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Princeton University', Fudan University* and Tecent AI Lab’

We propose a computational framework named iterative local
adaptive majorize-minimization (I-LAMM) to simultaneously control
algorithmic complexity and statistical error when fitting high dimen-
sional models. I-LAMM is a two-stage algorithmic implementation of
the local linear approximation to a family of folded concave penal-
ized quasi-likelihood. The first stage solves a convex program with a
crude precision tolerance to obtain a coarse initial estimator, which
is further refined in the second stage by iteratively solving a sequence
of convex programs with smaller precision tolerances. Theoretically,
we establish a phase transition: the first stage has a sublinear itera-
tion complexity, while the second stage achieves an improved linear
rate of convergence. Though this framework is completely algorith-
mic, it provides solutions with optimal statistical performances and
controlled algorithmic complexity for a large family of nonconvex
optimization problems. The iteration effects on statistical errors are
clearly demonstrated via a contraction property. Our theory relies
on a localized version of the sparse/restricted eigenvalue condition,
which allows us to analyze a large family of loss and penalty func-
tions and provide optimality guarantees under very weak assumptions
(For example, I-LAMM requires much weaker minimal signal strength
than other procedures). Thorough numerical results are provided to
support the obtained theory.

1. Introduction. Modern data acquisitions routinely measure massive
amounts of variables, which can be much larger than the sample size, making
statistical inference an ill-posed problem. For inferential tractability and in-
terpretability, one common approach is to exploit the penalized M-estimator

~

(L.1) B = argmin{L(8) + RA(8) .
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where £(-) is a smooth loss function, Rx(-) is a sparsity-inducing penalty
with a regularization parameter A\. Our framework encompasses the square
loss, logistic loss, Gaussian graphical model negative log-likelihood loss, Hu-
ber loss, and the family of folded concave penalties [9]. Finding optimal sta-
tistical procedures with controlled computational complexity characterizes
the efforts of high-dimensional statistical learning in the last two decades.
This paper makes an important leap toward this grand challenge by propos-
ing a general algorithmic strategy for solving (1.1) even when Ry(3) is
nonconvex.

A popular choice of Ry(8) is the Lasso penalty [25], a convex penalty.
Though a large literature exists on understanding the theory of penalized
M-estimators with convex penalties [8, 4, 26, 22|, it has been well known
[9, 33] that the convex penalties introduce non-negligible estimation bi-
ases. In addition, the algorithmic issues for finding global minimizer are
rarely addressed. To eliminate the estimation bias, a family of folded-concave
penalties was introduced by [9], which includes the smooth clipped absolute
deviation (SCAD) [9], minimax concave penalty (MCP) [29], and capped
{1-penalty [32]. Compared to their convex counterparts, these nonconvex
penalties eliminate the estimation bias and attain more refined statistical
rates of convergence. However, it is more challenging to analyze the theoret-
ical properties of the resulting estimators due to nonconvexity of the penalty
functions. Existing work on nonconvex penalized M-estimators treats the
statistical properties and practical algorithms separately. On one hand, sta-
tistical properties are established for the hypothetical global optimum (or
some local minimum), which is usually unobtainable by any practical algo-
rithm in polynomial time. For example, [9] showed that there exists a local
solution that possesses an oracle property; [15] and [11] showed that the
oracle estimator is a local minimizer with high probability. Later on, [16]
and [30] proved that the global optimum achieves the oracle property under
certain conditions. Nevertheless, none of these paper specifies an algorithm
to find the desired solution. More recently, [20, 22, 1] develop a projected
gradient algorithm with desired statistical guarantees. However, they need
to modify the estimating procedures to include an additional #;-ball con-
straint, ||3]|1 < R, which depends on the unknown true parameter. On the
other hand, practitioners have developed numerous heuristic algorithms for
nonconvex optimization problems, but without theoretical guarantees. One
such example is the coordinate optimization strategy studied in [6] and [13].

So there is a gap between theory and practice: What is actually computed
is not the same as what has been proved. To bridge this gap, we propose
an iterative local adaptive majorize-minimization (I-LAMM) algorithm for
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fitting high dimensional statistical models. Unlike most existing methods,
which are mainly motivated from a statistical perspective and ignore the
computational consideration, -LAMM is both algorithmic and statistical: it
computes an estimator within polynomial time and achieves optimal statis-
tical accuracy for this estimator. In particular, -LAMM obtains estimators
with the strongest statistical guarantees for a wide family of loss functions
under the weakest possible assumptions. Moreover, the statistical properties
are established for the estimators computed exactly by our algorithm, which
is designed to control the cost of computing resources. Compared to existing
works [20, 22, 1], our method does not impose any constraint that depends
on the unknown true parameter.

Inspired by the local linear approximation to the folded concave penalty
[34], we use IL'ILAMM to solve a sequence of convex programs up to a prefixed
optimization precision

(1.2) min {E(ﬁ) +R(AEY @B)}, for £=1,...,T,

where A1 = (AW(|§§Z71)|), el AW(!E&PDD)T, 5(@ is an approximate so-
lution to the fth optimization problem in (1.2), w(-) is a weighting func-
tion, R(-) is a decomposable convex penalty function, and ‘©’ denotes the
Hadamard product. In this paper, we mainly consider R(3) = ||3]1, though
our theory is general. The weighting function corresponds to the derivative
of the folded concave penalty in [9], [34] and [11]. N

In particular, the -LAMM algorithm obtains a crude initial estimator 8(*)
and further solves the optimization problem (1.2) for £>2 with established
algorithmic and statistical properties. This provides theoretical insights on
how fast the algorithm converges and how much computation is needed,
as well as the desired statistical properties of the obtained estimator. The
whole procedure consists of T' convex programs, each only needs to be solved
approximately to control the computational cost. Under mild conditions, we
show that only log(Ay/n) steps are needed to obtain the optimal statistical
rate of convergence. Even though I-LAMM solves approzimately a sequence
of convex programs, the solution enjoys the same optimal statistical property
of the unobtainable global optimum for the folded-concave penalized regres-
sion. The adaptive stopping rule for solving each convex program in (1.2)
allows us to control both computational costs and statistical errors. Figure
1 provides a geometric illustration of the -LAMM procedure. It contains a
contraction stage and a tightening stage as described below.

* Contraction Stage: In this stage (£ = 1), we approximately solve a con-
vex optimization problem (1.2), starting from any initial value B0 and
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Contraction stage

Contraction region

F1G 1. Geometric illustration of the contraction property. The contraction stage produces
an initial estimator, starting from any initial value B that falls in the contraction region
which secures the tightening stage to enjoy optimal statistical and computational rates of
convergence. The tightening stage adaptively refines the contraction estimator till it enters
the optimal region, which is stated in (1.3). Here X is a regularization parameter, s the
number of nonzero coefficients in B3* and n the sample size.

terminate the algorithm as long as the approximate solution enters a de-
sired contraction region which will be characterized in Section 2.3. The
obtained estimator is called the contraction estimator, which is very crude
and only serves as initialization.

« Tightening Stage: This stage involves multiple tightening steps (¢ > 2).
Specifically, we iteratively tighten the contraction estimator by solving
a sequence of convex programs. Each step contracts its initial estimator
towards the true parameter until it reaches the optimal region of con-
vergence. At that region, further iteration does not improve statistical
performance. See Figure 1. More precisely, we will show the following
contraction property

(1.3) HH“>ﬂ*HZ,s\/fw-Hﬁ“—Uﬁ*HQ for £ > 2,

where 3* is the true regression coefficient, 6 € (0,1) a prefixed contrac-
tion parameter and \/5/7 the order of statistical error. Tightening helps
improve the accuracy only when ||3¢=1 — 8|, dominates the statistical
error. The iteration effect is clearly demonstrated. Since BY is only used
to create an adaptive weight for B | we can control the iteration com-
plexity by solving each subproblem in (1.2) approximately. What differs
from the contraction stage is that the initial estimators in the tightening
stage are already in the contraction region, making the optimization algo-
rithm enjoy geometric rate of convergence. This allows us to rapidly solve
(1.2) with small optimization error.

* (Phase Transition in Algorithmic Convergence) In the contraction stage (£ =
1), the optimization problem is not strongly convex and therefore our
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algorithm has only a sublinear convergence rate. Once the solution enters
the contraction region, we will show that the feasible solutions are sparse
and the objective function is essentially ’low’-dimensional and becomes
(restricted) strongly convex and smooth in that region. Therefore, our
algorithm has a linear convergence rate for £>1. Indeed, this holds even
for £ = 1, which admits a sublinear rate until it enters into the contraction
region and enjoys a linear rate of convergence after that. See Figure 2. But
this estimator (for ¢ = 1) is the estimator that corresponds to LASSO
penalty, not folded concave penalty that we are looking for.

Computational Rate for Constant Correlation Design

A
AAADAADAAAANANANAAAA AAAA
AAA
0
-5
—
=
<
™ -10-
|
o)
<
D 154
p—
&
— —A—contraction stage : £ =1
-20— —}— tightening stage : £ = 2
—3— tightening stage: £ =3
tightening stage : £ = 4

.25 >
> T T T T T -

0 50 100 150 200

iteration count

Fic 2. Computational rate of convergence in each stage for the simulation experiment spec-
ified in case 2 in Example 6.1. The x-azis is the iteration count k within the £th subproblem.
The phase transition from sublinear rate to liner rate of algorithmic convergence is clearly
seen once the iterations enter the contraction region. Here B9 is the global minimizer
of the (th optimization problem in (1.2) and B is its kth iteration (see Figure 3). For
{ =1, the initial estimation sequence has sublinear rate and once the solution sequence en-
ters the contraction region, it becomes linear convergent. For £ > 2, the algorithm achieves
linear rate, since all estimators ,B(l’k_l) are in the contraction region.

This paper makes four major contributions. First, I-LAMM offers an algo-
rithmic approach to obtain the optimal estimator with controlled computing
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resources. Second, compared to the existing literature, our method requires
weaker conditions due to a novel localized analysis of sparse learning prob-
lems. Specifically, our method does not need the extra ball constraint as
in [20] and [28], which is an artifact of their proofs. Third, our compu-
tational framework takes the approximate optimization error into analysis
and provides theoretical guarantees for the estimator that is computed by
the algorithm. Fourth, our method provides new theoretical insights about
the adaptive lasso and folded-concave penalized regression. In particular,
we bridge these two methodologies together using a unified framework. See
Section 3.2 for more details.

The rest of this paper proceeds as follows. In Section 2, we introduce
I-LAMM and its implementation. Section 3 is contributed to new insights
into existing methods for high dimensional regression. In Section 4, we intro-
duce both the localized sparse eigenvalue and localized restricted eigenvalue
conditions. Statistical property and computational complexity are then pre-
sented. In Section 5, we outline the key proof strategies. Numerical sim-
ulations are provided to evaluate the proposed method in Section 6. We
conclude by discussions in Section 7. All the proofs are postponed to the
online supplement.

Notation: For u = (u1,us,...,uy)" € RY we define the {,-norm of u by
lully = (Z;l:l lu;|9)1/9, where ¢ € [1,00). Let |[ullmn = min{u; : 1 <
j < d}. For a set S, let |S| denote its cardinality. We define the fp-pseudo
norm of u as ||uljp = [supp(u)|, where supp(u) = {j : u; # 0}. For an
index set Z C {1,...,d}, ur € R? is defined to be the vector whose i-th
entry is equal to u; if i €Z and zero otherwise. Let A = [a; ;] € R¥?. For
q > 1, we define ||A||, as the matrix operator ¢g-norm of A. For index sets
Z,J C {1,...,d}, we define Az 7 € R%*4 to be the matrix whose (i, j)-th
entry is equal to a;; if i€Z and j € J, and zero otherwise. We use sign(z)
to denote the sign of x: sign(z) = z/|z| if x # 0 and sign(x) = 0 otherwise.
For two functionals f(n,d,s) and g(n,d, s), we denote f(n,d,s) 2 g(n,d, s)
if f(n,d,s) > Cg(n,d,s) for a constant C; f(n,d,s) < g(n,d, s) otherwise.

2. Methodology. In this paper, we assume that the loss function £(-) €
Fr, a family of general convex loss functions specified in Appendix A.

2.1. Local Adaptive Majorize-Minimization. Recall that the estimators
are obtained by solving a sequence of convex programs in (1.2). We require
the function w(-) used therein to be taken from the tightening function class
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T, defined as
(2.1) T = {w(.) € M :w(ty) <wl(ts) for all t; >ty > 0,

0<w(t)<1if >0, w(t)=0if t < 0}.

To fix ideas, we take R(8) in (1.1) to be Z;.l:lp)\(\ﬂﬂ), where py () is a
folded concave penalty [9] such as the SCAD or MCP. As discussed in [9],
the penalized likelihood function in (1.1) is folded concave with respect to
B, making it difficult to be maximized. We propose to use the adaptive local
linear approximation (adaptive LLA) to the penalty function [34, 12] and
approximately solve

d
(22)  argmin {£@+ > w08 DIBI}, for 1 <<,
j=1
where Bf‘” is the jth component of B(E*I) and B(O) can be an arbitrary bad
initial value: B(©) = 0, for example. If we assume that w(-) = AIph() €
T, such as the SCAD or MCP, then the adaptive LLA algorithm can be
regarded as a special case of our general formulation (1.2). Note that the
LLA algorithm with /,-penalty (¢ < 1) is not covered by our algorithm since
its derivative is unbounded at the origin and thus A™'p} (-) & 7. The latter
creates a zero-absorbing state: once a component is shrunk to zero, it will
remain zero throughout the remaining iterations, as noted in [10]. Of course,
we can truncate the loss derivative of the loss function to resolve this issue.
We now propose a local adaptive majorize-minimization (LAMM) prin-
cipal, which will be repeatedly called to practically solve the optimization
problem (2.2). We first review the majorize-minimization (MM) algorithm.
To minimize a general function f(3), at a given point B8*), MM majorizes
it by g(8|8™), which satisfies

9(BIB®) > f(B) and g¢(B®|B") = f(B™)

and then compute g*+1) = argming {g(,@\,@(k))} [17, 14]. The objective
value of such an algorithm is non-increasing in each step, since

major.

(2.3)  f(B%D) LT g(Btk+) | g0 "L (3) | gk - p(3(k)).

An inspection of the above arguments shows that the majorization require-
ment is not necessary. It requires only the local property:

(2.4) F(BEF) < g(B%FDIBW) and g(8W|8%)) = f(B®)
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for the inequalities in (2.3) to hold.

