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Abstract: We consider the problem of both prediction and model selec-
tion in high dimensional generalized linear models. Predictive performance
can be improved by leveraging structure information among predictors. In
this paper, a graphic model-based doubly sparse regularized estimator is
discussed under the high dimensional generalized linear models, that uti-
lizes the graph structure among the predictors. The graphic information
among predictors is incorporated node-by-node using a decomposed rep-
resentation and the sparsity is encouraged both within and between the
decomposed components. We propose an efficient iterative proximal algo-
rithm to solve the optimization problem. Statistical convergence rates and
selection consistency for the doubly sparse regularized estimator are es-
tablished in the ultra-high dimensional setting. Specifically, we allow the
dimensionality grows exponentially with the sample size. We compare the
estimator with existing methods through numerical analysis on both simu-
lation study and a microbiome data analysis.
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1. Introduction

We consider a regularization method of high-dimensional generalized linear
model (GLM) [23] where the dimensionality greatly surpasses the sample size.
GLM is one of the most commonly used statistical methods for modeling, es-
timation, prediction and classification. It has been widely used in high dimen-
sional data analysis. Many traditional statistical tools are not well-suited for
the ultra-high dimensional data. Regularization methods have been widely used
in the literature. Hoerl and Kennard [12] proposed the ridge regression which
uses a ridge penalty to improve the estimation efficiency through a bias-variance
trade-off. Tibshirani [39] proposed the Lasso regression which includes the ¢4
penalty for both shrinkage and variable selection. Many theoretical properties of
{1 penalty for the high-dimensional GLM have been established, ranging from
estimation consistency [26], selection consistency [4], persistence property for
prediction [11] and risk consistency [41]. Other methods penalize the likelihood
function with folded nonconvex penalty functions including the smoothly clipped
absolute deviation (SCAD) [7, 8], the adaptive Lasso penalty [52] and the min-
imum convex penalty (MCP) [49]. The elastic net method was proposed by [53]
to perform variable selection where the variables could be highly correlated.
A more generalized Lasso penalty was proposed by [40] for some prespecified
modifying variables.

If the true sparsity structure comprises clusters or groups of predictors, one
can use group Lasso to select the coefficients [48, 27, 14, 10]. [44] discussed
the hierarchical sparse modeling which utilized the group Lasso and the latent
overlapping group Lasso penalty. Different from these works, we consider an
undirected graph structure among the predictors [46, 35, 51]. As predictors in
a neighborhood are connected, they are simultaneously effective or not effective
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for predicting the response. As an example, in the diagnosis of the metastatic
melanoma using commensal microbial composition information, the patients’
microbiomes are naturally correlated. Relevant microbiomes in the same neigh-
borhood of the underlying graph often either influence or not influence the clin-
ical response together, see [22]. Incorporating the structure information among
the microbiomes can lead to the construction of a better classifier.

In literature, many methods have utilized the edge-by-edge information in
the graph to solve the regression problem. For example, the method OSCAR in
[2] used the £, penalty for every pairs of predictors and the method GRACE
in [16] used the network-constrained penalty on the pairwise differences of the
connected predictors. Yu and Liu [46] proposed the sparse regression method
incorporating graph structure (SRIG) with a node-wise neighborhood based
penalty where the penalty term is distributed over all nodes instead of all
edges. In addition, they proposed an efficient computational method to solve
the node-wise penalty. Liu et al. [18] proposed a graph-based high dimensional
sparse linear discrimination analysis method which is specific for classification.
Recently, Zhou et al. (2019) extended the sparse regression leveraging graph-
ical structure to generalized linear models and establish the estimation error
and prediction error of the penalized estimator. Yu and Liu [46] and Zhou et
al. [51] assumed that all the components within each decomposition would be
shrunk to zero simultaneously. This assumption is restrictive and can be further
relaxed. It is known that while the predictors are correlated with each other in
a neighborhood, they may not be all important predictors to the response vari-
able. To overcome this, Stephenson et al. [36] proposed a doubly sparse method
(DSRIG) which encourages sparsity both within and among the decomposition
under linear regression model with fixed design matrix. They also applied the
doubly sparse method to the logistic regression [37] using the predictor duplica-
tion (PD) algorithm [27]. But the PD method is not very efficient and requires
large computing memory for models with high dimensional predictors or pre-
dictor graphs having large number of edges. Thus it is necessary to develop new
efficient optimization algorithm for doubly sparse graphic model-based GLMs.
Furthermore, no work has been done on finite sample bounds of the estimation
error and the model selection consistency in graphic model-based doubly sparse
generalized linear models. Accordingly, there is a great need to investigate these
statistical properties.

In this paper, theoretical investigation is presented for the doubly sparse
high-dimensional GLM estimators incorporating the graph structure through
a node-wise penalty. In general, the graphic structure can be either given or
estimated from the study samples. We generalize the sparse least squares es-
timator of [46] to allow for a wider class of loss functions as well as a more
general structured regularization. In terms of optimization, the constraint can
be expressed as a latent sparse group Lasso over neighborhood sets. Besides
using the predictor duplication method, we combine the fast iterative shrinkage
thresholding algorithm (FISTA) [1] with the proximal splitting methods [47, 46]
for solving the proximal operator. On the theoretical side, we establish the finite
sample bounds of the optimal estimation, in addition with the prediction error
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bound for random design with some regularity conditions. The classical result
of the estimation error bound of the penalized GLMs can be recovered if there
is no edge in the predictor graph. Moreover, the model selection consistency is
established for the ultra-high dimensional graphic model-based doubly sparse
GLMs. In the simulation studies and the real data application, we show that the
method can improve the performance in the aspects of estimation, prediction,
and model selection compared with the regularization methods without using
the predictors’ graphic structure.

The paper is organized as follows. In Section 2, we set up the basic notation
and introduce the penalization method. In Section 3, an efficient algorithm for
the optimization problem is presented. In Section 4, the main theoretical results
are provided. In Section 5 and 6, numerical simulations and an application
on a human microbiome dataset demonstrate the competitive performance of
the method. We provide some discussions in Section 7. Technical proofs are
contained in Appendix.

Notation Let R? denote the p-dimensional real Euclidean space. Let f(n) =
g(n) indicate f(n) < cg(n) for some positive constant; let f(n) 7 g(n) indicate
f(n) > ¢’g(n) for some positive constant ¢’; f(n) < g(n) means that f(n) = g(n)
and f(n) zZ g(n) both hold true. Let vg € R® denote the vector v € RP restricted
to a subset S C {1,...,p}. For any vector x, let |x|[, = (3. |z;|9)*/? denote
the Ly-norm of x with 1 < ¢ < oo. For a matrix M, let ||TM|||2 denote the
spectral norms, and let |[M]|,.. := max; ;|m;;| denote the elementwise /o-
norm of matrix M. Let Vh denote a gradient or subgradient for any function
h : R? — R. Let supp(V) indicate the support of the vector V, and let |N|
indicate the cardinality of the set A. Let B,(r) represent the centered ball of
radius r in ¢, norm for ¢, > 0. Let sign(-) represent the sign function.

2. Methodology

We consider a common setting of GMLs. Let {(X;,y;);4 = 1,...,n} denote in-
dependent and identically distributed (i.i.d) samples, where y; is a response
variable and X; = (2;1,...,7;,)T is a p-dimensional covariate vector. Let
¥y =y, . .,y)T € R" and X = (Xy,...,X,,)". Throughout the paper, the
dimensionality p is allowed to grow with the sample size n. It is assumed that
the conditional density of y; given X; is from the exponential family,

F1%5.8,0) = exp (5 00s = 060 + cl01.6) )
with the functions b(-) and c(+,-), the nuisance parameter ¢, and the canonical
parameter 0; = X1 3, where 3 = (f1,...,08,)" is the p-dimensional unknown
regression coefficient. By standard properties of exponential families [23], we
have E(y|X;) = b (0;) = p;. The canonical link function g(u;) = 6; is used.

In our analysis, it is assumed that b”(-) < ¢ for some constant ¢ > 0. This
boundedness condition implies that y; has a bounded conditional variance. This
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condition is required to establish the estimation error bound. Similar condition
was assumed in [30], which is satisfied in many models including linear regres-
sion, logistic regression, and multinomial regression. Even though it does not
hold for Poisson regression, a truncated Poisson regression model will satisfy
this boundedness condition [45].

The population loss based on the negative log likelihood is formulated as
1
L(B) = —Elog(P(X;,y:)) = —E(log(P(X;))) — 511*3[in?6 — b(X; B))-

The empirical loss function takes the form £,(8) = % S b(XTEB) —
y; X' 3], and the population-level and empirical gradients are given by

NI X)Xl

i=1

1 1
VL(B) = SEIY (X B) —y)Xil, and VL.(B) = £
Without loss of generality, we assume the nuisance parameter ¢ = 1 for the rest

of the paper. It can be verified that Vﬁ(ﬁo) = 0 for the true parameter 8° of
the GLMs. We assume

2 _l - 1T vT
VELW(B) = o > b (XIB)XXT = 0,

i=1

so L,, is convex.

