i4")eFE
lailz =1, 1<i<n,
a; Lpi, 1<i<n.

Optimization (4.11) is not convex nor concave in general. In Section 5.2, we show that this op-
timization is an instance of the standard Maximum Correlation Problem (MCP) proposed by
Hotelling [24,25]. By making this connection, we use established techniques of solving Multivariate
Eigenvalue Problem (MEP) to solve optimization (4.11).
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4.2 Statistical Properties of NMC

In this part, we investigate the robustness of NMC for discrete variables with finite support against
small perturbations of joint probability distributions of variable pairs. Moreover, we show that
sample NMC (i.e., NMC computed using empirical distributions) converges to the true NMC value
exponentially fast as the sample size increases. To simplify notation, suppose P ;s is the matrix
representation of the joint probability distribution of variables X; and Xj.

Theorem 4 Network maximal correlation is a continuous function of the joint probability distri-
butions P; ;/, for all (i,i") € E. Let ||P; s — P; || < €, for some € > 0, and all (4,i") € E. Then, we
have

- 3 6
e =~ pal < e BID? =5, (4.12)

where D = max{|&1|,...,|X,|}, and § = minj s, (min{§(Px,),6(Px,)}).
Proof A proof is presented in Section 10.8. [ |

Next, we show that the sample NMC denoted by p,,(G) converges to the true NMC value pg
exponentially fast, as the sample size m increases:

Theorem 5 Sample NMC converges to NMC, exponentially fast. Particularly, let 6 = minj<;<y, 6(Pkx;)
and D = max{|X1],...,|X,|}. Then, for

213
.. 24|E|°D log 8max{|V], |E|} ’ (4.13)
€242 n
we have
Pllom(G) = pcl > €] <n. (4.14)
Proof A proof is presented in Section 10.9. [ |

Note that for the case of having two variables, robustness bounds provided in Theorems 4 and 5 are
more loose compared to bounds provided by Theorem 1 and 2 owing to the generality of relaxations
used in NMC performance characterization.

4.3 Regularized NMC

In this section, we assume that all variables are real-valued (note that this is not a necessary condi-
tion for MC and NMC). The NMC optimization (4.1) results in n possibly nonlinear transformation
functions ¢ (X;) whose distances from original variables can be arbitrarily large (i.e., E[¢] (X;) X;]
can be arbitrarily small). In some applications, one may wish to have fewer than n nonlinear trans-
formation functions assigned to variables, or alternatively to control distances among transformed
and original variables. Here, we propose a regularized NMC optimization framework which pe-
nalizes distances among optimal transformation functions ¢;(X;) and the original variables Xj.
Suppose variables have mean zero and unit variance. Le., E[X;] =0 and E[X?] = 1.
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Algorithm 1 Alternating Conditional Expectation

Initialization: gﬁgo)(Xl), gzﬁéo)(Xg) with mean zero.
for k=0,1, ...
o ) = P (o)l
(k+1) o1 ()
update: Xq) = L
P ) VE@! ) (x1))2)
05"V (X2) = Elof" (X1)|Xa).

(k+1) A .0))
update: X9) = 2

P o (X2) \/[E[(¢gk+l)(X2))2]
update: p(k+1) _ E[¢§k+1)(X1)¢ék+1)(X2)]

end

Definition 5 (Regularized NMC) Regularized NMC among variables X,...,X,, connected
by a graph G = (V| FE) is defined as the solution of the following optimization:

nax (1-X) > E[¢i(Xy) ¢j(X;)]+ A E[éa(Xy) X4, (4.15)

o (i9)eE i€V
where E[¢;(X;)] =0 and E[¢?(X;)] =1, for any 1 <i<n. 0 <A< 1 is the regularization parameter.

Unlike MC and NMC, which only depend on the joint distributions of variables, the regularized
NMC depends on both joint distributions and alphabets of variables because of the regularization
term. Moreover, one can define regularized absolute NMC similarly to optimization (4.2).
Let optimal transformation functions computed by optimization (4.15) be ¢7,. If A =0, ¢, = ¢,
while if A =1, ¢7, = X;. By varying A between 0 and 1, transformation functions vary from ¢; to
X;. Suppose ’

pea (X1, Xn) 2 Y0 E[oi(XG) 050 (X))

(i,7)eE

Therefore, pgo = pc and pg,1 is the total linear correlations over the network. By the definition of
NMC, pg,o 2 pa,1-

5 Computation of MC and NMC

In this section, we first review an existing algorithm to compute MC and then introduce an efficient
algorithm to compute NMC. We also propose a parallelizable version of the NMC algorithm based
on network partitioning and show that its expected performance is e-away from the true NMC
value.

5.1 Computation of Maximal Correlation

Given the joint distribution of variables, one can use Proposition 1 to compute the MC value and
optimal transformation functions. In particular, for discrete random variables, Example 2 shows
that a solution of optimization (2.1) can be characterized by the second largest singular value of
the normalized joint distribution matrix @ (2.5). Given samples of variables (i.e., {a:gl),xgz)};:l),
one can compute MC using the empirical joint distribution of variables P, (-,-). Robustness of MC

14



computation using empirical distributions is discussed in Section 3. If alphabet sizes of variables
are large, forming the joint distribution matrix can be costly. An iterative approach to compute
maximal correlation without forming the joint distribution function is based on Alternating Cond:i-
tional Expectation (ACE) [13]. Briefly, at each interaction, the ACE algorithm computes optimal
transformation functions using conditional expectations, assuming that the other transformation
function is fixed (in a Gauss-Seidel manner [34]). If the correlation value does not increase by a
certain value, the algorithm terminates. We describe the steps of this algorithm in Algorithm 1.

Proposition 4 The sequence p(k) generated by Algorithm 1 converges to a local optimum of opti-
mization (2.1). Moreover, if starting points of Algorithm 1 are such that vectors

(6" (Vrx (1), 60 (1R Vx, (20])

and
(62 (VoD 68 (1], ()

are not orthogonal to the span of the left and right singular vectors corresponding to the second
largest singular value of Q, then ACE algorithm 1 converges to the global optimum. Moreover, if
the @ matriz has unique singular vectors (left and right) corresponding to the second largest singular
value, optimal transformation functions are unique maximizers of optimization (2.1).

Proof See Theorems 5.4 and 5.5 of reference [13]. |
5.2 Computation of NMC

In this section, we first establish a connection between the NMC optimization (4.1) with Maximum
Correlation Problem (MCP) and Multivariate Eigenvalue Problem (MEP) ([23-26]). Then, we
deploy techniques used to solve MEP and MCP in order to compute NMC. The Maximum Corre-
lation Problem (MCP), proposed by Hotelling [24,25], is to find the linear combination of one set
of variables that correlates maximally with the linear combination of another set of variables. This
problem is defined as

n
T
max > b; Cijb;
i =l

Ibill=1, 1<i<n, (5.1)

where b; € R™ and C; ; € R"*". Optimization (5.1) is in the standard form of the MCP problem
[24,25]. Upon employing the Lagrange multiplier theory [34], the first-order optimality condition for
optimization (5.7) is the existence of real-valued scalars, namely, Lagrange multipliers Ay, ..., Ay,
such that the following system of equations is satisfied:
n
ZC’ijbj =X\b;, 1<i<n
j=1

IIbi]|=1, 1<i<n. (5.2)

This system of equations is called Multivariate Eigenvalue Problem (MEP). We next establish the
connection between NMC and MCP. To that end, we define the following notation: For each i,
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since Iy, — /Pix /piT is positive semidefinite, we take its square root? and write

I-biv/pi = BB,

where Iy, is a |X;| x |X;| identity matrix. Let b; = B;a;. Let UiEiUiT be the singular value
decomposition of B; where Ui(j ) is the j-th column of U; and ai(j ) is the j-th singular value of B;.
We will show that only one singular value of B; is zero which is equal to the singular vector |/p;.

Without loss of generality, suppose o} =0, for all i. Define 4; a |X;| x |&;| matrix as follows:

) 1 1 n1T
Aié([Ui@),...,Ui(lxm]diag( e w))[U}”,...,Uiﬂle)] ) (5.3)
op o,

#0, for all 1 <i<n, and j > 2, thus A; is well-defined according to (5.3).