Inspired by the above observation, we locally majorize (2.2) at the ¢th
step. It is similar to the iteration steps used in the (proximal) gradient
method [5, 23]. Instead of computing and storing a large Hessian matrix
as in [34], we majorize £(8) in (2.2) at B~ by an isotropic quadratic
function

L)+ (VLED), 8- BV + 218 - BV,

where V is used to denote derivative. By Taylor’s expansion, it suffices to
take ¢ that is no smaller than the largest eigenvalue of VQE(,@(E*D ) More
importantly, the isotropic form also allows a simple analytic solution to the
subsequent majorized optimization problem:

(2.5) argmin{ﬁ(ﬁ@_l)) + <Vﬁ(§(f—1))’lg _ 5(€—1)>

BeRd

d
T IR SN el
7j=1

With A0 = (4 (18], .., ph(1BY V1), it s easy to show that (2.5)

is minimized at
B = Ty ,(BYY) = 8(BYY — o7 tvL(BD), ¢ IAED),

where S(x, A) is the soft-thresholding operator, defined by S(x, A) = (sign(xj)-
max{|z;| — A;,0}). The simplicity of this updating rule is due to the fact
that (2.5) is an unconstrained optimization problem. This is not the case in
[20] and [28]. N

However, finding the value of ¢ > ||[V2L£(B8Y~1)||2 is not an easy task in
computation. To avoid storing and computing the largest eigenvalue of a big
matrix, we now state the LAMM algorithm, thanks to the local requirement
(2.4). The basic idea of LAMM is to start from a very small isotropic pa-
rameter ¢o and then successfully inflate ¢ by a factor v, >1 (say, 2). If the
solution satisfies (2.4), we stop this part of the algorithm, which will make
the target value non-increasing. Since after the kth iteration, ¢ = %’j_lgbo,
there always exists a k such that it is no larger than |[V2£(8~1)||o. In this
manner, the LAMM algorithm will find a smallest iteration to make (2.4)
hold. N

Specifically, our proposed LAMM algorithm to solve (2.5) at 3~1) begins
with ¢ =@, say 1070, iteratively increases ¢ by a factor of 4, > 1 inside the
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Algorithm 1 The LAMM algorithm in the kth iteration of the fth tight-
ening subproblem.

1: Algorithm: {3“F) (P}  LAMMACD, gr=1 g (EE=1)

: Input: A0, gk—1 g pEkE=1)

. Initialize: ¢(“*) «— max{q&ogy;l(zs(f»k*l)}

: Repeat

ﬂ(e,k) - TA(ul)’(b(z,k)(ﬁ(z’k*l))

If F(B4R A1)y > W1 plek) (BER: 3ER=DY then R « ~, R

: Until (B9, A1) < W —1) 4(ek) (B, glk=1)y

: Return {3(“%) (40}

® N D T W

lth step of optimization, and computes

BUD = Ty yow (BEY),  with ¢F) = 4h~1gy, 10 = glE=D),

until the local property (2.4) holds. In our context, LAMM stops when

\Il)\([_l)’(j)(f,k’) (B(f,l)’ I@(f,o)) ZF([@(@,l), )\(E—l))’
where F(8,A¢) = £(8) + 50, A |5| and

Wi gen (B, 8°9) = £(B84) + (vL(BE), 8- g4Y)
k)
* 2

é
18 - BLO3+ 3" AV 51,

Jj=1

Inspired by [23], to accelerate LAMM within the next majorizing step, we
keep track of the sequence {(6F) }g r and set (;5 (k) = max{eg, v 1¢> (h=1)1
with the convention that ¢,9 = qﬁg 1 and d)o = (;50, in which gf)g 1 is the
isotropic parameter corresponding to the solution ﬁ ). This is summarized
in Algorithm 1 with a generic initial value.

The LAMM algorithm solves only one local majorization step. It corre-
sponds to moving one horizontal step in Figure 3. To solve (2.2), we need to
use LAMM iteratively, which we shall call the iterative LAMM (I-LAMM)
algorithm, and compute a sequence of solutions B“*) using the initial value
Bk—1) Figure 3 depicts the schematics of our algorithm: the ¢th row cor-
responds to solving the ¢th subproblem in (2.2) approximately, beginning
by computing the adaptive weight A=), The number of iterations needed
within each row will be discussed in the sequel.

2.2. Stopping Criterion. I-LAMM recognizes that the exact solutions to
(2.2) can never be achieved in practice with algorithmic complexity control.



10 FAN ET AL.

Instead, in the fth optimization subproblem, we compute the approximate
solution, ﬂ , up to an optimization error ¢, the choice of which will be dis-
cussed in next subsection. To calculate this approximate solution, starting
from the initial value 8¢9 = (=1 the algorithm constructs a solution se-
quence {5(£’k)}k:1,27... using the introduced LAMM algorithm. See Figure 3.

We then introduce a stopping criterion for the I-LAMM algorithm. From
optimization theory (Section 5.5 in [5]), we know that any exact solution 3()
to the ¢th subproblem in (2.2) satisfies the first order optimality condition:

26) VLB +AED og =0, for some &€ 0|89, € [-1,1]4,

where 0 is used to indicate the subgradient operator. The set of subgradients
of a function f : R? — R at a point zg, denoted as 0f(zg), is defined as
the collection of vectors, &, such that f(z) — f(xg) > €7 (x — x0), for any z.
Thus, a natural measure for suboptimality of 3 can be defined as

wx#n(ﬁ):gerg'llg” {IVLB) + XA €&l }-

For a prefixed optimization error €, we stop the algorithm within the fth
subproblem when wA(e_l)(ﬁ(é’k)) < e. We call B = Bk an e-optimal
solution. More details can be found in Algorithm 2.

Algorithm 2 I-LAMM algorithm for each subproblem in (2.2).

: Algorithm:{ﬁ(z)} — I-LAMM(A“*)“@(AO))

: Input: ¢9 >0

s for k=0,1,--- until wy - 1>(,@( k)) <edo
{B(Z k) ¢(Z k)} « LAMM(A(Z 1) IB(Z k—1) ¢0)
: end for

: Output: g9 = glt»

I AMM

ﬁ(l 1) L TAMM Ig{‘; 6(1 k1) B(l) kl < 5*2.
IB(2 1) LAMMrAN 6(2 k) ,6(2) ko < < log( )

A(O) : 6(1’0):0
AL, gz

) T ANM

T.ANMM

AT, IO G-I g 1 G ) _ B,k S log(si).
F1Gc 3. Paradigm illustration of I-LAMM. k¢, 1 < £ < T, is the iteration index for the

Lth optimization in (2.2). €. and & are the precision parameters for the contraction and
tightening stage respectively and will be described in Section 2.3 in detail.
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Remark 2.1. The I-LAMM algorithm is an early-stop variant of the ISTA
algorithm to handle general loss functions and nonconvex penalties [2]. The
LAMM principal serves as a novel perspective for the proximal gradient
method.

2.3. Tightening After Contraction. From the computational perspective,
optimization in (2.2) can be categorized into two stages: contraction (¢ =
1) and tightening (2 < ¢ <T). In the contraction stage, we start from an
arbitrary initial value, which can be quite remote from the underlying true
parameter. We take ¢ as e, < A, reflecting the precision needed to bring
the initial solution to a contracting neighborhood of the global minimum.
For instance, in linear model with sub-Gaussian errors, €. can be taken
in the order of /logd/n. This stage aims to find a good initial estimator
5(1) for the subsequent optimization subproblems in the tightening stage.
Recall that s = [|3*||o is the sparsity level. We will show in section 4.3 that
with a properly chosen A, the approximate solution 5(1), produced by the
early stopped I-LAMM algorithm, falls in the region of such good initials
estimators

{B: |8 — B2 < CA/s and B is sparse}.

We call this region the contraction region.

However, the estimator (1) suffers from a suboptimal statistical rate of
convergence which is inferior to the refined one obtained by nonconvex reg-
ularization. A second stage to tighten this coarse contraction estimator into
the optimal region of convergence is needed. This is achieved by the subse-
quent optimization (¢ > 2) and referred to as a tightening stage. Because the
initial estimators are already good and sparse at each iteration of the tight-
ening stage, the [-LAMM algorithm at this stage enjoys geometric rate of
convergence, due to the sparse strong convexity. Therefore, the optimization
error € =¢&4 can be much smaller to simultaneously ensure statistical accuracy
and control computational complexity. To achieve the oracle rate \/3/771: €4
must be no larger than the order of y/1/n. A graphical illustration of the full
algorithm is presented in Figure 3. Theoretical justifications are provided in
Section 4. From this perspective, we shall also call the psuedo-algorithm
in (1.2) or (2.2), combined with LAMM, the tightening after contraction
(TAC) algorithm.

3. New Insights into Existing Methods.

3.1. Connection to One-step Local Linear Approrimation. In the low di-
mensional regime, [34] shows that the one-step LLA algorithm produces
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an oracle estimator if the maximum likelihood estimator (MLE) is used for
initialization. They thus claim that the multi-step LLA is unnecessary. How-
ever, this is not the case in high dimensions, under which an unbiased initial
estimator, such as the MLE, is not available. In this paper, we show that
starting from a possibly arbitrary bad initial value (such as 0), the contrac-
tion stage can produce a sparse coarse estimator. Each tightening step then
refines the estimator from previous step to the optimal region of convergence
by

R
B B0 -8, 5[5+ BN - w2 < o<,

where § € (0,1) is a prefixed contraction parameter. Unlike the one-step
method in [12], the role of iteration is clearly evidenced in (3.1).

An important aspect of our algorithm (2.2) is that we use the solvable
approximate solutions, 3()’s, rather than the exact ones, 3(Y’s. In order to
practically implement (2.2) for a general convex loss function, [34] propose
to locally approximate £(8) by a quadratic function:

(32) L(B)+(VLE?),B-BO)+5(8-B0) " VLBV)(B-BY),

where ,@(0) is a ‘good’ initial estimator of 3* and VQE(B(O)) is the Hessian
evaluated at 8(9). However, in high dimensions, evaluating the d x d Hessian
is not only computationally intensive but also requires a large storage cost.
In addition, the optimization problem (2.2) can not be solved analytically
with approximation (3.2). We resolve these issues by proposing the isotropic
quadratic approximation, see Section 2.

3.2. New Insight into Folded-concave Regularization and Adaptive Lasso.
The adaptive local linear approximation (2.2) provides new insight into
folded-concave regularization and adaptive Lasso. To correct the Lasso’s
estimation bias, folded-concave regularization [9] and its one-step implemen-
tation, adaptive Lasso [33, 34, 12], have drawn much research interest due
to their attractive statistical properties. For a general loss function £(3),
the adaptive Lasso solves

d
By = v {w) Ty w(ﬂinm,j)w},
j=1

where Binit,j is an initial estimator of 3;. We see that the adaptive lasso is a
special case of (2.2) with £=2. Two important open questions for adaptive
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Lasso are to obtain a good enough initial estimator in high dimensions and
to select a suitable tuning parameter A which achieves the optimal statistical
performance. Our solution to the first question is to use the approximate
solution to Lasso with controlled computational complexity, which corre-
sponds to £ = 1 in (2.2). For the choice of A, [7] suggested sequential tuning:
in the first stage, they use cross validation to select the initial tuning pa-
rameter, denoted here by Xinit,cv and the corresponding estimator ,@init; in
the second stage, they again adopt cross validation to select the adaptive
tuning parameter A in the adaptive Lasso. Despite the popularity of such
tuning procedure, there are no theoretical guarantees to support it. As will
be shown later in Theorem 4.2 and Corollary 4.3, our framework produces
optimal solution by only tuning A(®) = A1 in the contraction stage, indicat-
ing that sequential tuning may not be necessary for the adaptive Lasso if
w(-) is chosen from the tightening function class 7.

It is worth noting that a classical weight w(3;) = 1/|3;| for the adaptive
Lasso does not belong to the tightening function class 7. As pointed out
by [10], zero is an absorbing state of the adaptive Lasso with this choice of
weight function. Hence, when the Lasso estimator in the first stage misses
any true positives, it will be missed forever in later stages as well. In con-
trast, the proposed tightening function class 7 overcomes such shortcomings
by restricting the weight function w(-) to be bounded. This phenomenon is
further elaborated via our numerical experiments in Section 6. The mean
square error for the adaptive Lasso can be even worse than the Lasso esti-
mator because the adaptive Lasso may miss true positives in the strongly
correlated design case.

Our framework also reveals interesting connections between the adaptive
Lasso and folded-concave regularization. Specifically, consider the following
folded-concave penalized regression

(3.3) [Ianirb {L’(ﬁ) + R,\(],6'|)}, where R (|8]) is a folded concave penalty.
€R

We assume that Ry (:) is elementwisely decomposable, that is Ry(|8]) =
Eﬁ:l pA(|x|). Under this assumption, using the concave duality, we can
rewrite Ry (|8]) as

(3.4) Ra(18)) = inf {18]"v = R (v) },

where R} (-) is the dual of Ry(:). By the duality theory, we know that the
minimum of (3.4) is achieved at v = VR (|u|)|u=3. We can employ (3.4)
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to reformulate (3.3) as

~

(8,9) = argmin { £(8) + VT8 - R3(v) }.
B,v

The optimization above can then be solved by exploiting the alternating
minimization scheme. In particular, we repeatedly apply the following two
steps:

(1) Optimize over B with v fixed: () = argming {E(B) + (V(f_l))T\M}.
(2) Optimize over v with B fixed. We can obtain closed form solution:
v = VRl 50

This is a special case of (1.2) if we take w(8) = A"V R\(|p|)|u=p and let
¢ grow until convergence. Therefore, with a properly chosen weight function
w(-), our proposed algorithm bridges the adaptive Lasso and folded-concave
penalized regression together under different choices of ¢. In Corollary 4.3,
we will prove that, when ¢ is in the order of log(Ay/n), then the proposed
estimator enjoys the optimal statistical rate ||3() — B*||3 \/s/n, under
mild conditions.

4. Theoretical Results. We establish the optimal statistical rate of
convergence and the computational complexity of the proposed algorithm.
To establish these results in a general framework, we first introduce the lo-
calized versions of the sparse eigenvalue and restricted eigenvalue conditions.

4.1. Localized Eigenvalues and Assumptions. The sparse eigenvalue con-
dition [30] is commonly used in the analysis of sparse learning problems.
However, it is only valid for the least square loss. For a general loss func-
tion, the Hessian matrix depends on the parameter 3 and can become nearly
singular in certain regions. For example, the Hessian matrix of the logistic
loss is

1 1
1+ exp (—X;’F,B) 1 + exp ()(;F,B)7

2 I T,
\4 [’(B)_n;szz

which tends to zero as ||3||2 — oo, no matter what the data are. One of our
key theoretical observations is that: what we really need are the localized
conditions around the true parameters 8*, which we now introduce.

4.1.1. Localized Sparse Eigenvalue.
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Definition 4.1 (Localized Sparse Eigenvalue, LSE). The localized sparse
eigenvalues are defined as

pemr) = sup W V2L(B)m, - sl = 1,171 < m 18 - Bl < r}:
u,

p-(m.r) = inf {WI VLB, : [luslf = L. |J| <m. |8~ B2 < r}.

Both py(m,r) and p_(m,r) depend on the Hessian matrix V2£(83), the
true coefficient 3*, the sparsity level m, and an extra locality parameter r.
They reduce to the commonly-used sparse eigenvalues when V2£(3) does
not change with 3 as in the quadratic loss. The following assumption spec-
ifies the LSE condition in detail. Recall that s=||3*||o.

Assumption 4.1. We say the LSE condition holds if there exist an integer
$ > cs for some constant ¢,  and a constant C such that

0 <ps <p-(25+25,7) <py(2s+25,7) < p* < +oo and
p+(5,7)/p—(2s +25,7) <1+ C5/s.

Assumption 4.1 is standard for linear regression problems and is com-
monly referred to as the sparse eigenvalue condition when r = co. Such
conditions have been employed by [4, 24, 22, 20, 28]. The newly proposd
LSE condition, to the best of our knowledge, is the weakest one in the liter-
ature.

4.1.2. Localized Restricted Figenvalue. In this section, we introduce the
localized version of the restricted eigenvalue condition [4]. This is an alter-
native condition to Assumption 4.1 that allows us to handle general Hessian
matrices that depend on 3, under which the theoretical properties can be
carried out parallelly.

