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ABSTRACT ARTICLE HISTORY

We consider the problem of learning a graph under the Laplacian Received 11 November 2022
constraint with a non-convex penalty: minimax concave penalty Accepted 8 October 2023
(MCP). For solving the MCP penalized graphical model, we design KEYWORDS

an inexact proximal difference-of-convex algorithm (DCA) and prove Graph learning; graph

its convergence to critical points. We note that each subproblem Laplacian estimation;

of the proximal DCA enjoys the nice property that the objective precision matrix estimation;
function in its dual problem is continuously differentiable with a non-convex penalty;
semismooth gradient. Therefore, we apply an efficient semismooth difference-of-convex
Newton method to subproblems of the proximal DCA. Numerical

experiments on various synthetic and real data sets demonstrate the

effectiveness of the non-convex penalty MCP in promoting sparsity.

Compared with the existing state-of-the-art method, our method is

demonstrated to be more efficient and reliable for learning graph

Laplacian with MCP.

1. Introduction

In modern multivariate data analysis, one of the most important problems is the estimation
of the precision matrix (or the inverse covariance matrix) of a multivariate distribution
via an undirected graphical model. A Gaussian graphical model for a Gaussian random
vector A ~ N, (i, X) is represented by a graph G = (V, ), where V is a collection of n
vertices corresponding to the n random variables (features), and an edge (i, j) is absent, i.e.
(i,j) ¢ &, if and only if the ith and jth random variables are conditionally independent of
each other, given all other variables. The conditional independence is further equivalent to
having the (i, j)th entry of the precision matrix (E’l),-j being zero [34]. Thus, finding the
graph structure of a Gaussian graphical model is equivalent to the identification of zeros
in the corresponding precision matrix.

Let S (S}, ) denote the cone of positive semidefinite (definite) matrices in the space
of n x n real symmetric matrices S”. Given a Gaussian random vector A ~ N, (u, ) and
its sample covariance matrix S € S'|, a notable way of learning a precision matrix from
the data matrix S is via the following £;-norm penalized maximum likelihood approach
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[4,20,46,63]
min —logdet® + (S, ®) + A[|O||1of (1)

QeS|

where ||O]1 06 = Z,-#j |®;j| and A is a non-negative penalty parameter. The solutions
to (1) are only constrained to be positive definite, and both positive and negative edge
weights are allowed in the estimated graph. However, one may further require all edge
weights to be non-negative. A negative edge weight implies a negative partial correla-
tion between the two connected random variables, which might be difficult to interpret
in some applications. For certain types of data, one feature is likely to be predicted by non-
negative linear combinations of other features. Under such application settings, the extra
non-negative constraints on the edge weights can provide a more accurate estimation of
the graph than (1) and thus one prefers to estimate a graph Laplacian matrix from the
data. More broadly, graph Laplacian matrices are desirable for a large majority of studies
and applications, for example, spectral graph theory [11], clustering and partition problems
[40,48,50], dimensionality reduction and data representation [5], and graph signal process-
ing [49]. Therefore, it is essential to learn graph Laplacian matrices from data. In fact, many
researchers have recently considered Gaussian graphical models that is multivariate totally
positive of order 2 (MTP;), namely, all partial correlations are required to be non-negative.
A Gaussian graphical model is said to be MTP; if the (7, j)th entry of the precision matrix
(E_l)ij is non-positive for all i # j. We refer the readers to [13,15,17,33,51,55,56,59] for
properties of MTP, Gaussian graphical models and efficient algorithms for estimating the
MTP, Gaussian graphical models.

We start by giving the definition of a graph Laplacian matrix formally. For an undirected
weighted graph G = (V,£) with V being the set of vertices and & the set of edges, the
weight matrix of G is defined as W € S” where Wj; = w;j) € R is the weight of the edge
(i,j) € Eand Wj; = 0if (i, j) ¢ £. Therefore, the weight matrix W consists of non-negative
off-diagonal entries and zero diagonal entries. The graph Laplacian matrix, also known as
the combinatorial graph Laplacian matrix, is defined as

L=D-WeS§"

where D is the diagonal matrix such that D;; = Z};l Wij. The connectivity (adjacency)
matrix A € S" is defined as the sparsity pattern of W, i.e. A;j = 1if Wj; > 0,and A;; = 0 if
Wij = 0. The set of graph Laplacian matrices then consists of matrices with non-positive
off-diagonal entries and zero row-sum

L=1{0eS"|O1=0,0;<0fori#]). )

Here, 1 (0) denotes the vector of all ones (zeros). If the graph connectivity matrix A is
known a priori, then the constrained set of graph Laplacian matrices is

/:(A)_{@eS O1=0. o1 20 Gl Zo Mi#i] 3)

As we know, a Laplacian matrix is diagonally dominant and positive semidefinite, and
it has a zero eigenvalue with the associated eigenvector 1. If the graph is connected,
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then the null space of the Laplacian matrix is one-dimensional and spanned by the
vector 1 [11].

Starting from the earlier work of imposing the Laplacian structure (2) on the estima-
tion of precision matrix in [30], this line of research has seen a recent surge of interest in
[14,15,22,23,25,28,65]. To handle the singularity issue of a Laplacian matrix in the calcula-
tion of the log-determinant term, Lake and Tenenbaum [30] considered a regularized graph
Laplacian matrix ® + oI (hence, full rank) by adding a positive scalar « to the diagonal
entries of the graph Laplacian matrix ®. More recently, by considering connected graphs,
Egilmez et al. [15] and Hassan-Moghaddam et al. [22] used a modified version of (1) by
adding the constant matrix ] = (1/n)117 to the graph Laplacian matrix to compensate
for the null space spanned by the vector 1. Moreover, Egilmez et al. [15] incorporated the
connectivity matrix A into the model to exploit any prior structural information about the
graph. Given the connectivity matrix A and a data matrix S (typically a sample covariance
matrix), Egilmez et al. [15] proposed the following £; -norm penalized combinatorial graph
Laplacian (CGL-L1) estimation model

min {—logdet(® +]) + (S, 0) + A[|O]l10x | © € L(A)}. (CGL-L1)

When the prior knowledge of the structural information A is not available, especially for
real data sets, one can take the fully connected matrix as the connectivity matrix, i.e. A =
117 — I, with I being an identity matrix. In this case, the model (CGL-L1) involves esti-
mating both the graph structure and graph edge weights. The model (CGL-L1) is a natural
extension of the classical model (1) due to the equality log det (® + J) = log pdet ® for any
Laplacian matrix © of a connected graph. Here pdet () denotes the pseudo-determinant
of a square matrix, i.e. the product of all non-zero eigenvalues of the matrix.

The model (CGL-L1) naturally extends the classical model (1) to incorporate the graph
Laplacian constraint. However, the model (CGL-L1) has been proved to have the drawback
that the £; penalty may lose its power in promoting sparsity in the estimated graph [61].
In fact, an intuitive explanation of this phenomena is by the zero row-sum constraint of a
valid Laplacian matrix ® € £(A), which satisfies

MOllof = =2 Y 05 =21) 0; = (AL0).
i#j i

Thus the £; penalty term in (CGL-L1) simply penalizes the diagonal entries of ® but not
the individual entries ®;;. Hence adjusting A may not affect the sparsity level of the solution
of (CGL-L1).