()

Since op

Theorem 6 The NMC optimization (4.11) can be re-written as follows:

max 37 by A} (Qii’ - \/E\/P_z"T) Aibyr (5.4)

b;

(i,4")eE
S.t. ||bz||2 =1. (55)
Proof A proof is presented in Section 10.10. [ |

Let C be a matrix consisting of submatrices C; ; where if (¢,i") € E,

Ciw= Al (Qii’ - \/E\/p_z'T) Agr, (5.6)

otherwise Cj s is an all zero matrix of size |X;| x |Xy|. Let b= (bl ... bI)T e RM, where b, € RI¥
and M = YL, [X].

Proposition 5 The NMC optimization (5.4) can be written as follows:

max b’ Cb (5.7)
Hbi||2:17 1<i<n.

Optimization (5.7) is in the standard form of the MCP problem [24,25]. After showing that the
NMC optimization can be reformulated as the MCP, we use the existing techniques in the literature
to solve it. Several local maximizers exist for cases that finding a global optimum of optimization
(5.7) is computational difficult [23,35]. For example, an aggregated power method that iterates on
blocks of C' was proposed by Horst [36] as a general technique for solving the MEP numerically.
Below, we summarize general algorithmic ideas to solve MCP:

(1) First, an efficient algorithm is used to solve MEP which is the necessary first order condition
for MCP. This step is studied in references [23, 36].

(2) Next, a strategy is used to properly choose starting points of the algorithm or jump out of
the local minima of optimization (5.7). This step is studied in [26, 37].
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Algorithm 2 Gauss-Seidel Algorithm for MEP
Input: C e RM x RM.
Initialization: b(®) ¢ RM,
for £=0,1,...
fori=1,....n
A =51
(k+1) _ b;
ARG

7

end
end

An efficient algorithm to solve MEP: Algorithm 2 is a Gauss-Seidel algorithm [34] to solve
MEP which is proposed by [23]. This algorithm is essentially a variant of the classical power
iteration method (see e.g. [38]). Let

r(b®)) = (bac))T b

Ai(b) = b7 [Ci1,...,Cin]b,

and
A(b) = diag()\l (b)I|X1|, ey /\n(b)I\Xn|)

Theorem 7 ([26]) Suppose the matriz C' is symmetric. We have
a) The sequence {r(b%"))} generated by Algorithm 2 is monotonically increasing and convergent.

b) Let (A*,b*) be a solution of MEP. If b* is a local maximizer of (5.7), then for any i, we
have \i(b*) > 0\x,|(Cii). Moreover, if b* is a global mazimizer of (5.7), then for any i, we
have \i(b*) > 01(Cy;), where

Ul(Cii) 22 O'\XL|(Cu)
are eigenvalues of the matrixz Cy;.

A strategy for avoiding local optimums of MCP: Let b* be a solution of MEP. Using Theorem
7, since Cj; is a zero matrix, in order to have b* a global maximizer of optimization (5.7), we need to
have \;(b*) > 0. Based on this observation, we have the following strategy for choosing an starting
point for Algorithm 2. Let b be a solution of (5.2) with the corresponding A. Suppose that there
exist an 1 <4 < n such that \; < 0. Let w be the unit vector associated with the eigenvalue of
E\ZI|XZ| Now let

2Square root of a symmetric positive semidefinite matrix A is defined as VA =USY2UT where A=USUT.
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Algorithm 3 Network ACE to compute NMC
Input: G, X1,...,X,,
Initialization: QSEO)(Xl),... (0)(X ) with mean zero.
for k=0,...
$i(X:) = oM (X0), 1<i <
fori=1:n
07 (Xi) = E[Zjen; 65 (X;)1X]

7 (X4)
update: ¢;(X;) = ——=—
P (%) E[¢}(X:)%]

end
oF (X)) = 93 (X)), 1<i<n

pe ™ = T pen E [0V (X0 P ()]

end

where q is a vector where qi = 0 for all i’ # i and q; = 2w’ b;w still satisfies ||b;]| = 1 for all
i=1,...,n and gives 7(b) = r(b) — 4\;(w'b;)? > (b). We repeat this process until we have ; > 0
for all i=1,...,n. Note that this is not a sufficient condition for the global maximizer of (5.7) and
is only a necessary condition as Theorem 7 shows. After repeating this procedure, the condition
given in Theorem 7 holds. We then call upon Algorithm 2 to produce yet a better solution for
(5.7).

Based on Algorithm 2, we introduce an algorithm to compute NMC using alternating condi-
tional expectation. We prove that the proposed algorithm converges to the local optimum of the
NMC optimization (4.1). We then use a strategy explained in this section to jump out of local
maximizers. At each iteration of the algorithm, we update transformation functions as follows:
Suppose at iteration r, transformation functions are o5 If we fix all variables except the transfor-
mation function of node 7, an optimal solution of (;5%”“1 can be written as the normalized conditional
expectation of functions of its neighbors (see Proposition 3). In each update, the objective function
of the NMC optimization increases or stays the same.

Proposition 6 The sequence {pg)},:io generated by Algorithm 3 converges to a local optimum
solution of NMC' optimization (4.1).

Proof A proof is presented in Section 10.11. [ |

Figure 2 illustrates the convergence of the ACE algorithm to compute NMC of six jointly Gaussian
variables connected over a complete graph (for more details, see Example 5).

Proposition 7 The computational complexity of each iteration of Algorithm 3 is
O(nDdpaz + |E)), (5.8)
where dpqy 18 the mazimum node degree and D = max;|X;|.

Similarly to Algorithm 2 for solving MCP, Algorithm 3 finds a local optimum solution. Once the
algorithm terminates, using Theorem 7 and the strategy provided in the previous section, if the
convergence point does not satisfy the necessary conditions for a global optimum, we update the
starting point of Algorithm 3 and run it again to reach a yet better solution.
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Figure 2: An illustration of the convergence of the ACE algorithm 3 to compute NMC
over a complete graph connecting six jointly Gaussian variables.

Note that we can use a similar algorithm to Algorithm 3 to compute regularized NMC of Definition
5. The objective function of the regularized NMC optimization (4.15) can be written as follows:

YE[6:(Xi) (1-X) D ¢5(X;) +AXy)] (5.9)

eV JeN (4)

Thus, to compute the regularized NMC, one can use a similar ACE Algorithm 3 with the following
updates for transformation functions:

GO ZE1-0) 3 65(0) +AXIX) (5.10)

If variables are continuous and we only observe samples from their joint distributions, empirical
computation of conditional expectations in Algorithm 3 may be challenging owing to the lack
of sufficient samples at each point. One way to overcome this issue is to discretize continuous
variables by quantizing them. However, this approach can introduce significant quantization errors.
An alternative approach to compute empirical conditional expectations at point xy € R is to use
all samples in its B neighborhood (i.e., g — B/2 < © < xg + B/2). By using this approach, the
computation of empirical conditional expectations in Algorithm 3 can be written as follows:

o7 (X;=z;) =E[ > ¢;(X;j)|lwi - B/2< X; <z + BJ2]. (5.11)
JeN (9)

We use this approach in our ACE implementations to compute NMC for continuous variables. If
the graph G = (V| E) is sparse (i.e., |E| = O(n)), Proposition 7 shows that the NMC computation
can be performed efficiently in linear time complexity with respect to the number of nodes in the
network. However, if the graph is dense or the number of nodes in the network is large, this
computation may be expensive. In the following, we propose an approach to compute NMC using
parallel computations.
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5.3 Parallel Computation of NMC

For large and dense networks, exact computation of NMC may become computationally expensive
(Proposition 7). For those cases, we propose a parallelizable algorithm which approximates NMC
using network partitioning. The idea can be described as follow. For a given graph G = (V, E),

(1) Partition the graph into small disjoint sets,
(2) Estimate NMC for each partition independently,

(3) Combine NMC solutions over sub-graphs to form an approximation of NMC for the original
graph.

Definition 6 An (e, k)- partitioning of graph G = (V, E) is a distribution on finite partitions of
V so that for any partition {Vi,...,Vys} with non zero probability, [V,,| > k, for all 1 <m < M.
Moreover, the probability that an edge falls across partitions is bounded by e: for any e € E,
Ple € E€] <€, where E€ = E\U,,(V;, x V,;,) is the set of cut edges. The probability is with respect
to the distribution on partitions.

Definition 7 A graph G is poly-growth if there exists > 0 and C' > 0, such that for any vertex
v in the graph,

[No(d)| < Cd",
where N,(d) is the number of nodes within distance d of v in G.