Definition 4.2 (Localized Restricted Eigenvalue, LRE). The localized re-
stricted eigenvalue is defined as

Ky (m,~y,r) = sup {uTVQE(,B)u : (u, B) € C(m,~, r)};
u,3
Kk—(m,~y,r) = inf {uTVQE(,B)u :(u,B) € C(m,~, r)},

u,

where C(m, v,7)={u, 8: 8 C J,[J] < m, [uselly < vluy o, 18— Bz < r}
is a local #; cone.
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Similarly, the localized restricted eigenvalue reduces to the restricted
eigenvalue when V2£(3) does not depend on 3. We say the localized re-
stricted eigenvalue condition holds if there exists m,~,r such that 0 <
Kk—(m,7v,r) < ky(m,v,7) < co. In Appendix B, we give a geometric ex-
planation of the local ¢; cone, C(m,~,r), and the coresponding localized
analysis.

4.2. Statistical Theory. In this section, we provide theoretical analysis of
the proposed estimator under the LSE condition. For completeness, in Ap-
pendix B, we also establish similar results under localized restricted eigen-
value condition. We begin with the contraction stage. Recall that the initial
value B9 is taken as 0 for simplicity. We need the following assumption on
the tightening function.

Assumption 4.2. Assume that w(-) €7 and w(u)>1/2 for u=18p; 16 1\
Here T is the tightening function class defined in (2.1).

Our first result characterizes the statistical convergence rate of the esti-
mator in the contraction stage. The key ideas of the proofs are outlined in
Section 5. Other technical lemmas and details can be found in the online
supplement.

Proposition 4.1 (Statistical Rate in the Contraction Stage). Suppose that
Assumption 4.1 holds. If A, € and r satisfy

(4.1) A([VLB )l +2) <A <rp./(18V/5),
then any e.-optimal solution 5(1) satisfies

1BV — B, < 189, A5 < M.

The result above is a deterministic statement. Its proof is omitted as
it directly follows from Lemma 5.1 with £ =1 and &; there to be S, the
support of the true parameter 8*. The proof of Lemma 5.1 can be found in
Appendix B. In Proposition 4.1, the approximation error ¢., can be taken to
be the order of A< /logd/n in the sub-Gaussian noise case. The contraction
stage ensures that the ¢y estimation error is proportional to Ay/s, which is
identical to the optimal rate of convergence for the Lasso estimator [4, 31].
Our result can be regarded as a generalization of the usual Lasso analysis to
more general losses which satisfy the localized sparse eigenvalue condition.
We are ready to present the main theorem, which demonstrates the effects
of optimization error, shrinkage bias and tightening steps on the statistical
rate.
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Theorem 4.2 (Optimal Statistical Rate). Suppose Assumptions 4.1 and 4.2
hold. Tf 4(||[VL(B")[lo + (et Vee)) < A S 7/4/5, then any e;-optimal solution
BY ., 1>2, satisfies the following d-contraction property

1B = B2 < C(IVLB)sllz + /s + Aw(185] = w)ll2) + 8184 — 87z,

where C is a constant and u = 18p;16~'\. Consequently, there exists a
constant C” such that

opt err tightening effect
N(@) _a* < Cl L * A | C/(SfflA
189 =8|, <C"(IVLB )sllz+eev/s +AIw(B5|—w) 2 ) + 2 Vs
—_—— —_—
oracle rate coefficient effect

The effect of the tightening stage can be clearly seen from the theorem
above: each tightening step induces a d-contraction property, which reduces
the influence of the estimation error from the previous step by a J-fraction.
Therefore, in order to achieve the oracle rate M, we shall carefully choose
the optimization error such that £, S||VL(8*)||2/+/s and make the tighten-
ing iterations ¢ large enough. As a corollary, we give the explicit statistical
rate under the quadratic loss £(8) = (2n) ||y — X3||3. In this case, we take
A < y/n~togd so that the scaling condition (4.1) holds with high proba-
bility. We use sub-Gaussian(0,02) to denote a sub-Gaussian distribution

random variable with mean 0 and variance proxy o2.

Corollary 4.3. Let y;=x; B*+€;, 1 <i<n, be independently and identically
distributed sub-Gaussian random variables with ¢; ~ sub-Gaussian(0, o2).
The columns of X are normalized such that max; || X,;|l2 < /n. Assume
there exists an v > 0 such that [|B%||min > v + yA and w(yA) = 0. Under

Assumptions 4.1 and 4.2, if A < \/n~llogd, & < +/1/n and T = loglogd,
then with probability at least 1—2d~" —2exp{—n2s}, B) must satisfy

18T = 8712 S /s/n,

where 71 and 72 are positive constants.

Corollary 4.3 indicates that I-LAMM can achieve the oracle statistical rate
\/S/in as if the support for the true coeflicients were known in advance. To
achieve such rate, we require e, < y/logd/n and e, <+/1/n. In other words,
we need only a more accurate estimator in the tightening stage rather than
in both stages. This will help us to relax the computational burden, which
will be discussed in detail in Theorem 4.7. Our last result concerns the
oracle property of the obtained estimator B for ¢ large enough, with the
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proof postponed to Appendix B in the online supplement. We first define
the oracle estimator 3° as

B° = argmin L(B).
supp(B)=5

Theorem 4.4 (Strong Oracle Property). Suppose Assumptions 4.1 and 4.2
hold. Assume ||B%|min > u+~vA and w(yA) = 0 for some constant . Let

(VLB llootee V) A S /45 and & < A//5. If [ B° =B [lmax <1 S X,
then for ¢ large enough such that ¢ > log {(14£c/\)+/s}, we have

B =p°.

The theorem above is again a deterministic result. Large probability
bound can be obtained by bounding the probability of the event {4(] VL(B°)] oot
(ecVer)) < A}. The assumption that ||B\o — B*|lmax S A is very mild, because
the oracle estimator only depends on the intrinsic dimension s rather than d.

For instance, under linear model with sub-Gaussian errors, it can be shown
that [|8° — Blmax < y/10og s/n with high probability.

Theorem 4.4 implies that the oracle estimator BQ is a fixed point of the I-
LAMM algorithm, namely, once the initial estimator is BO, the next iteration

produces the same estimator. This is in the same spirit as that proved in
[12].

4.3. Computational Theory. In this section, we analyze the computa-
tional rate for all of our approximate solutions. We start with the following
assumption.

Assumption 4.3. VL(3) is locally p.-Lipschitz continuous, i.e.

(4.2)  |IVL(B1) — VL(B2)||2 < pel|B1 — B2l|2, for B, B2 € Ba(R/2,8%),

where p. is the Lipschitz constant and R< ||3*|[2+A/s.

We then give the explicit iteration complexity of the contraction stage in
the following proposition. Recall the definition of ¢y and 7, in Algorithm
2.1, and p, in Assumption 4.1.

Proposition 4.5 (Sublinear Rate in the Contraction Stage). Assume that As-
sumption 4.1 and 4.3 hold. Let 4(||VL(8")|loc+€c) < A S 7/4/s. To achieve
an approximate local solution E(l) such that wj (o) (5(1)) < g, in the con-
traction stage, we need no more than ((1 + v,)Rp./e.)?> LAMM iterations,
where p. is a constant defined in (4.2).
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The sublinear rate is due to the lack of strong convexity of the loss func-
tion in the contraction stage, because we allow starting with arbitrary bad
initial value, say 0. Once it enters the contracting region (aka, the tighten-
ing stage), the problem becomes sparse strongly convex (see Proposition B.3
in Appendix B), which endows the algorithm a linear rate of convergence.
This is empirically demonstrated in Figure 2. Our next proposition gives a
formal statement on the geometric convergence rate for each subproblem in
the tightening stage.

Proposition 4.6 (Geometric Rate in the Tightening Stage). Suppose that
the same conditions for Theorem 4.2 hold. To obtain an approximate solution
B(Z) satisfying wy -1 (5(6)) < ¢ in each step of the /-th tightening stage
(£ > 2), we need at most C'log(C”\y/s/e) LAMM iterations, where C’ and
C" are two positive constants.

Proposition 4.6 suggests that we only need to conduct a logarithmic num-
ber of LAMM iterations in each tightening step. Simply combining the com-
putational rate in both the contraction and the tightening stages, we manage
to obtain the global computational complexity.

Theorem 4.7. Assume that A\\/s=o(1). Suppose that the same conditions
for Theorem 4.2 hold. To achieve an approximate solution BY such that
Wy (0) (BW) <e. < and (JJA(k—l)(B(k)) <er Sy/1/n for 2<k <T, the total
number of LAMM iterations we need is at most

0’% +O"(T —1)log (l)

o €t
where C" and C” are two positive constants, and T'<log (Ay/n).

Remark 4.8. We complete this section with a remark on the sublinear rate
in the contraction stage. Without further structures, the sublinear rate in the
first stage is the best possible one for the proposed optimization procedure
when A is held fixed. Linear rate can be achieved when we start from a
sufficiently good initial value. Another strategy is to use the path-following
algorithm which is developed in [28], where they gradually reduce the size
of A to ensure the solution sequence to be sparse.

5. Proof Strategy for Main Results. In this section, we present the
proof strategies for the main statistical and computational theorems, with
technical lemmas and other details left in the supplementary material.

5.1. Proof Strategy for Statistical Recovery Result in Section 4.2. Propo-
sition 4.1 indicates that the contraction estimator suffers from a suboptimal
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rate of convergence \/s. The tightening stage helps refine the statistical rate
adaptively. To suppress the noise in the ¢th subproblem, it is necessary to
control min; {] B}-eil)\ 1 J € SC} in high dimensions. For this, we construct an
entropy set & of S in each tightening subproblem to bound the magnitude
of H)\‘(gég_l) Hmin. The entropy set at the fth step is defined as

(5.1) &=5SU {j AT < Aw(u),u = 18571 A o )\}.

Under mild conditions, we will show that || < 2s and H}“(‘:? lmin > Aw(u) >

A/2, which is more precisely stated in the following lemma.

Lemma 5.1. Suppose that Assumption 4.1 and 4.2 hold. If 4(||VL(8") || oo +
g Vee) < X< r/y/s, we must have |£| <2s, and the e-optimal solution (%)
satisfies

HB’(@) B ﬁ*Hz < 12p;1<H)\gfl)H2 + Hvﬁ(ﬁ*)&HQ +e \Se\)
< 1897 A5 S M.

Lemma 5.1 bounds HB(@ — ,[3*”2 in terms of H)\gfl)HT which is further
upper bounded by the order of \y/s. The rate \y/s coincides with the con-
vergence rate of the contraction estimator. Later, we will exploit this re-
sult in our localized analysis to secure that all the approximate solutions

{B(Z)}gzl _p fall in a local fo-ball centered at B* with radius r 2 AV/s.

The next lemma further bounds H)\g_l)Hz using functionals of ,5((_1),
which connects the adaptive regularization parameter to the estimator from
previous steps.

Lemma 5.2. Assume we 7. Let /\y*l) :)\W(|BJ](»£71)|) for B then for
any norm || - ||+, we have

H)‘g_l)H* < )‘HW(’/BEI - U)H* + )\u—lugg _ Bgf—l)H

where w(|8%] —u)= (W(|B]*\ — u))jeS'

Lemma 5.2 bounds the tightening weight A=) in the ¢th subproblem
by two terms. The first term describes the coefficient effects: when the co-
efficients are large enough (in absolute value) such that ||8*||min > u + YA
and w(yA)=0, it becomes 0. The second term concerns the estimation error
of the estimator from previous step. Combing the above two lemmas, we
prove that B benefits from the tightening stage and possesses a refined
statistical rate of convergence. The proof of Corollary 4.3 is left in Appendix
B in the online supplement.

*7



LOCAL ADAPTIVE MAJORIZE-MINIMIZATION 21

PROOF OF THEOREM 4.2. Applying Lemma 5.1, we obtain the size of
the entropy set & (see definition in (5.1) ) is bounded by 2s and

(5.2) HBM)_IB*H2501(H)‘g_l)HQ"'HVﬁ 5@”2""&\/@) SAVs,
where C1 = 12p; . Using Lemma 5.2 yields that
I35l < Allw(1851 = wl, + X[ (B = 875,

Plugging the inequality above into (5.2) obtains us that

(5:3) |89 - B [,<Cr (IVEB e, |, +e VIS w1851~ w)],)
1
+C1>\U_IH 3U=1 _

sl

We now simplify the inequality above by providing an upper bound for term
I. Decomposing the support set & into S and &\ S and applying the triangle
inequality along with the Holder inequality, we have

(5-4) L< VLB )sll2 +&v/s + (IVLBT) oo + €0) VE/S.

Following the proof of Lemma 5.1 in Appendix B, 1/|&; \ S| can be bounded
by

HB&\S [ 5/u < Hﬁ (=0 — B*||,/u, where u= 18" 7167 A o A

Therefore, (5.4) can be simplified to

1< [V2(8")s ], + /3 + ]| 3D - 7],

which, combining with (5.3), yields the contraction property with 4. Conse-
quently, we obtain

189 =871, < CIVLB el +2ev/s+ A [ws (1851 = w)ll,) +3 B = 87l
< C(|[VLB)e, ||, +eev/s + A|ws (185 — w)]],) + C3“ AV,

where C'= C1/(1—0) and the last inequality follows from Proposition 4.1.
The proof is completed. O
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5.2. Proof Strategy for Computational Result in Section 4.3. In this sec-
tion, we present the sketch for the proofs of the results in Section 4.3. We
start with the contraction stage. The next lemma shows that the contrac-
tion stage enjoys a sublinear rate of convergence. The proof can be found in
Appendix C.

Lemma 5.3. Recall that F/(3,X) = L(8) + 2?21 Aj|B;]. We have

F(BP, A0 _ P, A0) < ;ZL;H[;(LO) _ A2,

The result above suggests that the optimization error decreases to zero
at the rate of 1/k, while Proposition 4.1 indicates that the best statistical
rate for the contraction stage is only in the order of \y/s. Therefore, one
can early stop the LAMM iterations in the contraction stage as soon as it
enters the contraction region {3 : ||8—8*|2 < CAy/s, B is sparse}. It is this
lemma that helps characterize the iteration complexity in terms of the total
number of LAMM updates needed in the contraction stage, see Proposition
4.5.

To utilize the localized sparse eigenvalue condition in the tightening stage,
we need the following proposition which characterizes the sparsity of all the
approximate solutions produced by the contraction stage.

Lemma 5.4. Assume that Assumption 4.1 holds. If 4(||VL(8)|lco+¢c) <
ASr/+/s, then B in the contraction stage is s + 3 sparse. In particular,
we have H(,B(l))sc 0 <3

__ Together with Proposition 4.1, it ensures that the contraction estimator
BW falls in the contraction region {ﬂ S |IB—B*]l2 < CA\y/s and B3 is sparse}.
This makes the localized sparse eigenvalue condition useful and thus makes
the geometric rate of convergence possible.

Lemma 5.5 (Geometric Rate in the Tightening Stage). Under the same con-
ditions for Theorem 4.2, for any ¢ > 2, {ﬁ(“)} converges geometrically,

F(ﬁ(&k)a )\(ﬁ—l)) _F(B(Z), )\(5—1))

< (1_ 471 H)k{p(g(w)’ Ay g (3O, )\(5—1))}'

The above result suggests that each subproblem in the tightening stage en-
joys a geometric rate of convergence, which is the fastest possible rate among
all first-order optimization methods under the blackbox model. Lemma 5.5
can be used to obtain the computational complexity analysis of each single
step of the tightening stage, i.e., Proposition 4.6.
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6. Numerical Examples. In this section, we evaluate the statistical
performance of the proposed framework through several numerical experi-
ments. We consider the following three examples.