Motivated by the observation above, the work [61] proposed to apply a non-convex
penalty function to promote sparsity. Non-convex penalties can generally reduce estima-
tion bias, and they have been applied in sparse precision matrix estimation in [32,47]. In
this paper, we aim to propose an efficient algorithm to learn a graph Laplacian matrix as the
precision matrix from the constrained maximum likelihood estimation with the minimax
concave penalty (MCP) [64]

min {—logdet(® +)) + (S,0) + P(®) | ® € L(A)}, (CGL-MCP)
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where the MCP function P is given as follows (we omit its dependence on the parameters
y and A for brevity):

P(®) = ZPV(®ﬁ;)‘)’ y > 1L for® € ",

i @
4
2
Ax| =2, if|x| <y,
py(GA) = 1| | Zy K=y forxe R, A > 0.
L2 i >

It is known that the MCP can be expressed as the difference of two convex (d.c.) functions
[2, Section 6.2]. Therefore, we can design a d.c. algorithm (DCA) for solving (CGL-MCP)
by using the d.c. property of the MCP function. DCA is an important tool for solving d.c.
programs, and numerous research has been conducted on this topic; see [35,42,54,57], to
name only a few. Specifically in this paper, we aim to develop an inexact proximal DCA for
solving (CGL-MCP). We solve approximately a sequence of convex minimization subprob-
lems by finding an affine minorization of the second d.c. component. Allowing inexactness
for solving the subproblem is crucial since computing the exact solution of the subprob-
lem is generally impossible. The novel step of our algorithm is to introduce a proximal
term for each subproblem. With the proximal terms, we can obtain a convex and continu-
ously differentiable dual problem of the subproblem. Due to the nice property of the dual
formulation, we can apply a highly efficient semismooth Newton (SSN) method [29,43,53]
for solving the dual of the subproblem. For completeness, we also prove the convergence
of the inexact proximal DCA to a critical point.

Summary of contributions: (1) We propose an inexact proximal DCA for solving the
model (CGL-MCP), and prove its convergence to a critical point. (2) As the subroutine
for solving the proximal DCA subproblems, we design a semismooth Newton method for
solving the dual form of the subproblems. (3) The effectiveness of the proposed model
(CGL-MCP) and the efficiency of the inexact proximal DCA for solving (CGL-MCP) are
comprehensively demonstrated via various experiments on both synthetic and real data
sets. (4) More generally, both the model and algorithm can be extended directly to other
non-convex penalties, such as the smoothly clipped absolute deviation (SCAD) function
[18].

Outline: The remainder of the paper is organized as follows. The inexact proximal DCA
for solving (CGL-MCP), together with its convergence property, is given in Section 2.
Section 3 presents the semismooth Newton method for solving the subproblems of the
proximal DCA. Numerical experiments are presented in Section 4. Finally, Section 5
concludes the paper.

2. Inexact proximal DCA for (CGL-MCP)

We propose an inexact proximal DCA for solving (CGL-MCP) in this section and prove
its convergence to a critical point.

2.1. Reformulation of (CGL-MCP)

In order to take full advantage of the sparsity of the graph via the connectivity matrix, we
reformulate the model (CGL-MCP) with the vector of edge weights as the decision variable.
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This formulation eliminates the extra computation incurred by non-existence edges
(A;; =0).

Given an undirected graph G and its connectivity matrix A, we know that the edge set
can be characterized by the connectivity matrix: £ = {(i,j) | Aj = 1, i < j}. Let R€! be the
vector space such that for any w € RI¢!, the components of w are indexed by the elements
of &, i.e. [w(ijl(ijes. We also let B € R"<I€l be the node-arc incidence matrix such that
the (if)th column is given by B(;j) = e; — ¢j, where e;, i = 1,...,n are the standard unit
vectors in R”. It is well known that the Laplacian matrix of the graph G can also be given
by BDiag(w)BT with w being the vector of edge weights. Thus, we define a linear map
A*: RIEI 5 s

A*w = BDiag(w)BT, Vw e R

We can see that A*w € L(A) if w € RI€l is a non-negative weight vector by noting that

Z W(ik) + Z W(ki)> ifi:j,

(i,k)e& (ki)e&

(A*W)lj = —W(,‘j), if(i,j) ef
—W(ﬁ), if(j, i) S 5,
0, otherwise.

It is easy to obtain from the definition that the adjoint map A : S"* — RI€l is given by
AX = diag(BTXB), VY X € S". With the relationship between the Laplacian matrix and
the weight vector, the model (CGL-MCP) can be reformulated as follows:

min  — logdet (A*w +]) + (S, A*w) + P(A*w)
N (5)

€]
st. we Ry

We note that the constraint ® € L£(A) in the original model (CGL-MCP) is reformulated
as a linear constraint and a non-negative constraint, namely, ® = A*wand w € lel.

2.2. Inexact proximal DCA for solving (eqn5)

The function p, (;;A) defined in (4) can be expressed as the difference of two convex
functions [2, Section 6.2] as follows:

Py (s 2) = Alx| — hy (x5 1),

where y and X are given positive parameters, and

x? :
X if |x| < yA,
By (62) = 1 27 =y

L forx e R, » > 0.
Alx| = SyAs, if x| > yA,

Its gradient is given by Vih,(x;A) = min(lyﬂ,)»)sign(x). sign(-) is defined such that
sign(f) = 1 if t> 0, sign(¢¥) = 0 if t = 0, and sign(t) = —1 if t <0. Therefore, the MCP
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function P in (4) can also be written as the difference of two convex functions

P(©) = AO]l1,06 — h(®),
h(®) = Zhy (i3 1), for ® € S, (6)
i#j

Note thath : S” — R is a convex and continuously differentiable function with its gradient
given by

. (194] . N
min (7,k> sign(®;)), ifi # j,
0, ifi =j.

[Vh(©)]; = { (7)

With the above preparation, we can now propose an inexact proximal DCA (Algorithm 1)
for solving (5). We adopt an approximate solution of the (CGL-L1) as the initial point.
Note that the (CGL-L1) can be solved by the alternating direction method of multipliers;
see Appendix 3 for its implementation. It is important to note that Step 0 is not a necessary
component of Algorithm 1. Instead, one can simply initialize with an arbitrary value w° and
proceed with Steps 1 and 2. However, we include Step 0 in order to establish connections
between the non-convex problem (CGL-MCP) and the convex problem (CGL-L1).

We motivate the choice of the initial point in Step 0 with the following observation. If we
choose a simple and natural initialization of w® = 0 € RI€l and perform Step 1 at k = 0,
the resulting subproblem (8) takes an approximate form of (CGL-L1) with proximal terms:

min  {—logdet (A"w +]) + (S + AL A*w) + (5% w)
00

3

(e} £
Il + 1A W w e R

where 8° is the error vector and o > 0 is a given constant. This problem is equivalent to
(CGL-L1) with proximal terms. Therefore, we approximately solve (CGL-L1) to obtain
an initial point. Lastly, for the inexactness condition (9), we make the convention that
%Hwk-i-l — WK+ Uk”é;xlfﬁ:ﬁjrknz +1
goes to zero as W ! — wk|| — 0. If W +1 = wk and 8F = 0, it follows from the optimality
condition of (8) that wF is a critical point of (10).

= 0 when w**! = wk. It is natural because this term

2.3. Convergence analysis of the inexact proximal DCA

In this section, we prove that the limit point of the sequence generated by our inexact
proximal DCA (Algorithm 1) will converge to a critical point of the non-convex prob-
lem (5). We also establish the sequential convergence and convergence rate results under
additional assumptions. Although there exist convergence results of d.c. algorithms, we
delicately designed proximal terms and stopping conditions in our framework which may
be different from existing works. Therefore we give a complete proof of convergence here.
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Algorithm 1 Inexact proximal DCA for solving (CGL-MCP)
Given A > 0,y > l,and op > 0.

Step 0.Solve (CGL-L1) approximately
w® ~ arg min { —logdet (A*w+]) + (S+ AL, A*w) ‘ we lel}.
w

Go to Step 1.
Step 1.Solve the following problem with G¥ := § 4 AI — Vh(A*wk)

w1l = arg min {— log det (A*w + ) + (G5, A*w) + (8%, w)
w
+%nw—w’fn%%HA*W—A*W’CHZ)WGRE'}, (8)
such that the error vector 8* satisfies the stopping condition

o,k||A>ka+l _A*WkHZ
2||Wk+1 _ Wk”

Ok
I185) < Zuwk+l — wh|| 4 (9)

Step 2.If a prescribed stopping criterion is satisfied, terminate; otherwise update oj; <
pkok with pi € (0,1] and return to Step 1 with k < k + 1.

