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Abstract: This article aims to provide a series of characterizations of the robust isolated calmness of the
Karush-Kuhn-Tucker (KKT) mapping for spectral norm regularized convex optimization problems. By estab-
lishing the variational properties of the spectral norm function, we directly prove that the KKT mapping is
isolated calm if and only if the strict Robinson constraint qualification (SRCQ) and the second-order sufficient
condition (SOSC) hold. Furthermore, we obtain the crucial result that the SRCQ for the primal/dual problem
and the SOSC for the dual/primal problem are equivalent. The obtained results can derive more equivalent
conditions of the robust isolated calmness of the KKT mapping, thereby enriching the stability theory of
spectral norm regularized optimization problems and enhancing the usability of isolated calmness in algo-
rithm applications.
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1 Introduction

Consider the spectral norm regularized matrix optimization problem

min  h(QX) + (C, X) + ||X||,
o .1
st BX-be®p,

where h : %4 - R is twice continuously differentiable convex function and is essentially strictly convex,
Q: R - R and B : R — KR! are two linear operators, C € R™" and b € N are given data, and
P C Rlis a given convex polyhedra cone. The function ||X]|, is the spectral norm function, namely, the largest
singular value of X. Without loss of generality, we suppose that m < n in what follows. For convenience, in the
following text, we always use 6 to represent the spectral norm function, i.e., 8(-) = ||||z. Problem (1.1) has a
wide range of applications in various fields, such as matrix approximation problems [1], matrix Chebyshev
polynomial problems [2], and H., synthesis problems [3-5], etc. Recently, spectral norm regularized problem
has also been applied in deep learning and neural networks problems [6-8].

Stability analysis theory is very crucial in studying the convergence of algorithms. As one of the important
concepts in stability properties, isolate calmness (Definition 1) may guarantee the linear convergence rate of
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some algorithms, such as the alternating direction method of multipliers [9] and the proximal augmented

Lagrangian method [10]. There are many publications on studying the isolated calmness of the Karush-Kuhn-

Tucke (KKT) mapping (ICKKTM) for optimization problems. For the nonlinear semidefinite programming,

Zhang and Zhang [11] show that the ICKKTM can be derived from the second-order sufficient condition

(SOSC) and the strict Robinson constraint qualification (SRCQ). Zhang et al. [12] demonstrate that both the

SOSC and the SRCQ are sufficient and necessary for the ICKKTM for the nonlinear second-order cone pro-

gramming problem. It is important to note that Ding et al. [13] study the robust isolated calmness of a large

class of cone programming problems. They prove that if and only if both the SOSC and the SRCQ hold, the KKT
mapping is robustly isolated calm.

When the optimization problem has some kind of special linear structure, by establishing the equivalence
between the constraint qualification of the primal (dual) problem and second-order optimality condition of
the dual (primal) problem, one can obtain more characterizations of stability properties. For instance, for the
standard semidefinite programming problem, Chan and Sun [14] show that the constraint nondegeneracy
for the primal (dual) problem is equivalent to the strong SOSC for the dual (primal), then they obtain a series of
equivalent characterizations of the strong regularity of the KKT point. Han et al. [15] discover the equivalence
relationship between the dual (primal) SRCQ and the primal (dual) SOSC for convex composite quadratic
semidefinite programming problem, thereby deriving a series of equivalent conditions of ICKKTM. For the
case where 6 in problem (1.1) is the nuclear norm function, Cui and Sun [16] show that the primal (dual) SRCQ is
equivalent to the dual (primal) SOSC. Therefore, they derive more equivalent conditions of the robust ICKKTM.