Reference [39] describes the following procedure for generating an (e, k)— partitioning on a graph:

1. Given G = (V,E), k, and € > 0, we define the truncated geometric distribution as follows:

[ (=)t I <k,
[P[m—l]—{ (1_€)k_1’ -k (5.12)
2. We then order nodes arbitrarily 1,..., N. For node i, we sample R; according to distribution

(5.12) and assign all nodes within that distance from node i to color i (distance is defined
as the shortest path length on the graph). If a node has already colored, we re-color it with
color i.

3. All nodes with the same color form a partition.

Proposition 8 If G is a poly-graph, then by selecting k = ©(%log %), the above procedure results
in an (e,Ck"™) partition.

Proof See reference [39]. ]

Next, we use an (e, k)-graph partitioning to approximate NMC over large graphs using parallel
computations. Consider the following approach:

(1) Given an (e, k)- partitioning of G, we sample a partition {V1,...,Vas} of V.
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(2) For each partition 1 <m < M, we compute NMC over G, = (Vi, En (Vy, x Vi) ), denoted by
PGy -
(3) Let pg = Z%:l p(Gy) be an approximation of pg.
In the following, we bound the approximation error by bounding boundary effects:
Theorem 8 Consider an (e,k)- partitioning of the graph G. We have,
Elpcl 2 (1-¢€)pa, (5.13)
where the expectation is over (e,k)- partitions of graph G.

Proof A proof is presented in Section 10.12. [ |

6 NMC Application in Inference of Nonlinear Gaussian Graphical
Models

In this section, we discuss an application of NMC to infer graphical models for nonlinear functions
of jointly Gaussian variables. Suppose (X1,...,X,) are jointly Gaussian variables with zero means
and unit variances. Let p;; be the correlation coefficient between variables X; and X;. Let v; ;
to be the j-th Hermitte-Chebychev polynomial (2.8), for 1 <i < n. Recall that these polynomials
form an orthonormal basis with respect to Gaussian distribution (see Example 3 and reference [14]
for convergence details). We have

Pl = B[ (X) o (Xi)] (6.1)
= Py Li=ts

where 1;_;s is equal to one if j = j', otherwise it is zero. Moreover, using the definition of Hermitte-
Chebychev polynomials (2.8), we have

[E[wz,](Xz)] =10, 1<i<n. (6.2)

because all of these functions for j > 1 have zero means over a Gaussian distribution. Therefore,
optimization (4.7) can be written as

max Y Y aijaig ply (6.3)
(ii)eE j=2
Z(ai7j)2 =1, 1<i<n.
)

In general, solving optimization (6.3) is NP-complete. We establish this by identifying that one
instance of this optimization is simplified to the max-cut problem which is NP-complete [27].

Theorem 9 Let s; € {-1,1} for 1 <i<n. Let G = (V,E) be a complete graph. Suppose
Z(l—sisi/)pi,yzo, VlgiSn,

i #
> sisipig > Y. pii,, V1<i<n.
i1 i+
Then, a; = (0,s;,0,...,0), for 1 <i<n is a global maximizer of optimization (6.3).
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Proof A proof is presented in Section 10.13. [ |

Proposition 9 Under assumptions of Theorem 9, the NMC optimization (4.1) is simplified to the
following max-cut optimization:

max Z S8iSit Piir (6.4)

i1’

sie{-1,1}, 1<i<n.

Moreover, for all 1 < i < n, we have ¢;(X;) = s7X;, where ¢; and s; are optimal solutions of
optimizations (3) and (6.4), respectively.

Proof A proof is presented in Section 10.14. [ |

Note 2 Under the conditions of Theorem 9, one can compute the strength of the nonlinear rela-
tionships among variables by solving multiple pairwise MC optimization (2.1). However, one needs
to solve optimization (6.4) to compute the signs of covariance coefficients.

In general, Max-Cut optimization (6.4) is NP-complete [27]. However, there exist algorithms
to approximate its solution using Semidefinte Programming (SDP) with approximation factor of
0.87856 [28].

Corollary 1 Let ¢;(X;) be an optimal solution of NMC optimization (3). Under assumptions of
Theorem 9, if

Dopiir2 Y Py, Vl<i<n, (6.5)

U )
then, (ﬁ: (Xl) = Xz

Intuitively, the assumptions of Corollary 1 considers jointly Gaussian variables with correlation
coefficients that are mostly positive. However, the covariance matrix can have negative values as
well. We will show that this assumption is critical in graphical model inference of nonlinear jointly
Gaussian variables. Suppose (X1, ..., X,,) are jointly Gaussian variables with the covariance matrix
Ax. Without loss of generality, we assume all variables have zero means and unit variances. ILe.,
E[X;]=0and E[X?] =1, for all 1 <i <n. Let Jx be the information (precision) matrix [40] of these
variables where Jx = A3}. Define G = (Vx, Ex) such that, (i,j) € Ex if and only if Jx (i,5) # 0.

Theorem 10 (e.g., [40]) If (i,j) ¢ Ex, then
XZ‘J_XjHXk,k:#Z',j} (66)
where 1 represents independency between vartables.

Theorem 10 represents a way to explicitly model the joint distribution of Gaussian variables using
a graphical model Gx = (Vx,Ex). This result is critical in several applications involved with
Gaussian variables which requires computation of marginal distributions, or computation of the
mode of the distribution. These computations can be performed efficiently over the graphical model
using belief propagation approaches [40]. Moreover, Gaussian graphical models play an important
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role in many applications such as linear regression [41], partial correlation [42], maximum likelihood
estimation [43], etc. In many applications, even if variables are not jointly Gaussian, a Gaussian
approximation is used often in practice, partially owing to the efficient inference of their graphical
models.

In the following, under some conditions, we use the NMC optimization to characterize graphical
models for functions of latent jointly Gaussian variables. These functions are unknown, bijective,
and can be linear or nonlinear. More precisely, let Y; = f;(X;), where f; : R - R is a bijective and

differentiable function. Our goal is to characterize a graphical model for variables (Y1,Ys,...,Y,)
without the knowledge of f;(-) functions. Consider the following NMC optimization:
max ) E[gi(Y;) gv(Ye)], (6.7)

(4,4")
E[g:(Yi)] =0, 1<i<n,
[E[QZQ(Yz)] =1, 1<i<n.

Suppose g () represents an optimal solution for optimization (6.7). Define the matrix Ay,. such
that Apme(i,j) = [E[gf(Yl)gj*(Yj)] Moreover, let Jume = AjL,.. Define Grme = (Vimes Enme) such

that, (7,7) € Enme iff Jume(i,7) # 0. The following theorem characterizes the graphical model of
variables (Y1,...,Yy).

Theorem 11 Suppose X;’s satisfy the conditions of Corollary 1. If (i,7) ¢ Epme, then

Proof A proof is presented in Section 10.15. [ |

Under the conditions of Corollary 1, Theorem 11 characterizes the graphical model of variables
Y;’s that are related to latent jointly Gaussian variables X;’s through unknown bijective functions
fi’s. The family of distributions considered in Theorem 11 is broad and includes many Gaussian
distributions as well as distributions whose variables are bijective functions of Gaussian variables.
Graphical models characterized in Theorem 11 can be used in computation of marginal distribu-
tions, computation of the mode of the joint distribution, and in other applications of estimation
and prediction similarly to the case of Gaussian graphical models. Note that Theorem 11 only
considers f; functions that are bijective and differentiable. If these functions were not bijective,
the feasible set of optimization (6.7) is in fact smaller than the feasible set of the original NMC
optimization (4.1) over Gaussian variables.