We can rewrite our problem in the form
inf{f (w) := g(w) — h(A* W)}, (10)
where h is defined in (6) and
gw) := —logdet (A*w +]) + (S+ AL A*w) + §(w| R‘f‘), w e RIE

Here §(- | C) denotes the indicator function of any convex set C. The function g is lower
semi-continuous (l.s.c) and convex, and the function  is continuously differentiable and
convex. A point w is said to be a critical point of (10) if

AVh(A*w) € ag(w),

where dg(w) is the subdifferential of the convex function g at w. At each iteration k, we
define the following function which majorizes f

FE(w) = g(w) — hA*WE) — (VR(A*WE), A — A*wk) 4 % lw — wh|2
+ AT — AT (11)
One can observe that the majorized subproblem (8) can be expressed equivalently as
whtl = argmui/n {fk(w) + (Bk, w) ‘ we R‘f‘ } (12)

The following lemma gives the descent property of the objective function f.
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Lemma 2.1: Let w1 be an approximate solution to problem (8) such that the stopping
condition (9) holds. Then we have that

f(wk+l) Sf(wk) - %Hwk-‘rl - 'Wk||2

If the sequence {f(wX)} is bounded below, then the sequence {f(wX)} converges to a finite
number.

Proof: By the update rule of the algorithm, we have
f(Wk) ka(Wk) ka(wk-i-l) + (5k, Wk+1 _ Wk> by 9)
sz(wkH) _ %”Wkﬂ — WK — %”A*Wk-i-l — A2 by (9)
Zf(wk'H) + %IlwkJrl — wk||2 (by (11) and the convexity of h).
[

The next theorem states the convergence of the inexact proximal DCA to a critical point.
We note that when the function / is continuously differentiable, the notion of criticality and
d-stationarity coincide, see, e.g.[42, Section 3.2].

Theorem 2.2: Suppose that the d.c. function f is bounded below. Assume that the sequence
{ok} is convergent to oo > 0. Let (WK} be the sequence generated by Algorithm 1. Then every
limit point of {w*), if exists, is a critical point of (10).

Proof: Since f is bounded below, it follows from Lemma 2.1 that limy_, oo f (wk) exists and

lim [f(WF) — fFWDH] = lim [wf! —wF| = 0.
k— o0 k—o00

Let {wF}re be a sequence converging to a limit w*. Then (W ee also converges to
w. By (12), we have for any w

FEon) = FEOR (@R — ) = R — R — il
Using the definition (11) and taking limit k(€ «) — oo yield that for any w
gW) = g(n™) + (VA(A"W), A"w — A'w) = 22w — w2
- T A — AW,

where 0o, = limy_,  0%. This is equivalent to saying that

w>® = argmvin {g(w) — (VR(A*W™®), A*w — A*w™)

+ 2w — W+ T2 A — AW )

Thus, 0 € 3g(w™) — AVA(A*w™). The proof is completed. [ |
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In fact, when the data matrix S is positive definite, we can prove that f is bounded below
and the sequence {wK} has a limit point.

Theorem 2.3: When S € S} |, the level set of (10) {w | f(w) < a} is bounded for every a €
R. It further implies that f is bounded below and there exists a limit point of the sequence {w*}
generated by Algorithm 1.

Proof: See Appendix 1. |

Theorem 2.2 gives the subsequential convergence of Algorithm 1. Sequential conver-
gence and convergence rate can be established under additional assumptions, including
isolatedness of limit point and the KL (Kurdyka-Lojasiewicz) property. In fact, in the liter-
ature, they are many works on the analysis of the convergence rate of DCA and its variants;
see, e.g.[1,3,8,41,52]. Next we establish sequential convergence and convergence rate results
for Algorithm 1 with the assumption of the KL property. Our main result, Theorem 2.6, is
mainly based on [8, Proposition 4]. For completeness, we give its proof in the Appendix.
As a first step, we recall the definition of limiting subdifferential from [45].

Definition 2.4 (Subdifferentials): Let f : R” — (—o00, 4+-00] be a proper lower semicon-
tinuous function and x € domf := {x € R" | f(x) < +00}. The Fréchet subdifferential of
f at x is defined as

f(x) = {v e R"

yxyFEx lIx — Il

The limiting subdifferential of f at x is defined as
f (x) = {veR"| 35k — x,f(xk) — f(x), vk egf(xk), AN vasj— 00}.

Next, we present the definition of the KL property [3,6,7], which is a key tool in
our convergence analysis. For a € (0, +00], we denote by &, the class of functions ¢ :
[0,) — R that satisty the following conditions: (a) ¢(0) = 0; (b) ¢ is positive, concave
and continuous; (c) ¢ is continuously differentiable on (0, ), with ¢’ > 0.

Definition 2.5 (KL property): Letf : R" — (—o00,+00] be a proper lower semicontinu-
ous function. The function f is said to have the KL property at X € dom 9f := {x € domf |
df (x) # @}, if there exist « € (0, +00], a neighbourhood V of X and a function ¢ € ®,
such that

&' (f(x) — f(%)dist(0,0f (x)) > 1, VxeV and f(x) <f(x) <f(X +a,

where dist(x, C) = min{||x — y|| | y € C} denotes the distance function to a closed set C.
The function f is said to be a KL function if it has the KL property at each point of dom df.

When ¢ is of the form ¢ (s) = ¢s'~? with ¢> 0 and 6 € [0, 1), the number 6 is called a
Lojasiewicz exponent and we say f has the KL property with exponent 6. Next we can give
the sequential convergence and convergence rate results of Algorithm 1.
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Theorem 2.6: Suppose that the d.c. function f in (10) is bounded below. Assume that the
sequence {0k} is convergent to oo > 0. Let (WK} be the sequence generated by Algorithm 1.
Let B> be the set of limit points of {w*}.

(I) (Convergence result) The whole sequence {w*} converges to some critical point of (10) if
one of the following two conditions holds:
(1) B contains an isolated point;
(2) {wK) is bounded, and for every w® € B>, f has the KL property at w™.

(II) (Rate of convergence) If condition (2) holds, wk > w®, and the function f has the KL
property at w™ with exponent 0 € [0, 1), then the following estimations hold:
() if6 = 0, then the sequence {wK} converges in a finite number of steps;
(b) if0 € (0, %], then there exit ¢ > 0 and q € [0, 1) such that

IwF —w®| < g, Yk 1
(c) if0 € (1,1), then there exits ¢ > 0 such that
2
[wF — w®| < ck=1=/C-D vy > 1,

Proof: See Appendix 2. |

3. Semismooth Newton method for the subproblems

In this section, we design a semismooth Newton (SSN) method for solving the subprob-
lem (8). Equivalently, we aim to solve the following problem for given K, ®, w, and
o

. o 52, 9 ~ 02
min —logdet(®+])+(K,®)+EH@—@H +EHW_W”
st. O =A*w, (13)

€]
we R[N

3.1. Properties of proximal mappings

The properties of the proximal mappings associated with the log-determinant function and
that of the indicator of the non-negative cone will be used subsequently in designing the
SSN method. Therefore, we summarize the properties in this section.

Let X be a finite-dimensional real Hilbert space, f : X — (—00,+00] be a closed
proper convex function, and ¢ > 0. The Moreau-Yosida regularization [39,62] of f is
defined by

M (x) = min {f(z)+%||z—x||2}, VreX. (14)

The unique optimal solution of (14), denoted by Prox}7 (x), is called the proximal point
of x associated with f, and Prox? : X — X is called the associated proximal mapping.
Moreover, M}’ : X — Ris a continuously differentiable convex function [36,45], and its
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gradient is given by
VM}’(x) =o(x— Proxj‘f (x), VxeldX. (15)

For notational simplicity, we denote £(-) := — log det (-). As the log-determinant function
¢ is an important part in our problem, we summarize the following results concerning the
Moreau-Yosida regularization of ¢, see e.g. [58, Lemma 2.1(b)] [60, Proposition 2.3].