Assume that the i.i.d. p-dimensional random variables X1, ..., X, follow some
multivariate distribution with a zero mean and a covariance matrix . De-
note the precision matrix Q = X!, which contains elements wjr and assumed
to be sparse. Let G be an undirected predictor graph over the set of nodes
J ={1,2,...,p}. The edge set E in the graphical model represents the condi-
tional dependence structure of the observed variables. When two predictors are
conditionally independent, they are not connected by an edge in the graph, i.e.,
ejr ¢ E <= X; 1L X, | {X;:1# j,k}. Specifically, in a Gaussian graphical
model, there will be edges between any pair of nodes (j, k), j # k, if wji # 0. In
discrete graphical models which can be represented by a minimal exponential
family, Loh and Wainwright [20] investigated the connection between the sup-
port of a generalized inverse covariance matrix and the conditional independence
structure of the graph. In particular, they showed that for binary variables, the
inverse of the usual covariance matrix corresponds exactly to the edge structure
of the tree. For continuous but non-Gaussian distribution, Spantini et al. [34]
showed that if Xy, ..., X, have a smooth and strictly positive density w(x), the
pairwise conditional independence of the random variables X; and X} can be
assessed by X; 1L Xy | {X;: 1l #j,k} = 6]2’k10g7r(x) = 0, where Q* denotes
the generalized precision matrix with elements Q7, = IEW[|8J2’,€ log 7(x)|]. Then
if Q;‘k = 0,7 # k, nodes j and k are conditionally independent, hence there’s no
corresponding edge (j, k) in G. Define N; = {k : ¢j; € E} to be a neighborhood
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set of the node j. Define the degree of node j be the size of its neighbourhood
d; = |Nj|. For any node k ¢ N, if e;;, ¢ E and we assume that the node j will
not contribute to the decomposition of [y.

Given the predictor graph G, the neighbourhoods, Nj,j € J, represent a set
of groups which are possibly overlapping. As was discussed in [51], under the
GLM settings, based on the inverse regression method from Theorem 2.1 of [6]
and Condition 3.1 of [17] we have

E(X|Y =y)=E[E(X|8°X) |V = y]
- 288X — )\
= H’” (8°)753° } 'Y_y}
SB°E [(B)T(X — p) | Y =y]
(89)T28°

= p+36%(y),

E[(B)T (X—p)|Y=
where p = E(X),Y¥ = Var(X) and k(y) = [ 2,6‘())TE“B)‘1 y] Let n(y) =

1+ 8% (y), then

B x S (n(y) — p) = Qn(y) — p), (2.1)

where €Q is the precision matrix. Let the predictor graph G, be denoted by a pxp
adjacency matrix &/, where Ej;, = 1 for connected predictors j and k and E;, = 0
otherwise. We always set E;; = 1 for each j. Then, we have N; = {k: E 1}.
Base on the connection between the conditional mdependence and the graphlcal
structure, by (2.1), 8° can be decomposed into

B? _ @gl)Ell + e§2)E12 4t @gj)Elj 4ot 6(1:0)E1p7
ﬁg _ @él)E21 + 6&2)E22 R @éj)E% R @(210)E2p7
: (2.2)
52 _ @1()1)Ep1 —|-@1()2)Ep2—|—-~-—|—®1(,j)Epj +. _|_@( Eyp,

where the term {@,(f ) ike N} arises from the marginal correlation between

the predictor j and the response. Let Vk(j) = ®](€j)Ekj for k € Nj, then the
decomposition of the true coefficients 3° can be expressed as:

Bl Vl(l Vl(z) 4+t Vl(j) 4t ‘/1(17)
ﬁg :‘/2(1)JFVQ(2)+.“+V2(J')+“,+V2(p)7

(2.3)
50 V(l) + V(2) 4+ .4 Vp(]) B ‘/';1’))7

where V) = (Vl(j ), .. .,Vp(j ))T depends on the interaction among predictors
(e.g., graphical structure) and the marginal correlation between the predictors
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and the response. The term {V,C(J ) ke N} contains the contribution of the
predictor k to the response through the predictor j. Such contribution depends
on the strength of the conditional dependency relationship between j and k
and the marginal correlation between the predictor j and the response variable.
From the derivation in (2.3), Vk(J) = @,(CJ)Ekj. If Vk(]) = 0, then either there’s
no edge between the predictor j and k (e.g., Ex; = 0), or even though there’s
an edge between the predictor j and k (e.g., Ey; = 1) for each k € N}, but the

predictor j and the response variable are uncorrelated (e.g., @;@J ) = 0).

Therefore, we assume a doubly sparse decomposition to help mitigate esti-
mation bias, which means there are only a small number of vectors V(s that
are nonzero, and even for the predictors with nonzero vectors V)| there are a
small number of nonzero Vk(J )s within the vector V@s. The underlying graph
G is assumed to be known or estimated from data. Therefore, under the GLM
setting and given the predictor graph G with neighborhoods N, ..., N,, we
optimize the following penalized maximum likelihood objective function (2.4)
which induce sparsity both between and within V), j =1,..., p.

P
i 1170 (4)
sl S8 (Ve -V )
p . .
subject to 8 = Z V@ supp(VW)) C N, (2.4)

j=1

where A > 0 is the tuning parameter, 7; is the positive group-specific weight,
and ¢ is the mixing parameter which can be viewed as a trade-off weight that
balances the contributions of the ¢; and /> norms. We assume 7; and & are
bounded. Different values of £ correspond to different shapes of the constraints
[28]. We use the weight of the form 7; oc d] with 0 < v < 1/2 and d; = |V},
the size of the neighborhood. Here, we set v < 1/2 for the possible overlapping
groups. This was also suggested in [27] and [51]. The penalty function R(3) :=

§:1[7j||V(j)||2 + £|[V@|1] can be viewed as the sparse group Lasso penalty
with additional constraints. The choice of tuning parameters will be discussed in
Section 5. The L; component of (2.4) will control the sparsity within V¢) while
the La component of (2.4) will control the sparsity among the neighbourhoods.
It will be reduced to a sparse GLM incorporating graphic structure discussed in
[61] when £ = 0. When the graph G has no edges, then the objective function
(2.4) will reduce to that of the GLM Lasso [41, 25]. Under the GLM settings,
L,(8) is smooth, while R(3) is not smooth. Note that the penalty function
proposed in (2.4) is similar to a sparse group Lasso [32], but it shrinks the
decomposition Vs rather than directly penalizes the regression coefficients 3.

3. Computation

Typically, the problem (2.4) can be transformed into a sparse group Lasso prob-
lem [32] and the predictor duplication (PD) method [27, 46] can be used to solve
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the problem. However, the PD method is not efficient because of large memory
requirement.

Therefore, we combine the FISTA with a proximal splitting method to solve
the problem which is stable and efficient. Given the positive weights 7; and &,
for B € RP, denote

P p
— i 1V, and — i 0
18lic.- ﬁ:zr?fw;TJHV Iz and [|B]s.c ﬁ:zr?fwj:f”v [

where supp(V@)) C N;. Then, R(B) = ||Blc.- + 8]l s.¢ is a norm and therefore
convex. The optimization problem (2.4) is equivalently to the following problem

mmin £,(8) + M[Bllc.r + 1Bls.e) (3.1)

For the exponential family of distributions, the loss function £,(-) is a contin-
uously differentiable function, then the gradient satisfies the Lipschitz property
with constant L, i.e.,

IVLn(B1) = VLu(Bo)ll2 < LBy — Ball2-
As L, is twice continuously differentiable, any bound on the operator norm of

V2L, is a Lipschitz constant for V.£,. Then, a simple tight global upper bound
for L,, is

L
La(B) < La(8°) + (8= B")'VL.(B") + 5118 - B°[3.
Consider that R contains a non-smooth L; norm, a simple iterative strategy is

to minimize the upper bound for £,, at each iteration, without modifying R. At
iteration ¢t + 1, the updated B(t"’l) is given by

B —argmin(8 — B TVL(B) + 2116~ B + AR(D)
1 1 A
=argmin 5|8 — (B = VL. (8Y)I5 + TR(B)
= proxar (5“) - %vzn(ﬁ“)),

where the associated proximal operator is defined as

h=032 A
proxax (h) = arg ngn % + ZR('B) (3.2)

Thus to solve the optimization problem (3.1), we use the algorithm summarized
in the following Algorithm 1.
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Algorithm 1 FISTA for Regularized GLMs

Input: Initialize 8 = 8(°) and L is the largest eigenvalue of V2L, (B).
1: Take Zz(1) = 5(0) and ap =1, t=1.
2: repeat
3. ht) = z(®) _ %vgn(z(t));

. o ().
4 BT = Proxa g, +isls e )i

5 = +¢_+
. (t41) _ (t) ar—1/4(t) _ g(t—1)y.
6 Z s +(;+1(ﬁ pl=Y);

7: until convergence.