Example 5 Consider six jointly Gaussian variables Xi,...,Xg, each with unit variance and mean
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(a) before NMC (b) after NMC
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Figure 3: (a) Relationships among latent jointly Gaussian variables X; and their non-
linear observations Y;. (b) Relationships among latent jointly Gaussian variables and
inferred transformations using the NMC optimization.

zero. We observe Y; = f;(X;) where,

10X, if X1>0,
1—10 X1, otherwise,
Yy = fo(Xp) = €242,
Y3 = f3(X3) = - X,
Y= fa(X4) = X3,

20X .
Y5 = f5(X5) = {(i:—;)’Xg, A

Yo = fo(X6) = X

Y1 = fi(X1) = (6.9)

otherwise,

The functions f;(-) remain unknown for the inference part. Relationships among original, observed
and NMC variables are depicted in Figure 3. Then, we use ¢; (Y;) to infer the underlying covariance
and precision matrices according to Theorem 11. As it is illustrated in Figure 4, covariance and
precision matrices computed using observed variables Y; show significant errors compared to the true
networks owing to the existence of extensive nonlinear relationships. However, inferred covariance
and precision matrices using the NMC optimization closely approximate the true covariance and
precision matrices, respectively (Theorem 11). Small errors in covariance coefficient estimation in
this example are owing to computation of the NMC solution using empirical distributions according
to the ACE algorithm 3.
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(a) before NMC after NMC (b) before NMC after NMC
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Figure 4: For six nonlinear functions of jointly Gaussian variables described in Ex-
ample 5, panel (a) plots covariance matrix errors before and after NMC. Using NMC,
estimated covariance coefficients among variables are close to true ones. Panel (b)
plots precision matrix errors before and after NMC. Using NMC, estimated elements
of the precision matrix are close to true ones.

7 NMC Application in Inference of Nonlinear Relevance Graphs

Relevance graphs (RG’s) play an important role in many applications including systems biology,
social and economic sciences as they characterize variable pairs with highest observed similarities
[29]. Let Xi,...,X,, be n random variables with zero means and unit variances. Consider a similarity
measure S(X;, X;) between variables X; and X;. If the similarity measure between variables X
and X is independent of other variables, the resulting graph is called a pairwise relevance graph
(PRG).

Definition 8 Consider the following optimization:

G§ =arg max S(X;, X5). 7.1
S ng(va) (MZ):EE ( 5) (7.1)
Bk

Then, G§ = (V,E*) is called a pairwise relevance graph (PRG) of variables X, ..., X, with &
edges, corresponding to the similarity measure S(-,-).

PRG’s can be inferred efficiently in practice. In the following, we highlight two examples of such
graphs:

Example 6 If S(-,-) is a correlation-based similarity measure (e.g., S(X;, X;) = |[E[X;X;]|), the
optimization (7.1) results in a correlation-based PRG. This graph only captures the top k linear
associations among variables, ignoring nonlinear ones.

Example 7 If S(-,-) is a mutual information-based similarity measure (i.e., S(X;, X;) = I(X;; X;)
where I(.;.) represents the mutual information function [5]), optimization (7.1) results in an MI-
based PRG which captures nonlinear associations among pairs of variables. However, it does not
provide explicit forms of such nonlinear relationships.

25



Algorithm 4 Inference of a global relevance graph using NMC
Input: Xq,..., X,
Initialization: E={}, 7 =Fy,...,F, =F,
forr=1:k do
let {1, 0767} = argmaxE[@y (X )y (X,)]
subject to: {i',j'} e GxGNE, ¢y € Fjj, ¢pjr € F,
update graph: E=FEu{(i,j)}
update: run Algorithm 3 on G
For i € E, let ¢; be the output function
update function sets: For i € E let F;" = {¢]}
end for
run Algorithm 3 on G to obtain pg+(X1,...,Xy)
Output: E, pg+(X1,...,Xpn), 07 (Xi), ..., o5 (Xn)

If the similarity measure depends on all variables, the resulting graph is called a global relevance
graph (GRG). A global relevance graph can capture system level properties of observed depen-
dencies among variables. However, inference of a GRG is computationally challenging in general.
Below, we introduce an NMC-based global relevance graph that captures observed nonlinear as-
sociations among variables and also provides explicit nonlinear transformation functions through
which variables are associated.

Definition 9 The NMC-based GRG of variables X, ..., X,,, with k edges is defined as

Gonrer = X1, X)), 7.2
NMC = Arg X pa (X1 n) (7.2)
\E|=k

where pg is defined in (4.1).

Optimization (7.2) is combinatorial since it requires computation of NMC over all graphs with &
edges. However, unlike MI-based GRG’s, the required sample size to have a reliable computation
of G’y ¢ does not increase with the size of the network. Below, we propose a greedy algorithm to
find an approximate solution for optimization (7.2). Suppose at iteration r, the inferred network
is G = (V,E) whose nodes are assigned to transformations ¢}. At this iteration, for each non-
connected pair of nodes, we wish to add the corresponding edge to the network, compute NMC,
and finally select the edge with the highest NMC increase. However, this is computationally
expensive as it requires NMC computation multiple times. Instead, at this iteration, we add an
edge to the network with the highest correlation of its node transformations inferred in the last
iteration. Then, we update all transformation functions by applying the ACE algorithm 3. We
repeat this procedure explained in Algorithm 4 till the inferred network has a certain number of
edges. Algorithm 4 starts from a graph with no edge and gradually populates it until the inferred
graph has k edges. Alternatively, one can start with a complete graph and remove interactions with
lowest nonlinear correlations iteratively. Because NMC is more efficient to run over sparse graphs
(Proposition 7), the former has lower computational complexity than the later.
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Figure 5: (a) Examples of nonlinear gene modules defined in Section 8, as a group of
genes that is enriched in the NMC network but not in the linear one. (b) Survival
time plots for corresponding nonlinear cancer modules of panel (a). For each inferred
nonlinear cancer module, we partition individuals to two equal-size groups based on
their average gene expression ranks in that module. We then perform a standard
survival time analysis for each module and compute its associated log-rank p-value to
determine its association with individual survival times in the considered cancer type.

8 Inference of Nonlinear Gene Modules in Cancer

Cancer is a complex disease involving abnormal cell growth with the potential to invade or spread
to other parts of the body [44]. Different studies have shown associations of micro RNA patterns in
different human cancers [30,45]. In this section, we use NMC algorithms to infer gene modules of
different cancer types that are detected over the nonlinear association network and not in the linear
one. To perform these experiments, we use normalized RNA sequence counts from TCGA data
portal for 24 cancer types at the gene level. We use processed the data provided in reference [30].
For each cancer type, first we select top 500 highly-variant genes based on their normalized variances
[46]. Then, for each cancer, we compute both linear and nonlinear associations among genes. To
compute NMC, we assume that conditions of Theorem 9 holds. That is, we assume that input
data comes from, possibly nonlinear, functions of some latent jointly Gaussian variables satisfying
conditions of Theorem 9. These functions are unknown and bijective. In general, this assumption
is less restrictive than the assumption that input variables are jointly Gaussian.

In this application, we wish to infer the strength of associations among genes in different cancers.
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Figure 6: (a) Examples of nonlinear gene modules defined in Section 8, as a group of
genes that is enriched in the NMC network but not in the linear one. (b) Survival
time plots for corresponding nonlinear cancer modules of panel (a). For each inferred
nonlinear cancer module, we partition individuals to two equal-size groups based on
their average gene expression ranks in that module. We then perform a standard
survival time analysis for each module and compute its associated log-rank p-value to
determine its association with individual survival times in the considered cancer type.

To compute an NMC association network, according to Note 2, we compute multiple MC’s among
gene pairs using Algorithm 1. Moreover, we infer a linear association network by computing all
pairwise correlations among gene expressions. We then select 5% of interactions among genes in
the NMC network with largest nonlinear association increases compared to their linear association
strengths. To have the same linear and nonlinear network densities, we select top 5% of interactions
in the linear association network as well.

Next, we partition each network to k groups using a standard spectral clustering algorithm based
on the modularity transformation [47]. We use k = 10 in all cases as it leads to dense and large
clusters. We define a gene module as a group of genes that are densely connected to each other
in the network. We compute a p-value for each gene module in the network by permuting the
network structure and comparing the density of the module in the original network with the ones
in permutated networks. We only consider gene modules with p-values less than 0.05. A gene
module is called nonlinear if it is present in the NMC network but not in the linear one. Figures 5
and 6 demonstrate examples of inferred nonlinear gene modules in different cancer types.

For each inferred nonlinear module in a cancer type, we partition individuals to two equal-size
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groups based on their average gene expression ranks in that module. We then perform a standard
survival time analysis for each module based on Kaplan-Meier procedure to estimate survival func-
tion [48], and compute its associated log-rank p-value to determine its association with individual
survival times in the considered cancer type [49]. We perform Benjamini and Hochberg multiple
hypothesis correction [50] over the computed p-values of different nonlinear modules. For nonlinear
modules with corrected p-values less than 0.05, we do further permutation analysis as follows: we
randomly select the same number of genes as in the considered module, and compute its associ-
ated survival time p-value. If the corrected p-value of the nonlinear module is less than p-values
of permutated modules at least in 95% of cases, we declare that nonlinear module as significantly
associated with individual survival times in that cancer type.