Proposition3.1: Leto > 0. Forany X € S" with its eigenvalue decomposition X = UAUT.
Let D be a diagonal matrix with Dj; = (,/ Afi +4/0 + Aij)/2,i=1,2,...,n Then we have

that Prox{ (X) = UDUT. Besides, the proximal mapping Prox{ : S" — S" is continuously
differentiable, and its directional derivative at X for any H € S" is given by

(Prox?)'(X)[H] = Ul © (UTHU)]UT,

where © denotes the Hadamard product, and T’ € S" is defined by

1
Iy = 3 [1 + (i + Aj) /(G NG+ 40 + /A}j+4/a)}, ij=12,...,n

Next, we handle the indicator function . (-) of the non-negative cone lel defined by

Syw)=0ifwe lel, and 84 (w) = +oo otherwise. For any given vector ¢ € RI¢!, the
proximal mapping of 81 (-) is the projection onto the non-negative cone, which is given by

1
Iy (c) = ProxéJr (¢) = argmin {8+(w) + EHW — cllz} = max{c, 0}.
w
Here max{-,0} is defined in a component-wise fashion such that max{#,0} = ¢ if t > 0,

and max({t,0} = 0 if t <0. The Clarke generalized Jacobian [12, Definition 2.6.1] of I :
RI€I — RI€l is given by

di =1, ifC,' > 0;
314 (c) := { Diag(d) € S‘f‘ 0<di<1,ifc;=0; Vi=12,...,I|}, VceREl
di =0, ifCi < 0;

We denote by Diag(d) the diagonal matrix whose diagonal elements are the components

of d.

3.2. Semismooth Newton method for (eqn13)

The dual of problem (13) admits the following form

m;ix {D(Y) .= r({)n;l L(O,w;Y)}, (16)
where L is the Lagrangian function associated with (13) and it is given by
L(O,w;Y)

— _logdet (® +J) + (K, ®) + %n@ _®)? + %Ilw— W% 4 (O — A*w, Y) + 8. (w)
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o ~ 1 1 ~
= —logdet©@ + ) + 10 = O + —(K+ V)|* = —IK+ Y|’ +(6,K+Y)
o -1 2 1 P
+8 (W) + =|lw—w— —AY||* — —||AY|]* — (w, AY),
2 o 20
x (O,w,Y) € S"* x lel x S". (17)

By the Moreau-Yosida regularization (14) and (15), we can obtain the following expression
of & by minimizing L w.r.t. (®, w)

~ 1 1
O(Y) := M7 (@ +7 - ;(K+ Y)) +o~/\/l§+ <fv+ ;AY)
~ 1 1 ~
(Y,0 — A*W) — — |[K + Y||* — — | AY|* + (6, K),
20 20

and it is continuously differentiable with the gradient
~ 1 - 1
Vd(Y) = Prox] (@ +]— —(K+ Y)) Y <w+ —.AY) s
o o

To find the optimal solution of the unconstrained maximization problem (16), we can
equivalently solve the following nonlinear nonsmooth equation

V& (Y) =0. (18)

In this paper, we apply a globally convergent and locally superlinearly convergent SSN
method [29,43,53] to solve the above nonsmooth equation. To apply the SSN, we need the
following generalized Jacobian of V® at Y, which is the multifunction 32 (Y):S" = S"
defined as follows:

{ Ve 52¢(Y) if and only if there exists D € aIT (171/ + %AY) such that (19)

V[H] = — L(Prox{)(© + ] — L(K + Y))[H] - LA*DAH, VH € S".

Each element V € /8\2<I>(Y) is negative definite. The implementation of the SSN method is
given in Algorithm 2. For its convergence, see [38, Theorem 3].

Algorithm 2 Semismooth Newton method for solving (18)

Input: o > 0, (©,w) € S" x RIEL, Y0 € §", 7 € (0,1), T € (0,1], i € (0,0.5), p € (0,1).
j = 0. Repeat until convergence

Step 1. Find V; € /E.)\ZCDk(Yj). Solve V;[D] = —Vo (YY) inexactly to obtain D/ such that
[ V;[D'] + VO (Y| < min(7, [ VO (Y)[|'FT).

Step 2. Find m; as the smallest non-negative integer m for which & (Y 4 p™Dl) >
O (Y) + up™ (VO (Y)), D). Set aj = p™.

Step3. Y/ =Y + oD j < j+ 1
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Lastly, we can recover the optimal solution (®, ) to the primal problem (13) via the
optimal solution to the dual problem Y := arg max ®(Y) by

© = Proxy (@ +J— é(K+Y)> —J, w=Ii(w+ éA?).

Remark 3.1: We claim that the stopping condition (9) is achievable under appropriate
implementation of Algorithm 2. For solving subproblem (8), we implement Algorithm 2
with o = oy, O = A*wk, w = wk, and K = G, and then it will return an approximate
solution Y**1 of (18) with some error term EX := —V®(Y**1), namely,

1 1
Prox{* (A*wk +]— —(G"+ Y"“)) — AT, (wk + —AY"“) —J+E=o.
Ok Ok
(20)
We let

1
W =1, (Wk + —AYk+l) (21)
Ok

be the solution to (8). Next we justify that wk*! is an approximate solution to (8) satisfying

the stopping condition (9) as long as Il EX |, is smaller than a certain value, where | - || is
the spectral norm of a matrix.

The Equation (20) implies that A*w**t! 4] — E¥ € S7 . We further require that r :=
| (A*wkt! 4 T — EX)~1EX||, < 1 such that the matrix A*w*T! + J is also positive definite
[21, Theorem 2.3.4]. We know that (20) is equivalent to that

1 1
0 e A*WH —wk) — EF + —(GF + YM) + —aeA W + ] — EF), (22)
Ok Ok
and (21) is equivalent to that
1
0 € Wit —wh — — AYRH! 4 95, (Wi, (23)

ok
Since ¢ is differentiable on S’} |, we can obtain by combining (22) and (23) that
Al EF (AWK — B 4 )~ — (AW )Y
€ —AA W 4+ D71+ AGE + o (W — WF) 4 0 AAF (WL — R 08, (WY,
By noting the optimality condition of (8), we can let the error vector in (9) be
5k = — Ao EF 4 (AW — B* 4 )l (At 4 )Y,

We can observe that 8 — 0 as |[E¥||, — 0 and therefore the stopping condition is
achievable. Specifically, it follows from [21, Theorem 2.3.4] that

1851 < 1Al [rllB¥ll2 + A" — B4 = = (AWK 7

”(A*W]H—l _Ek +])—1||2
< IAILIE 2 [aﬁ — 21,
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where || Al|2 := sup{||.A®|| | ||®]]2 < 1}. Therefore, the stopping condition (9) holds if the
following two checkable inequalities hold:

ro= (AW 7 — EHTIEN, < 1,

k+1 k —12
(AW — EX 4 ) m}foWMH_

- ol
1—r

w

|Mm#mp+

O_k”A*Wk-i-l _A*Wk”Z
2||Wk+1 _ wk||

4. Numerical results

In this section, we conduct experiments to evaluate the performance of our graph learn-
ing model (CGL-MCP) from two perspectives. First of all, we compare the effectiveness of
our model (CGL-MCP) on synthetic data with the convex model (CGL-L1) and the gen-
eralized graph learning (GGL) model [15, p. 828]. The GGL model refers to the problem
min{— logdet (®) + (S, ®) + A[|O|l1 0 | ® € L¢(A)}, where the set of generalized graph
Laplacian Lg(A) is the set (3) without the row-sum constraint 1 = 0. Secondly, we com-
pare the efficiency of our inexact proximal DCA (Algorithm 1) for solving (CGL-MCP)
with the method in [61, Algorithm 1], which solves a sequence of weighted £ -norm penal-
ized subproblems by a projected gradient descent algorithm.! Our method is terminated
if

Ik — w1 Jlobj* — obj* |

LAY £~ ) 1

1+ [[wh1 1+ [lobj*!|

Here, objk denotes the objective function value of (10) at the kth iteration. The method
[61, Algorithm 1] is terminated by their default condition, which also uses certain relative
successive changes. In addition, we set the parameter y in (4) to be 1.5.

