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——— Abstract

Safe-screening rules are algorithmic techniques meant to detect and safely discard unneeded variables during the solution

process with the aim of accelerating computation. These techniques have been shown to be effective for one-norm
regularized problems. This paper generalizes the safe-screening rule proposed by Ndiaye et al. [J. Mach. Learn. Res.,
2017] to various optimization problem formulations with atomic-norm regularization. For nuclear-norm regularized
problems in particular, it is shown that the proposed generalized safe-screening rule cannot safely reduce the problem size.
In that case, approximation guarantees are developed that allows for reducing the problem size.
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1 Introduction

Atomic-sparse optimization problems are characterized by solutions that exhibit a notion of parsimony manifested
as sparsity of the solution with respect to a known dictionary or atomic set. Formally, for a given atomic set
A C R"™, an optimal solution z* can be decomposed as

x* = Z Catt, Cq >0, (1)

acA

where most of the coefficients ¢, are zero. The archetypal example is a sparse vector, which is sparse with
respect to the set of signed canonical unit vectors A = { ey, ..., e, }. One-norm regularization is the standard
approach to produce sparse solutions with respect to this atomic set. The atoms that participate nontrivially
in the decomposition (1) represent latent structure in the solution. The notion of atomic sparsity is prevalent
in machine learning [3,21,29, 35] and signal processing [7], and has been formalized in the context of inverse
problems by Chandrasekaran et al. [8].

Safe-screening rules, originally proposed by El Ghaoui et al. [14], generally refer to approaches that correctly
identify atoms that can be safely discarded without changing the optimal solution. These rules are increasingly
used in optimization algorithms because of their empirical success for one-norm regularized problems. Generalized
screening rules can accommodate a range of atomic sets. Ndiaye et al. [22] propose a screening rule based
on monitoring the duality gap that provides an elegant and effective screening framework useful for one- and
group-norm regularized problems.

We derive generalized gap-based safe-screening rules that apply to general atomic-norm regularization in
various problem formulations. We also present a careful investigation of the gap-based safe-screening rule for the
set of rank-one matrices. We show that this safe-screening rule still requires a full singular-value decomposition
(SVD)—instead of partial SVD decomposition—even when the problem has a very low-rank solution. This
result reveals the limitation of safe-screening rules that depends on the duality gap. As a remedy, we provide
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approximation guarantees of the gap-based screening rule based on a partial SVD. With minor modification, all
of our results can be transferred to the atomic set of symmetric rank-one matrices.

2| Related work

The sequential safe-screening rule proposed by El Ghaoui et al. [14] for one-norm regularization provides a
theoretical basis with which to identify variables that are zero at a solution. Subsequent proposals have aimed
at new screening rules that work for specific regularization functions, which are typically polyhedral, such as
one-norm and box-constrained regularization [4-6,19,20,23,25,32-34, 36]. Among these, screening rules that
depend on the duality gap have been shown to be effective for one- and group-norm regularized problems
such as LASSO and group LASSO [23]. Zhou et al. [37] proposed the only safe-screening rule that applies to
nuclear-norm regularized problems. That rule, however, requires strong assumptions on the iterate that may
not hold even if the iterate is feasible and arbitrarily close to the optimal solution. More recently, Sun and
Bach [28] extended the safe-screening rule to general atomic sets and studied the atom-identification property of
the generalized conditional-gradient method. Their work, however, does not offer a safe screening rule that could
save computation when applied to the nuclear-norm regularized problems.

Other screening rules in the literature, which are not necessarily safe, include those based on statistical
notions [9,10,38] and heuristics [16,30]. These approaches are tangential to our purpose and we do not discuss
them further. Some of the techniques used in our analysis are related to the facial reduction strategy from
Krislock and Wolcowicz [18].

3 Preliminaries

We introduce in this section the basic tools of convex analysis and atomic sparsity that serve as the cornerstone
of our analysis. We make the blanket assumption that the atomic set A C R"™ is compact, and that the origin is
contained in its convex hull. (We do not assume that 4 is convex.) The gauge function to the set A measure the
magnitude of a function relative to that set.