Figures 5 and 6 illustrate examples of nonlinear gene modules for Breast Cancer (BRCA1),
Glioma Cancer (GBMLGG), Liver Cancer (LIHC), and Kidney Cancer (KIPAN). These gene mod-
ules are significantly associated with survival times of individuals while they are not detected using
linear association measures. Several references [51-55] have hypothesized that complex nonlinear
relationships among genes may play important roles in cancer pathways. Our proposed NMC al-
gorithms and inferred nonlinear gene modules can be used in discovering such complex nonlinear
relationships in different cancer types. However, further experiments should be performed to de-
termine the involvement of these nonlinear gene modules in different cancers, which is beyond the
scope of this paper.

9 Conclusion

In this paper, we proposed Network Maximal Correlation (NMC) as a fundamental measure to
capture nonlinear associations over networks without the knowledge of underlying nonlinearity
shapes. We showed that NMC extends the standard Maximal Correlation to the case of having large
number of variables, by assigning each variable to a single transformation function, thus avoiding
over-fitting issues of using multiple MC optimizations over network edges. We also introduced a
regularized NMC optimization which penalizes total distances of inferred nonlinear transformations
from original variables. One can use other standard regularization techniques to further restrict
inferred nonlinear functions in practical applications.

One of the main contributions of this work is providing a unifying framework to compute NMC
(and therefore, MC) for both discrete and continuous variables using projections over appropriate
Hilbert spaces. Using this framework, we established a connection between the NMC optimization
with the MCP and MEP for discrete random variables, and with the Max-Cut problem for jointly
Gaussian variables. Using these relationships, we provided efficient algorithms to compute NMC in
different cases. To compute NMC for continuous random variables with general distributions, one
can use the proposed optimization framework by choosing appropriate orthonormal basis for Hilbert
spaces. For example, we used projections over Hermitte-Chebychev polynomials to characterize an
optimal solution of the NMC optimization for jointly Gaussian variables.

Compared to other nonlinear association measures such as mutual information (MI), NMC has two
main advantageous: first, unlike MI-based measures that only compute the strength of associations
among variables, NMC characterizes nonlinear transformation functions through which variables
are related to each other. These inferred, possibly nonlinear, functions can be used in different
applications such as regression. As an example, a nonlinear regression framework [56] can be
efficiently designed using transformations of variables. Second, for the case of having large number
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of variables, a reliable computation of conditional MI requires an excessive number of samples which
often is not available in practice. Here, we showed that NMC can be reliably computed in practice
and provided a finite sample generalization bound and error guarantees.

NMC can be used in different areas to characterize nonlinear relationships, modules, and pathways
among variables. Here, as an example, we applied NMC to different cancer datasets including
breast, kidney and liver cancers, and showed that using NMC networks, we can infer nonlinear
gene modules that are not detectable using linear association measures while they are significantly
associated with survival times of individuals. Similarly, NMC can be applied to infer nonlinear gene
interactions, modules and pathways in different types of biological networks such as regulatory [57]
and PPI [58] networks. Moreover, NMC can be used over social/economic networks to characterize
belief/behaviour variations of individuals/entities through their interactions over the underlying
networks [59]. We believe that the proposed NMC framework and algorithms can make a significant
impact in many areas of network sciences, statistics, information theory, systems biology, social
sciences, and beyond.

10 Proofs

10.1 Proof of Proposition 1

Let {41}, and {12,}:2; be the corresponding orthonormal bases of H; and Hs in Definition 2.
We can represent functions ¢1(X1) and ¢2(X2) in terms of the basis functions as follows:

d1(x1) = i a1,¢1,:(21),
i

po(x2) = i az,i2,i(x2),
i1

for two sequence of coefficients {a1;}:°; and {a2;}3%;. Thus, the constraint E[¢;(X;)?] =1 in opti-
mization (2.1) would be translated into }72; a%j =1 and the constraint E[¢;(X;)] = 0 is simplified
to Z;zl a¢7j[E[¢i7j(Xi)] = 0, for i = 1, 2.

Moreover, we have

E[p1(X1)d2(X2)] = 3 aviaz; E[vri(X1)2,;(X2)]. (10.1)
ij=1
Thus, maximal correlation optimization (2.1) can be re-written as follows:

min Y7 a1iaz; E[1hi(X1)¢2;(X2)] (10.2)
2Y)

2 .
7;7]':1, Z=1,2,

™M

<
Il
—_

Nk

<
Il
—_

Moreover, {11 12 ;}i; forms a basis for co-variate Ly functions of X; and X5 including the joint
distribution function Py, x,(,-). Therefore, we have

Pxyxy (w1,22) = 3 pigthri(21) 2, (x2). (10.3)
2y
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Using equation (10.3), we have

pij = E[ah1i(X1)h2,;(X2)]. (10.4)

Using (10.4) in optimization (10.2) leads to optimization (2.2). This completes the proof.

10.2 Proof of Theorem 1
We use the following lemma in the proof of Theorem 1.

Lemma 2 (a) Let P and P be the matriz form of two joint probability distribution on (X1, Xz),
such that Px, x,(71,72) = [Plsy 2, and Px, x,(71,22) = [Plz, 2, We bound the difference
between QQ and @, by the difference between P and P, as follows:

1Q = Qlly = |Dx, (P)"2 PDx,(P) "% = Dx, (P)"2 PDx, (P) 2|, <
1 1 ~ 1 1 1
———||P|]2||Dx,(P)"2 = Dx,(P) 2|2 +
«le(P)” 2l Dx, (P) % (P) 72l NN
+ ————||P|2]| Dx, (P)"2 - Dx, (P)72|fo. (10.5)

1
V 5X2 (p)

(b) Furthermore, we have

|P - Pl

1Q = Qll2 € ———=/D]I D (P) = Dy (P oo —— . ~\/D||P- Pl

1
NG 205, (P PP o, (P) o, ()
1

~ 1
+ ——=—=VD||Dx,(P) = Dx,(P)|oo ———=—7,
5X2(p) 1 1 26X2(P7P)3/2

(10.6)

where D = max{|X;],|Xs|},0x, (P, P) = min{dx, (P),0x,(P)}, and dx, (P, P) = min{dx, (P),dx, (P)}.

Proof We have

1Q - Qll2 < ||Dx, (P) "2 PDx,(P)"2 ~ Dx, (P) 2 PDx,(P) %, <

IDx, (P)"2 PDx,(P)"% - Dy, (P) "2 PDx,(P) 2

+ Dx,(P) 2 PDx,(P)"% - Dx,(P) 2 PDx,(P) 2|, <

IDx, (P) "2 Pllal| Dx, (P) ™% = Dy (P) 2|2 + || Dy (P) 2|2l D, (P) "2 P~ D, (P) 2P| <

IDx, (P)"% P|lol| Dx, (P) "% — D, (P) "2 2+

IDx,(P)"2||s]|Dx, (P) "2 P ~ D, (P) P+ Dx, (P)" 2P~ Dx,(P) 2 P||z <

IDx,(P) 2 Plyl|Dx,(P)"% - Dx,(P) % |la + [ Dx, (P) 2 ||al| Dx, (P) "% |lo| P ~ P|a+

1D, (P)72||s] | Plla]| Dx, (P)"% = D, (P) 73| (10.7)

For any distribution Px, x,(:,-), we have

1 1 1
IDx,(P)"2|la= m

Xl?fél \/PX1 (Xl) i \/5X1(P) (108)

31



and
1D, (P)7%|)2 = ! L (10.9)
X X2 \/PXQ(XQ) \/5X2 (P)

By substituting (10.8) and (10.9) in (10.7), we obtain

1 1

1 1 ~ 1 -
< P|||Dx,(P)"% - Dx,(P)"2 pP-P
12~ Qll ¢ = IPIRID(P) - D (P H s = wsX?uﬂ)” I
s L PlbliDx, (P)E - D, (B) H. (10.10)
5X2(P

This completes the first part of the lemma. Furthermore, for a joint probability distribution matrix
P(-,-), we have ||P||cc <1 and ||P]|; < 1. Moreover, we have

Lemma 3 For a given m xn matriz, A, we have

[14]l2 < V/ml| Ao,

and

[All2 < /nl| A1
Therefore, using Lemma 3, we have ||Pl|s < \/|X2|[|P|l1 < /|Xe| and ||P]|2 < /| X1]||P|leo < /| XA