4.1. Performance of different models

In this section, we compare our model (CGL-MCP) with the model (CGL-L1) and the
model (GGL). We refer to the solution of (CGL-L1) obtained by the alternating direction
method of multipliers (see Appendix 3 for its implementation) as an L1 solution. We call
A*w as an MCP solution, where # is the approximate solution obtained by our inexact
proximal DCA presented in Algorithm 1.

4.1.1. Synthetic graphs
We simulate graphs from three standard ensembles of random graphs: 1) Erdés-Rényi

Qg{’p ), where two nodes are connected independently with probability p; 2) Grid graph,

Qéfi)d, consisting of #n nodes connected to their four nearest neighbours; 3) Random mod-

ular graph, , with n nodes and four modules (subgraphs) where the probability of
an edge connecting two nodes across modules and within modules are p; and p,, respec-
tively. Given any graph structure from one of these three ensembles, the edge weights are
uniformly sampled from the interval [0.1, 3]. Then we obtain a valid Laplacian matrix as
the true precision matrix.

g}(\;,}?l \p2)
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For the diversity of comparisons, we test the performance of different models with var-
ious connectivity constraints: 1) A = Ayrye, Where Arye is the true connectivity matrix; 2)
A = Acoarse> Where Acoarse is a coarse estimation of the truth, i.e.{(i, ) | (Acoarse)ij = 1} 2
{(i,j) | (Atrue)ij = 1}. Specifically, in our experiments we set the cardinality of the former
as 1.5 times that of the latter by randomly changing some zero entries in Ay into ones; 3)
A = Ag, where Agy is the full connectivity matrix; 4) A = Aqy, where Aqy, is an inaccu-
rate estimation of the truth and is obtained by randomly replacing d% of the ones in A¢yye
by zero entries. Different connectivity constraints are reasonable since in some cases the
true graph topology might not be available while one can obtain its coarse or inaccurate
estimation based on some prior knowledge. Even without any prior knowledge, one can
assume that the graph is fully connected and will estimate both the graph structure and
edge weights. To measure the performance of different models, we adopt two metrics:

(1) recovery error %, which is the relative error between the true precision matrix

€
Lirue and the estimated one ©®;

2(precision-recall) 2tp
(2) Flscore precision+recall — 2tp+fp+in’

mance on detecting edges. Here tp denotes true positive (the model correctly identifies
an edge); fp denotes false positive (the model incorrectly identifies an edge); fn denotes
false negative (the model fails to identify an edge).

which is a standard metric to evaluate the perfor-

We first compare L1, MCP, and GGL solutions on Erdés-Rényi graph, QSI?O’O'D. We set

& = 107% and the sample size k = 50007, and the results reported are the average over 10
simulations. Figures 1-4 plot the number of edges, F1 score, and recovery error with respect
to a sequence of A under different connectivity constraints. As shown in Figure 1, with the
true sparsity pattern, both MCP and L1 solutions can perfectly identity the edges; while
GGL solutions only achieve the F1 score of 0.9 mainly due to its violation of the constraint
©®1 = 0. In terms of the recovery error which compares the edge weights of the true and
estimated graphs, MCP solutions perform well while the other two tend to be biased for
most values of A. Figure 1 shows that MCP solutions can be better than the other two
models for estimating the edge weights when the true sparsity pattern is given. If the true
connectivity matrix is unknown and only a coarse estimation of the connectivity matrix
is available, we can see from Figure 2 that only the MCP solution with A roughly in the
interval (1072, 107!) can detect most of the edges and achieve the recovery error of 1072
This has demonstrated the ability of the MCP for promoting sparsity and avoiding bias. In
addition, we can see from Figure 3 that without any estimation of the sparsity pattern, the
results will deteriorate greatly compared to the results in Figures 1 and 2. Even though the
problem becomes much more difficult in this case, there still exists an MCP solution for
which the F1 score is nearly 1, 1.e. it can almost recover the true sparsity pattern. Meanwhile,
the recovery error of the MCP solution is better than that of L1 or GGL solutions. We can
also see from the left panel of Figure 3 that the number of edges of L1 solutions change
approximately from 1000 to 5000 when A changes from 10~ to 107!, and this number is
always larger than the truth value of around 500. The number of edges of the GGL solutions
is slightly lower than the truth and tends to zero as A increases, which can happen because
GGL does not impose the row-sum constraint @1 = 0. Figure 3 shows that without any
prior knowledge of the true sparsity pattern, the MCP solutions are likely to be closer to
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Figure 3. On Erd6s-Rényi graph, gé;oo,o.n‘ We use a full connectivity matrix and A = Agy is input.

the truth with a proper choice of ; L1 solution can hardly recover the ground truth; and
GGL solutions can detect most of the true edges when A is small but the solutions’ values
are greatly biased. Therefore, when prior knowledge about the connectivity matrix is not
available, the MCP solutions are generally far more superior than the L1 or GGL solutions
in terms of both structure inference and edge weights estimation. As can be seen in Figure 4,
the recovery error suffers from the incorrect prior information on the connectivity matrix,
but the error is consistent with the percentage (10%) of wrongly eliminated edges in the
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input connectivity matrix. The results in Figure 4 suggest that when the sample size is
large enough (k = 5000n), a fully connected prior connectivity matrix is preferable to an

inaccurate estimation of the graph structure.

Additional numerical results for grid graph ggiof ) and random modular graph

Z(VIOO 00503) are given in Appendix 4.

4.1.2. Real data
In this section, we test on a collection of real data sets: animals, senate, and temperature.
Again, we run through a sequence of parameter values for X starting from a small scalar to
a large enough number such that the resulting graph is almost fully connected or empty.
We set e = 1074,

Animals: The animals data set [26] consists of binary values assigned to k = 102 fea-
tures for n = 33 animals. Each feature denotes a true-false answer to a question, such as
‘has lungs?’, ‘is warm-blooded?’, ‘live in groups?’. The left panel of Figure 5 plots the num-
ber of edges against the penalty parameter A of the three models considered in the previous
subsection on the animals data set. The blue curve shows that increasing the penalty param-
eter A cannot promote sparsity in the L1 solutions, due to the presence of the constraint
©1 = 0. In fact, when A is large, the majority of the edge weights ©;; of the L1 solution are
small non-zero numbers satisfying the zero row-sum constraints. Therefore, the learned
graph is almost fully connected when 1 is large. On the other hand, we can see from the red
curve that tuning the penalty parameter A will result in MCP solutions with various spar-
sity levels. It offers sparser solutions compared to L1 solutions, which are especially useful
when the data contains a large number of nodes and a sparser graph is desired for better
interpretability. Even though the ground truth is not available for real data, MCP solutions
can provide solutions with a wider range of sparsity levels compared with L1 solutions
and therefore MCP solutions will be preferable in real applications. The middle and right
panels of Figure 5 illustrate the dependency networks of the MCP solution without the reg-
ularization term (A = 0) and the sparsest dependency network among the MCP solutions
(A = 107%%), respectively. The right graph contains 39 edges, which is more interpretable
compared to the middle one with 114 edges. We can clearly see from the right panel that
similar animals, such as gorilla and chimp, dolphin and whale, are connected with edges
of large weights, which coincides with one’s expectations.
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Figure 5. On animals data set. Left: the number of edges against the penalty parameter A. Middle:
dependency graph of the MCP solution with & = 0. Right: dependency graph of the MCP solution with
A =10702,