It is shown in [1] that the convergence rate to the optimal solution is of
O(1/t?). With high dimensional p, the associated proximal step in Algorithm 1
is the most time consuming step. Following [47], we can solve the proximal step 4
by finding the projection via the Parallel Dykstra-like Proximal Method [5] and
converting the minimization problem (3.2) into a series of convex problems which
have closed form solutions. The details about Dykstra-like Proximal Splitting
Method is shown in the supplementary material. Based on this method, we
only need to know the graphical structure information about the neighbours
Nj for j =1,...,p to identify the overlap groups, which is pre-determined and
unique. It is stable and very efficient for high-dimensional data, especially when
the predictor graph are not very dense and can be decomposed into several
disconnected components, see Example 1 in the simulations.

4. Theoretical properties

Denote Jo = {j : 8 # 0}, J5 = {j : 8 = 0}, and so = |To|- As R(B)
is convex and coercive, Rao et al. [28] proved that an optimal decomposi-
tion of B minimizing R(B) always exists but may not be unique. For each
B € RP, we denote U(S) as the set of all optimal decompositions of 3. De-
fine K(B) = min(v<1)7v<2),m,V(p))em(m H] : HV(])H2 , which denotes the

minimal number of nonzero V) among all the optimal decompositions of f.
Denote K = supgypp, (8)c 7 K () the maximum nonzero group among all decom-
positions. There are at most dmax = max;j—1, . ,{d;} non-zero elements in all
nonzero V(@) where d; = |N;|. Note that the optimal decomposition of 3 is the
smallest decomposition for the associated penalty R(3). In order to prove the
main theorem, we first need to show the following property with regard to the
subgradient conditions for the optimization problem (2.4). This property can be
obtained directly by the Karush-Kuhn-Tucker (KKT) conditions.

Proposition 4.1. The necessary and sufficient condition for B being the solu-
tion of (2.4) is that ,8 can be decomposed as ,3 Zp V) where VU satisfies

that, for all1 < j <p, (i) VNF =0; (i) V/\/j =0 and ||VNj£n(,3) + A ll2 <
J

, . v
A1j with |hi| < & for any k € Nj; (i) Vjs/jj) #0 and V, L, (B8) + )\Tjﬁ +
N ll2
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A, = 0, where for any k € Nj either Vk(j) =0 and then |Vk£n(B)| < AE, or
Vk(j) # 0 and then hy = fsign(Vk(j)).

These subgradient conditions are similar to those of [32] which were estab-
lished for a least squares loss function with group Lasso.

Assumption 1. The neighborhood Nj C Jy for each j € Jp.

Assumption 2. The covariates X1, ..., X, are i.i.d. samples from a zero mean
sub-Gaussian distribution with covariance matriz Cov(X;) = X such that 0 <
M < Amin(2). Assume the Hessian of the cumulant function is uniformly bounded
that ||| < ¢ for some constant ¢ > 0.

Remark 4.1. Assumption 1 implies that neighbors of important predictors are
also important predictors to the modelling of the response. This condition is also
assumed in [46]. Assumption 2 of sub-Gaussianality and low bounded eigenval-
ues is often used in high dimensional setting. This assumption was also used
to derive a lower bound of the Taylor-series error of the GLM log-likelihoods
with sub-Gaussian covariates in [26] and [43]. The boundedness assumption on
cumulant function b(-) is also assumed in [26]. From Assumption 2, we can ex-
tend the restricted strong convezity (RSC) condition for GLMs [26, 43] to the
current setting. That is, for any subset J C {1,2,...,p} with |J| < so, and all
the optimal decompositions (VU ... V)Y of any vector A that |Allz < 1, we
have for some k; > 0 and ko > 0,

La(B" + A) = Ln(B°)-VL(B)T A

. logp
> 1 Y (7 + VGOV I} — ke 2L RA(A),

jeJ

with probability tending to 1.

In the following, we establish the error bounds of the doubly sparse GLM
estimator.

Theorem 4.1. Under the Assumptions 1-2, let Tmin = mini<j<,{7;}. If we
choose

dmax log p

)\(Tmin + f) Z (&)
n

/ Vdmax n
Tmin+§ \/ logp

with a positive constant ¢y and R(,@O) < p with p < ¢ for some

positive constant ¢, then with sample size n 7, sglogp, any optimal solution B
of problem (2.4) satisfies

~ A ~ 20K
_ 80, <« < 20
B8l < g REB) <2

with probability greater than or equal to 1 —c1 exp(—ca logp) for some c1,co > 0.
Here, k; is a positive constant that depends on ||8°2, b(-), Amin(X), and the
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sub-Gaussian parameters of the X;,i=1,...,n.

From the results above, we can see that our theoretical results do not de-
pend on any uniqueness assumption on the decomposition of 8 that mini-
mizes ||B||q,- + ||8||s,¢. In contrast to [27], our result depends only on K which
represents the maximal structured sparsity of such decompositions. We con-
sider the constraint R(8°) < p to ensure the existence of local/global op-
tima which was also discussed in Loh and Wainwright [21]. Note that the set-

ting p < ¢ T—Vd"j_z. logp is feasible based on the assumption of sample size

n - solog p. The following corollary from Theorem 4.1 provides the prediction
error bound, which is defined as D(8, 8) = (VL,(8) — VL, (8%), B—3°). Note
that under our GLM model setting, this error measure D(3,3) is equivalent

to the symmetrized Bregman divergence defined by the cumulant function b(-)
[21].

Corollary 4.1. Under the same assumptions as Theorem 4.1, the prediction
error is bounded by

(VLA (B) - VLB, B— 8" < 2K

Kl

Remark 4.2. Note that when there is no edge in the predictor graph G and
€ =1 =1 for each i, we have K = sy and R(B — B°) = ||B — B°|1. If we
choose A\ =< +/logp/n, then ||B — B = soy/logp/n with probability at least
1—cyexp(—calogp) for some c1,ca > 0. In this case, we recover the rate in [21]
and [19] for high dimensional regularized M -estimators. However, from Theorem
4.1, the error bounds of our method depend on the minimal number of nonzero
optimal decomposition K rather than the true model size sg. If the true graph G
consists of disconnected complete sub-graphs and Jy is the union of Ko node sets
of those disconnected subgraphs, see Example 1 in Section 5, then KK = Ky. Our
method gives better results compared to the Lasso if Ko is much smaller than
so- This demonstrates our method’s advantage over standard Lasso procedure
when the structure sparsity of the predictor graph is incorporated. From the
simulations, we find that our method indeed outperforms the GLM Lasso in all
the simulation settings. Moreover, in Corollary 4.1, considering the fived design
linear regression, the expression (VL,(8) — VL,(8°), B — B°) corresponds to
the commonly used error measure HX(,@ - 8%93/n.

Next, we establish the model selection consistency of the doubly sparse high-
dimensional GLM estimation.

Assumption 3. The number of nonzero coefficients so = O(n®) and logp =
O(n52), and 0 < 301 + 92 < 1 for some constant 61 and Js.

Assumption 4. The subset of the Fisher information matrix corresponding to
the relevant covariates has bounded eigenvalues, i.e. Apin(Q7,7,) > Chmin for
some constant Cpi, > 0.
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Assumption 5. There exists a constant ¢ € (0,1) such that [| Q¢ 7,(Q7,7,) " oo
<1-¢.

Note that Assumption 3 allows for graphs and sample sizes in the “large p,
small n” regime, as long as the degrees are bounded, or grow at a sufficiently slow
rate. Assumption 4 ensures that the Fisher information matrix of the relevant
covariates is not singular. Assumption 5 refers to the incoherence condition
which requires that the large number of irrelevant covariates cannot be strongly
correlated with the subset of relevant covariates. The incoherence condition is
also assumed in [25] to obtain the fo-norm consistency of Lasso for fixed designs.
Analogous conditions are required for the success of the Lasso in the case of high
dimensional graphical model [24, 50, 29]. Under these assumptions, the proposed
method is model selection consistent for high dimensional setting.

Theorem 4.2. Under Assumptions 1-5, suppose the weight 7; = \/d;m; for
each j, where \/so(\/So maxje g, m; V §) = o(minge mj;), the tuning parameters
A and the minimum absolute monzero coefficient B2, = minje 7, \Bﬂ satisfy

that,

min
Omin n

I
0 > m( ng—i—)\(maXTj +f)>,
J€Jo

and

56/ PN/ (Towin N )2 + €

mlnjejoc m;

— 0,

Then as n — oo and n = s3logp, there exists a solution B of problem (2.4)
such that sign(8) = sign(B°) with probability tending to 1.

Remark 4.3. Note that the quantities 7; and d; depend on n. If we set the tun-
ing parameter X < \/solog p/n, then 3. has to be greater than Cyn(3c1+e2—1)/2
for some constants C7 > 0 and 0 < 3¢y + co2 < 1 to ensure the model selection
consistency. Compare to the estimation consistency in Theorem 4.1, we need the
assumption n 7 s% logp. The extra factor of 5(2) s to ensure the consistency of
the sample Fisher information matriz. Note that the theoretical results in this
section requires the assumption that the true graph G is known. If the graph G is
unknown, then a data splitting procedure can be used to first estimate the graph
G and then the graph can be used to estimate the coefficient parameters.