» Definition 1 (Gauge function). The gauge function with respect to A is defined as

Ya(z) = inf{ Z Ca

acA

x:ana7ca>0Va€A}. (2)

acA

The gauge function is always convex, nonnegative, and positively homogeneous. However, it’s not necessarily
a norm because it may not be symmetric (unless A is centrosymmetric), may vanish at points other than the
origin, and is not necessarily finite valued (unless A contains the origin in its interior). Definition 1 makes explicit
the role of a gauge function as a convex penalty for atomic sparsity. The support of a vector x is the collection
of atoms a € A that contribute positively in the decomposition described by (2).

» Definition 2 (Atomic support). The atomic support for a point € R™ with respect to the set A is defined to
be the set S,(z) that satisfies

’yA(x):an, x:ana, and ¢, >0 Va € S,(x).
a€S(x) a€S(z)

The atomic set of signed 1-hot unit vectors A = {te; | i =1,2,...,n}, for example, the support S,(z) coincides
with the nonzero elements of x with the corresponding sign. The support function, defined below, is dual to the
gauge function, and provides a key tool for identifying atoms associated with the support of a vector.

» Definition 3 (Exposed faces and e-exposed faces). The exposed face and e-exposed face, respectively, of a set
A C R" in the direction z € R™ are defined by the sets

F.z)={acA|{a,z) =04(2)}, F (z,6) ={acAl{a,z) > 0u(z) — €},

A
where 0 4(2) 1= sup,c 4(a, z) is the support function with respect to A.

When e = 0, the e-exposed face coincides with the exposed face. We list in Table 1 commonly used atomic sets,
their corresponding gauge and support functions, and atomic supports.
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Atomic sparsity A Ya(z) Sa(x) oa(z)
non-negative cone({ei1,...,e, }) d>0 cone({e; |z; >0}) d<0
element-wise ter,...,ten } Il 1 {sign(zi)e; | xi #0} | Tloe

low rank {uv” | ’LWUHQ =|jv|l2=1} nuclear-norm singular vectors of x  spectral norm
PSD & low rank {uu” | fJullz =1} tr +9x-0 eigenvectors of x max { Amax, 0 }

Table 1 Commonly used sets atom sets and the corresponding gauge and support functions [12]. The indicator

function d¢ () is zero if x is in the set C and +oo otherwise. The commonly used group-norm is also an atomic norm;
see [11, Example 4.7].

4 Problem setting

Our safe-screening rules apply to these three related atomic-regularized optimization formulations:

minimize pi(x) := f(b— Mzx) + Ay, (z), (Py)
minimize py(z) := f(b— Mz) subject to yu(z) <7, (P2)
minimize p3(z) :=y4(x) subject to  f(b— Mz) < «, (P3)

where f is an L-smooth and convex function, M : R® — R™ is a linear operator, and b € R™ is a known
vector. It’s well known that under mild conditions, these three formulations are equivalent to each other for
appropriate choice of the positive parameters A, 7, and « [13]. Practitioners often prefer one of these formulations
depending on their application. For example, tasks related to machine learning, including feature selection
and recommender system, typically feature one of the first two formulations [21,29,35]. On the other hand,
applications in signal processing and related fields, such as as compressed sensing and phase retrieval, usually
use the third formulation [7,31]. Previous work on safe screening rules usually focus on formulation (P;). The
safe screening rules we propose apply equally to all three formulations.
The Fenchel-Rockafellar duals for problems (P1)—(P3) play an important role in our screening rules:

miniymize di(y) = f*(y) — (byy) s.t. o (M*y) <A, (Dy)
miniymize da(y) = [*(y) — (b, y) + To(M"y), (D2)
minimize it dy(y,9) 1= B (" (0/8) + o)~ (9) st ou (M) <1, (D)

where f*(y) = sup,, (y,w) — f(w) is the convex conjugate function of f, and M* : R™ — R” is the adjoint
operator of M, which satisfies (Mz,y) = (x, M*y) for all x € R™ and y € R™. For each problem i € {1,2,3},
denote the duality gap function by p; + d;, where p; and d;, respectively, denote the primal and dual objectives
evaluated at feasible primal and dual variables. For the remainder of the paper, we assume strong duality
holds for all three pairs of problems—that is, there exist pairs (z*,y*) and (z*,y*, 8*), in the case of the third
formulation—that achieve the optimal primal and dual values. Denote the optimal primal and dual solutions for
problems i € {1,2,3} by 7 and y}, respectively. (Problem (P3) also includes the optimal scalar variable 5*).