Senate: The senate data set [31, Section 4.5] contains 98 senators and their 696 voting
records for the 111th United States Congress, from January 2009 to January 2011. Similar
to the animals data, the senate data consists of binary values, where 0’s or 1’s correspond
to no or yes votes, respectively. There exist some missing entries when one senator is not
present for certain votings. To avoid missing entries, we select a submatrix (50 x 293) of
the original data matrix (98 x 696) consisting of 50 senators and 293 voting records with-
out missing entries. We then run through a sequence of A and plot the number of edges of
estimated solutions in the left panel of Figure 6. Additionally, we illustrate the dependency
networks of MCP solutions with A = 0 and A = 107%2° (the sparsest one) in the middle
and right panels of Figure 6, respectively. As can be seen, the middle graph, containing 218
edges, is relatively dense and not easy to interpret. In the right panel of Figure 6, the nodes at
the bottom left (resp. top right) of the black dotted line represent Democrats (resp. Republi-
cans). The figure clearly shows the divide between Democrats and Republicans, and we can
see that the two components are only connected by one edge between Democrat Nelson
and Republican Corker. In addition to the use of a small subset of the senate data to avoid
missing data, we note that a generalized sample covariance matrix S can be constructed
according to the procedure in [27, Equation (2)] and [9, Equation (7)] to handle missing
data in the area of inverse covariance estimation. Therefore, we can analyze the relation-
ships among all of the 98 senators. Table 1 compares the resulting graph without penalty
(A = 0) and the sparsest graph offered by MCP solutions. We can see that without penalty,
there are 2.45% edges across the nodes representing Democrats and nodes representing
Republicans. In contrast, the use of the MCP decreased this number to 1.56%. We believe
that fewer edges across Democrats and Republicans might be more reasonable as the two
parties are rarely correlated. Therefore, the (CGL-MCP) model can be a reasonable model
to analyze the senate data.

Temperature: The temperature data set® we use contains the daily temperature measure-
ments collected from 45 states in the US over 16 years (2000-2015) [24]. Therefore, there
are k = 5844 samples for each of the n = 45 states. Figure 7 plots the number of edges of
the graphs learned by three different models against the penalty parameter A, the depen-
dency networks of the MCP solution without regularization (A = 0) and the sparsest one
among the MCP solutions (A = 0.1). As can be seen from the middle panel of Figure 7, the
graph without regularization is quite sparse, and it is not much difference from the sparsest
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Figure 6. On senate data set. Left: the number of edges against the penalty parameter A. Middle:
dependency graph of the MCP solution with A = 0. Right: dependency graph of the MCP solution with

X = 107925, The nodes at the top right (resp. bottom left) of the black dotted line represent Republicans
(resp. Democrats).

Table 1. nnz: the number of edges; nnzp: the number of edges connecting
two nodes representing Democrats; nnzg: the number of edges connect-
ing two nodes representing Republicans; nnzcrss: the number of edges
connecting one node representing Democrats and one node representing

Republicans.
A (nnzp, nnzp /nnz) (nNnzg, nnzg/nnz) (NNZ¢yoss, NNZcross /NNZ)
(211,36.95%) (346, 60.60%) (14,2.45%)
10702 (51,39.84%) (75, 58.59%) (2,1.56%)
— temperature ‘ {r ) LZ . s f B :
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Figure 7. On temperature data set. Left: the number of edges against the penalty parameter 1. Middle:

dependency graph of the MCP solution with A = 0. Right: dependency graph of the MCP solution with
r=10""

graph offered by MCP solutions shown in the right panel. As plotted in the two networks,
the states that are geographically close (especially contiguous) to each other are generally
connected, since temperature values tend to be similar in nearby areas. On the temperature
data set, MCP and L1 solutions seem to be similar, as indicated by the left panel. One possi-
ble explanation could be that the temperature data admits certain sparsity intrinsically and
it would result in a fairly sparse solution even without regularization.
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Table 2. Performances of DCA and NGL on modular graph gﬁ,o.oos,o.zs)'

Nodes Edges Time F1 score Recovery error Objective value

n DCA NGL DCA NGL DCA NGL DCA NGL DCA NGL

160 829 1078 203 150 099 085 73e—03 5.1e—03 —25607e+02  —2.5566e+02
240 1684 23832 12.6 0.8 094 0.14 1.7e—02 1.0e+01 —6.3314e+-01 2.2850e4-03
320 2810 - 15.9 . 0.91 - 2.2e—02 - —1.0257e+-02 -

400 4149 - 46.6 - 0.89 - 2.7e—02 - —1.4570e+-02 -

Notes: A = 0.005. & = 1075, '~ means the method stops due to internal errors.

4.2. Computational efficiencies of different methods

In this section, we compare our inexact proximal DCA (Algorithm 1) with the method in
[61, Algorithm 1], which is implemented in a R package referred to as ‘NGL’, for solving a
special case of (CGL-MCP) for which A is restricted to be the full connectivity matrix.

4.2.1. Synthetic graphs

We generate graphs from the ensemble of random modular graphs described in
Section 4.1.1 to evaluate the efficiency of the two methods. We set p; = 0.005, p, = 0.25,
A = 0.005 and & = 107°. The graphs are of different dimensions #n € {160, 240, 320, 400}
and the sample size k is set to be 5000n. Note that our algorithm can use the information
of the true graph topology A; while the NGL will not incorporate A in their solver. For a
fair comparison, we merely input a full connectivity matrix into our algorithm.

Table 2 compares the computational time, F1 score, recovery error, and objective value
of problem (5) of the two methods DCA and NGL for solving instances with different
numbers of nodes . Table 2 shows that our DCA can successfully solve all instances with
satisfactory F1 score and recovery error. In contrast, the NGL only succeeded in solving
the problem when n = 160; and it terminated prematurely when n = 240 as shown by the
fairly low F1 score, unreasonably large recovery error and objective value. For relatively
large dimensions with n = 320 and n = 400, the NGL does not return reasonable solu-
tions as it terminates prematurely due to internal errors caused by the singularity of certain
matrices. It seems that the NGL might not be reliable for solving the model (CGL-MCP)
on random modular graphs. From Table 2 we can conclude that our inexact proximal DCA
is fairly efficient for solving the model on random modular graphs.

4.2.2. Real data
We compare the two methods on the real data set animals, senate, and temperature. We
encountered numerical issue due to matrix singularity when the NGL is applied for solving
the senate and temperature data sets. We run through a sequence of parameters X used in
Section 4.1.2 which result in sparse graphs. Table 3 compares the number of edges of the
resulting graphs, the computational time, and the objective value of problem (5) of the two
methods. It can be seen that both DCA and NGL can solve the instances on the animals data
within several seconds, and the objective values are comparable. For senate and temperature
data, only DCA can return reasonable solutions.

In addition, we test on genetic real data sets lymph (n = 587) and estrogen (n = 692)
from [37, Section 4.2], and the model (CGL-MCP) can extract dependency relationships
among the genes. The results are also presented in Table 3. Due to the relatively large
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Table 3. Performances of DCA and NGL on real data.