5. Simulation study

In this section, we conduct simulations to compare the performance of the
graphic model-based doubly sparse generalized linear model (GDSGLM) with
other existing penalized methods, such as the Lasso, the ridge regression, the
elastic net (Enet), and the recently proposed method sGLMg [51]. Throughout
the simulation studies, we assume that the covariates are normally distributed
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with zero mean. Different covariance structure are explored and the graph G is
given by the estimated precision matrix. We denote GDSGLM-O and sGLMg-O
as the GDSGLM and sGLMg methods with the knowledge of the true graphs.
We also present the so-called oracle estimation GLM-O by the maximum like-
lihood method based on the true subset of the predictors but not utilizing the
graph structure.

In general, the tuning parameter A, the positive group-specific weight +, and
the mixing parameter £ in (2.4) can be chosen by a cross-validation (CV) pro-
cedure, like [15], but this may be time consuming for high dimensional settings.
Therefore, throughout the simulations, we simplify the cross-validation to select
one tuning parameter A, while setting 7; = d with v = log(2)/{21log(3)}, which
is suggested in [27, 51], and £ = max(7;).

In the simulations, we generate the data from the logistic regression model,
that is y|X ~ Bernoulli {p(X3)} and

_ exp(Xp)
P(XB) = 1+ exp(XB3)’

For each example, our simulated data are divided into three sets such that a
training set, an independent validation set, and an independent test set. All
model fitting is based on training set. As we assume the predictors follow the
multivariate normal distribution, we estimate the graph structure by the graph-
ical Lasso method [9] using the training set, where the tuning parameter for the
graphical lasso is selected by huge.select function in R software. We use the
validation set to select the tuning parameters and use the independent test set
to compare different methods. For each example, we set the dimension p = 100.
We consider two cases of the sample size n: (I) 80/80/500, (IT) 120/120/500,
where ./././ denote the sample sizes of the training sets, the validation sets, and
the independent test sets, respectively. To make comparisons, we consider the
following three different predictor structures in [46] and [51].

Example 1 (block diagonal Q). Let p = 100, so = 15, and 8° = (1,1,...,1,0,
0,...,0)T. We generate the predictors as X; = W; + 0.4¢;, W; ~ N(0,1)
[7/5],1 < j < 15, where [.] is the ceiling function, and X; ~ i.i.d N(0, 1),
5 <100, and ¢; ~iidN(0,1), j =1,2,...,15.

b=
16 <

Example 2 (banded Q). Let p = 100, and B° is the same as in Ezample
1. The predictors have a multivariate normal distribution with zero mean and
covariance ¥ with ¥;; = 0.5/"731 w;; = 1.333, wi; = —0.667 for |i —j| =1 and
w;j s zero otherwise.

Example 3 (sparse Q). Let p = 100, and The predictors have a multivariate
normal distribution with zero mean and covariance ¥ = Q~1, where Q@ = B+61,
B;; =0, B;; ~ 0.5%xBinom(1,0.05), i # j. To ensure that Q’s conditional number
equals p, we choose appropriate §. We standardize 2 so that Q;; = 1. We set
B° = On, where n = (My-esmp)T with m; = 5,0 = 1,2,3,4, for the top four
largest degrees of predictors graph and n; = 0 otherwise.
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As we assume X;s are sub-Gaussian vectors, we consider another simulation
setting with non-Gaussian X;s following a uniform distribution.

Example 4 (block diagonal Q). Let p = 100, and B° is the same as Ezample
1. We generate the predictors as X; = W; + 0.75¢;, W; ~ Uniform[—1,1],i =
[7/5],1 < j <15, where [.] is the ceiling function, and X; ~ i.i.d Uniform[—1, 1],
16 < j < 100, and €; ~ i.i.d Uniform[—1,1], j = 1,2,...,15.

We adopt the following measures to compare the performance of the different
approaches: the estimation consistency by £ distance ||3 — 8°||2; the prediction
misclassification error (P), which is based on a test set; and false positive rate
(FPR) and false negative rate (FNR) for variable selection accuracy. All the
true predictor graphs (defined by 2) in the above three examples are displayed
in Figure 1. We simulate 50 data sets for each example.

Fic 1. True predictor graphs of three simulation examples.

Tables 1 and Table 2 demonstrate the simulation results for the first example.
The results shows that the GDSGLM method has the best performance of the
estimation consistency, the misclassification error, the false positives rates and
the false negatives rates among all the competing methods. The performances of
sGLMg-O and GDSGLM-O are close to those of sSGLMg and GDSGLM because
the estimated graph is very accurate. The performance of GLM-O method is
not very good due to the high correlation among predictors.

TABLE 1
Performance comparison of estimation and prediction for Example 1.

Lo distance Error

Methods €3] (I1) [09) (1)
GLM-O 2.650 (0.104)  2.543 (0.103)  0.091 (0.004) 0.076 (0.003)
LASSO 3.125 (0.025)  2.970 (0.041)  0.128 (0.005)  0.113 (0.005)
Ridge 2.962 (0.034)  2.802 (0.030) 0.152 (0.005) 0.137 (0.004)
Enet 2.803 (0.047)  2.670 (0.042)  0.124 (0.004)  0.107 (0.004)
sGLMg 2.639 (0.051)  2.443 (0.049) 0.115 (0.004)  0.094 (0.004)
sGLMg-O 2.630 (0.051)  2.437 (0.049) 0.114 (0.004)  0.094 (0.004)
GDSGLM 2.069 (0.051)  2.010 (0.049) 0.075 (0.004)  0.069 (0.003)
GDSGLM-O  2.067 (0.051) 2.003 (0.049) 0.074 (0.004) 0.069 (0.003)

Tables 3 and Table 4 show the simulation results for the second example.
The GDSGLM method and the sGLMg method outperform the other non-
graph based methods. Moreover, by adding a ¢; penalty, the proposed GDS-
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TABLE 2
Performance comparison of model selection for Example 1.
FPR FNR
Methods [€9) (I1) [€9) (I1)
GLM-O - - - -
LASSO 0.144 (0.011)  0.215 (0.015)  0.416 (0.028)  0.310 (0.018)
Ridge 0.990 (0.002)  0.990 (0.002)  0.000 (0.000)  0.000 (0.000)
Enet 0.271 (0.017)  0.337 (0.017)  0.083 (0.014)  0.040 (0.012)
sGLMg 0.181 (0.016)  0.117 (0.008)  0.000 (0.000)  0.000 (0.000)
sGLMg-O 0.180 (0.016)  0.115 (0.008)  0.000 (0.000)  0.000 (0.000)
GDSGLM 0.007 (0.003)  0.009 (0.003) 0.000 (0.000)  0.000 (0.000)
GDSGLM-O  0.004 (0.002)  0.003 (0.002) 0.000 (0.000)  0.000 (0.000)
TABLE 3
Performance comparison of estimation and prediction for Example 2.
Lo distance Error
Methods [€)) (I1) [€9)] (1)
GLM-O 2.064 (0.087) 1.719 (0.085)  0.126 (0.005) 0.117 (0.004)
LASSO 2.971 (0.035)  2.556 (0.044) 0.189 (0.005)  0.155 (0.004)
Ridge 2.963 (0.032)  2.736 (0.031)  0.201 (0.006) 0.181 (0.006)
Enet 2.841 (0.041)  2.544 (0.044) 0.178 (0.007)  0.153 (0.005)
sGLMg 2.655 (0.037)  2.374 (0.030)  0.165 (0.007)  0.139 (0.005)
sGLMg-O 2.571 (0.034)  2.306 (0.031) 0.152 (0.006) 0.133 (0.005)
GDSGLM  2.649 (0.036)  2.296 (0.054)  0.155 (0.006)  0.137 (0.004)
GDSGLM-O  2.559 (0.033) 2.202 (0.067) 0.133 (0.005) 0.117 (0.004)
TABLE 4
Performance comparison of model selection for Example 2.
FPR FNR
Methods [€3) (I1) (I) (I1)
GLM-O - - - -
LASSO 0.153 (0.006)  0.192 (0.011)  0.243 (0.012)  0.115 (0.016)
Ridge 0.994 (0.002)  0.992 (0.002)  0.000 (0.000) 0.000 (0.000)
Enet 0.350 (0.015)  0.316 (0.012)  0.073 (0.017)  0.048 (0.011)
sGLMg 0.544 (0.017)  0.501 (0.015)  0.033 (0.006)  0.008 (0.004)
sGLMg-O 0.333 (0.013)  0.389 (0.014)  0.046 (0.010)  0.017 (0.005)
GDSGLM 0.538 (0.015)  0.487 (0.018)  0.033 (0.006)  0.012 (0.005)
GDSGLM-O 0.324 (0.016) 0.307 (0.044) 0.032 (0.009) 0.000 (0.000)

GLM method is better than the sGLMg method and it achieves the smallest
misclassification error and the lowest FPR and FNR.