5 The gap-based safe-screening rule

The task of developing safe screening rules that apply with full generality to any atomic set A C R™—even those
that are uncountably infinite—requires tools that accommodate general notions of “activity”, in the same way,
for example, that simplex multipliers tell us which primal variables of a linear program are positive or zero. Our
screening rules use information about the faces of the atomic sets that are exposed through the dual problem,
and shows which atoms support an optimal solution. The following result, due to Fan et al. [11, Proposition 4.5
and Theorem 5.1], makes this precise.

Theorem 4 (Support identification). Let x* and y* be optimal primal-dual solutions for problems (P;) and
(D;), with i =1,2,3. Then

Su(@") CF (M7y).
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Our main theorem generalizes this result to show similar atomic support identification properties that also apply
to approximate primal and dual solutions. In particular, given a feasible dual variable y close to y*, the support
of z* is contained in an e-exposed face that includes F, (M*y*). Our results tie the parameter € to the duality
gap. Define the atomic operator norm by [|M|| 4 := maxge.a ||[Mal|2.

Theorem 5 (Generalized gap-based safe-screening rules). Let x; and y; be feasible primal and dual vectors,
respectively for problems (P;) and (D;), with i =1,2,3. Then

SA(x;k) c ]:_A(M*yi’ei)7 (3)

where each €; is defined for problem i as follows:

a) &1 = [M|lay/2L (pi(z1) + di(1)),

b) ea = 2||M||.\/2L (pa(22) + da(y2)),

0) € = 2| M|.y/2BL(ps(ws) + max { ds(ys, §), d(ys, ) }),

where 3 and B are positive lower and upper bounds, respectively, for B*.

Theorem 5(a) recovers the gap safe-screening rule developed by Ndiaye et al. [23], which applies only to (P;)
with v, being the one-norm. Note that Theorem 5(a) and Theorem 5(b) also overlap with recent work by Sun
and Bach [28, Theorem 2] and we do not claim much novelty for them. But to the best of our knowledge,
Theorem 5(c) is a novel result. We also note that the atomic operator norm ||M ||, may be difficult to compute,
and we show in Appendix E how to compute this term for the LASSO, matrix completion, and phase-retrieval
problems.

The generalization of the safe-screening rule to (P3) is more involved than for the first two problems (Py)
and (P2) because the dual objective contains the perspective map of f*(-) + « [1]. The proofs for parts (a)
and (b) of Theorem 5 depend on the strong convexity of f*, implied by the Lipschitz smoothness of f. This
convenient property, however, does not hold for the perspective map applied to f*. We resolve this problem by
imposing the additional assumption that we have bounds available on the dual optimal variable 5*. Appendix C
describes how to obtain these bounds during the course of the level-set method developed by Aravkin et al. [2].

All three screening rules stated in Theorem 5 are based on having available primal and dual variables. Let Z
denote an arbitrary feasible primal variable. We can then construct a corresponding feasible dual variable § via
some scaling of V f(b — MZ), which ensures dual feasibility. By this construction, if Z converges to a solution of
the primal problem, then 7 also converges to a solution of the dual problem. Our next proposition shows the
effectiveness of Theorem 5.

» Proposition 6 (Atomic identification). For each problem i = 1,2,3, let {xgt)}fil and {yl@}fil be sequences
that converge to optimal primal and dual solutions (z},y}) respectively. For (D3), let {Q(t)}fil and {B1}2, be
positive sequences that satisfy 8* € (é(t),ﬂ_(t)) for all t and B — ﬁ(t) — 0. Let {ez(-t)}fil be the gaps defined in
Theorem 5, evaluated at :L'Z(»t) and ygt) (and ﬁ(t), BW). Then the intersection Agt) = ﬂ;zlfA(M*yl(j), ez(»j)) has
the Painleveé-Kuratowski set limit (27, p. 111]

s (t) _ *, %
tl_lgloAi =F, (M y;).

Proposition 6 ensures that the screening rule (3) is guaranteed to eventually discard superfluous atoms as long as
we have available an iterative solver that can generate primal iterates that converge to a solution. For polyhedral
atomic set, e.g., an atomic set with finite elements, it’s straightforward to verify that Proposition 6 implies the
following finite-time atom identification property: for i = 1,2, 3,

37 >0 such that Al(-t)z]:A(M*y;‘) vt >T.