Edges Time Objective value
DCA NGL DCA NGL DCA NGL
10705 65 53 1.1 0.3 —3.7797e+-01 —3.8267e+01
1010 105 68 13 0.5 —4.6493e4-01 —4.6232e+01
animals 101 115 85 1.0 1.1 —4.7896e4-01 —4.775%+01
(n=33) 10-20 118 9% 0.8 1.0 —4.8053e4-01 —4.8070e+01
1025 119 102 0.4 13 —4.8052e+-01 —4.8115e+01
10705 119 - 5.1 - —9.3342e+01 -
1010 243 - 10.3 - —1.1016e+02 -
senate 1015 250 - 8.7 - —1.1345e+02 -
(n = 50) 1020 245 - 58 - —1.1383e+02 -
1023 232 - 6.8 - —1.1409e+02 -
1093 127 - 5.7 - 1.2958e+4-02 -
100 97 - 2.0 - 1.0489e+02 -
temperature 10705 79 - 3.5 - 8.8216e+-01 -
(n = 45) 1010 78 - 3.8 - 8.3571e+01 -
1015 78 - 42 - 8.2770e4-01 -
100 7956 - 62.6 - 8.5260e+02 -
10705 1631 - 370.9 - 3.6811e+02 -
lymph 10710 2014 - 296.8 - 2.0798e+02 -
(n = 587) 1015 3155 - 226.2 - 1.7707e+02 -
1072 3949 - 136.4 - 1.7248e+02 -
100 8805 - 1116 - 9.4494e4-02 -
10705 1514 - 897.1 - 5.8620e+01 -
estrogen 1010 2145 - 5213 - —1.0362e+402 -
(n = 692) 1015 2939 - 511.9 - —1.3415e+02 -
1072 3461 - 369.5 - —1.3833e+02 -

Notes: ¢ = 104, '~ means the method stops due to internal errors.

dimensions, the computational time on genetic real data sets increased correspondingly
compared to the animals, senate, and temperature data sets.

The numerical results in Tables 2 and 3 show that our inexact proximal DCA is a fairly
efficient and robust method for solving the (CGL-MCP) model.

5. Conclusion

In this paper, we have designed an inexact proximal DCA for solving the MCP penal-
ized graphical model with Laplacian structural constraints (CGL-MCP). We also prove
that any limit point of the sequence generated by the inexact proximal DCA is a criti-
cal point of (CGL-MCP). Each subproblem of the proximal DCA is solved by an efficient
semismooth Newton method. Numerical experiments have demonstrated the effectiveness
of the model (CGL-MCP) and the efficiency of the inexact proximal DCA, together with
the semismooth Newton method, of solving the model. More generally, both the model
and algorithm can be applied directly to other non-convex penalties, such as the smoothly
clipped absolute deviation (SCAD) function.

Notes

1. Codes are available at https://github.com/mirca/sparseGraph.
2. NCEP Reanalysis data is provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA,
from their Web site at https://www.esrl.noaa.gov/psd/.
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Appendices

Appendix 1. Proof of Theorem 2.3
Lemma A.1: Consider the following problem

min  {—logdet (A*w +J) + (S, A*w) + s(w| R, (A1)
(i) The level set (A2) of problem (A1)
{we RIE| —logdet (A*w+J) + (S, A*w) + s(w| RIE)) < ) (A2)
is closed for every a € R. Namely, the essential objective function of problem (A1)
g(w) := —logdet (A*w + J) + (S, A*w) + s(w|RE), w e RIEI

is lower semi-continuous on R/,

(ii) Suppose the condition {w € Rl_fl [ (S, A*w) < 0} = {0} holds (it holds if the given matrix S is
positive definite). Then the level set (A2) of problem (A1) is bounded for every o € R and the
solution set of problem (A1) is a non-empty bounded set.

Proof: (i) It suffices to prove the condition that

a > —logdet (A*w + J) + (S, A*w) + 8(w| RIE) (A3)

whenever @ = lim ay and w = lim wy, for sequences {ox } and {wy} such thatay > — log det (A*wy +

D+ (S, A*wi) + 8 (wg | lel) for every k. If « = 400, (A3) holds automatically. Next we focus on
the case where « is finite. We claim that v := A (A*w 4+ J) > 0 if « is finite.

Proof of the claim: If Amin(A*w+]) =0, then for every i, there exists k; such that
Amin (A*wg, +]) < %and)\max(A*wki +]) < Amax(A*w +]) + 1. Then, —log det (A*wy, + ) >
—(n — 1) log (Amax(A*w + J) + 1) + log i. By letting i — +00, we obtain that @ = 400, which is
contradictory to the finiteness of «. Therefore, the claim is proved.

By the continuity of —logdet(:) on {® | ® > vI} and the closedness of the set ngl, we can
obtain (A3) by letting k — +o00. The lower semi-continuity of g follows from [Theorem 7.1][44].

(ii) By [Theorem 8.5][44], the recession function g0T of g is given as follows: for w € ngl,

g +tw) —g(1)
t
— lm —logdet (A*1 4 J + tA*w) + logdet (A*1 4 ]) n

t—+400 t

+ _ .
@0 = I,

(S, A*w).
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Since A*w € S, it is easy to obtain that

. —logdet (A*1 + J + tA*w) + log det (A*1 4 ])
lim =0.

t—+00 t

Therefore, (g01)(w) = (S, A*w) if w € ]R‘f‘; (g0™)(w) = +oo otherwise. The recession cone of g

is given by {w| (g0 (w) < 0} = {w € lel | (S, A*w) < 0}. Then (ii) follows from [Theorem 8.4,
Theorem 8.7, & Theorem 27.1][44] and the proof is completed. |

Proof of Theorem 2.3.: The boundedness of the level set follows from Lemma A.1 (ii) and the
following inclusion

wifw) <a) = {we RIEN| —logdet (A*w +]) + (S, A*w) + P(A*w) < a}
C{we lel | —logdet (A*w+]) + (S, A*w) < a}.

The rest results follow from [Theorem 1.9][45] and that Algorithm 1 is a descent algorithm. The
proof is completed. ]

Appendix 2. Proof of Theorem 2.6

Proof of Theorem 2.6.: We first prove (I). Suppose that there exists ko such that wko+1 = wko_imply-
ing sk = 0, it follows from the optimality condition of (8) that wko is a critical point of (10). Now
we suppose that Wkt — wk|| > 0 forall k > 0.

We show in Theorem 2.3 that limj_, o ||[WKt! — wX|| = 0. If condition (1) holds, then the
convergence of {w*} follows immediately from [16, Proposition 8.3.10].

Now we assume condition (2) holds. It follows from (11) and (12) that 0 € ag(wk+1) —
AVR(A*WE) + o (W — wh) + o AA* (WFHT — wK) + 8. Namely,

M = AVR(A*WY) — AVA(A*WTY) — o (W — wh) — g A A= (Wit — Wk — sk
€ agwrty — AVR(A* W) C af (wWhT).

Moreover, we can see from the definition (7) that VA(-) is globally Lipschitz continuous. Therefore,
there exists K > 0 such that |€¥T1|| < K||wkt! — wX|| for all k. That is,

dist(0, of (Wt1)) < K|wht! — wF|  forall k. (A4)

Since {wX} is bounded under condition (2), there exits a limit point w*> € B® of (wk1. By
Lemma 2.1, we have that limy_, o f(wk) = f(w*™). Without loss of generality, we assume that
f(w™) = 0. Since f has the KL property at w™, there exit § > 0, o € (0,+00], and ¢ € P, such
that ¢'(f (w))dist(0, 3f (w)) > 1 for all w such that |[w — w*>®|| < §and 0 < f(w) < .