Tables 5 and 6 display the comparative results for the third example. The re-
sults are consistent with the previous two examples. Compared with the sGLMg
(sGLMg-0O) method, the GDSGLM (GDSGLM-0) method has smaller estima-
tion errors of the 3 and smaller misclassification errors for the prediction due to
the additional ¢; penalty. Particularly, in the estimated predictor graph setting,
GDSGLM method even offers improved performance over sGLMg-O. We notice
that the GDSGLM method has a much smaller FPR with slightly higher FNR
compared to sGLMg. Tables 7 and 8 display the comparative results for the
non-Gaussian example. It is demonstrated that our method still outperforms all
the other methods for this non-Gaussian setting.
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TABLE 5
Performance comparison of estimation and prediction for Example 3.
Lo distance Error
Methods €9 (I1) [€9) (1)
GLM-O 2.622 (0.106)  2.038 (0.113)  0.148 (0.005)  0.135 (0.004)
LASSO 5.623 (0.079) 4.769 (0.116)  0.378 (0.014)  0.266 (0.009)
Ridge 6.048 (0.004)  6.017 (0.005)  0.464 (0.004)  0.462 (0.005)
Enet 5.954 (0.024)  5.677 (0.050)  0.433 (0.010)  0.356 (0.008)
sGLMg 4.296 (0.116)  3.780 (0.129)  0.258 (0.007)  0.189 (0.005)
sGLMg-O 3.987 (0.094) 3.123 (0.116)  0.214 (0.005)  0.149 (0.005)
GDSGLM 3.422 (0.172)  3.108 (0.238)  0.210 (0.005)  0.178 (0.006)
GDSGLM-O  2.735 (0.224)  2.552 (0.296)  0.169 (0.006)  0.152 (0.005)
TABLE 6
Performance comparison of model selection for FExample 3.
FPR FNR
Methods [€3) (I1) [09) (I1)
GLM-O - - - -
LASSO 0.197 (0.030)  0.344 (0.017)  0.654 (0.052)  0.254 (0.039)
Ridge 0.978 (0.004)  0.976 (0.005) 0.032 (0.012) 0.016 (0.009)
Enet 0.175 (0.034)  0.336 (0.036) 0.818 (0.031)  0.472 (0.058)
sGLMg 0.407 (0.024)  0.409 (0.025)  0.005 (0.004)  0.001 (0.001)
sGLMg-O 0.246 (0.035)  0.302 (0.034)  0.000 (0.000)  0.000 (0.000)
GDSGLM 0.291 (0.027)  0.320 (0.034)  0.082 (0.021)  0.048 (0.014)
GDSGLM-O  0.290 (0.024) 0.224 (0.025) 0.009 (0.006) 0.004 (0.004)
TABLE 7
Performance comparison of estimation and prediction for Example 4.
Lo distance Error
Methods €3 (I1) [€9) (1)
GLM-O 3.007 (0.096)  2.595 (0.097)  0.129 (0.003) 0.115 (0.002)
LASSO 2.998 (0.046) 2.661 (0.033) 0.171 (0.004) 0.139 (0.003)
Ridge 3.597 (0.003)  3.586 (0.002)  0.158 (0.003)  0.158 (0.002)
Enet 2.898 (0.036)  2.540 (0.032)  0.169 (0.004)  0.137 (0.003)
sGLMg 2.452 (0.032)  2.150 (0.039) 0.154 (0.004)  0.123 (0.003)
sGLMg-O 2.422 (0.034)  2.153 (0.039)  0.154 (0.004)  0.123 (0.003)
GDSGLM 2.191 (0.038)  1.995 (0.036)  0.127 (0.004) 0.114 (0.003)
GDSGLM-O  2.188 (0.039) 1.990 (0.037) 0.125 (0.003) 0.114 (0.003)

6. Real data example

Human microbiome has received great interest in medical research. The micro-
biome composition has been found to link to many aspects of human health. In
order to understand why only a subset of patients benefit from the immunother-
apy in cancer treatment, Matson et al. [22] conducted studies to find whether
or not some microbiome species are predictors which can be used to classify
metastatic melanoma patients’ response to the immunotherapy. The microbiome
sequencing data (16s sequencing) includes 38 cancer patients with 153 opera-
tional taxonomic units (OTUs). As the dataset is zero-inflated, we first filter
out the variables with more than 50 percent zero samples and combine the
same species. After pre-processing, we obtain 33 microbiome OTUs as the pre-
dictors. The goal of the study is to use the commensal microbial composition
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TABLE 8
Performance comparison of model selection for Example 4.
FPR FNR
Methods [€9) (I1) [€9) (I1)
GLM-O - - - -
LASSO 0.161 (0.007) 0.185 (0.010) 0.315 (0.012) 0.200 (0.012)
Ridge 1.000 (0.000) 1.000 (0.002) 0.000 (0.000) 0.000 (0.000)
Enet 0.202 (0.009) 0.233 (0.009) 0.225 (0.013) 0.137 (0.011)
sGLMg 0.212 (0.010) 0.177 (0.010) 0.004 (0.002) 0.000 (0.000)
sGLMg-O 0.215 (0.009) 0.173 (0.010) 0.000 (0.000) 0.000 (0.000)
GDSGLM 0.029 (0.005) 0.023 (0.005) 0.001 (0.001) 0.000 (0.000)
GDSGLM-O 0.024 (0.005) 0.016 (0.004) 0.001 (0.001) 0.000 (0.000)
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Fia 2. Estimated graph of 33 OTUs features.

to predict the clinical response regarding whether or not the patients will ben-
efit from the immunotherapy. A doubly sparse logistic model incorporating the
graphical structure (2.4) is used to analyze the dataset.

We compare the performance of the GDSGLM method with sGLMg [51],
Lasso, ridge regression, Adaptive Lasso and Elastic net. We normalize the data
set and split the data sets equally into training data and test data. The cross
validation (CV) is used to compare different approaches. We use the graphical
Lasso [9] to estimate the predictor (OTUs) graph G only based on the training
data. Figure 2 shows the estimated graph structure of OTUs feature based on all
the data. The training set is used to build the models and the testing set is used
to measure all the error measures including the percentage of correct classifica-
tions (PCC), the specificity and sensitivity. An inner five-fold CV procedure is
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TABLE 9
Comparison for various methods on the microbiome sequencing dataset.

Methods Specificity Sensitivity PCC
LASSO 0.940 (0.122)  0.037 (0.110) 0.606 (0.112)
ALasso 0.881 (0.180)  0.053 (0.120)  0.576 (0.140)
Ridge 0.973 (0.066)  0.033 (0.095) 0.626 (0.075)
Enet 0.956 (0.093)  0.023 (0.090) 0.605 (0.103)
sGLMg 0.947 (0.083)  0.611 (0.326)  0.828 (0.120)
GDSGLM  0.924 (0.089) 0.775 (0.192)  0.913 (0.087)

used to select the tuning parameters [15]. We conduct the equal-splitting cross
validation process 50 times. Table 9 shows the average misclassification error
of all methods. The GDSGLM method provides the best classification with the
highest PCC and a much higher sensitivity but a relatively lower specificity.
Based on 50 times of two-fold cross validation, we obtain 100 models for each
method. The GDSGLM method selects about 16 OTUs on average. There are
five OTUs selected with more than 75 times by the GDSGLM method. In details,
the feature names are g-Adlercreutzia [33], g-Collinsella [38], g-SM B53 [13],
g-Odoribacter [31], and g_Sutterella [3]. All these five bacteria species have been
shown to influence patients response to immunotherapy in literature. Further
biological experiments are required to check specifically whether these OTUs
are closely related to anti-PD-1 efficacy in patients with metastatic melanoma.

7. Discussion

In this paper, we investigate the doubly sparse penalized estimator for high di-
mensional GLMs using the graphical structure of the predictors. We establish
the tight finite sample bounds for both estimation and prediction. We also es-
tablish the model selection consistency under the ultra-high dimensional setting.
Relevant directions for future work include a generalization of the statistical con-
sistency results to nonconvex regularized M-estimators. Specifically, it would be
interesting to expand the theory to the minimization of nonsmooth hinge loss
function for classification.

In this paper, Assumption 1 assumes that the neighbors of true predictors are
true predictors as well. This assumption is somehow restrictive and it excludes
some common graphs, for example, the chain graphs. A sensitivity study is
discussed in [46], and it is shown that if Assumption 1 is not violated seriously,
the proposed method still has good performance. Here, we propose some future
directions on how to relax this assumption. Let |N; NN | = p* for j € Jy and
k € Jgs. For example, we have p* < 2 for the chain structure. The proof of
Theorem 4.1 needs to be modified by adding a small term §(p*) in the following
equation:

j)
S (T 7
JETS

<33 (T e llo + 1T n g 12) + ENTRE el + 1T 7, 1) + 45(p%),
VIS

2 + 1Tz 12) + €T g I+ 1T 7 1)
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where
K\ (4) (4)
S =Y Tz + Y Tihagllar +11 D Tihnge + D T llse
JE€ETo JjeTS J€Jo JETS
() ©)
1Y Sz + D Snsllor + 1Y Sz + Y Sz llse
J€Jo JETS J€Jo JETS

To extend the results in Theorem 4.1 to more general graphs, one has to control
the additional term &(p*), which warrants future investigation.