Example 6.1 (Linear Regression). In the first example, continuous responses
were generated according to the model

(6.1) yi = X} B* + ¢, where 8* = (5,3,0,0,-2,0,...,0)T,
d—5

and n = 100. Moreover, in model (6.1), {x; };c|, are generated from N (0, X)
distribution with covariance matrix 3, which is independent of ¢; ~ N(0, 1).
We take ¥ as a correlation matrix 3 = (p;;) as follows.

e Case 1: independent correlation design with (p;;) = diag(1,--- ,1);

e Case 2: constant correlation design with p;; = 0.75 if ¢ # j; pijj = 1,
otherwise;

e Case 3: autoregressive correlation design with p;; = 0.95/=1l,

Example 6.2 (Logistic Regression). In the second example, independent
observations with binary responses are generated according to the model

exp{x; 3"}
1+ exp{x; 3*}

where 3% and {X;};c[ are generated in the same manner as in the case 1
of Example 6.1.

Py = 1]x;) = =1,...,n,

Example 6.3 (Varying Dimensions and Sample Sizes). In this example, we
continue Example 6.1 with varying dimensions and sample sizes. Specifically,
we consider linear regression under autoregressive correlation design with
pij = 0.901“~7! with d varying from 1000 to 3500 and n varying from 100 to
500.

In the first two cases, we fix the sample size n at 100 and consider d =
1000. We investigate the sparsity recovery and estimation properties of the
I-LAMM (or TAC) estimator via numerical simulations. We compared the
I-LAMM estimator with the following methods: the oracle estimator which
assumes the availability of the active set S; the refitted Lasso (Refit) which
uses a post least square refit on the selected set from Lasso; the adaptive
Lasso (ALasso) estimator with weight function w(8;) = 1/|8;| proposed
by [33]; the smoothly clipped absolute deviation (SCAD) estimator [9] with
a = 3.7; and the minimax concave penalty (MCP) estimator with a = 3 [29].
For I-.LAMM, we used the 3-fold cross-validation to select the constant ¢ €
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TABLE 1
The median of MSE, TP, FP, Time in seconds under the Case 1, Case 2 and Case 3 for
linear regression in Bxample 6.1 and logistic regression in Example 6.2.

| MSE TP  FP Time| MSE TP  FP Time

Linear\Case 1 Linear\Case 2
I-LAMM 0.0285  3.00 0.00 0.17 | 0.0659 3.00 0.00 0.19
Lasso 0.3114 3.00 17.00 0.02 | 1.3709 3.00 16.00 0.04
Refit 0.5585 3.00 17.00 0.02 | 2.1573 3.00 16.00 0.04
ALasso 0.4616 3.00 15.00 0.06 | 1.6077 3.00 13.00 0.08
SCAD 0.0397  3.00 0.00 0.21 | 0.0695 3.00 0.00 0.23
MCP 0.0344 3.00 0.00 0.17 | 0.0706 3.00 0.00 0.22
Oralcle 0.0258  3.00 0.00 - 0.0565  3.00 0.00 -

Linear\Case 3 Logistic
I-LAMM 0.2819  3.00 3.00 0.22 8.94 3.00 0.00 0.20
Lasso 5.8061 2.00 20.00 0.03 26.92 3.00 20.00 0.03
Refit 2.6354 2.00 20.00 0.03 26.85 3.00 20.00 0.03
ALasso 4.4242 2.00 12.00 0.06 8.28 3.00 7.00 0.05
SCAD 14.8680  2.00 5.00 0.25 9.48 3.00 12.00 0.21
MCP 14.9381 1.00 1.00 0.18 11.84 3.00 3.00 0.22
Oralcle 0.1661  3.00 0.00 - 3.32 3.00 0.00 -

0.5x{1,2,...,20} in the tuning parameter A=cy/logd/n in the contraction
stage, with regularization parameters updated automatically at later steps.
We further took 7, =2, e, =+/logd/n and &, =+/1/n. For Lasso, we used
the I-LAMM algorithm; for ALasso, sequential tuning in [7] was used: we
employed 3-fold cross validation in each step with I-LAMM algorithm used;
and the SCAD and MCP estimators were computed using the R package
ncvreg and 3-fold cross-validation was used for tuning parameter selection.

For each simulation setting, we generated 100 simulated datasets and ap-
plied different estimators to each dataset. We report different statistics for
each estimator in Table 1. To measure the sparsity recovery performance,
we calculated the median of the number of zero coefficients incorrectly esti-
mated to be nonzero (i.e. false positive, denoted as FP), the median of the
number of nonzero coefficients correctly estimated to be nonzero (i.e. true
positive, denoted by TP). To measure the estimation accuracy, we calculated
the median of mean squared error (MSE). To evaluate the computational
efficiency, we gave the median of time (in seconds) used to produce the final
estimator for different methods. Note that the computational time provided
here is merely for a reference. They depend on optimization errors and im-
plementation.

We have several important observations. First, it is not surprising that
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Fi1G 4. The median of MSE with varying dimensions and sample sizes in Example 6.3.

Lasso tends to overfit. Other procedures improve the performance of Lasso
by reducing the estimation bias and the false positive rate. The best overall
performance is achieved by the -LAMM estimator with small MSE and
FP in all cases. The MCP and SCAD estimators also have overall good
performance in the logistic regression model, case 1 and case 2 of the linear
regression model. However, all of MCP, SCAD and ALasso breaks down by
missing true positives in case 3, where the design matrix exhibits a strong
correlation between features, while -LAMM remains the best followed by
the Lasso estimator. This suggests the superiority of I-LAMM over other
nonconvex penalized regression methods under strongly correlated designs.
The MSE of the I-LAMM estimator keeps flat when the dimension d varies,
which justifies the oracle rate y/s/n. SCAD and MCP have competitive
performance when the dimension is relatively small, but they quickly break
down when the dimension gets larger. This is possibly due to the numerical
instability for directly solving nonconvex systems. This phenomenon is also
observed in [28]. When the sample size is increasing, the performances of
I-LAMM, SCAD and MCP are almost identical to each other while other
convex methods suffer from slightly worse performance.
In addition, to demonstrate the phase transition phenomenon, in Figure
2, we plot the log estimation error verses the number of iterations for each
tightening step for case 2 in Example 6.1. Indeed, the contraction stage
suffers a sublinear rate of convergence before getting into the contracting
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region and enjoys a geometric rate afterwards, while the tightening stage
has a geometric rate of convergence. These are in line with our asymptotic
theory.

7. Conclusions and Discussions. We propose a computational frame-
work, LILAMM (or TAC), for simultaneous control of algorithmic complex-
ity and statistical error when fitting high dimensional models. Even though
I-LAMM only solves a sequence of convex programs approximately, the solu-
tion enjoys the same optimal statistical property of the unobtainable global
optimum for the folded-concave penalized regression. Our theoretical treat-
ment relies on a novel localized analysis which avoids the parameter bound
contraint, such as ||8]|1 < R, used in all other recent works. Statistically, a
d-contraction property is established: each convex program contracts the pre-
vious estimator by a J-fraction until the optimal statistical error is reached.
Computationally, a phase transition in algorithmic convergence is estab-
lished. The contraction stage enjoys only a sublinear rate of convergence
while the tightening stage converges geometrically fast.

Recently, [22] proposed the restricted eigenvalue condition for unified M-
estimators. [18] leveraged this condition, which is more related to our local-
ized conditions. However, there are two major differences. First, their local
parameter r is fixed at a constant independent of n, d, s, while we allow it to
go to 0 as long as r 2 /slogd/n. Second, their high dimensional regression
problem relies on the ¢; ball constraint ||3||; < R, while our newly developed
localized analysis, together with the localized conditions, removes such type
of constraint. In [21], the authors only consider the solutions in a local cone,
which makes their analysis much simpler than ours. In this paper, we pro-
vide a stronger result: with high probability, all local solutions must fall in a
local sparse (or £1) cone and thus makes the localized eigenvalue conditions
applicable.

More recently, [27] proposed a two-step approach named calibrated CCCP
which achieve strong oracle properties when using the Lasso estimator as ini-
tialization. Our work differs from theirs in two aspects. First, their work aims
at analyzing the least square loss while our analysis handles much broader
families of loss functions. Second, their procedure attains an oracle rate but
requires the minimum signal strength to be in the order of sy/logd/n. Such
a requirement is suboptimal. In contrast, our results requires only y/logd/n.
This weakened assumption on minimum signal strength also distinguishes I-
LAMM from other convex procedures, such as least squares refit after model
selection [3]. In [27], the authors also proposed a high dimensional BIC crite-
rion for variable selection and finding the oracle estimator along the solution
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path. We believe such a criterion can also be applied to our framework under
general conditions. In further studies, [20], [19] and [28] study the theoret-
ical properties of nonconvex penalized M-estimators. Specifically, [20] and
[19] provide conditions under which all the local optima obtained by an ¢;-
ball constrained optimization enjoys desired statistical rates. [28] propose
a path-following strategy to obtain optimal computational and statistical
rates of convergence, which also relies an extra ball constraint.

Our work differs from the aforementioned literature at least in three as-
pects:

(1) Our theory exploits new notion of localized analysis, which is not avail-
able in [20], [19] and [28]. Such analysis allows us to eliminate the extra
ball constraints in previous work, which introduce more tuning effort
and are intuitively redundant given the penalty function.

(2) Our statistical results tolerate explicit computational precisions and
are valid for all obtained approximate solutions, while the analysis in
[20] only targets on the exact local solutions. Moreover, our compu-
tational result does not rely on the path-following type strategy as in
[28] and is valid for any algorithm with desired statistical properties
as basic building blocks within each of the tightening steps.

(3) We provide a refined oracle statistical rate \/3/771 for the obtained ap-
proximation solution, while [20] and [28] do not provide such a result.
[20] provide a statistical rate which is also achievable using the convex
Lasso penalty. [28] only prove the oracle rate for exact local solutions.

Our work can be applied to many different topics: low rank matrix com-
pletion problems, high dimensional graphical models, quantile regression
and many others. We conjecture that in all of the aforementioned topics,
I-LAMM can give faster rate by approximately solving a sequence of con-
vex programs, with controlled computing resources. It is also interesting
to see how our algorithm works in large-scale distributed systems. Is there
any fundamental tradeoffs between statistical efficiency, communication and
time complexity? We leave these as future research projects.

Supplementary Material. The supplementary material contains proofs
for Corollary 4.3, Theorem 4.4, Proposition 4.5, Proposition 4.6 and Theo-
rem 4.7 in Section 4. It collects proofs of the lemmas presented in Section
5. An application to robust linear regression is given in Appendix D. Other
technical lemmas are collected in Appendices E and F.
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Supplementary Material to
“I-LAMM: Simultaneous Control of
Algorithmic Complexity and Statistical Error”

BY Jianging Fan Han Liu Qiang Sun Tong Zhang
The supplementary material contains proofs for Corollary 4.3, Theorem
4.4, Proposition 4.5, Proposition 4.6 and Theorem 4.7 in Section 4. It collects
the proofs of the key lemmas presented in Section 5. An application to
robust linear regression is given in Appendix D. Other technical lemmas are
collected in Appendices E and F.

APPENDIX A: GENERAL CONVEX LOSS FUNCTIONS

We request the convex loss £ to have continuous first order derivative. In
addition, we request it to be locally twice differentiable almost everywhere.
Specifically, we consider the following family of loss functions

Fr= {E : L is convex, VL is continuous and differentiable in Ba(r, ,B*)},

where 3 is any vector in R and 7 > Ay/s. This family includes many inter-
esting loss functions. Some examples are given as below:

e Logistic Loss: Let {(x;,¥i)}ic[n) be n observed data points of (X,y),
where X is a d-dimensional covariate and y; € {—1,+1}. The logistic loss
is given in the form

£(®) =3 {log (1 + exp(—yix?B) .

i=1

where n is the sample size.
e Huber Loss: In the robust linear regression, the Huber loss takes the
form

L(B)=n""! Zn: {ﬂa(yi - X;Fﬂ)},
=1

where £, (7) = 2a~ x| — a=2 when |z| > a~! and £,(x) = 2? otherwise.

e Gaussian Graphical Model Loss: Let ® = X! be the precision ma-
trix and & be the sample covariance matrix. The negative log-likelihood
loss of Gaussian graphical model is

L(©) = tr(£0) — log det(O).
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We note that the Huber loss is convex and has continuous first-order deriva-
tive. In addition, its second derivative exists in a neighborhood of 3*. There-
fore it belongs to the family of loss functions defined above. Other loss func-
tions include the least square loss and locally twice differentiable convex
composite likelihood loss.

We remark here that, the loss functions analyzed in our paper can be
nonconvex. If £(3) is nonconvex, we can decompose it as £(3) = L(8) +
H(B) such that £(B) is the convex part and H(B) is the concave part. We
then write the objective function as F(8) = L(8)+R\(8) such that R(8) =
H(B) + R(B) and treat R(3) as our new regularizer. If the corresponding
weight function w(-) satisfies Assumption 4.1, our theory shall go through
without any problems. A similar technique is exploited in [28].

APPENDIX B: PROOFS OF STATISTICAL THEORY

B.1. Statistical Theory under LSE Condition. In this section, we
collect the proofs for Corollary 4.3 and Theorem 4.4. We give proofs for the
key technical lemmas in Section 5.1, which are used to prove theorem 4.2.
Other technical lemmas are postponed to later sections. We then establish
parallel results under the localized restricted eigenvalue condition.

B.1.1. Proofs of Main Results. In this section, we first prove Corollary
4.3 and then give the proof of Theorem 4.4.

PROOF OF COROLLARY 4.3. We start by bounding P(||VL(3*)|lcc > A/8),
where VL(8*) =n"1X"T(y—X3*). For A >cy/log d/n, using the union bound,

we obtain

P(IVL(B) e 2 A/8) < B(n "X (y = XB") 0 2 8 c/log d/n)
P(l/n[Xde > 8_10\/m).

M=

(B.1) <

7j=1

Let v; = X]Te. Since ¢; is sub-Gaussian(0, 02) for i = 1,...,n, we obtain

E(exp{tovj} + exp{—tovj}) < 2exp {nQ\\X*j]\202tg/2},

which implies P(|v;| > t) exp{tot} < 2exp {n~%||X,;||*0?t5/2}. Taking to =
t(n™%|X.;]|302) 7! yields that

t2
P(|v;| > 1) < 2exp{ - }
’ 207X, [3/n?
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Further taking ¢ = A/8 in the bound above and plugging it into (B.1) results

* (c/8)*logd —c? /(12802
P(IVE(B")ll 2 A/5) <2desp - <o~ /03
( ) 207 max, { [ X 3/}
Define the event J; = {||V£(ﬂ*)”oo < )\/8}. Then with probability at least

1 —2d~"™ where n = ¢*/(1280?), we have ||[V2L(8%)[s < A/8.
It remains to show the oracle rate holds. Applying Theorem 4.2, we have

(B2) (1B~ 2<C(IVLB sl ery/sHAIw(185 —u) )+ C8 A,
I II 111

w([85] —u) < W([|B8[lminls —u) < (W(yA),...,w(yA)" = 0.