Using this, we obtain the following:

N 1 ~ 1 1 1
~Qll2 €« —=—=VD||Dx,(P) - Dx,(P)||o VDI||P - Pl|s
100l € sV DIDx.(P) = Do (Pl T ) DIP- P
v L /D|Dx,(P) - D, (P ——— (10.11)

20x, (P, P)3/2’

\/0x, (P)

where D = max{|X1|,|X|}, 6x, (P, P) = min{dx, (P),dx,(P)}, and 6x, (P, P) = min{dx, (P),dx,(P)}.
This concludes the proof. [ |

Now we prove Theorem 1. Let () and Q be the corresponding normalized distribution matrices of P
and P, respectively. Suppose the joint distribution on (X, Xy) is according to P. Using Example
2, we have p(X1, X2) = 09, where o5 is the second largest singular value of the matrix Q. Similarly,
maximal correlation under the joint distribution P is &9, where &9 is the second largest singular
value of the matrix Q Moreover, we have

Theorem 12 Let A1 and As be two matrices of the same size. We have
|Uz'(1) _ Ui(2)| <||A1 - Asl2, (10.12)

where 0'Z~1 and 022 are the i-th largest singular values of A1 and As, respectively.
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Proof See e.g. reference [60]. ]

Using Theorem 12 and part (a) of Lemma 2, we have

022/ < Q- Qllz < @I!PI\zI\D&(P); Dy (P) 3l + lel = W;(p)np—ﬁ’ug
s L PIlDx, (P)E - D, (P) . (10.13)
dx,(P)
Furthermore, using part (b) of Lemma 2, we have
1 ~ 1 1 1
o2 — &9 < ﬁﬁIIDXQ(P)—DXZ(P)HOO%XQ(P Bt T ) NG VD||P - Pl
+ VDD, (P) - D, (P)loo e~ (10.14)

\/(SXz(p) 25X2(P7P)3/2‘

Let 0 = min{dx, (P),0x,(P),0x,(P),dx,(P)} and D = max{|Xy|,|Xs|}. Since, ||P - P||o < €, we
have

|02—52|<ﬁp¢_+ \/_+ D\/_<2 -DV/D. (10.15)

This completes the proof.

10.3 Proof of Theorem 2

Using Lemma 2 and union bound, we have

P llo2(Qm) —02(Q)] > €] <

1 m)y—1 _1 €
P[ 1Dxy (PU) % — Dy (P) 21 Plls > —]

0x,(P) 3
1 €
P iy > h
¥ st P - P
1 , ) .
— = (m)y=3 _ LR, s €
+P[5X2(P(m))llel(P )"z — Dx, (P)"z||2|| P > 3]

[ m)y—1 _1 € 1
<P{IDx, (PU) % - Dy, (P) 2||w>§5X1<P>ﬁ]

+P ||P<m> Plloo > 6X1(P)6XQ<P<’">>
f

+P IIDX (PU™) 7% = D, (P) 720 > by (PT™) 2

(10.16)

5]

where D = max{|X;|,|X2|}. Moreover, we have
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P. We have

Theorem 13 Let P be a probability distribution over alphabets X. Also, let P"™) denote the
empirical probability distribution of X, obtained from m i.i.d. samples, {x;}"y, drawn according to

P[IIPT™ = Pllos > ¢] < 467
Proof See e.g. references [61,62]

(10.17)
Using Theorem 13, we have

2
[||p<m>(x2) _ P(X2)|| 2 15X2(P)] < gem(35x,(P)
This occurs with probability less than 1/2 if m >

logn/2
4(30)2 -
Lox,(P), we obtain dy, (P™) > %(5X2(P) We also have

P[IU?(Qm) - 02(Q)] > €]
=P

72(Qu) = 02(Q)]> € | [P (X2) = PCX2)1> 50, (P) ]| 2 [IPC)(02) = PO 50, (P)]
102(Qm) = 22(Q)] > € [P () = POX)] < 5

Moreover, given ||[P(™)(X5) - P(X3)| >

+P

<P

o, (P) P17 (X2) - P2 < 50v(P)

2
72(Qn) = 72(Q)l > € P (X2) - PO < 50 (P)| + P[P (62) - POX) |1 S0P
Let m > }1 (15)2

to make the second term less than or equal to 17. Next, we choose m sufficiently
large so that the first term is no greater than 2 57 Using (10.16), we have

(@) -2 @> € | [P () - P < Lo, ()]

<P [[Dx,(P™) = D, (Ple > (20, (P)°) 83, (P) —

7]

+ P

P Pl > 6, (P) s (P)§ |

> (200,(PF) 3P = .
Now using Theorem 13, each term on the righthand side goes to zero exponentially fast. Moreover
we have P[|o2(Qnm) — 02(Q)| > €] < 12e7™¢

+P

IIDxl(P(m)) = Dx, (P

, where

e =min{ S (20x,(P)*) 03, (P)—=, 0 (P)50x,(P) S —=, (20, (P)*) 10, (P)
3 2 1 \/_ 2 3\/_ 1 2

which is equal to 654\/1_

3 \/_}
Therefore, in order to have P[|oo(Qm)-02(Q)| > € | ||[P™) (X3)-P(X3)]| <
15X2(P)] < 7, it suffices to have

log 172
2
m 2> 51 -
37 VD
. og 2!
Therefore, overall it suffices to have m >
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10.4 Proof of Lemma 1
Consider the following MSE optimization. We have

n 1 (X)) — b (X))2
Q5 2 00 05 ()]

=|E|- max > E[¢i(X;)e;(X;)].

befn (i)eE

Therefore, the NMC optimization (4.1) is equivalent to the following MSE optimization:

min LY E[(6i(X0) - 6 (X,)] (10.18)

¢17---7¢n (’L,j)EE

where E[¢;(X;)] =0 and E[¢?(X;)] =1, for any 1 <i < n.

10.5 Proof of Proposition 2
Let

F={¢;eH;: [E[¢;]=0, E[¢7]=1}.

Now consider the function defined on F}y x--- x F},, as

R(p1,-0n) = D, E[oi(Xi)p;(X;)].

(i.5)eE

Below, we show that R is continuous and Fj x --- x F}, is a compact subset of a finite dimensional
space.

For any 1 < < n, first we show Fj is compact. Since F; is a subset of compact space H;, it suffices
to show that it is closed. This evidently follows from the definition of the norm on H;, which is
VE[(¢i — ¢})?]. Since Fy x --- x F,, is the product of finitely many compact sets, therefore, it is
compact as well.

Next we show R is continuous. Since R has finitely many arguments, it suffices to show that it is
continuous with respect to each argument. Let 1 <iyp <n. We have

R(¢r,.. 0n) = )5 {digs Pig®j) + > (i, &;)

jGN(io) (i,j)GE, 1#10, J#10

=<¢i0’ Z Pi0¢j>+ Z (¢ia¢j>a

JeN (io) (4,9)€E, i#io, j#io

where P; denotes the projection operation from the space H; (for any j # i) onto H;. Moreover, we
can employ on Weierstrass Extreme Value Theorem that says every continuous real-valued function
on a compact space attains its extreme values. Since ((bi(), 2 jeN (io) Pio gbj) is continuous with respect
to ¢i,, the function R : Fy x --- x I}, — R is continuous. Thus, function R attains its maximum on
Fy x---x F, , which complete the proof.
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10.6 Proof of Proposition 3

For a given 1 <19 <n, we have

Yo (i di) = Y (Dig Pigdj) + > (¢i, ;)

(i,4)eE JjeN (io) (i,)eE, i#io, j*io

:<¢i07 Z Pio¢j>+ Z <¢Za¢]>

JeN (io) (3,5)eE, i#io, j#io
<[l > Pigill+ > (G, d5) »
JeN (io) (4,9)eE, i#io, j#io

where the last inequality that follows from Cauchy-Schwartz inequality becomes an equality if and
only if we have ¢} = ¥ jenr(iy) Pio®;, for some constant ¢ > 0. Since we have ||¢; || = 1, we obtain

b = ZieNtio) Pio®]
O jentio) Pio® I

which completes the proof.