Appendix A: Proofs of main theorems

In this section, we provide the proofs of the main theorems stated in the paper.
The proof of Theorem 4.1 begins with the proofs of some technical lemmas. The
following Lemma is quoted from the Lemma 2 in [46].

Lemma A.1. For any predictor graph G and positive weights 71,72, ..., T, and
€, suppose VO VR VP is an optimal decomposition of B € RP, then
for any S C {1,2,...,p}, {VW . j € S} is also an optimal decomposition of

Zjes Vo
A.1. Proof of Theorem 4.1

Proof. We first show that R(3) is a norm and decomposable with respect to
a pair of subspaces (M, M=). By Lemma 3.2 in [36], we note that R(3) > 0
with equality only when 8 = 0. Then for v € R\{0}, we have the positive
homogeneity, i.e., R(uB) = |u/R(B). To demonstrate the triangle inequality,
let the set of vectors VW), j = 1,....p, be a decomposition of the regression
parameter vector 3 and let W), j = 1,...,p, be a decomposition of another
regression parameter vector 6. Then,

(VD + WOy + VD + WO ]

M@

R(B+0) =

<.
I
—

<

E
&)

)+ R(6).

Therefore, R(B) is a norm. If we have vectors 8 € M and 8 € M=, then
B and 6 will have supports that do not overlap. By Assumption 1, it follows
that any optimal decomposition of 3, say V), j = 1,...,p, and any optimal
decomposition of 8, say W) j =1,..., p, will also have supports that do not
overlap. As we have mutually exclusive sets, the triangle inequality will hold
with equality and R(3) is decomposable with respect to the subspaces M and
Mt

Next, we show that the event {\ > 4R*(VL,(8))} holds with a high proba-
bility. Define u to be a p X 1 vector and let uy; be constrained to have support
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matching V), ie., uy;; has non-zero elements k € ;. By the proof of Lemma
3 in [27], its dual norm satisfies

]. ]- V max
R*(u) < max ————|[u —_— max vdil|la .
( ) 7‘7 E + HllIl || N ||2 - E + HllIl _1 H N HOO f + IIIIII || ||OO

In the following, we show that there are universal constants (¢, c¢1,ce) such

that

P(nvcn(ﬁ(’)nm >

For each 1 < 4 < nand 1 < j < p, define the random variable Z;; :=
(V'(XFB°) — y;)Xij. Our goal is to bound max;—; |L 3" | Zi5]. Note that

.....

max —Z%I”IA) (A.1)

j=1

P(Jmax |—ZZ”\ > 5) < P(A°) +P<

o A= { max { ZX }<2]EX2}}

and E[XZ] < w7. As n Z logp, {Xij,j = 1,...,p} are sub-Gaussian, and the
squared X;;s are sub-exponential, there exist universal constants (c1,c2) such
that P(A°) < c¢; exp(—caon). We focus on the second term on the right side of
(A.1). For any t € R, we have

log Elexp(t2;7)| Xi;] = log(exp(tX ;0 (X 8%))) - Elexp(—tX;54:)]
= X0 (X B°) + (b(—tXi; + X' 8%) — b(X[ 8Y)),

where b(+) is the cumulant generating function for the underlying exponential
family. Thus, by a Taylor series expansion, there exists some v; € [0, 1] such
that

X2 T 0 Ct? X2,
log Elexp(t2:;)| Xi;] = ij (X; B —vitXy;) < ij (A.2)

where the inequality is based the boundedness of b”(-). Consequently, condi-
tioned on the event A, the variable % >, Zij is a sub-Gaussian random vari-
able with the parameter less than or equal to x = C'max;—1,... p IE[X%] for each
7 =1,...,p. By a union bound, we have

no?
P(Jm?')i |—ZZ”| >5|A> <pexp< 52 )

Then V£, (8°) € RP is zero-mean sub-Gaussian random vector. By the as-
sumption A(Tmin + §) > ¢y\/dmaxlogp/n for some constant ¢, therefore, we
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have A > 4R*(VL,(3)).

Next, there is an arbitrary optimal decompomtlon of 3% as SM, 5@ @)
and an arbltrary optimal decomposition of B — 3% as TW, T3 . T(p) Then,
by Assumption 1,

18~ B°ler +18lcr — IBlc,-

=3 T0er+ 1Y Tlleqr + 1Y SDlar = 1Bll,r,

J€Jo JETS 7€Jo
18 = B°ls.e + 118°ls,e — 1Bl 5.

set 1Y SDse = 1Blse

j€Jdo JETS Jj€Jo
Furthermore,
Bl =1 Y TV + 3" 79+ 3" §D|ar,
j€Jo JETS j€Jo
> 8D+ 1D~ I Y TDg.r,
j€Jo Jje€Ts Jj€Jo
=1>° e +1 D> T =1 D TDNar,
j€Jo JjETs j€Jo

and similarly,

1Blise =1 Y- SPlse+ 1 Y- TVlse — 11 Y T se.

Jj€Jo jeJs j€Jo
Hence,
18 =Bl + 18l = 1Bler <21 D" TP,
Jj€Jo
18— Bllse+ 11856 — 1Blse <21 Y TV,
Jj€Jo
and
R(B - %) +R(B°) — R(B) < 2<| ST+ Tmlls,g)- (A:3)
Jj€Jo Jj€Jo

Note that J; 0 ={j: ﬂo # 0} be the true support of 3°, and the local optimal

error vector A = 3 — 3° where ,6' is an arbitrary local optimum of (3.1). Let
F(A) = La(B° + A) = £,(8°) + MR(B’ + A) - R(B")},

then the optimal error A= B — 8% must satisfy F (ﬁ) < 0. As the distribution
belongs to exponential family, £,,(3) is a convex and differentiable loss function.



2014 Y. Li et al.

Using the mean value theorem, we have

(VLB +8) = VEL(8), B) = - S (X, 8+ B) — (X, 89)XFA

%Zb”(m, B°) + (X, A)((Xi, A))?,

i=1

where ¢; € [0,1]. From the proof of Proposition 2 in [26] and Theorem 9.36 in

[43], there exist positive constants x; and k2 such that, for all A € RP with
1Al <1,

La(8° 4 )~ £,(8°) ~ VENB)TA > s A3 — 52 BPR2(A)  (A4)
with probability at least 1 — ¢, exp(—con) for some c1, cz > 0. Then
F(R) = La(8° + A) ~ La(8°) + MR(B’ + &) - R(8°)}
> (VEL(E), B) + A - e BERAE) + AR(B° +B) - R(B")}

> (VL(8"), B) + il BIE — 2 BLpR(B) + A(R(8" + B) ~ R(8"))

Applyig the Cauchy-Schwarz inequality to the regularizer R and its dual R*
gives the result that |(VL£,(8°), A)| < R*(VL,(8°))R(A). According to the

assumption p < c’#’:’iz« / togp for some positive d, and A > AR*(VL,(B))

yields |(VL,(8%), A)| < (A/4)R(A), we have

. . A .

0> F(A) > ri]|Alf - 5 R(A) + MR(B® + A) —R(8")}, (A.5)
and

R(B - B°) + 2(R(8°) — R(B)) > 0.
Then, we have
R(B - B°) <2{RB-B°) +R(B°) — R(B)}
<a(l' X Tles +1 E Tlse ).
Jj€Jo Ji€Jo

By Lemma A.1, we have

1Y TPer + 11D TVlse = Y mlITP 2+ Y €T

J€Jo J€Jo J€Jo J€Jo
Then, by definition,

S @ITD 2 + EITDN) <3 (HITD |2 + €179 ).

Jjeds J€Jo
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Note that the optimal decomposition of A must be a decomposition min-
imizing the norm R(:). For the vector A € RP, there exist a decomposition
UU)’s such that the supports of U) do not overlap. Then, for any subset J C
{1,2,...,p} with |J| < sp, and all the optimal decompositions (V1) ... V()
of any vector A, we have

1/2 1/2
P

Y@ AVGEIVOL | < [ Do+ VGOV

JjEJ j=1

TJ + Va6Vl

S

IN

M@ i M@

TV Olz + /€| VIl
1

<.
Il

S

TJIIU 2+ V€UV

<D (G +dOIUY2

M@?M@

<.
Il
Jan

1/2

IN

p
\/E(Tmax + dmaxg) Z ||U(]) ||2
j=1

= \/IE(TmaX + dmax€>||A||2'

From (A.4), we have with probability at least 1 — ¢; exp(—con) for some
C1,Co > O,

En(ﬂo + A) - En(ﬂo) - v‘cn(ﬂO)TA
> 5 Y+ P IVO R — o BERA(8), (A6)

jeJ

for R} = m and %) 2 0.