This implies IT=0. For I1I, because ¢ > |log \v/n(log 1/8)~1 | +2 = log \/n,
we obtain

For I, e4y/s < y/s/n since ¢, < y/1/n. Because [|3*||min > u + ¥\, we have

I = C§ T Ay/s < Cslos /0 ey /o — ¢\ /s /n.
Plugging the bounds of I, IT and IIT back into (B.2), we have
189 = 8"l < CIIVL(B)sl2 + C/5/n.
It remains to bound [|[VL(3*)g||2. For the quadratic loss,
VL(8)s = n ' XYsly - X8) = n ' X se.

Taking v =€, A = n_lX*SX;FS and t = Ee" A€ in the Hanson-Wright in-
equality (Lemma F.3) yields that

EeTAe (EETA6)2
P ]eTAe—EeTAe\>EeTAe §2exp[—Chmin{ ) H
( ) AT oA TAT:
so? s20t
B. <2 - ]
(B3) <2ew| ~Cumin {3 T )

max

where C}, is a universal constant that does not depend on n, d, s; and EeT Ae =

so? using the expectation of a quadratic form. Note that the non-zero sin-

gular values of XISX*S and X*SX;FS are the same and p_(s,r) is bounded
above by p*, we have

= p-‘r(S?T) < p*v

1
Al = Hx X7,
2

*
n

1
- [xtxes

2
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which, together with (B.3), results that
P(!(—:TAG—EGTAd > IEETA6> <2exp{—Cj} s},

where C; = C,min{1/p*,1/(p*)?}.

Define Pg to be the projection matrix into the column space of X,g.
Since PsX,s5 = X,s, we obtain that e’ Ae = (Pgse)TA(Pge). Thus we
have Ee" A€ < Apax(A)||Pge||3. Further define the event set Jo = {|e" Ae—
Ee"Ae| < EeT Ae}. Then with probability at least P(J2) > 1—2exp{—C} s},

1 2 2
IVL(B")sll2 = \/neTAe < \/n]EeTAe < \/np*]E[HPgeH%]
= \/2p*c\/s/n < \/2p*oy/s/n.

Define J = J1 N Jo. Then, in the event 7, we have

HB(E) — B2 < C(\/2p*o + 1)\/s/n x \/8/n,

where P(J) > 1 — P(J1) — P(J2). In other words, the above bound holds
with probability at least 1 —2d~" — 2 exp{—mn2s}, in which 7; = ¢?/(1280?)
and ny = C},. O

We then give the proof for the oracle property under the LSE condition.
Similar result holds under the LRE condition.

PROOF OF THEOREM 4.4. Let us define S® = {j : |§(Z) - Bil > u},

where u is defined in Assumption 4.2. We have S = {(4, 5) : 85| > u} = S.
We need several lemmas. Our first lemma bounds the discrepancy between
BY and 3°. The proof is similar to that of Lemma B.7.

Lemma B.1. Suppose Assumption 4.1 and 4.2 hold. Let C' = 12/p,. If
A(IVL(B)||co + €c Ver) <X < r/y/s, we must have |Ey| <2s, and for £ > 2,

the e-optimal solution B¢) must satisfy
1B = Bll2 < € (1A o +eev/1E )

Our second lemma connects A=) to B(kl). The proof follows a similar
argument used in the proof of Lemma 5.2 and thus is omitted.

Lemma B.2. We have

MV, < Alw(IBs1-w) |, + A { €S < 1BV =il =z u} |2 42/ &\ 8.
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Combining the two above lemmas together and using the definition of
SO we obtain

16952, =C{ Alw(851—w)|, 42/ [ 11 8|+ 0/ [€0 \ 8|+ v}
N— ~—_———

1 II

Since ||Bs|lmin > u + aX and w(a)) = 0, we have I = X|w(|B%| — u)||2 = 0.
For any j € & \ S, we must have )\55_1) < Aw(u), and thus |§§-€_1)‘ =
| Bj(e_l) — B;;| = u since 87 = 0 for j € 5° This implies &\ 5 € SV \ S,
or equivalently IT < )\\/m . Therefore, for ¢ > 2, we have

Ba) (|80, <[5V N 8|42/ |SED N\ S|+ e/}

<c{a/2 s+ ev/[Ed }

On the other hand, since HB\O — B lmax < mn <67 1p7 1A, j € SO implies
that

B 3212189 - B~ B — 8| > u—0" o A 12v/26 oA

We then bound 1/[S®)] in terms of ||3¢) — ,@OHQ:

30 Ao
) H'B B Hz (e—1) et/'s
VIS0 < pp— < 3y/[SED| + 6=

Doing induction on ¢ and using the fact that S = S, we obtain

d ews
V180 < ¢ (EeV/s ¢
SO <6°s+4 T

Thus, for ¢ large enough such that ¢ > log {(1 + ec/\)y/s} and &; small
enough such that e, < A/4/s, we must have the right hand side of the above
inequality is small than 1, which implies that

S = & and thus E(Z) = ,@O.

Therefore, the estimator enjoys the strong oracle property.
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B.2. Key Lemmas. In this section, we collect proofs for Lemma 5.1
and Lemma 5.2. We start with a proposition that connects the LSE condi-
tion to the localized versions of the sparse strong convexity/sparse strong
smoothness (SSC/SSM) in [1], which will be frequently used in our theoret-
ical analysis. Let

Dr(Br,B2) =L(B1)—L(B2)—(VL(B2), B1—B2),

and D%(B1,B2)=Dr(B1,82)+Dr(B2, B1)-

Proposition B.3. For any 31,32 € By(r,8*) = {3 : |8 — B*||2 < r} such
that ||81 — B2llo < m, we have

S o-(m. )18 — B} < De(Br.Bo) < Lpo(m. )81 — Bl
p—(m,7)[B1 — B2l3 < DZ(B1, B2) < py(m,7)||Br — Ba3.

PROOF OF PROPOSITION B.3. We prove the second inequality. By the
mean value theorem, there exists a v € [0, 1] such that 8 = vB1+(1—7)82 €
By (r,8%), |1Bllo < m and

(VL(B1) — VL(Ba), B1 — B2) = (B1 — B2) T {V2L(B)}(B1 — Bo).

By the definition of the localized sparse eigenvalue, we obtain the desired
result. The other inequality can be proved similarly. O

We then present the proof for Lemma 5.1 below.

PROOF OF LEMMA 5.1. If we assume that, for all £ > 1, the following
two inequalities hold
(B.5) |E¢| = k < 2s, where & is defined in (5.1), and
£— *
(B.6) IAE llmin > A/2 > [VL(B) oo + <.

Applying Lemma E.2 in the online supplement, we obtain the desired bound:

P x 12 — . 18
189 =872 < = (1Al + VAl +VIE) < =05 <
Therefore, it remains to show (B.5) and (B.6) hold for all £ > 1. We prove
these by induction. For £ = 1, A > Aw(u) and thus & = S, which implies
(B.5) and (B.6). Assume these two statements hold at £ — 1. Since j €&\ S
implies j ¢ S and )\W(|ﬂ](-z_l)|) = )\gg) < Aw(u) by definition, and since
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w(x) is non-increasing, we obtain that | Bf_ll > wu. Therefore by induction
hypothesis, we have

By 30-1) _ A
VIEe\ S| < I ENS H < 18 Bl < 718)\\/5 < Vs,
u U Pxl

where the last inequality uses the definition of w in (5.1). The inequality
above implies that |&| < 2s. For such &, we have [[Agg|lmin > Aw(u) >

A2 > ||VL(B")||x + €, which completes the induction step. This completes
the proof. O

PROOF OF LEMMA 5.2. If|ﬁ;‘—§j| > u, then w(|5;]) <1< u—1|§j—ﬁ;|;

otherwise, w (| §]|) < w(| Bil - u). Therefore,the following inequality always
hold

w(I8j1) < w(IBj| —u) +u™'15; = 5.
Applying the triangle inequality completes the proof. O

B.3. Statistical Theory under LRE Condition. In this section,
we present the main theorem and its proof, with some technical lemmas
postponed to later sections. We formally introduce the LRE condition below.

Assumption B.1. There exist k < 2s, v and r 2 A\/s such that 0 < s, <
’{*(k‘lv/y’r) < ’{Jr(k‘l”%r) < k' < o0,

B.3.1. Proofs of Main Theorems. We begin with a proposition, which
establishes the relationship between localized restricted eigenvalue and the
localized version of the restricted strong convexity /smoothness. The proof
is similar to that of Proposition B.3, and thus is omitted.

Proposition B.4. For any 31,82 € C(k,~,r) N Ba(r/2,3*), we have

S (k)81 — Bl < De(Br B2) < s (b, |y — Ball3, and
K—(k777 T)HIBI - /62“3 < DZ(BLBQ) < K+(k777 T)ngl - IBQH%

Next, we bound the /5 error using the regularization parameter. The proof
is similar to that of Lemma 5.1 and depends on Lemma B.7, where we
introduce the localized analysis such that the localized restricted eigenvalue
condition can be applied.
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Lemma B.5. Suppose that Assumption 4.2 holds with u = 18\/k*, and
Assumption B.1 holds with a k<2s, y=5. If A, £ and r satisfy

A(IVLB oo +) < A <7/ (2V/5),

then |&/| < 2s and any e-optimal solution 8¢ (¢ > 1) must satisfy

189 = B*lla <k (ISl + VLB, lla+eVIE) S M.

Recall Lemma 5.2, which bounds the regularization parameter using the
functional of the estimator from previous step. Combining these two lemmas
together, we obtain the following main theorem.

Theorem B.6 (Optimal Statistical Rate under Localized Restricted Eigenvalue
Condition). Suppose the same conditions of Lemma B.5 hold, but with ¢
replaced by €. V ;. Then, for £ > 2 and some constant C, any e;-optimal
solution must satisfy

opt err tightening effect
——
B9 — 8], S IVEB)sllz + Fvs + Mlws(183] = wlla+ 3 xvs
—————
oracel rate coefficient effect

ProOOF OoF THEOREM B.6. Under the conditions of the theorem, Lemma
B.5 directly implies |£| < 2s and

IS i > [VL(B) e + . for all £> 1,

where e =€, V ;. Using Lemma B.7 then obtains us that

(B.7) 189 = B*l2 < k7 (IAS V2 + IVL(BY)e, 2 + V&)

To bound the first term in the inequality above, we apply Lemma 5.2 and
obtain

(B.8) (8" 5||2<*(||V5( ellz + v/ 1€ +Alws (185 — w)]l2)

I

“U 3%,

Following a similar argument in the proof of Theorem 4.2, the term I can
be bounded by

IVL(B)sll2 +e0/s + u!!ﬁ“‘”—ﬂ*\}y
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<> local cone

Q contraction rate

F1Gc 5. The localized analysis under localized restricted eigenvalue condition: an interme-

diate solution, 3%, is constructed such that HE* —B2=1rif ||E — B2 >, ,Z‘j* = ,5,
else. Employing the localized eigenvalue condition, this intermediate solution converges at
the rate of \\/s in the contraction stage and \/s/n in the tightening stage. Under mild

conditions, the approximate solution ,3 ,3 and thus has same convergence rate as the
intermediate solution. The shaded area is a local ¢1-cone where the restricted eigenvalue
condition holds.

which, combining with (B.8), yields that

189 -8 SIIVL(B )s\l2+€t\f+AHWs(\ﬁs\ —u)l2
+6[|B D~

where § = 2)\/(uk,) < 1/2. The proof is completed by applying the above
inequality recursively. O

B.3.2. Localized Analysis. In this section, we carry out the localized anal-
ysis. A geometric explanation of the localized analysis is given in Figure 5.
The following lemma shows that the approximate solution always falls in
the neighborhood of 3* by a novel localized analysis and thus the localized
restricted eigenvalue condition can be exploited. Recall the definitions of
Dc(-,-), D¢(-,-) and C(k,~,r) in Section B.2.

Lemma B.7. Suppose Assumption B.1 holds. Take £ such that SN E¢ =
0, 1€ <k < 2s. Further assume that [|Age|min > [[VL(8*)|l + € and
2k, ' \y/s < 7. Then any e-optimal solution 3 must satisfy

18 = B2 < k7 (IAsll2 + [VLB)ell2 + VIE]) S M.
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PROOF OF LEMMA B.7. Let 8* = B* + (B — 8*), where t = 1, if |8 —
B*llz2 <75t € (0,1) such that ||3* — B*||2 = r, otherwise. By the definition
of B*, we know that ||3* — B8*||]2 < r. Using the ¢;-cone lemma, we know
that the approximate solution falls in the ¢1-cone, i.e.

(B.9) 1B = B*)elly < 5II(B — B)eell1,
From the construction of B*, we know ,g* -3 = t(g — B*). Thus, we have
18 = B el < 5II(B" — B )eelr-

Combining the inequality above with the assumption |€| < k results that ,[;*
falls in the local ¢1-cone, i.e. B8* € C(k, co,r). Then Proposition B.4 implies
the localized restricted strong convexity, i.e.

(B.10) k- (k,5,7)[B" = B°|3 < D(B", B°).

To bound the right hand side of the above inequality, we use Lemma F.2 in
Appendix F:

(B.11) Di(B*,8°) <tDi(B,B8") = t{VL(B) — VL(B),8 — B7).

It suffices to bound the right hand side of (B.11). Plugging (B.11) back into
(B.10) and adding (A ® &, 8 — 3*) to both sides, we obtain

(B.12) k- (k,5,7)|B" B>+t (VL(B"),B-B )+t (AO E,B—B")

J

I II
<t(VLB)+AOE, BB,
111

It remains to bound terms I, II and III respectively. For I, separating the
support of VL(8*) and 3 — 8* to £ and £° and using the Holder inequality,
we obtain

I=((VL(B))e (B—B)e) + ((VLB)) gor (B— B)ee)
(B.13) > —[[(VLB))ll,l|(B = B )elly = (VLB gel| o1 (B = B)ee

I
For II, separating the support of A® € and B —B* to S,€\ S and £° results

I =(AGE&)s, (B—B)s)+{(ADE)e\s, (B—Be\s)
F (A E)ee, (B — B)ee).
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To bound the last term in the above equality, note that £N.S = () and thus

(AO&)ee, (B— B )ee) = Aee, 1Beel) = Aee, [(B = B)ee),
which yields that

= {(A08&)s,(B—B)s) + (A Eas (B Bes)
+ (Age, [(B — B)ee)
> —|[Asll2ll(B = B)sll2 + (Aee, [(B — B)eel)
(B.14) > — [ Asl2(B = B%)sllz + IAee fminll (B — B%)eell1,

where the first inequality is due to the fact that (A©&)e\ s, (5—,3*)5\5) =0
and we use Holder inequality in the last inequality. For III, we first write

u=VL(B)+ A ©®&. Using similar arguments, we obtain

(VLB)+ A0 & B—B) = (ug,(B—B)e) + (uge, (B— B)ee)
(B.15) < Jlugllall(8 = B)ella + lugellooll (B — BY)eclr-
Plugging (B.13), (B.14), (B.15) into (B.12) and taking inf over & € 8||8]|1,
we obtain
(b, 5,7)[187 =B+t (I Xee min— VLB loo) [|(B—B")ec s
—t(IVLB) 2+ Aell2)[(B—B")ell2

<t inf Juela|(8— B ell2+t inf ueelcll(B — B)eclls
gcolBlh ¢colBlh

< eV/[E] X (B = B)ell2 + & x t] (B — B)eelh,

where we use the fact infgeangHl |luglle < infﬁe@\lﬁul VI€lluglloo < e4/I€] in
the last inequality. After some algebra, we obtain

ko (k,5,0) 18" = B3+t Aee lmin — (VLB o + ) (B = B)eclla
< (IAsllz + VLB )ell2 +ev/IE]) x tI(B — B)ell2-

Using the assumption that ||Age||min > ||VL(8*)|co +¢, the inequality above
can be simplified to
(B.16) ke (k,5,7)[18° = 8715 < (I Asllz + IVL(B)ell2 + =/IE])
()
< t[(B =B )ell2 -
——— —
(ii)
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For (i), using the fact that [[Ag|l2 < [[Aslleoy/|S] < AV/s, we have

§) < AVIBT + (IVL(8)elloo + ) V/ET < M5 + {AVE,

where, in the first inequality, we have used

1
IVL(B )ell2 +eVIEN < (IVLB )ellos +e)VIEl = JAVIEL

For (i), we have t]|(8 — 8*)¢ll2 = [|(8* — B*)¢l|2. Plugging the bounds for
(i) and (ii) into (B.16) and using the assumption 2+, \\/s < 7, we obtain

1+\f/2

18" = Bl < ———F"As <,

which is a contraction with the construction of B This indicates that 5* =
6 Therefore, the desired bound hold for ,6 O

APPENDIX C: COMPUTATIONAL THEORY

In this section, we collect proofs for Proposition 4.5, Proposition 4.6 and
Theorem 4.7. We then give the proofs for Lemma 5.3, Lemma 5.4 and Lemma
5.5. The proofs of technical lemmas are postponed to later sections. We
denote the quadratic coefficient ¢ by ¢. in the contraction stage, and by ¢,
in the tightening stage.