Inspired by the work in [16], given the widespread application of spectral norm regularized convex matrix
optimization problems, a natural question is whether the results in [16] can be extended to spectral norm
regularized convex optimization problems. We provide an positive answer in this article. Due to the special
structure of the critical cone of spectral norm function, we provide several equivalent conditions of the robust
ICKKTM. That is to say, the conclusions in [16] are still valid for problem (1.1). Compared to [16], the difference
in this article is that we use the established variational properties of the proximal mapping of spectral norm to
provide a direct proof of the ICKKTM for problem (1.1), while [16] provides an indirect proof of the isolated
calmness based on [13, Theorem 24] regarding the optimization problems with a C2-cone reducible constraint
set. In addition, compared to the SOSC, the SRCQ for primal or dual problem is easier to verify, which can
enhance the practicality of isolated calmness in algorithm research.

The organization of the subsequent content is as follows. We provide some notations and preliminaries on
variational analysis, which will be used in the following text in Section 2. The variational properties of the
spectral norm function are studied in Section 3, including the relationship between the critical cones of the
spectral norm function and its conjugate function, and the explicit expression of the directional derivative of
the proximal mapping of the spectral norm function. The results in Section 3 play a vital role in obtaining the
important conclusions of this article. In Section 4, we prove that the primal (dual) SRCQ holds if and only if the
dual (primal) SOSC holds and thus establish more equivalent conditions for the robust ICKKTM for problem
(1.1). We conclude this article in Section 5.

Some common symbols and notations for matrices are as follows:

« For any positive integer ¢, we denote by [¢] the index set {1, ...,t}. For any Z € R™", the (i, j)th entry of Z is
denoted as Z;, where i € [m], j € [n]. Let 4 € [m] and v € [n] be two index sets. We write Z, to be the
submatrix of Z that only retains all columns in v, and Z,, to be the |u| x |v| submatrix of Z that only retains
all rows in ¢ and columns in v.

» For anyd € R™, Diag(d) represents the m x m diagonal matrix, where the ith diagonal elementisd;,i € [m].

* Using “trace” to represent the sum of diagonal elements in a given square matrix. For any two matrices
P and Q in R™", the inner product of P and Q is written as (P, Q) := trace(PTQ). The Hadamard product
of matrices P and Q is represented by the symbol “°”, ie., the (i, j)th entry of P = Q € R™™" is P;Q;.

Let S™ Dbe the linear space of all w x w real symmetric matrices, and S} and S” be the cones of all w x w
positive and negative semidefinite matrices, respectively.
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2 Notation and preliminaries

Let X and Y be two finite dimensional real Euclidean spaces. Let By be the unit ball in /. Let D € X be a
nonempty closed convex set. For any z € D, the tangent cone [17, Definition 6.1] of D at z is defined by 7p(z) =
{d € X|3zF - z with zk € D and 7% | 0 s.t. (zX - 2)/7% > d}. We use Np(x) ={d € X : (d,z - x) £ 0,Vz € D}
to denote the normal cone of D at x € D. Denote by §p(x) the indicator function over D, i.e., §p(x) = 0if x € D,
and 6p(x) = o if x € D. Define the support function of the set D as a(y, D) = sup,,(X,y),y € X. For a given
X € X, define IIp(x) = argmin{||d - x|||d € D} as the projection mapping onto D. Suppose the function
f: X = (-, +o0] is proper closed convex, denote by domf = {x|f(x) < o} the effective domain of f, by f*
the conjugate of f and by df the subdifferential of f. For more details, one can refer standard convex analysis
[17]. For any convex cone K C Y, denote by K © = {z’ € Y|(z/,z) < 0, Vz € K} the polar of K.

The definition of isolated calmness below, which is taken from [13, Definition 2], is the most important
concept in this article.

Definition 1. The set-valued mapping G : X 3 Y is said to be isolated calm at &t for v if v € G(i1), and there
exist a positive constant k and neighborhoods % of & and V' of v such that

GuyNYVC{v}+kllu-ul|By VYueU. 21

Moreover, we say that G is robustly isolated calm at & for v if (2.1) holds, and for eachu € U, G(w) NV # .