From (A.5) and (A.6),

F@) 21 Y (5 + 2103~ 2R(E) + MR(B) - R(B)}.

J€Jo

By ]-'(3) < 0, and adding )\R(ﬁ) to both sides of the resulting inequality, we
have

A)+2r1 Y (75 + V4T3
J€Jo

<2\R(B - B°) + R(B°) — R(B))
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< 4A(|| S 0 Y T(j)Hs,E)

VISN[) IS
- 4A(Z AT+ Y fnT@nl)
JE€EJo Jj€Jo
<IN Y (7 4+ VGO ITI
i€Jdo
<AV [T (7 4+ /)2 ||TO) 5,
i€Jdo

where the last inequality follows from for each j € Jo, there is at most K nonzero
TU). Note that 2zy < tz? + y?/t for all t > 0. Then, we have

AR(A) + 250 Y (7 + /€ ITY|I3

Jj€Jo
<ACY2 ST (r 4+ /A2 || T
Jj€Jo
1 2
guﬂx+zz]q+w@@wT®k.
Jj€Jo
By choosing t = ﬁ, we obtain
~ 2\
R(A) < 2L
K

Besides, we have

p
28— 8°l2 =2 ZTO)H2

Jj=1

P P
<Y TP+ 1) TP
j=1 j=1

P P
1 1
<1 mTY e+ 13T ¢l
j=1 J j=1
R(A) 2AK
o Tmin /\E o HZ(Tmin /\6)
Then,
~ AC
1B—8"2 <

R (Tmin A 6
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A.2. Proof of Corollary 4.1
Proof. According to the first order stationary condition in [21],
(VLo (B) + OAR(B), B—B) >0, for all feasible 8 € R”.
Let 8 = 8° in the formula above, then

(VL,(B) — VL,.(B%), B—B°) < (—~OAR(B) — VL.(8), B - 8°)
< MR(B%) = R(B)) + R*(VLA(B")R(A).

Note that Jp = {j : B? # 0} be the true support of 8°. By the condition that
A > 2R*(VL,(8")), we obtain

(VLw(B) = VL(B), B—B°) < MR(Dg,) = R(Ag5)) + FR(A)
3N~ A~
< S R(Az) = SR(AZ)
< %R(ﬁ).
2
Then, substituting the /-2 bound with the result from Theorem 4.1 yields the
desired result. O

First we provide a lemma of the bound of covariance matrices from sub-
Gaussian ensembles quoted from [43].

Lemma A.2. There are universal constants {cj}?zl such that, for any row-

~

wise sub-Gaussian random matric X € R"™*P, the sample covariance ¥ =
LS XX satisfies the bounds

$-%
P(H - 2 > (\/E"i' B) + 5) < ¢ exp(—cznmin{d, (52})
o=t n n

for all 6 > 0.

Proof. The proof can be obtained via a discretization argument in [43]. O

A.3. Proof of Theorem 4.2

Proof. By Proposition 4.1, it is known that ﬂ is a solution if and only if the
estimator B can be decomposed as ,8 Zp V@) where V)’s satisfy the fol-

lowing conditions for all 1 < j < p: (i) V(jc = 0; (i) V(j) =0and ||V, ﬁn(ﬁ)
A ll2 < A7y with [ha | < & (i) Vyy (]) + O and V;, Ly, (’6)+)\ij/£g‘)/”v/%)”2+
Ay, = 0, where for k € Nj either V,f” — 0 and |ViL,(B)] < A, or VI £ 0
and hy, = Esign(V, (3)) Throughout the proof, denote V , En(,@) = X/qf/j (b’(X,B)f
Y)-
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Denote H = {j : HVJ%)HQ # 0}. Then, we have Vmﬁn(B)+A(TjV/$i)/\|VjEé)||2+
§W/(\;7,)) = 0 for each j € H and V/\fjﬁn(f‘}) + )\(TjZ/(\%) + EW/(\;;) = 0 for each
j ¢ H, where Z) and W) are p x 1 random vectors with HZJ(\‘}:”Q <1 and

|W,§j )| <1, k € Nj. As some predictors may reside in more than one neighbor-
hoods, following [46], the estimate needs to satisfy the conditions:

() 70 VNV oW = 7, VI VD |12+ €W for cach ir, iz €
and j € Ny, NNG,;
(ii) 7, VIV N2 + WS = 7, 25" for cach i1 € H, iy ¢ H and j €
Niy NNy
(i) 7, Z;il) =T, Zj(-iQ) for each for each i1,iy ¢ H and j € Nj, NN,
Then, any solution B satisfies the following equation

VLo(B) + A\(f +h) =0, (A7)

where for each 1 < j < p, fj = Tj‘/}(j)/||VJ$é)||2 if j € H and fj — Tij(_j) if
j ¢ H, and h; = ¢sign(V?), if VI £ 0 and by = W with (W] < 1, if
@) _
% De;ir(l)e' events
2 = {187, — B llx < Brin}.
Q= {|fx;ll2 < 75,5 € T5}-
When event Q; occurs, we have sign(j3;) = sign(B)) for each j € Jo. If event

)5 occurs, we obtain ijé)

= 0 for each j € Jy. Furthermore, we know that
VJS/];) = 0 for each j. Then, by Assumption 1, ﬁjoc = Zjejoc V}(J)C) = 0. Thus, it

suffices to show that P(€; NQ2) — 1, which implies P(Sign(B) = sign(8°)) — 1
as n — oo.
Note that if events Q7 and Qs occur, from equation (A.7), we have

Vo Lu(B) + Alf, + ha) =0,
VA Ln(B) + A fx, +hy) =0, j €T
Thus, by a Taylor expansion and Assumption 1, we have
V. £n(B°) + V7, La(B) (B, = Ba,) + Afy + hizy) =0, (A8)

Vi, Ln(8%) + Vi, 2 Ln(B) By, — B,) + Afw, + ) = jeTs,
(A.9)

where 3 7, lies on the line segment joining ,@ 7, and ,6?70. Then, by Assumption
4

BJO - 6]0 = _(V?%JO’CH(B))_l[vjoﬁn(ﬁo) + )‘(fjo + iLJo)]v (A]-O)
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i = =3 (T30 L8 = Vo, £a BT, 0B V. (6

" (V%jjocnw)(vajozn(ﬁ))%0 - m)
+vfz\fjjoﬁn('a>(vgojoﬁn(/a»ilfjo' (A].]_)

By equation (A.10), we obtain

187, — B% llos
< I(VZ 7 £n(B) ! = (VZ 2 L(B) (Vo £n(B°) + Mz + b)) llse
+ ||(Vjojoﬁ(B))fl(Vjoﬁn(ﬁo) + A (f70 + hg))lloo
< V5ol (Vi La(B) ™t = (V72 LB) 21V 7 £ (B) ]l
+ A7 lloo + tholloo)) + 11V 5L (B)loo + Al £ 700 + 17275 ]l00)
3 V50l (VH 7 Ln(B) = (V2 7, £(8) Dl

< (1900008 + A +.))
T \/%(vgoanw%noo T Mmaxr, + 5)),
VISV

where we use the fact that | fj| < 1j and |iLJ| < ¢ for each j in the last inequality.

Because the X;’s are sub-Gaussian and b”(-) is uniformly bounded by as-
sumption, then for any v, w € RP, the expression

_ 1 <& _
vIV2L, (B)w = - Zl VI(XEB)t X - wT X
i—

is the i.i.d. average of the product of sub-Gaussian variables b (XT3)vT X; and
w™ X;. By Lemma A.2, a standard discretization argument of the so-dimensional
unit sphere yields

S0

”vjojo (ﬁ) - vzjojo‘c(B)”Q f-\<J g

with probability at least 1 — ¢; exp(—casg). Moreover, for any invertible matrix
A and B, if ||[A7|||A — B|l2 < 1/2, then ||[A=Y — B71||s = O(||A~Y|||A — B|2-
Therefore, we have

S0

(V500 £n(B) " = (Va7 £(B) M2 S/ —

as well. A similar argument shows that

_ logp
e € (V2.1 £0(B) — T35, LB = {2,222}
0
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with probability at least 1 — ¢1 exp(—cq min{sg, log p}).
Then based on Assumption 3 and 4, y/s%/n — 0. According to the proof

of Theorem 4.1, we have ||V, L, (8")|lec < 10% with probability at least
1 — ¢} exp(—ch logp). Thus,

1B ﬁjoooN£< logp +)\(maXTJ+£)>

Omln n j€Jo

with probability at least 1 — ¢} exp(—c} log p).