The implementation of the gap-based safe-screening rule for polyhedral atomic sets is also straightforward.
One can store all atoms in memory during computation, and the gap-based safe-screening rule offers a computable
way to discard redundant atoms periodically during the optimization. When F , (M*y, €) is small enough, let
A=F L (M*y,€) = {a;};_;, we can solve efficiently the reduced low-dimensional problem

T T
minimize b—M Qa;T; subject to T, < T
sinizg (5= M3 n ) sbietio 3 ais
1= 1=
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instead of the original high-dimensional problem using an algorithm such as accelerated projected-gradient
descent.

A remarkable aspect of the gap-based safe-screening rule is that it depends solely on the duality gap, and
hence is algorithm agnostic. As long as we have an algorithm that guarantees duality gap converges to 0, the
gap-based safe-screening rule will recover F, (M*y*) within a finite number of iterations (for finite atomic sets).
The gap-based safe-screening rule has been successfully applied to algorithms such as conditional gradient descent
and projected coordinate descent to achieve promising performance.

6 Gap-based safe screening rule for nuclear norm

A key question in this work is whether the generalized safe screening rule can give any computational advantage
for atomic sets A with infinite number of atoms. In particular we consider the atomic set to be the set of rank-one
matrices, i.e.,

A={w’ |ueR", veR™, |lullz=|v]|z=1}.

In the following proposition, we show that the e-exposed face of M*y contains all the singular vectors when € is
strictly positive.

» Proposition 7 (Limitation of e-Face). Let M*y = UXVT be the full SVD of M*y, where
¥ = diag(01,02,. .., Omin{n,m}), 0i > 0¥ 0 < i < min{n,m}.

For any € > 0, the e-face can be explicitly expressed as

min{n,m}

F.(Mye) =S Up)(V)" | > i =01 |pllz=llall2 =1

i=1
Then for any € > 0, there exist p,q with all entries being nonzero, such that (Up)(Vq)T € F (M*y,e).

Proposition 7 indicates that the e-exposed face F ,(M*y,€) contains not only the top singular vectors of
M*y but also the bottom singular vectors—even if € is arbitrarily close to 0. This result is unfortunate since the
gap-based safe-screening rules stated in Theorem 5 do not allow us to discard any singular vectors of M™*y and
thus require a full SVD of M*y even if the duality gap is arbitrarily close to 0.

6.1 Approximation with partial SVD
The face of A exposed by the vector M*y* is given by
F, (M*y*) = { wol | uT (M*y* v = oy (M*y*) } ,

where o1 (M*y*) is the largest singular value of M*y*. Therefore, when there are few singular vectors associated
with the largest singular value, only the top few singular vectors of M*y* are actual useful atoms. This property
motivates us to use the partial SVD of M*y to extract the reduced atomic set. This hard-thresholding technique
has been widely used as a heuristic. Formally, given a dual feasible solution y with partial singular value
decomposition

My =U,%. VI U, e R™"  V,cR™" r < min{n,m},
we construct the corresponding reduced atomic set
A={Upa"V," [ llpll2 = llall2 = 1},

and solve the reduced problem over A.
First, we give a concrete example showing that the partial SVD of M™*y is not able to give us a safe cover of
F (M*y*) even when F, (M*y*) is a singleton and y arbitrarily close to y*.
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» Example 8 (Limitation of Partial SVD). Consider the problem

e . 1 2 :
e || X-Z2 subject to Xl <1, 4
minimize X — Z[  subj X1l < @

where

Z = Udiag(2,0.1,...,0.1)VT and U=V =

for some € € (0,1). The dual problem is

. 1 2 1 2 5
—Zl1% =1 ZII5 + IV ]l5.
mlglrglxl%e ZHY % 2|| %+ [1Y]2 (5)

The solutions for the dual pair (4) and (5) are
X* =Udiag(1,0,...,0)VT and Y*=Z- X*=Udiag(1,0.1,...,0.)V7T.

Let u; and vy, respectively, be the first columns of U and V. Then obviously S,(X*) = F,(Y*) = {usv{ } is a
singleton. We construct the following dual feasible solution

Y = diag(1,0.1,...,0.1).