For any closed convex function g : X — (-, +o], we know from [18, Proposition 2.58] that g is direc-

tionally epidifferentiable. We use g'(x; -) to denote the directional epiderivatives of g. Further, if g'(x; d)

is finite for x € dom g and d € X, we define the lower second-order directional epiderivative of g for any
w € X by

gx+1d+ %TZW') -g(x) - g'(x; d)

Wiy = Jimi
g5 d,w) = llrﬂ%nf

1
72
w-w ZT

3 Variational analysis of the spectral norm function

In this section, we will provide a direct expression for the directional derivative of the proximal mapping of
the spectral norm function. Then discuss the relationship between directional derivatives of the proximal
mapping, the so-called sigma term and the critical cones.

Given an arbitrary matrix Q € R™", let 61(Q) = 02(Q) =...= 0,,(Q) be the singular values of Q. Denote
a(Q) = (61(Q), 2(Q), ...,G,,(Q))T. For any integer p > 0, let O? be the set of all p x p orthogonal matrices.
We assume that Q € ™" admits the singular value decomposition (SVD) as follows:

Q = U[Diag(a(Q)) 0]V = U[Diag(a(Q)) OI[V; W' = UDiag(a(Q)V{, (3.1)
where U € O™ and [V} V5] € O™ with ; € R™™ and V; € R™"™), Define the following three index sets
a={1<i<m|o(Q)>0}, b={1<i<mg(Q)=0}, c={m+1,..,n}. 3.2)
For any two matrices P, W € S", the well known Fan’s inequality [19] takes the form
(P, W) < A(P)TA(W), (3.3)

where A(P) represents the eigenvalue vector of P whose elements are arranged in nonincreasing order.
For any P, W € R™", by [20, Theorem 31.5], we know that W € 06(P) (or, equivalently, P € 06*(WW))
holds if and only if

Proxg(P+ W) =P & Proxg{P+ W) =W,
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where Prox, : ™" —» ™M denote the proximal mapping of 6 [21, Definition 6.1], namely,
1
Proxy(Z) = arg min [G(Z’) +—||Z" - Z||2], Z € ;ymn
VA 2

and Proxg+ : R™" — ™M denote the proximal mapping of 6*. Denote Q = P + W. Let Q have the SVD as (3.1).
Then by [21, Theorem 7.29 and Example 7.31], we have that

P = U[Diag(a(P)) 0]VT, W = U[Diag(c(W)) 0]vT
and
a(P) =k(a(Q)) and o(W)=a(Q) - k(a(Q)),

where k : 8™ — 9R™ is the proximal mapping of the l. norm (i.e., the maximum absolute value of the elements
in a vector in ™).
Define ¢ : ;& — R as the following scalar function:

o(x) = min{x, I*}, x € R,

where A* > 0 and satisfies Y -,[0;(Q) — A*], = 1 (for any x € R, [x]. means the nonnegative part of x). Then,
we can conclude that k(a) = (¢(01), ¢(ay), ...,0(ay)) and

P = Prox¢(Q) = U[Diag((01), ¢(02), ...4(0m)) OJV".

Obviously, Proxy(-) can be regarded as Lowner’s operator related to ¢.
Let v1(Q), v2(Q),..., v«(Q) be the nonzero different singular values of Q, and there exists an integer
1 <7 < r such that

v1(Q) > vo(Q) >...> Vi(Q) 2 A* > vz (Q) >...> v(Q) > 0.

To proceed, we further define several index sets. We denote a,.; = b for convenience. Divide the set a into
subsets as follows:

ay = {i € a|oy(Q) = vk(Q)}, k€ [r],
and define two index sets associated with A*:
r+1

Ak, ﬁ: U ay. (3.4)
1 k=r+1

C=

a =
k

Specifically, g;(P) = min{a;(Q), A*}, i = 1,..., m, namely,

A%, ifi€a,

%P)=1500), ifiep.