C.1. Proofs of Main Results. We start with the contraction stage
and give the proof of Proposition 4.5, followed by that of Proposition 4.6.

__ PROOF OF PROPOSITION 4.5. We omit the super script ¢in R 1 in
BW and 0 in A© for simplicity. Applying Lemma E.5 results that

(C.1) wA(BFHY) < (g + pc) [ BETY = BB,

On the other hand, taking 8 = 8% in Lemma E.4, we obtain

¢c 2
F(ﬁ(k),)\(o)) _ F(ﬂ(k-ﬂ-l)’)\(())) > EHB(kH) _ g(k)HQ‘

Plugging the inequality back into (C.1), we obtain a bound for the subopti-
mality measure

(C2)  wA(B* ) < (¢ +pc){¢[ (B*),X) — F(ﬁ(k—&-l)’)\)}}l/?.

c
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Since {F(B®), A(0)}2 is a monotone decreasing sequence, we have
(C.3) FBY N <...<FB® A <...<FBO .
Plugging (C.3) back into (C.2) and using Lemma 5.3, we obtain

(C4) r (B )< Gorp { S FEW N -FB AN} <O Bl

where we have the used the fact that 5(0) =0. To further simplify the above
bound, we observe that ¢.<~,p.. Using triangle inequality, we have

1 w ) Pe 1 u)Pc
wox (804D < LH7)pe *} L Hﬂm_*})p(uﬂ et 1B—8"]1).

Taking /=1 and =0 in Lemma 5.1, we have ||8—8*|2 < 18\/s. Plugging
this back into (C.4) yields that
(1 + ) Rpe

(gD < (L 7)Pe
A(BTY) < N {HﬁH+18>\\f}< N

where R = 2(||3*||2 + 18\/s) < ||B*[|2 + Av/s. Therefore, in the contraction
stage, to ensure that wy o) (B¥+1) < ¢, it suffices to make k satisfies that
(1 ‘|"7u)Rpc (1 +'7u)Rpc)2
2k Ec '

< &c, which implies k > (
O

PROOF OF PROPOSITION 4.6. Write &; as € and assume ¢ > 2. Apply
Lemma E.8 in the supplement, we obtain

wyie— (BEFT) < (1 (25 + 28, 7) + @) | BEFHD — R,

which, combining with Lemma E.9, yields

w0 (BYFY) < (e + p+)\/(§t(F(ﬂ(“), AUD) — F(BERTD, X))

< (1+ 1)y 2y (F(BER, A1) — (k4D XED)),

where we use p_ < ¢y < v,¢: in the last inequality. Since the sequence
{F(BEHR); A1) 2 decrease monotonically, we obtain

wxen (BOHD) < (141)y 2yup (F(BER, XE-D) — F(BO, A-D))

k
<<1+m>\/zw+(1—4,jw) (F(BER, X=1)— (B0, X(-1)

1 k
<(1+ 1)y [ Crups (1 - - —) N,
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where the second inequality is due to Lemma 5.5, and the last one due to
Lemma E.14. Here C is some positive constant. Therefore, for ¢ > 2, to
ensure that BEF+D) satisfies wy -1y (BUFHD) < ¢, it suffices to choose k
such that

1 \k
(1+ H)\/C’Yup+ (1 — ) A2s <e.
4y Kk
Equivalently, we obtain
A
k> C'log (C”\f),

where C" = 2/log(4vur/{4yur — 1)}, C" = 2(1 + Kk)\/Cyup+- O

C.2. Key Lemmas. In this section, we give the proofs of the key lem-
mas in Section 5.2. We start with the proof of Lemma 5.3, followed by the
proofs of Lemma 5.4 and Lemma 5.5.

PrROOF OF LEMMA 5.3. For simplicity, we omit the super-script £ in (¢, k)
and denote B8R X0 ag B%) and A respectively. Taking 8 = ,3 in Lemma
E.4 and 51mphfy1ng the inequality, we have

F(B.X) ~ F(B9,3) > 2L |30 - gU-D|3 —2(8 — gU=), ) — pu-1))
d)c ) i 3 i—

(C:5) = S{18- 813 - 18- BIV13}.

Multiplying both sides of (C.5) by 2/¢. and summing over j results

k k
S Y {FEN-FEON =3 {189 -BI5-185-BI5),
C ]:1 .

J=1

or equivalently

k
(C.6) {kF (B,A) = > F(BY A } > [|8® - B3 — 118 — BII3.
7=1

e

On the other hand, taking 8 = 8%~ in Lemma E.4 and replacing k with
7 yields

F(BU™,3) ~ F(B9,3) > %8 - g3
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Multiplying both sides of the inequality above by j — 1 and summing over
j, we obtain

k
Z{; DE(BYD, N~ F(BY, N+ (D, 3)}

k
Z] )[8Y -Y=V3,

or equivalently,

k k
©1) —{ = kPEY.X) + 3 FED. N} = 36 - 1I8Y -89V
C ]:1

Jj=1

Adding (C.6) and (C.7) together and canceling the term 2/ ¢, Z§:1 F(BY),X),
we obtain that

k
2 LR@B. - F(®,0) } 2180 B3+ G- DIBY -85V 3180~ B3,
j=1

which, multiply both sides by —1, yields that
2k ~ —~
—{FBY,N) - F(B,N} <89 - Bl3.

Therefore, the proof is completed. O

PROOF OF LEMMA 5.4. For simplicity, we omit the super-script in é(l).
Define the active set Sy, as {j : [VL(8);|=A}. Then we must have {j : 8; #
0} C Sy It suffices to show |S,| < s+ 3. To achieve this goal, we decompose
Sy, into two parts and bound the size of them separately. Specifically, let

Sn CSU{j ¢S : [(VL(B)—VL(B)) | =N/2}U{j ¢ S°: [VL(B");1>A/2} .

Sk 2

For S2, the assumption that |[VL(8*)|l + & < A/4, implies S2 = () and
thus |S2| = 0. For S}, consider S’ with maximum size s’ = |S’| < § such
that S’ C S!. Then there exists a d-dimensional sign vector u satisfying
|lulloc = 1 and |Juljp = &, such that

X' /2 < (VL(B) — VL(BY)).
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Then, by the Mean Value theorem, there exist some « € [0, 1] such that
VL(B) = VL(B") = VL (v8 + (1 - 7)B") (B~ B") = H(B - §").
Here H = VL2 (v8+ (1 —~)8"). Writing u"H(8 — 8*) as (H"/?u, H'/?(3 -

5*)> and applying the Cauchy-Schwartz inequality, we have
(C8)  As'/2< (Hu,HY?(B - 7)) < |[H ull; [H(8 - 87)||2.
I 11

Now we bound terms I and II respectively. Since B, B* € By(r,3*), any con-
vex combination of 3, 3* also falls in Bs(r, 3*).The localized sparse eigen-
value condition be used on H.For I, it follows from Definition 4.1 that

I 2ulla < /o (s, r) [ullz < Vo (s ) {lulli[ull oo} 2 < Vi (s, m) Vs,
For II, write C' = pII/ % Tt follows from Lemma E.6 in the supplement that
the following inequality holds

IH'2(8 — 873 = (VL(B) — VL(B"). B~ B7) < ON’s.
Thus by plugging the bounds for I and II back into (C.8), we obtain

As' /2 <\ po (s, r)Vs x CA/s.

Multiplying both sides of the above inequality by (A/2)/? and taking squares
results

(C.9) s <4Cpy(s',r)s <4Cpy(3,71)s < 5.

where the last inequality is due to the assumption. Because s’ =|S’| achieves
the maximum possible value such that s’ < 3 for any subset S’ of S} and
(C.9) shows that s’ < 3, we must have S’ = S} and thus

1S3 =8 < [4Cpi(5,r)s] <&
This proves the desired result. O

Proor or LEMMA 5.5. For notational simplicity, we omit the tightening
step index ¢ in AR A0 £¢ and write R A0 £¢ as AR X and &
respectively. Define B(a) = a8+ (1—a)B3*=D . Since F(8®, ) is majorized
at U(B*), 3-=1)) we have

Fm(k),A)gg?r)l{c<ﬁ<k—1>)+<vz,ﬁ—ﬁ<k—1>>+‘Zt\6—ﬁ<k—1>r%+r\A © Bl }

. Pty 5 _ glk-1))2
Sﬁm(log{F(IB’A)—i_?HIB €] H2}7
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where we restrict 8 on the line segment a,@ + (1 - ),3(’“71) in the first
inequality and the last inequality follows from the convexity of £(3). Let
BY be a solution to argmingcga { £(8)+ A=Y ©]|1 }. Using the convexity
of F(B,A), we obtain that

(k) L 05 gD
F(B®,2) <min {P(3,3) + 5118~ 84V|3}

@960 B3}

L0500,

<min {aF(ﬁ, M)+ (1—a)F(B% D, N) +
Smoin {F(B(k_l), )\)—a[F(ﬁ(k_l)7 }‘)_F(Bv A)]

Next, we bound the last term in the inequality above. Applying Lemma E.14
in the supplementary material, we obtain

1BF Deello <5, IB%) = B[l < C'AVs <7, [|B— B2 <7, and ||Be]lo < 5.

Recall £ is some subgradient of || B ||1. Using the convexity of £(-) and the
1-norm, F(B*=1D, X)—F(3, A) can be bounded in the following way

A~

FBE Y N —F(B,N)>(VLB)+A 0 & B* Y -B)+ D, (B*, )
—7”16 k 1)_16”27

where the last inequality is due to the first order optimality condition and
Proposition B.3. Thus we conclude that

F(B®,A) <min {F(B(k‘l) A)—a[F(B% D, X)~F(B,X)]
L@ R k=1 \\_ (3
RSB}

< F(B% D, ) - fj [F(B% D, A) — F(B,N)].
t

which, combining with the fact ¢; < v, p4, yields

F(BY.N) - F(B.N) < (1= ) {FBO.X) - FB,

in which k = p4/p_.
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APPENDIX D: AN APPLICATION TO ROBUST LINEAR
REGRESSION

In this section, we give an application of Theorem 4.2 to robust linear
regression. The Huber loss, defined in Section A, is used to robustify the
heavy tailed error. We allow the cutoff parameter o to scale with (n,d, s)
for bias-robustness tradeoff. Let y; = xiT,B +¢€;, 1 < i <n, be independently
and identically distributed random variables, with mean p = XZT 3 and finite
second moment M. Then, the following corollary suggests that, under only
finite second moments, the sparse Huber estimator with an adaptive a can
perform as good as the sparse ordinary least square estimator as if sub-
Gaussian errors were assumed.

Corollary D.1. Suppose the same conditions in Theorem 4.2 hold. Assume
the columns of X are normalized such that max; || X,;[l2 < y/n. Assume
there exists an a > 0 such that ||B%||min > v + YA and w(yA) =0. If o

A x y/n~logd, e, <+/1/n and T 2 loglogd, then with probability at least
1—2d™™M —2exp(—mn2s), BT must satisfy

18™) = B*(l2 < /s/n,

where 11 and 79 are positive constants.

PrOOF OF COROLLARY D.1. The proof follows from that of Corollary
4.3 by bounding || VL(8*)s||o and the probability of the event { | VL(8*)|ls 2
A}. The derivative VL(3*) can be written as

1 — 1
VL) = > Via(e)xi = EXTea,
=1

where €4, = (€14, .- -, ema)T. Therefore, it suffices to show that €, has sub-
Gaussian tail. Let ¥ (ax) = 271aV/,(z). Then 1 (x) satisfies that

log(1 -z +2%) < (z) < log(1 + 2 +12),
which yields that
E[exp{t)(ae)}] <1+ a*M and E[exp{—t(ae)}] <1+ a’M.

Using Markov inequality, we obtain,

E[exp{t)(ac)}]
exp(Mt?)

P(3p(ae) > Mt?) < < (14 M) exp{—Mt?},
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or equivalently

P(Via(e) > 2Mt*/a) < E[Ezi“({ﬁg?}] < (1+ a®*M) exp{—Mt*}.
Taking o = ¢/2, we obtain
P(Vla(e) > Mt) < E[ejf;gigfj)”” < (1+ M#?/4) exp{—M#2}

< exp { —]\4t2/2}7

where the last inequality follows from the fact that 1+M#2/4 < exp{Mt?/2}.
The rest of the proof follows from that of Corollary 4.3. O

APPENDIX E: TECHNICAL LEMMAS

E.1. Statistical Theory. We collect the technical lemmas that are
used to prove Theorem 4.2. We start by defining the following localized
sparse relative covariance.

Definition E.1 (Localized Sparse Relative Covariance). The localized sparse
relative covariance with parameter r is defined as

{V?V%(B)UJ/HUJHz
ViVIL(B)vr/lIvillz

R Y o R— :mJ:@,|I|gz',|J|s]}.

v,u,[|B=B*||l2<r

This is different from restricted correlation defined in [4]. We measure the

relative covariance between set I and set J with respect to that of set I. In

the sequel, we omit the arguments 3*,r in 7 (i, j; 3%, r) for simplicity. Our

next result bounds the localized sparse relative covariance in terms of sparse
eigenvalues.

Lemma E.1. It holds that

Then we are ready to bound the estimation error by functionals of the
regularization parameter under localized sparse eigenvalue condition, which
is proved in the following lemma.

Lemma E.2. Take £ such that S C £ and |€| = k < 2s. Let J be the index
set of the largest m coefficients (in absolute value) in £¢. Assume Assumption
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4.1 holds, HVE(,@*)HOO +e < M4, [ Age|lmin > A/2 and rp_(k+m,r) >
2(145/k/m)(\/k/s/4+1)\y/s. Then any e-optimal solution 3 must satisfy

18- 01 < XV x4 [ 28l + VR £ AV

We now present the proofs for the two lemmas above by starting with
proof of Lemma E.1.