Let U and V be the singular vectors of }A/', then U =V = [e1, ea,...,ey,], where e; is the n-dimensional vector with
1 at the ith entry and 0 at other entries. In order to cover the leading singular vector u; = [v/1 —€,0, ..., /€7,
we need both the top singular and bottom singular vectors e; and e,,, and therefore any top-r SVD of Y with
r < n will end up to be “unsafe”. It’s also easy to verify that ||¥ — Y*||z = O(y/€). Note that our argument holds
for any € € (0,1). Therefore, Ve € (0,1) there exists y € B(y*, €) such that only full SVD of M*y can guarantee a
safe coverage of F, (M*y*). <

This result shows that the screening rule with partial SVD is not safe. Therefore, we can only resort to an
approximate screening rule. We use the one-sided Hausdorff distance

p(A1, A3) == sup inf |la; —az2|lF
a1€A; az €A,

to measure the similarity between any two subsets A; and As of the atomic set .A. The next result shows that
there is a set A that is close to S4(z*), then there must exist a point in A that is close to z*.

-~

» Proposition 9 (Hausdorff error bound). Given A C A, there exists x € cone(A) such that

lz = 2" r < p(Sa(a®), A) - VI8a(@?)[ - 2" -

Next, we study the approximation ability of the partial SVD of a given feasible dual solution M*y to
F ,(M*y*). The next result applies to each one of the dual pairs (P;) and (D;), i = 1,2, 3.

» Proposition 10 (Error in partial SVD). Let y be a dual feasible vector. Let M*y = U, VI, U, € R"*",
and V. € R™*7" be the truncated SVD where v < min{n,m}. Let {Ji}?:f{"’m} be the singular values and
A={Upd"VI | |pllz2 = llgll2 = 1} be the reduced atomic set. Assume o1 > o11. Then

* ok ™ * N . €
quw,Kmaw%¢>:¢mﬁﬂ}
01 — Or41

where € = €; fori=1,2,3 as defined in Theorem 5 depending on the problem formulation.

Oustry [24, Theorem 2.11] developed a related result based on the two-sided Hausdorff distance. Directly
applying Oustry’s result to our context results in a bound that is O(y/€/(o, — 0+41)), which is looser than the
bound shown in Proposition 10 because o1 > 0, > 0p41.
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7

Conclusion

Our extension of gap-based safe-screening rules to the various forms of atomic-norm regularization is based on

the convex calculus of sublinear functions. Our proposed screening rules can provide practical computational
advantages when the atomic sets are polyhedral. As demonstrated by Example 8, however, there are limitations
of the rule when used for non-polyhedral atomic sets. In that case, Proposition 10 provides an error bound based
on the truncated SVD.

Further research opportunities remain, particularly for designing meaningful safe-screening rules for non-

polyhedral sets. For example, it seems possible to design safe-screening rules for nuclear-norm regularized
problems that are particular to the search directions generated by the conditional-gradient method.
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Appendix
A Derivation of duals

We derive the dual problems (Dq), (D2) and (D3) using the Fenchel-Rockafellar duality framework. We use the
following result.

Theorem 11 ( [26, Corollary 31.2.1]). Let f1 : R™ = R and fo : R™ — R be two closed proper convez functions
and let M be a linear operator from R™ to R™, then

Jof fi(@) + fo(Ma) = if fi (M7y) + f3(—y).

If there exist x in the interior of dom f1 such that Mx in the interior of dom fo, then strong duality holds,
namely both infima are attained.

We also need a result that describes the relationship between gauge, support, and indicator functions.
» Proposition 12 ( [11, Proposition 3.2]). Let C' C R™ be a closed convex set that contains the origin. Then
Yo = 0co = Ofe.
For problem (P;), let
fir=Xa  and  for=f(b—>)
By the properties of conjugate functions and Proposition 12, we obtain
fi =040 =0zjoa@=<ny and  f3=(b)+ [ (=)
Then by Theorem 11, we can get the dual problem for (P;) as

miniﬂr%nize f*(y) — (b,y) subject to o (M*y) <A
yeR™

For (P2),
J1=0y,<r =0ra and fo=f(b—").