In fact, A* coincides with the largest singular value of P, namely, A* = ||P||,. According to Watson [22], the
subdifferential of 8 can be characterized as follows:

99(P) = {UHV!, VH € S'% trace(H) = 1}. (3.5)
Therefore, we know that g;(W) = 0 when i € , and the set a can be divided into three subsets as follows:
m={i€ao(W)=1, w={i€a0<gW)<1}, a={i€ao(W)=0}. 3.6)

Hence, there exist integers 0 < iy <1 and 7 - 1 < 1, < 7 such that

Ty n F
a=Ua, &= Uaq @a= U a.
k=1 k=ro+1 k=r+1
Since the spectral norm function is globally Lipschitz continuous with modulus 1 and convex, 6 is direc-
tional differentiable at any point in S8™". From (3.5), for any D € SR™", the directional derivative of  at P
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in the direction D can be expressed as follows:

0'(P; D) = sup (D,S) = ||UiDVyp. 3.7)
SEJO(P)

For W € 90(P), or, equivalently, P € 00*(W), the critical cone of § at P for W and the critical cone of 6*
at W for P are defined as follows:

Co(P, W) = {D € R™"N0(P; D) = (D, W)} (3.8)
and
Cex(W, P) = {D € R™"|(6*)(W; D) = (D, P)}. 3.9

Next we will give the expression for the directional derivative of Proxy(-). By [23], we know that Proxg(-)
is directional differentiable and the directional derivative can be obtained via the directional derivative
of ¢. Clearly the directional derivative of ¢ is

0, if p > A%,
¢'(p;h) = {minf{h, 0}, if p = A%,
h, if p < 2%,

For any Q € R™", denote F, : R™" — R, @i, : Rmxn — RlalxIfl @lg : Rmn — Rlalf, and @, : RN —
Rlalel as follows:

24*
(03,(Q)); = m, i € [lall,j € [lall,
M- 0ae(Q) .
(04(Q))y = Q) - Gl @)’ i € [lall,j € [IBI;
A* + G'+a(Q)
2 s j+lal . .
(CAQ) Q)+ (@) -k i € [lall,j € [IBI],
A*
(04c(Q))yj = (0’ i€ lall,j €[n-m].

Define two linear matrix operators S : RP*P - SP and T : RP*P — RP*P hy
1 1
S(H) = E(H +HT) and T(H) = E(H - HT), VH e R, (3.10)

ForallQ € "™ and D € W™ letD = [D; D,]with D; € R™™ and D, € R™ ("™ We define four matrix
mappings Z; : RN x RN Rlaxlad oz, g g sglalxiBl gz, ggmn o gmen s ylBKlal - and By
RMxn x grmxn . sylalxlcl by

21(Q, D) = 03,(Q)° T(D1)aas
£2(Q, D) = 0}3(Q) > S(D s + 0%5(Q) ° T(D1)aps

23(Q, D) = (0g5(Q)T ° S(D1)pa + (035(QNT ° T(D1)pas
E4(Q: D) = eac(Q) ° Dyec.

(3.11)

Therefore, according to [23, Theorem 3], the directional derivative Proxy(Q; D) can be written as follows:

51(0,D) + Ega(D)| Eo(Q,D)| 54(0, D
Proxi(0: D)=U[ 1(oﬁ> ZuD)] 2Q.0)| 2Q. D) 512
| =@D) | Dy | Dx
where D = UTDV and
0a1><a1
E‘-0101(5) = 0gyxa (3.13)

HSIf‘3‘(S(D~a3a3))
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Theorem 3.1 in [24] shows that the singular value function is second-order directionally differentiable
in ™ This means that the spectral norm function is second-order directional differentiable, and
0”(X; -) = 6*(X; -). To analyze the SOSC of problem (1.1), which helps to characterize the ICKKTM, we need
to compute the “sigma term” of the problem (1.1), namely, the conjugate function of the second-order direc-
tional derivative of 6. For any k = 1,..., r, define Q,, : R™" x RM N —» RU&*% hy