Proor orF LEMMA E.1. For simplicity, we omit the arguments 8*,r in
w(i,5; 8% 1), py(i,,r), and p_(i,r). Let I = EUJ and L = I U J. For
any a € R, let w = vy + auy. Without loss of generality, we assume that
|lusll2 =1, ||v]l2 = 1 and B € Ba(r, 8*). Using the definition of 7 (4, j) and
w, we have

p—(i+ j)Iwl3 < vi V2L(B)vi +2a v VZL(B)uy +a? u;V2L(B)uy,
—_—————

c1 b c2

which simplifies to
(E.1) (ca = p—(i + 4))a® + 2ba + (c1 — p—(i + j)) > 0.

Since the left hand side of (E.1) is positive semidefinite for all a, we must
have

(c2 = p-(i+ 1)1 — p-(i + ) > b*.

Multiplying by 4/c2 on both sides of the inequality above, we obtain

472 <der ' (1= p-(i+j)/e1)(c2 — p-(i+j))

L c2 — p—(i+j)
<deitp_(i+ )1 —p_(i4j)/e1) x ——~——-2
-+ 3)( (i +7)/c1) i+
<02—P.—(i‘fj) < Pf(j)' _

p-(i+7) p-(i+7)
where ,in the last second inequality, we use 4c; p_(i+)(1—p_(i+7)/c1) <
1; and the last inequality is due to c2 = uyV2L(B)uy < p4(j). This yields

viVELB)us/luslla _ VIVELBIy 1 [ pi(h)

VITVE(,B)V[/HV[HQ . V?Vﬁ(ﬁ)vl -2 p,(i—i-j)_l'

The proof is completed by taking sup of the left hand side with respect to
B,u,v. O
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PROOF OF LEMMA E.2. For simplicity, we write V2£(3) as V2L, when-
ever we have B8 € Ba(r,8*) = {8 : |8 — B*||2 < r}. Since we do not know
whether 3 belongs to BZ(8*) in advance. we need to construct an interme-
diate estimator 8* such that Hﬁ* B2 < r. Let ﬁ* G3* —I—t(ﬂ (3*) where
t=1if |8 —B*|| <r;te(0,1) such that ||3* — B*||a=r otherwise. Using
the Cauchy Schwartz inequality, we obtain

(E.2) 1B = B)rell2 < (B = B)relly [|(B = B")re o).

I II

We bound I and II respectively . For I, since I¢ C £¢, we apply Lemma F.1
and obtain

(E.3) 168 = B)rells < (B = BY)ecll < 51(8 = B)elh-

For II, note that I = £ U J and using the definition of J, we obtain

(B) BBl < NGB~ B)eclifm < (B~ Bl

Plugging (E.3) and (E.4) into (E.2) results

18 — B*) 16H2<5\/7Hﬁ B8*) 5”1<5\/7||ﬂ B*)1ll2-

Using triangle inequality along with the result above yields

18 =812 < 1B = B)1ll2+ (B = B)rell2 < (1 + cov/k/m) (B = B)1]2-
Since 8* — B* = t(B — 8*), we have

(E.5) 18" = B*ll2 = B — B*ll2 < (1 +5v/k/m) (8" — B)1]l2-

Thus to bound [|3* — 3*||2, it suffices to bound [|[(8* — 8%)/]|2.

Bounding |(8* — 8%);]|2 by DZ(Baﬂ*)5

For notational simplicity, we write u = B* — 3% sometimes. Let u =
(uy,ug,. .., up)T. Without loss of generality, we assume the first k elements
of B* contains the true support S. When j > k, u; is arranged such that
|ug1| > |uksal -+ > |upl. Let Jo=E={1,...,k}, and J; ={k+(i—1)m+

S k+im}, for i=1,2,..., with the size of last block smaller or equal
than m. In this manner, we have J; = J and I = Jy U J;. Moreover, we
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have ||uy, |2 < |lug|locv/m < ||ug,_,|l1/+/m when i > 1, which implies that
2ist llugllz < Jlugeflr//m. Now if

(E.6) 1= 20 (1], mym-12 el
[urll2

separating the support of u into I, I¢ and using u}. VZ£(8)use >0, we obtain
u'V2L(B)u > uf V2L(B)us +2> ufVL(B)uy,
i>1

>uIV2£(ﬂ)u1<1 o (||, m Z” Ji||2>

[urll2

||uch1> 2
([ I 1=2x(|I]|,m)4/ — uslls,
p-(1) (121, )y Tl

where we use the definition of w(|I|,m) and p_(|I]) in the last two inequali-

ties. Notice that ||[(8 — 8")ell1 < VE||(8 — 8*)¢|2 and applying Lemma F.1,
we obtain

18" =B")eclli =t (B—B")ecll1 <5 x t|(B—B)elli <5vE x [[(B"—B")ell2-

Further note that £ C I, we obtain

lw >1—107(k +m,m) x E

m (8% — B*)1ll2 m

1—2n(k+m,m)

Using 7(k + m,m) < 27 (py(m)/p—(k + 2m) — 1)1/2 and Assumption 4.1
with ¢ = 100 results

_ 1B = BY)eelh Jeellt o \/7
1 —2m(k +m,m)m 1B Bl \/ k—|—2m -1>1/2

Therefore for any B € Bs(r, 3*), we have that (B* - BT [VQL'(,B)] (B* —
B*) > 1/2p_(k+m)|(8* —B)]13- By the Mean Value theorem, there exists
a ~y € [0, 1] such that

(VL(B*)-VL(B"),B"~B")

( -89 [V L(yB"+(1-7)B8")] (B*-B")
>27 p_(k+m)|(B" = B3

We further bound the left hand side DZ(B*, (3*) in the following.
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Bounding D3 (,6'* B%):
Define u = VL( B2+ A®E, where £ € 8||,3||1 Then by Lemma F.2 and the
definition of D7 (8, 3*), we obtain

(E.7) D3(8",B%) < tD3(B,8%) = t{VL(B) - VL(B"),B — B7)
Adding and subtracting the term (A ® &, B — B*), we have
HVL(B) - VL(B),B—B") =t{VLPB)+ A0 & B B7)

—H(VL(B"),B - B") —tAOE B~ B).

Using a similar argument in the proof of Lemma B.7, we obtain

D:(B%,8%) < (IAsll2 + VLB el +eV/IENNB* = Bl

Bounding 8" — 8°[2 and |8~ B%|l2
Combing the upper and lower bound for Dj (8%, 8*), we have
2

(8" —B")rll2 < i

) (Ixsllz + IVL(B)ell2 + eV/IE]).

Plugging the above bound into (E.5) yields

15 - 3t < SV 5+ 2 ela + VR <

If t # 1, by the construction of 3*, we must have ||3* — B*||s = 7, which
contradicts our the above inequality. Thus ¢ must be 1, which implies 8* = 3.
This completes the proof. O

E.2. Computational Theory. In this section, we prove technical lem-
mas used in Appendix C.

E.2.1. Contraction Stage. We start with a lemma that characterizes the
locality of the solution sequence. It also provides the lower and upper bounds
of ¢., which will be exploited in our final localized iteration complexity
analysis.

Lemma E.3. Under Assumption 4.3 and the same conditions of Theorem
4.2, we have

1BL%) — B*|la < R/2 and  ¢p < de < Yupe.
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The next two lemmas are critical for the analysis of computational com-
plexity in the contraction stage.

Lemma E.4. Recall that F(8,\) = £(8) + |A ® B]|1. We have
F(B;X0) = F(B ), X0) > 271, || g1 — gD 3
—¢e(B—pHD, B gD,

Our next lemma describes the relationship between suboptimality mea-
sure wx(B1H#) and ||BLF) — BLE=1)|| " which is critical to establish the
iteration complexity of the contraction stage.

Lemma E.5. wA(,@(l’k)) < (¢ + ,Oc)H,@(l’k) — /3(1’k_1)|’2-

Proor oF LEMMA E.3. We first prove the second statement. If we as-
sume for V k£ > 1, it holds that

(E.8) 1B — %2 < R/2.

Then for any B such that |3 — 8*|]2 < R/2, we have ||8¢~1 — 8|, <

185D — B*|l2 + 8% — Bll2 < R, by trial:gle inequality. Let v = 8 — g1,
Using taylor expansion, we have

VL(B) = VLBFY) + (VL) v)

1
+ / (VLBE Y 4 tv) —ve(BF V), vdt.
0
Applying Cauchy-Schwartz inequality and using Assumption 4.3, we obtain

1
VL(B) < VL(B* D)+ (VL(B* D), v)+ / pet |v||2dt
0
< vL* ) + (vt ), 8- V) + 28 - gH 1,

The iterative LAMM algorithm implies that ¢g < ¢, < (147,)pc. Otherwise,
if ¢o > (14 qu)pe > pe, then ¢L. = de/vu = v (1 + ) pe is the quadratic
parameter in the previous LAMM iteration. Let ¥’(3; 3(#~1) t be the cor-
responding local quadratic approximation. Then for any 8 € Ba(R/2,3%),
it holds that

\I//(IB;Ig(l,kfl)):’C(I@(l,kfl))_i_<V£(18(1,k71))’IB _ ﬁ(uﬂ))

/
+ 5 18=BM D+ XV 0] > F(8, A1),
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However by the stopping rule of the I-LAMM algorithm, we must have
¥ (3; BLE-1D) < F(B,A9). This contradiction shows that ¢. < (1 +4)pe,
and ¢g < ¢. can be ensured by taking ¢y small enough.

Therefore, it remains to show (E.8) holds by induction. For k = 1, it
obviously holds. Now suppose that ||8%#~Y — 8*|s < R/2. Taking 3 = ,@ in
Lemma E.4, we obtain

0> F(B.A) ~ P39, > {118 - g0 V|3~ |5 - 83},
which implies
(E.9) 189~ Bll2 < 189~V ~ Bl
Taking j = 1,..., k, repeating (E.9) yields that

18%) = Blla < 8% = Bllo < ... < 189 = Blla < 1B — Bll.
Therefore, applying Lemma 5.1, we obtain
185 — 872 < 18©) — B°ll2 + 218 — B[l < 8 — B*|l2 + 18p. M5 < R/2
This completes the induction step and thus finishes the proof. ]

We now give the proofs of Lemma E.4 and E.5.

PROOF OF LEMMA E.4. We omit the subscript in \IIA(Z—l)’d)C(B,B(Z’k)),

the super-script £ in (£, k) and denote B*) as %) where /=1. Lemma E.3
makes us able to use the localized Lipschitz condition. First, we have

(B.10)  F(BAD) = F(B®,X0) = F(8,A") - w(g®, g"=D).
The convexity of both £(8) and ||A ® 8|1 implies

(E11) L(B) = L(B*Y) +(vL*), 8- p4);
(E.12) IN? @Bl = [AQ 080 + (A 0™, 8- W)

Adding (E.11) and (E.12) together, we obtain

(E.13) F(BAO) = L(B8% )+ (ve(eh),8-p01)
A oBM [+ (A0 0e®, a-p").
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On the other side, \I/(,B(k), ,6'(’“*1)) can be written as

(E.14) LBED)H(vL(B*D), a0 - gk
+ 2060 - g0 B A0 0.

Plugging (E.13) and (E.14) back into (E.10), we obtain

(B.15) F(B.N0)—F(3®,A0)= %250 _ g1
(VLB )20 060, "),
By the first order optimality condition, there exists some £%*) such that
VL(B* D) 4+ ¢ (B — g1y 4 AO) ¢ k) = ¢
Plugging the equality above to (E.15), we complete the proof. O

Lemma E.5 bounds the suboptimality measure wy (31%)) by ||3(1F) —g(LE=1) |,
which is critical to establish the iteration complexity of the contraction stage.

PROOF OF LEMMA E.5. We omit the super script 1 in 8%) for simplic-
ity. Since B%) is the exact solution to the kth iteration at £ = 1, the first
order optimality condition holds: there exists a £¥) € 9||8*)||; such that

vLBEY) + 68" — B Y) + A0 €W =
Then for any u such that ||ul|; = 1, we have

(VLB +X 0 €W, u)=(VL(BY),u) (VLB ) +6.(8% ~BEY), u)
=(vL(B®)-vLB* ), u)—(¢e(8Y -* 1), u)
< (VLB =VLB* ) [loo+6c8% =BV
_(¢c+pc)H/8(k - (k 2 H27

where the last inequality is due the the localized Lipchitz continuity, since

H,@(k) — B*||l2 < R/2,V k > 1 by Lemma E.3 in the supplement. The proof
is completed by taking sup over ||ul|; < 1 in the inequality above. O

We then prove a technical lemma that is critical for the proof of Lemma
5.4.
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Lemma E.6 (Basic Inequality). Suppose the same conditions of Theorem
4.2 hold. Let C' = 225/(2p,) and B(1) be the e-optimal solution. Then we
have the following basic inequality

(vL(BW) - vL(s), BN - pr) < CN%s.

PrOOF. We omit the superscript in 5(1), and write 5(1) as B for simplic-
ity. Proposition 4.1 implies that

(E.16) |8 —B7|I3 < f(!\*?)llz +IVL(B)sll2 +eV/[S]) < 15A5/ps.

On the other side, applying Lemma F.1 yields that

18 =871 < (B — B el + (B — Belh < 61(8 — B )e,

where &1 can be taken as S. This, combined with (E.16), results
(E.17) 1B = B)sllt < VsllB = Bll2 < 15Xs/pa.

Therefore, we obtain HB— B < 6”(5— B*)slli < 90As/ps. Because B is
a e-optimal solution, we have

(VL(B)~VL(B),B-B)<IIVLB)+A O E-X O E-VL(B)||llB— 8|1
< (14 1/4)M8 - Bl < 225X/ (2p.).

Therefore, the proof is completed. O

E.2.2. Tightening Stage. We collect technical lemmas that are needed
to prove Lemma 5.5 and Proposition 4.6 in this section. We start by giving
a lemma that ensures the sparsity along the approximate solution sequence
{,B(M)}ZO:O for the tightening stage (¢ > 2). We first need several technical
lemmas. We remind the reader that the quadratic isotropic parameter in the
tightening stage is denoted by ¢;.

Lemma E.7. Suppose the same conditions in Theorem 4.2 hold. Assume
B+ BK) ¢ By(r, #*) such that max{|B8%|lo, 8% e} < 5. For the
LAMM algorithm, we have

p-(25+25,7) < 1 < Yups (25 + 25,7).

PRrOOF. The proof follows a similar argument as that of Lemma E.3 and
thus is omitted here for simplicity. O
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The next two lemmas connects the suboptimality measure wx(B*)) to £o
parameter bound and the objective functions. They are similar to the ones
proved in the contraction stage but with different constants and we omit the
proofs here.

Lemma E.8. If %=1 8% ¢ By(r/2,8%), |[(BEF)sc|lo < Fand ||(BEF1)ge|lo <
3, then for any £ > 2 and k > 1, we have
wA(BEM) < (14 yu)py (25 + 25, 7)[BH) — BEF1)5,

Lemma E.9. We have
F(BER D) _ p(glh-1 A=)y < _@Hﬁ(z,k) _ gk,
b b — 2 *

Next we give a lemma that characterizes the parameter estimation and
objective function bound for sparse approximate solutions.