10.7 Proof of Theorem 3

Since any Hilbert space has an orthonormal basis (Theorem 2.4, [33]), let {W,j}ﬁl be the corre-
sponding orthonormal basis of H; for 1 <4 < n. Therefore, we can represent ¢;(X;) in terms of the
basis as follows:

di(x;) = Zlai,jl/}i,j(wi)‘
i

The constraint E[¢;(X;)?] = 1 translates into Pt a?,j =1 and the constraint E[¢;(X;)] =0 trans-
lates into }724 a; jE[1j(X;)] =0 for 1 <4 <n. Moreover, for any i and i’ we have

E[¢i(Xi)dir (Xir)] = ) aijair o E[4hi 5 (Xi) o (Xir) ],
33"

The network maximal correlation can be found by solving the following optimization problem.

max . Y aijai g E[vi(Xi)i y(Xir)]

(i,i)eE .3

M8

2 .
a’i,j:17 1§Z§n,

—_

J
> aij E[vij(Xi)] =0, 1<i<n,

j=1

Moreover, since {1; ;1 jr} is a basis for functions of X; and X (with the corresponding inner
product), we can write the joint density function as

Px,x, (X, Xir) = Zﬂffr Vi (X)) i jr (Xir).

JJ’

Using this equation, we have E[t; ;(X;)¢w jr(Xi)] = pgf,,, which completes the proof.
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10.8 Proof of Theorem 4

Let P and P be two distributions over (Xi,...,X,). We shall compare the solution of the two
following optimization problems.

max > al Q; ia; (10.19)
L (i)i)eE
laillo =1, 1<i
a; L /Pi, I<i< n,
and
max > al Qi (10.20)
‘ (i,i')eE
||ai||2=17 I<ig<n,

a; L\/pi, 1<i<n.

Let pg and pg be the optimal solution for (10.19) and (10.20), respectively. For any (i,j) € F,
suppose ||P = P|loo < €. Also, suppose § = minj<j<y, (min{&xi(PXi),6X1.(]5Xi)}). Let the optimal
solution of optimization (10.19) be a;. Based on this solution, we shall construct a feasible solution
for optimization (10.20) and then evaluate its objective function.

For any i, let

(ay+VPi<al,/Pi - Vbi >)
Clar +vPi<al, i - VD> ||

We claim this set of vectors is feasible for optimization (10.20). First note that the norm of each
b; is one. We next show that each b; is orthogonal to \/p;.

1
<b;,\/Pi >= R - — <a;,\/Pi>+<a ,\/pi-VDi>|VDil)=0,
YT lar + Pi<ai,\/Pi—\/pi>||( ’ ' ’ ' ' ' )

where the last equality follows from ||/P;|| = 1. We now plug in the feasible solution b; into the
objective function of optimization (10.20).

pe> Y. blQubi= > bl (Qi-Qir)by+ (sz - a*?) Qirbir +a*] Qi (by —a}) +a”] Qival
(i,4")eE (i,4")eE

=pg + Z b? (Qul - Q“/) bi/ + (b? - a*iT) Q“‘Ibil + a*iTQiir (bil - a:,) . (10.21)
(ii")eE

We now bound each term on the right hand side of equation (10.21). Using Lemma 2, for any 1,4,
we have
3 €

bl (Qirr - Qirr) bir| < ||Qiir = Qw2 < 55—2D3/2-
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We also have
[(bf —a*T) Qurbil < |Ib] = a”{ |al|Quirlal[birll2 = [Ib] = a* 2
IV/Bi <2, /Bi - Vbi > |l2
1= [[V/Bi <af,y/Bi - vVBi > 2
IVBi <af,Pi-VBi>ll:  IVBi<ai, /Pi-VBi> e
1-|VPi<al,/Pi-vVDPi>ll2 1+|VPi<al,Pi—-VDi> 2"

where we use the following basic inequality

+ max{

25y = ( ! 1)H
2 = +al —— -1}
fares e (e
1
<le——ll2 +||a]|2|7——— -1
ISl -1
1 1
lelle e gy
=T i TR

where we used 1 - ||¢|l2 < ||a+¢€]l2 < 1 +]|¢]]2 to obtain the last inequality. Therefore, we have

IVDi < aj,/Pi = VPi > |2
1-|Vpi <al,/Pi—VPi > |2
We shall now bound the term |[\/p; <a;,\/Pi — VPi > ||2. Using Cauchy-Schwartz, we have

~ * ~ ~ * = €
IVPi<aj,/pPi—VDi > ll2 < [VDill2lla; [l2][v/Pi = VPi > []2 < WD:W’

where we use the fact that [pi(j) -pi(j)| < €D and |[\/Pi(j) -/ pi(j | <Ipi(j) = Pi(5)I5517- Plugging

in this inequality and choosing e sufficiently small to guarantee 61 7 D32 < ;, we obtain

(b7 - aT) Qurbi| <2

[(b] -2} ) Qurbi| < 251/21)3/2

which leads to

ﬁG > PG — Z 41_/2D3/2 D3/2
(i,i')eE 0 267
4 3
- = dBID? (535 + 55):
Similarly, we have
~ € 3/2 3e 3/2
> pG - 4——D°*+ —D
pazia %:eE 5172 557
4 3
- -0 (5 + g3
Combining the previous two relations, we obtain
4 3 6
56~ pol < EID? (75 + 555 ) < dEIDY 5

which completes the proof.
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10.9 Proof of Theorem 5
Using Theorem 13 for any (7,i') € E, we have

PP = Prilloo > 7] < 4e™

.3’

Therefore, using the union bound, we obtain

w<}]=1- P[u@ ies LIPS = Prillos > 1}

a2
> PI{IPYY - Piolleo > 7}] > 1 - 4E[e™".
(i )eE

Pl ines{[PS) - P

On the other hand, we have
m o m 0 m m 4]
PLo(P™) 2 512 PIIP™ = Pillo < 512 PIIPG |- PVlo < 5]
> 1= P[P0 - POl > %] > 1-4em(5)”,
Therefore, using the union bound, we obtain
Plricy 1{6(P™) > g}] >1-4[V]e™(Ep)’,

By applying the union bound once more, we have

Pl0es P ~ Pirlloo <7} iy 1E(RET™) 2 $3]2 1= 4V} G)* - g mje”
Therefore, for a given 7 > 0 for m > mg, where ng is the smallest solution of

n> 4|V|ffm(%)2 + 4|E\efm72,
with probability at least 1 — 7, we have
om(G) - pal <5 BIDY?.

We let |p,(G) — pc| < € and find v as

iiD—3/2'

77 1B 24

We plug this into the equation for mg to find

2
n>4|Vl]e m(3p)* +4|Ele™ m(y 5 0 3/2).

. ( 1 )log(Smax{|V|, |E|})
min{(55)% (72 07%)%} 77

213
5 24|E|*D log 8 max{|V|,|E|} ‘
€242 n

This leads to
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10.10 Proof of Theorem 6
To prove Theorem 6, first we prove the following Lemma:

Lemma 4 NMC optimization (4.1) can be written as follows:

max >, E[(¢i — di)(¢ir — dir)] (10.22)
(LiE (i iNeE
var (¢;) =1, 1<i<mn,

where ¢; and var (¢;) represent the mean and the variance of the random variable ¢;.

Proof Denote the optimum value of optimization (10.22) by pg. Let ¢ be an optimal solution
of (4.1). The set of functions ¢; for i = 1,...,n is feasible for optimization (10.22) and therefore
we have pg < pg. On the other hand, let ¢;* be an optimal solution of optimization (10.22). Let
¢~>i =¢;" - &;"". The set of functions ¢~)Z fori=1,...,n is feasible for optimization (4.1). Thus, we
have pg > pa. Therefore, we have that pg = pa-. [ |

Let a; = ¢;/\/Pi- We have
1= var(60) = E[¢?] - (E[6:))° = [aul}3 - (arn/B0)? = a (I - VBiw/Bi" ) o

We next show that the matrix I — \/p;, /pz-T is positive semidefinite and the only vectors in its null
space is 0 and /p;. This is because

< (1= Biv/pi" ) x = [ - (xv/B0)* 20, (10.23)

where we use Cauchy-Schwartz and ||,/pj||3 = 1 to obtain the last inequality (10.23). This inequality
becomes an equality if and only if x =0 or x = \/p;.
Now consider the objective function of optimization (10.22). We have

E[(¢i = 01)(pir — dir)] = E[digdir] = pichir
= ] Quvai - (af VB)) (al VP0) = af (Qur — VPiv/Pr" ).