Qq,(P, D) = (SO (EP) = viP)n) (S(D1))a, = (@Vie(P)) DigyeDe
+ (T(D)g (~Z(P) = Vi(P)) (T (D)) gy

where Z' is the Moore-Penrose pseudo-inverse of Z, Z(P) = Diag(a(P)), I, is the m x m identity matrix
and D = [D; D,] = [UTDV; UTDW). By [25], we know that VD € SR™*", the conjugate of 8”(P; D, -) is

T
Yo (W) = (87(P; D, )Y (W) = {(E(W))aa, 224(P, D)) = 2 a(W)trace(2Qq,(P, D)), (3.14)
k=1
where g (W) = (6i(W))ieq,. Clearly, vi(P) = A* when k = 1,..., . Continuing to calculate formula (3.14), we can
obtain the explicit expression for lﬁ{;, D)(W) as follows:
a(W)

ZGI(W) ~ ~
Yip py(W) = povrswmaeel (CIO)) P S 1Dl
(P,D) 1slzsm W(P) - A* @a 1sér1 2% aic
F+l<t<r+1
ZO'I(W) ~
———||(T'(D 2,
15%7‘1 _vt(P) _ A*”( ( 1))alat||
1<tsr+1

We are now prepared to give the main conclusions of this section, that is, some properties of the critical

cones and the conjugate function of second-order directional derivative y*.
Propositions 10 and 12 in [25] characterized the critical cones of 6 and 6* defined in (3.8) and (3.9),

respectively. We summarize the results as follows.

Proposition 1. Let W € 96(P) and Q = P + W admit the SVD as in (3.1). Let the index sets a, 3, a1, @z, as, and ¢
be defined as (3.2), (3.4), and (3.6). Given any D € R™", denote D = UTDV. Then the following results hold:
(i) D € Cy(P, W) if and only if there exists some T € R such that

Alall(s(ﬁalal)) 272 Al(s(ﬁagag))

and

S(ﬁalm)
S(ﬁaa) = g, )
S(Eagag)

where A(Z) denote the real eigenvalue vector of symmetric matrix Z being arranged in nonincreasing order.
(ii) D € Co«(W, P) if and only if

trace(Dua) = 0,  S(Duygy) € S, Doy, € S

and
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Remark 1. For the spectral norm function 6, the 7 in part (i) of proposition 1is actually the largest eigenvalue of
S(Dgo), ie., T = 4(S(Dye)). This means that 7 is relevant to D. It is easy to observe that the index sets a; and a;
cannot exist simultaneously. When a; # &, there must be |a;] = 1 and a; = &, then D € Cy(P, W) if and only if

~ M(SD,
S(Daa) - 1( ( aa)) _ )
S(Dagag)
When o, = &, a, # &, D € Co(P, W) if and only if
— M(SD))]
S(Daa) - 1( ( aa)) lagl _ .
S(Dagag)
In brief, we can conclude that D € Cy(P, W) if and only if
~ M(SDaa) g1+
S(Daa) _ 1( ( aa)) lag|+] @yl _ . (3‘15)
S(Dagtl3)

Proposition 2. Let W € 09(P) and Q = P + W admit the SVD as in (3.1). Let the index sets a, 8, &, @y, a3, and ¢
be defined as (3.2), (3.4), and (3.6). Given any H € R™", denote H = UTHV . Then the following results hold:
() IfH € Cy«(W, P) and (p(*;v,H)(P) =0, then H € (Cy(P, W))".

(i) H € Cy(P, W) and zp(’;’H)(W) =0 if and only if H € (Co«(W, P))".