Lemma E.10. Assume Assumption 4.1 holds. Let ||Age|lmin > /2, S C &€
and €] < 2s. If ||(B — B%)scllo < 5, wa(B) < € and B € By(r,B*), then we
must have

1B = B7l2 < 30 ' M/5/2,
F(B,X) = Fx(8*, ) < 15ep; ' As.
ProOOF oF LEMMA E.10. For simplicity, we omit arguments k, r in p_(k, r)
and p4(k,r) when k and r are clear from the context. Since the sparse lo-

calized condition implies the localized sparse strong convexity, the following
inequality follows from Proposition B.3:

(VL(B) ~VL(B"),B~B") = p-]8 B3
Following a similar argument in the proof of Lemma B.7, we have

(B.1) 8-l < 5.

Next, we prove the desired bound for F(3,A) — F(8*, A). Using the con-
vexity of F'(-, X), we obtain

F(B",X) 2 F(B,X) +(VL(B) + A0 &, 8" - B),
which yields that

(E.19) F(B,A) = F(B"X) < ~(VL(B) + A0 &8~ B) <¢||B” - Bl
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On the other hand, we know from Lemma F.1 that the approximate solution
B falls in the ¢; cone:

18 = B )e<llr <5[1(B = B )elh,
which, together with (E.18), implies
(B20) (I8 =B < 6[(8 =B el < 6V2s[[(B — B )ell2 < 15p; ! As.
Plugging (E.20) into (E.19) completes the proof. O
Lemma E.11 (Basic Inequality II). Assume Assumption 4.1 holds. Take &

such that S C £ and |€] < 2s. Let A>4(||VL(8")||oote) and || Age||min > A/2.
If |Becllo < 5, B € Ba(r,3%) and F(B, ) — F(B*,A) < CA\2s, then

p—(s+3s,7)

2

A
228 - Bzl +CX%s.

A
18— B3+ 208 = Becllh <

ProOF. Since ||Bsc|lo < 5 and ||Bé|lo = 0, we have ||(8 — 8%)s¢]lo < 5.
Proposition B.3 implies the localized sparse strong convexity:

(B:21) L(B%) + (VLB).B - 87) + 118 - 713 < L£(B).

Recall that F(8) = L(8) + ||A ® B||1. We have F(8) — F(B*) < C\2s, or
equivalently,

(E.22) L(B) = LB") + (IA@ B — [IA© B 1) < CN%.
Plugging (E.21) into the left-hand side of (E.22), we immediately obtain

%IIB—B*H%SC}\% —(VL(B"),8-B")+(A0 B 1 —IA© Bll1) -
I II

Following a similar argument in the proof of Lemma B.7 in the appendix,
we have

L<[[(8 = B)ecl1IVLB oo + (B = B)ell1 VLB oo
IL<AB = B)ellr — A/2[(B = B%)eellh-

Therefore, we have
p— * * *
S8 =815+ (/2= VLBl (B = B)ee [l
< A+ VLB lo) (B = B )ell + CA%s.
The proof is finished by noticing that [|[VL(3*)|lec < A\/4. O
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Lemma E.12. Assume Assumption 4.1 holds. Take £ such that S C £ and
IE] < 2s. Let ||[VL(B")||oo + € < A4 and ||Age|lmin = A/2. If B € Ba(r,3%)

satisfies ||Bsc|lo < 8 and F(B,A) — F(B8*,A) < C\2%s, then we must have

1B = B2 < C'\s,
(VL(B) — VL(BY),B—B") < C?py(25+ 5,1\,

where C' = max{2+/C/p_(25+3,7),5v2/p_(25+5,7)}.

PrROOF. We omit the arguments in p_(k,r) and p4(k,r) when they are
clear form the context. Directly applying Lemma E.11, it follows that

— S5\
S8 =873 < °F (8~ B)elly + CX*s.

To further bound the right-hand side of the inequality above, we discuss two
cases regarding the magnitude of ||(8 — 8%)¢||1 with respect to As:

o If 5)||(B — B*)ell1/4 < CA%s, we have

(E.23) %Hﬁ — B*|13 < 20\?%s, and thus |3 — B%[2 < 24 //)C)\\/E.

o If 5A||(B — B%)¢ll1/4 > CN\%s, we have

Fo11B = 87113 < 5AIB = B)ell/2 < 5AV2s]B = 87 |2/2
which further yields

(2.24) 18— B < i

Combining (E.23) and (E.24), we obtain

18— B H2<max{ \/E5f}mf C'\s,

where C' = max{21/C/p_,5v2/p_}. Using Proposition B.3, we obtain
DZ(B,8) = (L(B) = L(B), 8 B") < p+[B = B3 < C”ps N%s.

This completes the proof. ]
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Lemma E.13. Assume Assumption 4.1 holds. Take & such that S C &
with |€] < 2s. Let Let [|[VL(B*)|looc + ¢ < A/4 and ||Age||min > A/2. Let
B € Ba(r,B*) satisfy [|Becllo < 5 and F(B,) — F(8*,A) < CA?s. Let
Co = 807up*/ps« max {/2Cpy,5} + 64(p*/ps)? max {4Cp,,50}. If 5 > Cos,
then the one-step LAMM algorithm produces a (2s + §)-sparse solution:

(T, (8))ecllo < 5.

Proor. For simplicity, we write 8 = 8 — ¢; *VL(B). To show that
H( (B, ¢t_1}\))£c||0 <3, it suffices to prove that, for any j € £¢, the total
number of 3;’s such that ﬂj > \j/¢¢ is no more than s. We first write B as

B=0B- aVE(ﬁ) B - &Vﬁ(ﬁ )+ y Vﬁ(ﬂ ) = avc(m

Define S, = {j € £°: (B — ¢ 'VL(B)); = \j/¢:}, and notice that {j :
(Txg,(B)); # 0} € Sy, thus it suffices to show |S,| < 5. We further define
Sl 82 and S as:

(E.25) S}LE{]’GEC 8; >+ A—}

©20)  s2={ice ve@yol >y ),
(B.27) Sy = {j €& ‘(vg(ﬁ) ;tVL(ﬂ*)> ’ % ;t}

We immediately have S, C S} U S2U S3. Tt suffices to prove that |SL| +
|S2| + |S83| < 5. The assumption that ||[VL(8*)|lco+e < A/4 implies S2 = 0
and thus |S2| = 0. In what follows, we bound |S}| and |S3|, respectively.

Bound for |S}|:
For Vj € £°, we have B;? = 0. Using Markov inequality, we obtain

shi=|{iee 8= 5 ;}1<§:jfy -8l

8 8
sh< 30 28— 51 < 28 - ) .

jee&e

Because ||Age|lmin > A/2, we have

It remains to bound [[(3 — B%)ge||1. A similar argument in Lemma E.11
implies

A
18— Bl < 28— Bl + X%
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Therefore, 3 — 3* falls in the approximate £1 cone:
1(B — B")eclli < BM(B — B)ellr +4CAs < 5V2C"\s + 4C s,

where C' = max{2+/C/p_,5v/2/p_} and the last inequality is due to Lemma
E.12. Let C” = max{10,/2C/p_,50/p_} + 4C, then we have

]Si] < 8¢;C"s < 8C"yupy s,

where we use the fact ¢, < y,p+ in the last inequality.

Bound for |S3|:

Consider an arbitrary subset S’ C S3 with size s’ = |S’| <3. Let us further
consider a d-dimensional sign vector u such that ||ulcc = 1 and |Juljo = ¢’
There exists some u such that

A< 3 Iyl < uT{VL(8) - VL))
jege

By the Mean Value theorem, there exists some v € [0, 1] such that VL(3) —
VL(B*) = [V2L(vB+(1—7)B%)](B—B*). Let H = [VL(7B+(1—7)8%)].
Writing u” (VL(8) — VL(8*)) as (H?u, HY/2(8 — 38*)) and applying the
Holder inequality, we obtain

(B:28) As'/8<[[H?ull2[H*(B-8")2< V/p+(s/,r)s' |[H*(B-8")]s -

I

To bound term I, we apply Lemma E.12 and obtain that

1= |HY2(8 - 8|2 < C'\/p+ (25 + 5,7)\/5,

where " = max{2./C/p_,5v2/p_}. Plugging the above inequality into
(E.28), we obtain

A /8 < \/po(s', 1)V x C'\/ po(25 + 2,7)A/5.
Taking squares of both sides yields
s <64p, (s',r)C%py (25 +35,1)s < 64py (3,7)C?py (25 +5,7)8 < §

where the last inequality is due to the assumption. Since s’ = |S’| achieves
the maximum possible value such that s’ < 3 for any subset S’ of S2 and
the above inequality shows that s’ <5, we must have

S = {J : [(VL(B) — VLB));| = A /4}.



LOCAL ADAPTIVE MAJORIZE-MINIMIZATION 33

Finally, combining bounds for |S}|, |S2| and |S3|, we obtain
1(Tx6.(8))Eello < 8C"Yupys + 64p1(5,7)C"py (25 +3,7)s < 5.

O

Lemma E.14. Assume the same conditions in Theorem 4.7 hold. The so-
lution sequence {,G(g’k)}iozo always satisfies that

F(BEM D) — p(ge, A7) < ON%s,
1(8“)egllo < 5. and [|B“H) — B*l2 < C'AVs.
for £ > 2,k > 0, where C = 15/(4p,) and C' = 5v/2/p..

PROOF. We omit the argument A in F'(3, ), for notation simplicity. We
prove the theorem by mathematical induction on (¢, k).

Base case: For the /th tightening step, the stopping criterion implies that
Wy (e-2) (B0 < g;. On the other hand, the suboptimality condition for the
1st iteration in the /th step can be written as

(g0 _ . £(8E0Y 4 A1)
wae- (B geané??mnl{w (B7) + ®€Hoo}

which, together with the triangle inequality, yields
wxen (B0) <min { [ VLB +A D 0] oo +|ATD AT 08 }-

~~

I

For the second term I in the right hand side, we have
(A = AED) @ gl < AT = AT oo < 08,
Using the fact that ¢ < \/8, we obtain
wxen (B0) < min {[[ VLB A © £t N8} < M4,
Thus the initialization satisfies that
1(B“Neello < 5, wyen (BEY) < A/4, and ¢y < Yup+ (25 + 25, 7).

Therefore, using Lemma E.10, we obtain

F(BUD) — F(B8*) < CX%s, where C =15/(4p,).
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Therefore, directly applying Lemma E.12 results

180 — B2 < C'AV,
where C" = 5v/2p,.

Induction step: Suppose that, at the (k—1)-th iteration of the LAMM
method in the /-th step, we have

(B Neello <5, ¢ < yups, and F(BEFD) — F(B%) < CN%s.

Then according to Lemma E.13, we have that the solution to the LAMM
method at the kth iteration is (2s + 5)-sparse: B+ = Ti-1) 4, (BUA=1))
satisfies ||(B(Z’k))gzc lo <'s. Thus Lemma E.9 implies

F(BUH) < F(EOR1) - 2 gt — gk
which implies that
F(BR)) — F(8%) < F(BWFD) — F(B*) — %H,@(f,k) — BUERD|2 < ON2s,
Therefore we have the induction holds at the kth iteration:
1B e llo < 5,6 < yups(25 +23), and F(BEY) — F(B") < ON%s.
Using Lemma E.12, for C’ defined as before, we obtain
18H — 872 < C'AV5.
We complete induction on k. For ¢, the proof is similar. O

APPENDIX F: PRELIMINARY LEMMAS
In this section, we collect several preliminary lemmas.

Lemma F.1 (¢; Cone Property For Approximate Solution). Let £ such that
SCE VLB ) |oo + & < |[A&|lmin, Wwe must have

[Mloo + VLB [0 + €

A |lmin — (VLB ||loo + €) (B = B%)ellr-

1(8 — B)ee|l1 < ”
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PROOF OF LEMMA F.1. For any € € 9||8|1, let u = VL(8) + A@ €. By
the Mean Value theory, there exists a v € [0, 1], such that VL(8) -V L(8*) =

[V2L(v8* + (1 —7)B)] (B — B*). Write H = V2L(y8* + (1 — 7)B). Then
we have
(F.1) (VLB)+A© € BB )=(VLB)+H(B - B),8-B")

< [[ul|s|B-Bl1-

Using the fact (E — ,@*)TH(,E — B*) > 0, we have

0 < [[ulleollB = Bl — (VLB), 8- B")— (A0 €& B—B%).

I II

Using a similar argument in the proof of Lemma B.7, we have I > — || VL(8%)||o || 8—
Bll1, and

I=(A0&B—B) = ((A@Eee, (BB e) + (AOE)e, (B~ Be)
> [ Agelminl| (B — B)ecll1 — [ Aelloo (B — B)ell1-

Plugging the above bounds into (F.1) and taking inf with respect to £ €
J/|8||1 yields

0 < —(IAecllmin = (VLB oo +wx(BIDN(B = B )ec

+ (A< lmin + VLB loo +wr(B)(B — B e,

or equivalently

A+ VLB lloe +wa(B) _—
H)‘SCHmin—(”Vﬁ(ﬁ*)”oo_’_w)\(g))n(/@ B)elh

168 = B)eclh <

Using the stopping criterion, i.e. wx(3) < e, we have that

A+ VLB ) o+
[Age[lmin = ([VL(B*)[loo + )

Therefore we proved the desired result. O

18 — B g1 < 1B - B%)ell1

Lemma F.2. Let Dz(B81,82) = L(B1) — L(B2) — (L(B2), 81 — B2) and

D7(B1,B2) = Dr(B1,B2) + Dr(B2,81). For B(t) = B* + (B — B%) with
t € (0,1], we have that

D7(B(t), B*) < tDz(B,8%).
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Proor oF LEMMA F.2. Let Q(t) = D.(B(t),8*) = L(B(t)) — L(B*) —
(VL(B*),B(t) — B*). Since the derivative of £(B(t)) with respect to ¢ is
(VL(B(t)), 3 — B*), it follows that

Q'(t) = (VL(B(t)) — VL(B*), B — B").

Therefore, the symmetric Bregman divergence D7 (3(t) —3*) can be written
as

Di(B(t) — B*) = (VL(B()) — VL(B"),t(B — B%)) = tQ'(t) for 0 <t <1.

Plugging ¢t = 1 in the equation above, we have Q'(1) = D7%(3,8*) as a
special case. If we assume that Q(t) is convex, then @Q'(¢) is non-decreasing
and thus

Dr(B(t),8%) =tQ'(t) < tQ'(1) = tD(B, B").

It remains to show the convexity of Q(t) with respect to ¢; or equivalently, the
convexity of E(,@(t)) and (VL(B*), 8" — B(t)), respectively. First, we have
the fact that 3(t) is linear in ¢, that is, B(a1t1 + aate) = a18(t1) + a2B3(t2),
for t1,t2 € [0,1] and aq, a9 > 0 such that a3 + e = 1. Then the convexity
of L(B(t)) follows from this linearity property of 3(¢) and the convexity of
the Huber loss. For the second term, the convexity directly follows from the

bi-linearity of the inner product function. This finishes the proof.
O

The following lemma is taken from [2] and describes a general concentra-
tion for quadratic forms in sub-Gaussian random variables.

Lemma F.3. (Hanson-Wright Inequality, [2]).

Let v = (v1,...,v4) € R? be a random vector with independent components
v; such that v; ~ sub-Gaussian(0, 02). Let A be an n x n matrix. Then, for
every t > 0,

¢ t
IP’(|VTAV —EvlAv| > t) < 2exp < —Cy, min{ , }),
o|AlE o[ All2

where C}, is a universal constant, not depending on A, v and n.
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