By the properties of conjugate functions and Proposition 12, we obtain
fi=0ra=704 and f5=(b)+f(—)

Then by Theorem 11, it follows that the dual problem for (Ps) is
minimize () = (bsy) + Tou(M"y).
For (P3),
Ji=74 and  fo=0(f-2)<a}-

By the properties of conjugate functions and Proposition 12, we can get that
fi = 0oaw=<y  and  f3 = 0(50-0)<a)-
Then by [15, Example E.2.5.3], we know that the support function of the sublevel set is
x _ — mi Ll — b, ).
f2 = 0(a|f(b-2)<a} glgl(}ﬂ (f ( 5) +Oé) + (b, )

Finally, by Theorem 11, we can get the dual problem for (P3) as

yHelJIR%mﬁlieo 8 (f* (/15/’) + a) —(b,y) subject to o, (M*y) <1.
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B Proof of Theorem 5

The proof of this Theorem relies on the duality between smoothness and strong convexity.

» Lemma 13 ( [17, Theorem 6]). If f is L-smooth, then f* is +-strongly conver.

L

Proof of Theorem 5. a) Let y* denote the optimal dual variable for D;. First, we show that ||y — y*|| can be

c)

bounded by the duality gap. Let g(y) = f*(y) — (b,y). By Lemma 13, f* is %—strongly convex, and it follows
that g is also %—Strongly convex. By the definition of strong convexity,

* * * 1 *
Vs € dg(y™), 9(y) = 9 ) + (s,y —y7) + 57 ly —v"I1*
Optimality requires that
ds € 9g(y*), (s,y—y") >0 Yy st. o (M*y) <A

Therefore, by reordering the inequality,

ly — "Il < V2L(g(y) — 9(y*)) < V2L (p1(x) + di(y)) Vo € R", (6)

where the last inequality follows from the fact that the duality gap is always an upper bound for g(y) — g(y*).
Next, we show that F,(M*y*) C F,(M*y,e;). For any a € F,(M*y*),

(a, M*y) = o ,(M*y*) + (Ma,y — y*)

> o (M*y*) — M —y
> ou(%y") ~ (max 07al ) Iy~ ']

> 0u(0y") = (g [Mal ) 2L Toaa) + 650
> JA(M*y) — €1,
where the last inequality follows from the fact that o, (M*y*) = A.

Let y* denote the optimal dual variable for Dy. First, we show that ||y — y*|| can be bounded by the duality

gap. Let g(y) = f*(y) — (b,y) + To.4(M*y). By Lemma 13, f* is +-strongly convex, and it follows that g is
also %-strongly convex. By the definition of strongly convex,

1
Vs € 9g(y™), 9(y) = 9(w) + (s,y —y") + o7 ly —v"I1*

By optimality, 0 € dg(y*). Reorder the inequality to deduce that

ly —y*ll2 < V2L(g(y) — 9(y*))
< V2L (pa(z) + daly)) Vo € TA. (7)

Next, we show that F,(M*y*) C F,(M*y,ez). For any a € F,(M*y*),
(@.0079) 2 0.(07y") = (mag Ml ) Iy~ ']
= 0L = (u(01°) ~ 0x(0My")) = (maaglMal )y =]

> ou(4%y) ~ 2 (max |04a] ) Iy~ o'

> 0A(M7y) — €.

Let (y*, 8*) denote the optimal dual variables for D3. First, we show that ||y — y*|| can be bounded by the
duality gap. Let

9(y) =B"f* (;) + B%a —(b,y).
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By Lemma 13, f* is %—strongly convex, and it’s not hard to check that g is /B%L—strongly convex. By the
definition of strongly convex,

. . . 1 .

Vs € 9g(y*), g(y) = g*) + (s,y —y*) + ——ly — y*|I>.
26*L

By optimality,

s € dgly™), (s,y—y*)>0 Yy st. o (M'y) <1.

Reorder the inequality to deduce that

ly —y*ll2 < V28*L(g(y) — 9(y*))
< V2B*L (p3(z) + ds(y, %)) Ve € R" st. f(b— Mz)<a

< \/2BL (ps(z) +ds(y, 5*)) Ve e R® st f(b— Mz) <o (8)

Since £* is unknown to us, we will then get an upper bound for d3(y, 8*). Fix y, let h(8) = ds(y, 8). By the
property of perspective function, we know that A is convex. Then it follows that

ds(y, ) < max {ds(y,8), ds(y. B) } -

Therefore,

ly = y*ll2 < \/2BL (ps(x) + max {ds(y, B),ds(y, ) }) Yz €R" st f(b—Mz) < a.
Finally, we show that F  (M*y*) C F,(M*y,e3). For any a € F,(M*y*),
(@.3%9) 2 ou(y") = (o 07a] ) Iy~ ')

= 0L = (u(01°) ~ ou(0My")) = (maglMal )y =]

> 0,(09) = 2 (magal )y = ']

= 04(M"y) — €.