Proof. We first prove part (i). By [25, Proposition 16], VH € R™", lp{;’H)(W) = 0 if and only if (p(*l‘,v, w®P) =0,
which also is equivalent to

H i H aay

Haza1 Hazaz

€ S|a1|+|a2|) Ha1a3 = (Hagal)T’ Ha2a3 = (Hagaz)T’

ﬁa]ﬁ = (FI/Bal)T =0, Hvazﬁ = (FI/Baz)T =0, Ha1c =0, Hazc =0.
Then, it follows from part (ii) of Proposition 1 that H € Cy«(W, P) and (p(’;v H)(P) = 0 are equivalent to

Hy 00
0 00

. (3.16)

Hyq € S, trace(Hyg) = 0, Hyg € S, Hypg, € S'® and H = [

By part (i) of Proposition 1, for any D € Cy(P, W), there exists 7° € R such that

A\aﬂ(s(ﬁalal)) 272 Al(s(ﬁagag))
and
S(ﬁam)
S(D:la) = Tliq)
S(Eagag)

Hence, VD € Cy(P, W) and H satisfies (3.16), based on the Fan’s inequality (3.3), we have that

(H,D)=(H,D) = (Haq» Daa) = (S(Haa): Daa) = (Haa» S(Daa))
= (Hayay S(Daya)) + T'trace(Heg,) + (Hasay S(Dasay))
< (A(Haya))"A(S(Dayay)) + T'trace(Heyg,) + (A(Haga,))TACS (Dagas))
= (~A(Haa)) (~-A(S(Daa))) + T'trace(Hoa,) + (A(Huya))AS Dasas))
< 'trace(Hy,q,) + T'trace(H,

= t'trace(Hyg)
= 0’

) + Ttrace(Hy.q,)
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which means that H € (Co(P, W))°. Conversely, when 7’ in Cyg(P, W) equals to 0, we cannot obtain
trace(Hy,) = 0, i.e., the reverse conclusion is not true. Then the proof of part (i) is completed.

To prove (ii), it is easy to see that l,b(’;! H)(W) =0 and H € Cy(P, W) hold if and only if there exists 77 € R
such that

)llaﬂ(s(ﬁalal)) 2772 Al(s(ﬁagag))

and
SHy) 0 O 0 0
N 0 Tl 0 0 0
H= o
0 0  Hgay, Huop Hey
0 0 I:Tﬁas ?Iﬁﬁ ﬁﬁsc
which can be proved to be equivalent to H € (Cy«(W, P))° by using the same method as in part (i). O

The following propositions provide some properties of directional derivatives of the proximal mapping
of 0.

Proposition 3. Let W € 90(P) and Q = P + W admit the SVD as in (3.1). Let the index sets a, 3, a1, az, as, and ¢
be defined as (3.2), (3.4), and (3.6). Given any D € R™", denote D = UTDV. The function l,b&‘,’D)(W) is defined
in (3.14). For any D € R™" if H = Proxy(Q; H + D) holds, then H € Cy(P, W) and (H, D) = —lﬁ(’;’D)(W).

Proof. Suppose H = Proxy(Q; H + D) holds, together with the expression for Proxy(Q; -) in (3.12), we have that
H =U"Proxy(Q; H + D)V
[Ev(Q.H + D) + Eo(H + D)| ExQ.H + D)|E4(Q.H + D)
l 8(Q.H + D) ‘ Hpp + Dig ‘ Hpe + D

317

where Z,, is defined in (3.13). We first verify H € Cy(P, W). The equality
Hvaa = El(Q)HV + 5) + Eaa(ﬁ + 5)
Oalxal

= efwz(Q) ° (T(E)aa + T(ﬁl)aa) + Oazxtlz
Hs‘j‘3‘(s(ﬁa3ag) + S(ﬁagag))

implies that

OaIXal
S(ﬁ) = Oaz"az .
HS‘,@(S(Hasag) + S(D~a3a3))

From part (i) of proposition 1, we obtain that H € Cy(P, W).
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For convenience, we denote a’ = a; U a,. By directly calculating (3.17), we deduce that H = Proxyg(Q; H + D)
if and only if