By Lemma 2.1 and the fact that o3 > 04, we obtain that

k+1 _ k2
FOFHY < fok) = T2kt kg2 < pky = 2 T WD ey s
4 4 ||wk — wk1|
By (A4), we further have that
k+1 k2
k41 k O |IW —w© k
w <f(w") — — ———F—dist(0, 9f (W")).
f( ) < f(wh) 2K [k — k] (0, 3f ("))
Let r > s > 1 be some integers and assume that the points w*,...,w" belong to B(w™,§) := {w |

[lw — w®|| < 8} with f(w*) < «. From the monotonicity and concavity of ¢, we obtain that

Ooo ”Wk+1 _ Wk||2

o (FW ) < o (FWh)) — ¢’ (Fwh)) =22 ————————dist(0, af (w")),

4K ||jwk — wk=1||
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thus by the KL property, for k € {s,...,r},

Ooo ||Wk+1 _ Wk”Z

k+1 )
YR = 9 - R (A6)

By the inequality 2(a — b) > “Z%‘bz,‘v’ a> 0, beRand (A6), wehave fork € {s,...,r},

L k2 ko k=12 1 k2
e k-1 [ — W] W — Wi H|2 — It — |
Iw" = w™ ol = Sy K k1
[w* — w2 [w* — w2
k+1 k12
W™ — whl ko k-1 1k
= T T + 2(|[w* — W = W — W)

IA

4K
0—(¢(f<w")> — o P 20wk — whH ) — Wkt — W)

Hence, by summation
d 4K
DI =W = @) = W) 23w = w T = W =Wl (A7)
k=s o0

Next we show the sequence remains in the neighbourhood and converges. Since ¢ is continuous and
f(WX) | 0, we can find a sufficiently large N such that

W — w™|| < (A8)

LIS S )

4K
G—qﬁ(f(wN)) < (A9)

4oy < mn (2 [22
Goof(w)<m1n<4, p (A10)

I — k| < \/:(f(wk) —fwkth) < \/:ﬂwk) < % Vkz N (Al

It follows from (A5) that

Let us prove that w" € B(w™, §) for r > N. We proceed by induction on r. By (A8), wN € Bw™, §).
By (AlO),f(WN) < . Suppose that7 > N + 1, and wN, o w L e B(w™,8), then

W™ — w®l < lw" —w =+ = W+ N — w™

r—1

M e e
k=N+1
) 4K 11 , WNFL N r r—1
< 5+ @SN = g + 20w — N — = w )
< §+ i*KM(wN“)) + 2w =) <8,

where the second inequality follows from (A8) and (A11); the third inequality follows from (A7); and
the last inequality follows from (A9) and (A11). Hence wN, ..., w" € B(w™,$) and the induction
proof is complete. Therefore, w" € B(w™, §) for r > N. Using (A7) again, we obtain that the series
3 [wk — wh=1|| converges, hence wX also converges by Cauchy’s criterion.

The second part (II) is proved as in [3, Theorem 2]. Here ¢ can be chosen of the form ¢ (s) = cst?
with ¢>0and 6 € [0,1). Then (A7), the KL property, and (A4) yield a similar result as in [3, (11)],
which therefore leads to the same estimates. |
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Appendix 3. ADMM for solving (CGL-L1)

In this part, we briefly describe the alternating direction method of multipliers (ADMM) for solving
(CGL-L1) and refer the readers to [10,19] for its convergence properties. First we reformulate the
model (CGL-L1) as follows:

min  —logdet(® +]) + (K, ®)

O,wx
st. © =A%, (AL2)
w—x=0,
OeS, we ]R'f', x € R,
where K := S + AL It is easy to derive the following dual problem of (A12):
max logdet(Y+K)— (J,JY+K)+n
st. AY+¢=0, (A13)

S le‘, Y eS"
The Karush-Kuhn-Tucker (KKT) optimality conditions associated with (A12) and (A13) are given
as follows:
O-A*x=0, w—x=0, weRl_fl,

AY +¢=0, ¢eRY, (A14)

O@+DY+K)=I 0+]eS},, (w{) =0.
The iteration scheme of our ADMM for solving (A12) can be described as follows: given 7 € (0, (1 +
+/5)/2), and an initial point (x, ®%, w?, Y9, £0), the (k + 1)th iteration is given by

A = I+ AATA@F + 01 'Y + Wk o1 0H],

@kl — Prox;*(J + Axxktl — g mlyk — g 71K — ),

Wk+1 — H+(xk+l _ O.k—lé-k)’

Yk+1 — Yk + Tok(®k+l _ A*karl)’ €k+l — é-k + 'L'O'k(Wk+1 _xk+l).

(A15)

We measure the optimality of an estimated primal-dual solution obtained from ADMM by the
relative KKT residual max{np, n4, g}, where

pobj = —logdet (A*w+J) + (K, A*w), dobj=logdet(Y +K)— (J,Y +K) +n,

. :max{max{H@—,A*x||’||W—XI|} ||l'[+(—w)||} max{|AY + ¢|, T+ (=O) I}
p 1+ x| Tl wl )] T+ 2]

ng = |pobj — dobj|/(1 + [pobj| + |dobj)).

>

The ADMM is terminated if max{n,, n4, n¢} < &, for a given tolerance & > 0.

Next, we discuss efficient techniques to solve the |E| x |E| linear system in the first step of the
above iteration: (I + A.A*)x = b, for any given b € RI€l. Obviously, the linear system can be solved
inexactly by an iterative method such as the conjugate gradient method. However, when the linear
system is of moderate dimension, say |£| < 5000, it is generally more efficient to solve it by a direct
method via a pre-computed Cholesky decomposition. Since the direct method requires the explicit
matrix form of the linear map A.4*, we derive its matrix representation in the following proposition.

Proposition A.2: Let G = (V, &) be a given graph with |V| = n, and B € R" ! be the node-arc
incidence matrix of G. We define a linear map A* : RI€l — S" as A*w = BDiag(w)BT, w € RI€I.
Then the matrix representation of AA* : RIEl — RI€l s 21 +|B|T|B|.

Proof: By the property of incidence matrices, we know that the diagonal entries of BT B are 2 and
the off-diagonal entries of BB are 0 or +1. Thus we can split BT B into two parts: BTB = 2I 4 C.
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Note that C := BT B — 2I has all its diagonal entries equal to 0 and the off-diagonal entries are either
0 or 1. For any w € R/®!, we have that

AA*w = diag(B” BDiag(w)BTB) = 4w + diag(—2CDiag(w) — 2Diag(w)C + CDiag(w)C).

It follows from simple computations that diag(CDiag(w)C) = (C © C)w, where © denotes element-
wise product. Together with the fact that diag(C) = 0, we have AA*w = 4w + (C © C)w. By noting
the properties of B and C, we can deduce that C® C = |C| = |BTB| — 2I = |B|T|B| — 2I, where | - |
means taking elementwise absolute value. Therefore, AA*w = (21 + |B|”|B[)w, ¥ w. The proof is
completed. |

By Proposition A.2, we know that the linear system (I + AA*)x = b becomes
(3I+ |B|T|B))x = b. (A16)

In the case where the number of edges |£| is moderate (say || < 5000), we can solve the
Equation (A16) exactly by computing the Cholesky decomposition of the sparse matrix 3I + |B|T|B|.
The sparse Cholesky decomposition will merely be performed once at the beginning of the ADMM.
With the pre-computed Cholesky decomposition, the solution of (A16) can be computed via solving
of two triangular systems of linear equations with O(|€|?) operations. In it is the case that |€] is large
but the number of nodes 7 is moderate (say n < 5000), we can use the Sherman-Morrison-Woodbury
formula [(2.1.3)][21] to get:

_ 1 _
31+ |B|"|B) 1=§(I—|B|T<31+|B||B|T> 'B]).

Therefore, to solve (A16), one only needs to solve an n x n linear system of the form (31 +

IB||B|Dx = b. Moreover, it is easy to see that the coeflicient matrix has the same sparsity pattern
as the Laplacian matrix of the graph defined by B, which is likely to be sparse for our problem. For
the case when both |€]| and 7 are too large to perform efficient Cholesky decompositions, we have
to resort to an iterative solver such as the conjugate gradient method to solve (A16). Each iteration
of the conjugate gradient method requires the multiplication of 31 4 |B|T|B| by a vector in RI¢!. By
taking advantage of the sparsity of B, each matrix-vector multiplication requires O(|€|) operations.

Appendix 4. Additional numerical results

This section presents additional numerical results to complement those in Section 4.1.1. We test on
grid graph, g;i%o) and random modular graph, g1§}°°’°'°5’0'3’. We set the sample size k = 50001 and
the results are the average over 10 simulations. Figures A1-A4 plot the number of edges, F1 score,
(100)
grid *
Figures A5-AS8 plot the number of edges, F1 score, and recovery error with respect to a sequence of
G(100.0.05.0.3)
v .

and recovery error with respect to a sequence of A with different connectivity constraints on G

A with different connectivity constraints on
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