<
C Upper and lower bound for 3*
First, we consider (D3). Let w = y/3, then (D3) can be equivalently expressed as
minimize ér;foﬂ(f*(w) — (b,w) +«) subject to o (M w) <B.
Fix § = 8*, then (D3) can be expressed as
mingnize ff(w) — (b,w) subject to o (M w)< g 9)

Now compare (9) with (D1) to conclude that they are equivalent when A = g*. It thus follows that (P3) is
equivalent to

minimize flb—Mz)+ B ya(x). (10)

Next, consider using the level-set method [2] with bisection to solve (P3). There exists 7 > 0 such that (P3)
is equivalent to

minimize f(b— Mz) subject to y.(z) <7 (11)
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With the level-set method, we are able to get (z1,71) and (22, 72) such that 7 < 7* < 75 and z; is the optimum
for

minimize f(b— Mz) subject to y.(z) <7, (12)
for ¢ = 1,2. Then there exits 81 and $2 such that 81 > 6* > 2 and x; is optimal for
minimize f(b— Mz)+ Biya(x), (13)

fori=1,2.
Finally, by [11, Theorem 5.1] we can conclude that

Bi = o (M*Vf(b—Mz)) for i=1,2.

Therefore, we can get upper and lower bounds for 5* via level-set method with bisection. Moreover, by strong
duality and convergence of the bisection method, the gap between (; and B will converge to zero.

D Proof of Proposition 6
Proof. From the construction of sets A, it’s straightforward to see that
AW DA D
which shows that { A®) },°  is a monotone sequence. By [27, Exercise 4.3], the Painleveé-Kuratowski set limit
Al = lim A®
t—o0

is well-defined.

First, we show that F, (M*y*) C A By Theorem 5, we know that F (M*y*) C AW for all ¢t. Therefore,
it follows that F , (M*y*) C A,

Next, we show that A(>) C F (M*y*). Consider a € A). Since { A®) }zl is a monotone sequence, there
exist T" > 0 such that

ac AW, vt>T.

By the construction of A®) we know that A® C ]-'A(M*y(t), €®) for all ¢, and thus we can conclude that
(a, M*y®Yy > o (M*yD) — D vt >T.

Now by taking limits with respect to ¢t to both sides of the inequality, we can conclude that
(a, M™y*) > ou(M"y"),

which implies that a € F, (M*y*). <

E Computing ||M||4

In general, by the inequality ||Mal| < ||M||||al|, we can bound the term sup,¢ 4 [|Mal| by || M| sup,c_4 ||a||. Which
is computable as long as we can compute || M| and sup,¢ 4 ||a||. For specific problem, it’s possible to compute a
tighter bound. We show how to compute the term ||M ||, for LASSO, matrix completion and phase retrieval.

E.1 LASSO
In this case, A = {xeq,..., e, }. Let M € R™*" then

[M][ 4 = max [ Me;|| = max [[m;],
€[n] €ln]

where m; denotes the i-th column of the matrix M. Thus ||[M||, = 1 when the matrix M is column-wise
normalized.
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E.2 Matrix completion

In this case,
1 2 1 2
JFIMX = Y) = S |Ta(X = V)3 = SITMa(X) - Y3,

where X € R™*", the second equality is true since Y is a sparse matrix with nonzero entries on Q2. Then
f()=1/2]- |} and MX =TI X.

min{m,n}

(1)
[Mla= sup |Ho(uoT)|r < sup [uoT|p = > o (uwT) =
lull=|lv]=1 lu|l=]lv]=1 ]

@ )

where 0;(X) denotes the i-th singular values of the matrix X. (i) is from the definition of Frobenius norm. (ii) is
true since o1 (uvT) =1, and o;(uvT) =0 Vi > 2.
E.3 Phase retrieval

In this case,

MX = [<MiaX>]i:1:m’

where m is the number of measurements and let X € R"*"™. Then

M4 = sup H M;, uuT)] l'mH
=1 :

= sup H Vec(Mi)TLﬂ.mvec(uuT)
flull=1 o

< et _y,, | sup Tl

_—

< H [VeC(Mi)TL:l:MH ’