Hence, according to the assumption that 89, > &ﬁ < 10%+)\(maxje Jo Tit+

5)) , we have

P(Ql) = P(HBJO ﬂJOHOO < 6m1n) > 1- C/l exp(_cIQ 1ng) — 1. (A12)

Next, by (A.8) and (A.9), we have

750]0(/@.70 _ﬁojo) = - »C (,6 ) )\(fjo + B’JO) — }0
Q70 (B, ~ ﬂjo)=— La(8%) = Mfx, + ha) — Ry,

where Q"% . =V?Z L, (8%, QN 70 = V?\[J_JO/J” (8°) and the remainder R" =
(V2Ln(B) = V2L,(8"))(B — B°). Hence,

. 1 . .
Iy =597 (Q77) (V7 La(B%) + RY,) + QR 7, (@5, 7) " (7o + hizy)

(VA Ln(B%) + Riy) — ha,.

> =

Then, for each j € J,

I fn 12

Tj

1
< 3| @t @) (Tt + 1, )
J

2

B
* ;HQMJO(QJOJO) Yf7 +hay)
J 2

Vo, Ln(B°%) + R,

1 -
— — ||,
i + =l Iy

1 n n —1
= _TjHQNon (Qjojo)

2

2(HVJOE( Oz + 1R, 112)

1 " n _
+ — H Q/\/jjo (Q.]ojo)
Tj
Vd;

)\Tj

YU 7 ll2 + 1hgll2)
2

NI

+ + =l lloo

’ oo J

YV, Ln(8%) + R,
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dA
< Y0 0g, @)™ | VARV LB + 1))
J o]

/d.;
+ L (9, £a (8% o + 1 B3 1)
J

d.
+ (Q%7) 7| vso(max; + &) + Y&
i oo j€Jo Tj
Thus,
||fN l2 _ V4
man < < Qi Q) | VAT (8o + 13 ) e X

Vd;

+ (IV7 La(B%)lloo + | Rl lloo) max

J€TS AT,
JrHan @ Y| max ¥ d;\/S0(maxje 7, 7j +§)
T5 Jo\¢ ToJo o IETS 7
/d
4+ max Jg.
JeJS Tj

By the proof of Theorem 4.1, we have ||V 7, £, (8")|lec < logp with proba-
bility at least 1 — ¢} exp(—c} logp).
Next, we consider the rate of || R"||c,

R" = (VLa(B) = V*La(8))(B - 8°)
= YW XEB) Y (XX XE B - )

for some point B = t,@ + (1 - t)ﬂo. Using the mean value theorem and the
bounded condition of b"”(-) gives

Zb’” XIB)Xi(B - B XX (B - ),

where B lies on the line segment between B and B°. Then, for each 7,

Rj = % STv(XEIB) X8 - 8% XX (B - B8Y).

i=1

Let a; = b (XTB)X;; and d; = (B — B°)TX, X (8 — 8°), we have

1, <« 1
R} = 1Y aidi] < Jalllld].

=1
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By assumption ||alje < M for some constant M > 0, and note that supp(,@) -
Jo, then

1 2 0
~ldll 3t 1B, —Bxl3

1< "
(7 2 xx)
i=1 JoJo 112
S o~
i (Amax(z) + \/ EO) H/@Jo _ﬂojng
’C 2
(o) ()

with probability at least 1 — ¢; exp(—ce min{sp,logp}), where the second in-
equality holds by a standard spectral norm bound on the sample covariance
matrix and the last inequality holds by Theorem 4.1. Therefore,

1B — (L)? (A.13)

A ~ Tmin A 5

Finally, by Assumption 4 and 5, it remains to show that there are universal
constants (c1, ca) such that

P(1Q%¢ 7,(Q%,7,) lloe = 1= ¢/2) < crexp(—camin{so, logp}).  (A.14)

We begin by decomposing the sample matrix as the sum Q&f 72(Q% jo)*l =
T, + T + T3 + T4 where we define

Ty :=Q%e 7,((Q% 7)) = (Qroze) ™) (A.15)
Ty :=(Q%e 7, — Quze20) Q7)1 (A.16)
Ty :=(Q%e 7, — Qs 2)(Q ) ™H = (Qoz0) ™) (A.17)
Ty :=Qge7,(Qz07) - (A.18)

By the incoherence condition 5, we have

[Taljoc <1 —¢.
For T1,
IT1lloe = Q757 (Qro70) ™ (Qiry 70 — Q070 )(Q5075) ™ lloo

<1977 Qi g0) oo Q% 70 — Qiro o lloc (2%, 7)™ Hllso
< s0(1 = O)1Q% 7 — Q77 l211(Q77) "l

s3 1 53 2
<(1-9) fmi(lfo EOCV

with probability at least 1 — ¢; exp(—c280), where the third inequality holds by
Lemma A.2. By Assumption 3, we have ||T1||c < (/6 with probability at least
1 — ¢y exp(—casg). For Ty,

[1T2]lo0 < \/%jﬁel%x e (Qe 7y — Qe 70)(Q070) 2
0
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< \/%maﬁg lef (Qe 7, — Qs 7o)l (Qurzo) ™2

25

with probability at least 1 — ¢; exp(—ce min{sg,log p}), where the third inequal-
ity holds by Lemma A.2. Based on Assumption 3, we have ||T3]|s < /6 with
probability at least 1 — ¢ exp(—ce min{sg, log p}). For T3, a similar argument

shows that,
1 2
1T o sstmax{,/@,\/ﬂ} .
n n

According to Assumption 3, we have || T3]l < (/6 with probability greater than
or equal to 1 — ¢1 exp(—co min{sg, logp}). Combining all the results above, we
conclude that (A.14) holds.

Therefore,

Hf/vj||2< 17(/2 /5010gp Vdj L L [log(p = s0) oV
jegs T T JeJO T; )\ n JeJO T;

max
Vi
(1 a 4/2)\/_0 (Tmin A 5) )\JHEI%}UE Tj
2 .
+ <L> A max \/CTJ

Tmin /\f JjeJs Tj
\/d; V/So(max; P+
+ max J§ +(174/2) 0( g Xjedo Tj 5)
jegs T minje gg Mj

With probability at least 1—c; exp(—ce min{sg, log p}). By the conditions A(7min+

) = c\/dmax logp/n, /so(y/50 maxje 7, m;j V §) = o(min ze m;) and
50/ A (K (rin N E)* €

mlnjejé: mj

we obtain
1 [sologp /4, e Tmin +& _ VSo(mimgg,m VE)
A n jejo T dnlax mlnjej« m; minjejoc m; ’
VSo(maxje g, 75 + §) - VS0(y/S0o maxjec g, m; + &) o
minjejoc mj - Hlinjejoc mj ’
and

2 . 1/2 2
\/%< K ))\max\/@< S A < IC/\g) — 0.

Tmin A € jeds Tj mln]ejoc M \ Tmin
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Therefore,

P(s) = P| max 175 1z < 1) >1-cyexp(—cemin{sg,logp}) — 1. (A.19)
JETS Tj

~

By (A.12) and (A.19), we conclude that P(; N§) — 1 and P(sign(8) =
sign(B8%)) — 1 as n — oo. O

Appendix B: Parallel Dykstra-like proximal algorithm

In this section, we describe the Parallel Dykstra-like proximal algorithm. Fol-
lowing [46], in order to find the proximity operator in step 4 of Algorithm 1, we
combined an alternative method via proximal splitting methods based on Par-
allel Dykstra-like proximal algorithm [5]. Following the proofs of Theorem 1 in
[47], the proxy(g|i4., +18ls.¢)/L (") can be directly derived from proxy g, . /o(")
by soft thresholding. By the Lemma 1 and Lemma 2 in [42], the proximity op-
erator amounts to a projection operator onto the intersection of active groups.
Thus we can use the Parallel Dykstra-like proximal algorithm to find the pro-
jection. From the step 5 in Algorithm 2, the projection first enforces sparsity
within a neighbourhood by performing the element-wise soft thresholding and
then imposes sparsity among the neighbourhoods by performing the group soft
thresholding. Denote 7 = {j : ||ST(h§\2,)\§/L)||2 > A7;/L} as an active set,
where ST(¢, A) = sign(¢)(|t| — A)+ is a soft thresholding and (x) := max{0, z}
is the positive part function. hﬁ\tfz is defined in Algorithm 1. The closed form
solution is given by

P, = Proia eip o, 12) (27))
=Projar, <ST(zj\g?, >\§/L)>
)\Tjwj\’/?

= ek kgl < Am/L)+
J

L(|lwyz ll2 > A7 /L),

where wjv" = ST(zJj\’;jL7 A¢/L). Specifically, we note that the proximate operator
can be solved efficiently when the predictor graph G comprises disconnected
components.
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Algorithm 2 Parallel Dykstra-like proximal algorithm

1: Set ¢g = h®), 200 = zg for j=1,...,|T®|, n=0.
2: repeat
3: for j=1,...,|7T®| do
. Jn . _j.n.,
4: p/\/].c = ZN].C’
Jn : Jrmy.
5 PN = Proja e try -2y (315 )3
| TO pin
6 Tn+1 = Zi:l ‘prr(—t)‘V
7 fori=1,...,|T®| do
g: i Ly 4 26 — plim),
9: n=n+1;

10: until convergence;
11: return x.
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