Therefore, optimization (10.22) (which is equivalent to the NMC optimization (4.1) according to
Lemma 4) can be written as,

max Y a] (Qu - /Piv/Pi )aw (10.24)

& (4,i)eE
T T .
a; (I—\/pi\/pi )aizl, 1<i<n.

For each i, since I — \/];Tl\/ITZT is positive semidefinte. Thus, we can write I — \/ITZ\/ET = BZ-BiT .
Let b; = B;a;. Thus, constraints of optimization (10.24) can be written as b} b; = ||by||3 = 1.

We next write a; as a function of b;. Note that since B; is not invertible, there are many choices
for a; as a function of b; characterized as follows: Let UiEiUiT be the singular value decomposition

of B;. The vector /p; is the singular vector corresponding to singular value zero (oi(l) =0).

a; = ([Uz(z), ceey U;'Xi)]diag(l/a?, ceey 1/02(?%))[[]2(2), ceey U;'XZ)]T) b; + ai\/ﬁ = A;b; + ai\/ITiy
(10.25)
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where Ui(j ) is the j-th column of U, ai(j ) is the j-th singular value of B;, and «; can be any scalar.?

Below, we show that all choices of a; according to (10.25) lead to the same objective function of
optimization (10.24):

a; (Qii’ - \/E\/P_Z’T) ai =bj A} (Qii’ - \/ITM/ET) Ayby

+bf A] (Qur ~ VPiv/Pir ") cir/Pr
ai/pi’ (Qii’ - \/ITi\/ﬁT) A;yiby

+ai/pi (Qn" - \/ITZ'\/ET) irn/Pir
=b; A] (Qii’ - \/ITZ‘\/WT) Aibyr
+b} A} Qurcvin/Pr
+ai/Pi’ Qi Avby
+ o (1-1)
=b] A (Qn" - \/ITi\/ﬁT) Ayby
+bl AT /piay
+aiy/Br” Ay = bl AT (Qur —vPivPi" ) i

Therefore, the NMC optimization (4.1) can be written as

max Z bZTAZT (Q“I - \/E\/ET) Ai’bi/

bi (i iNeE
b2 = 1.

This completes the proof.

10.11 Proof of Proposition 6

We use the following lemma in the proof of Proposition 6.

Lemma 5 Let X and Y be two random variables such that E[ X ] = E[Y] =0. The solution to the
optimization

m(;ix E[o(X)Y]

E[¢(X)] =0
E[¢(X)*] =1,

E[Y]X]

5 0(X) = Jeren e

3Since B, is symmetric it has a set of |XZ| orthonormal eigenvectors and can be written as

| X4 G
B; = Z Vo vy
=1

Let b; = Z‘j}:izl Biv; and a; = le)fl‘ a;vj. From b; = B;a;, we obtain that o; = ﬁj/afj) for j > 2, where a1 can be any
scalar.
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Proof We have

E[o(X)Y] =E[o(X)E[Y|X]] <

N | =

(E[E[YIXT?] + E[6(X)?])

where we use E[E[Y|X]] = E[Y] = 0 to derive the last equality. Note that the inequality becomes
an equality if and only if ¢(X) = E[Y|X ], which completes the proof. [

At each iteration of Algorithm 3, we fix all the functions except one of them and then find the
optimum of that function. We show that the objective of optimization (4.1) increases at each
step of Algorithm (3). Since the objective is bounded, the convergence follows. Without loss of
generality, we show that by fixing all functions for random variables X5, ..., X,, and updating the
corresponding function of random variable X1, the objective of optimization (4.1) increases (or does
not change). We have

argmaxy, (x,) . E[¢i(Xi)o;j(X;)]
(i,4)eE

=argmaxy, (x,)E [( ¢j(Xj)) ¢i(Xi)] ,
JeN;
where E[¢1] = 1 and E[¢?] = 1. Using Lemma 5, the update of ¢1(X) is

E[(Zjene) 5(X5)) 1X1] '
E[(E[(Z)eva 25(X0) 1X1])]

¢1(X1) =
This concludes the proof.

10.12 Proof of Theorem 8

For any realization of the partitioning, consider NMC over all sub-graphs G,, (1 < m < M) and
denote the corresponding functions by ¢; for 1 <7 <n. We have

pa= 3, Eldiojl= > Elgi¢jl+ X E[¢j¢]]

(i,5)eE (i,7)eENE° (i,7)eE*°
M
=2 > Egieil+ > E[éfe]]
m=1(i,j)eEn, (i,5)eE*°

M
<Y bt Y, El¢;é]]

m=1 (i)
=pa+ y, {(i,j) e EYE[¢] ;]
(i,j)eE

Therefore, by taking expectation over the partitioning, we obtain

rc <E[pc] +epa,

which gives us

(1-¢e)pc <Elpc]-

This completes the proof.
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10.13 Proof of Theorem 9

Consider the following optimization:

K .
max Y. > Qi Pl (10.26)
a; L - ’
(i,4")eE =2

Z(am)z =1, 1<i<n.
=2

where we only consider 2 < j < K. We prove Theorem 9 for any K > 2. Thus, since pl{(i, -0
as k — oo for all ¢ # i, Theorem 9 holds. Let A be the matrix of correlation coefficients where
A[i,i"] = p;iv. Diagonal elements of A are all zero, as we ignore self-loops. Define

X = [a,l’l,ag,l, N ,anjl, CLLQ, ce ,amK]T. (1027)

Moreover, define Ag as an nK x nK matrix composed of K? blocks of size n x n where its m-th
diagonal block is equal to -2 A™ where A™[i,j] = A[i,j]™. Off-diagonal blocks of Ay are all
zeros. Moreover, define A4; for 1 <i <n as an nK xnK matrix where A;[m i,mi]=1for 1 <m< K,
otherwise it is zero. Therefore, optimization (10.26) can be re-written as the following standard
quadratic optimization:

1
min  —x! Apx (10.28)
x 2
1 1
—xT' 4;x-=<0, 1<i<n
2 2

Note that equality constraints of optimization (10.26) are replaced by inequality ones in optimiza-
tion (10.28). This is because, since p? 20, optimal solutions of optimization (10.28) occur in the
boundary of its feasible set. Optimizvation (10.28) is a non-convex quadratic minimization prob-
lem with quadratic constraints. Reference [63] characterizes necessary and sufficient conditions for
global minimizers of a generalized form of optimization (10.28). Let

% =[s1,82,...,5n,0,...,0]7, (10.29)

where s; € {-1,1}, for 1 < i < n. According to reference [63], to have x as a global minimizer of
optimization (10.28), we need to have

i=1

and
YN+ Ap =0, (10.31)
=1

where )\; > 0, and A > 0 means that A is a positive semi-definite matrix. Using definitions of Ag,
A;, and X, equation (10.30) is satisfied iff

Ai=2) sisppiy 20, 1<i<n. (10.32)

e
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Using (10.32) and Gerschgorin’s circle theorem, if

Z(l - SiSi/)pm/ >0, V1i<i<n, (10.33)
P

> sisapii > Y. pra, V1<i<n, (10.34)
[ i #0

conditions (10.31) are satisfied. Thus, X is a global minimizer of optimization (10.28). This com-
pletes the proof.

10.14 Proof of Proposition 9

Under assumptions of Theorem 9 and using the definition of Hermitte-Chebychev polynomials
(2.8), we can restrict the feasible set of optimization (3) to the set of functions ¢;(X;) = s;X; where
sj € {-1,1} for all 1 <7 <n. Moreover, we have

E[¢i(Xi) i (Xir)] = sisipiir-
Furthermore, E[s;X;] = E[X;] =0, and E[(s;X;)?] = E[X?] = 1. This completes the proof.

10.15 Proof of Theorem 11

We re-write optimization (6.7) as follows:

maX(Z;)[E[gi(fi(Xi)) g (fir(Xir))], (10.35)
Elg:(fi(X:))]=0, 1<i<n,
Elg:(fi(X:)*]=1, 1<i<n.

Define ¢;(X;) = gi(fi(X;)) for 1 <i <n. Since f;’s are bijective and differentiable, feasible regions
of optimizations (10.35) and (3) are equal. Under the assumptions of Corrolary 1, ¢/ (X;) = X;.
Thus, g7 (fi(Xi)) = X;. Thus, according to Theorem 10, if (4,7) ¢ Epme, then,

XiLX{ Xy, b #4,5}. (10.36)

Since Y;’s are bijective functions of X;’s, this completes the proof.
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