F  Proof of Proposition 7
Proof. By the definition of 7, (M*y,¢),

F(Mry,e) = {w” [ (w", M*y) > 01 —¢, [[uz=[v]a=1}
= {w" | (w", USVT) > 01 —¢, |Julla = [[v]l =1}.
We know that U, V' are orthonormal matrices, by setting u = Up and v = Vp for some p, ¢ € R™{mm} - p||y =
llgll2 = 1, we obtain
F(M*y,e) = {Up(V)" | (Up(Va)", USVT) > 01 — e, |Ipll2 = llgll2 =1}
= {Up(VQ)" |p"S¢> 01— ¢ |Ipll2 = llgll2 =1}

min{n,m}

Up(Vg)" Z oipigi > 01— & [Ipll2 = llgll2 =1
i=1

The above finished the proof. <

G Proof of Proposition 9

Proof. Let z* = ZaesA(m*) Ca@,Cq > 0. By the definition of the one-sided Hausdorff distance p, for any
a € S,(x*), there exist a corresponding @ € A such that

-~

16— allr < p(Sa(z"), A).
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~

Let & =} ,cs, (2 Call, then it’s straighforward to verify that & € cone(A) and

le— ol < p(Sa@ ) A Y ea S pSale”), AVISH@ "

a€Sa(z*)

where (i) follows from the orthonormal decomposition 2™ =3 g (,+) Ca@, ¢a > 0 and lz*||% = 3" ¢2 when our

atomic set is the set of rank-one matrices. <

H Proof for Proposition 10

Proof. By the definition of p(-,-), it follows that
p(A,C) < p(B,C) VA, B,C CR™™ suchthat AC B.
We know that F, (M*y*) C F,(M*y,¢), then obviously we have

-~ -~

p(F (M*y"), A) < p(F,(M*y,e), A).
For any A;, A C A,

p(A1, As) = \/ sup inf |a; —az|% = \/2 - 2( inf  sup <a1,a2)>, (14)
a1 €A1 az€A2 a1 €A1 az€A2
where the second equality holds since |ai1||r = [|az||[r = 1 by the definition of A. Define A, = F,(M*y,¢)
and Ay = A = {Upgd"V,I | Ipll2 = [lgll2 =1}, where U,,V, are the top-r singular vectors of M*y. Let
. k . A
k= mln{n,m}, Cl = {(pv q) | Zi:l 0ipPig; >0 — €, HPHQ = Hq||2 = 17 p,q € Rk} and CQ = {(pa q) ‘ HPHQ =
Igll2 =1, p,¢ € R*}, then

p(A1, Ag) = \/2 -2 < min max (UpgTVT, Urf)(jTVTT>>
P,g€C1 P,4EC2

r T
=,|2—2| min max B »
(p’qecl P,GECa <; pzp:) (; ql%) )

= \/2 -2 < min ||p1:r||2||QI:T||2> . (15)
P,q€C1

Now we consider the subproblem in (15):

min ||p1:7“||2||q1:7“||2 (Pl)
p,q
k
subject to Y oipigi = 01 — €, ||pll2 = [lqll2 = 1, p,q € R,
i=1

If p* and ¢* is a solution of the problem (P7), then it’s easy to verify that

ﬁ = [||p1<:r||2707 RS} ||p:+1:k||2? 03 ey 0]
and q: [”qik:r”?aor--a||q:+1:k”2707"~70]

is also a valid solution. Therefore there must exist solution p*,¢* such that p; = ¢; =0 Vi ¢ {1,r + 1}, that is
only pi,qi and p;,, and gy, are greater or equal than 0. This allow us to further reduce the problem to

min - p1qy
PLG1sPr+1,r+1

subject to  o1p1g1 + Or1Pr+1Gr41 = 01 — €,
Pi4Dig =+ a0 =1 P11, prins grgr > 0.

It’s easy to verify that when o1 — 0,41 > ¢, the above problem attains solution at

01 — Op41 — €
P1L=q1 = ﬁ and DPr+1 :qr_,’_l = m
01_0r+1

When 01 — 0,41 < €, the solution is simply p1 = ¢1 = 0,pr4+1 = ¢r+1 = 1. Therefore the optimal value of (P;) is
max{1l —€/(01 — 0r41),0}. Subsitute this into eq. (15) to obtain the required result. <
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