S(Ha’a’) =0, S(I,'Tl)a’ag =0, S(E)aga’ =0,

Sl—agl 3 S(Hagag) L S(Eagag) = 5(13(13 € S|f3|)

TGy = | DL IO 1](H}af>y, i€ [la)j € [laTl,
~ (Q) - A* . ,

TGea)s = XL Hy i€ [lal],j € [l
~ 7 A* ; ;

(T(Dl)aga’)ji - J(QZ)A (Haga )jl: lLE [lall])] € [|‘13|],

_ REQ - ) 9 @(G(Q) ~ ) . G18)

By = 722 ot o + i gy Fho 1Ll € 181

_ re@- ) 0al Q(G(Q) - 1) .

B = 37 oo o * iy B 1 Ll € 181

(ﬁac)ij al(Q) - 1](Hac)l]r i€ [lal]r] € [n - m]:

ﬁﬁﬁ = 0,

D-ﬂc =0.

Noting that ve(Q) ~A* = gu(W) for 1<k <n,w(P)=A*for1<t<Fand v(P)=w(Q) forF+1<t<r+1
Together with (3.18) and the fact that for any D € RP*P,

(D,D") = [|SD)IF - [ITD)IF,
(D,D) = |IDIF = SD)IP + ITD)IP,

we obtain that
(H,D) = (H: 5> = <Haa; 5aa> + (Haﬂy 5(1[1’) + (F/Iﬂm 5ﬂa> + (Hac; 5{zc)
= (Haa: T(Eaa» + <Ha s ~aﬁ> + <I’"Eaa ﬁﬂa) + (Hac’ Ddozc>

vi(Q) - A* vi(Q) - A*
=2~ MO Eaat + T o YO el
1<lsn 1<l<n
1<t<F
2@ = A 2@ A
f 2w e S EaalP = o ITHaal
Frl<t<r+l
20(W) = a(W) -
= - - S H. 2 + 2
@)~ 1 BBl + 2 e
F+l<t<r+l
ZUZ(W) 7 2
1sér1 Vi(P) + A* IT i)l
1<t<r+1
so we have
<Hs D) = <I:IJr 5> = _l)b(;,H)(W)
This completes the proof. O

Proposition 4. Let W € 00(P) and Q = P + W admit the SVD as in (3.1). Let the index sets a, 3, &y, ay, as, and ¢
be defined as (3.2), (3.4), and (3.6). For any D € R™", then

Proxy(Q; D) = 0 & D € (CYP, W))°,
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where CS(P, W) represents the critical cone Co(P, W) in the case of T = 0, Le,,

- 014+l _
CYP, W) = {H € R™NS(Hy,) = ~ |, S(Hye,) € S
) | aa S(Ha3a3) a

303

Proof. It is easy to verify either Proxy(Q; D) = 0 or D € (CJ(P, W))° is equivalent to

5 [ﬁaa 00

= 0 0 0]; 5omt € Slal; Dagag € Slfﬂ- 0

4 The robust ICKKTM

In this section, owing to the special linear structure of the problem (1.1), we first show the primal (dual) SRCQ is
equivalent to the dual (primal) SOSC. In fact, when the spectral norm in problem (1.1) is substituted by the
nuclear norm, the same results are already given in [16]. Therefore, we only briefly state here, and the main
tools we used are Propositions 1 and 2. The Lagrangian dual of problem (1.1) is as follows:

max - (b,y) - §p-(y) - h*(w)
yw,S
SL.BY+QW+S+C=0, |S|ls=<1,

4.1

where (y, w, S) € Rl x R4 x R B* and Q* represent the adjoint of 8 and Q, respectively. The first order
optimality conditions, i.e., the KKT conditions for the primal problem (1.1) and the dual problem (4.1) are given
by

Q*Vh(QX)+ C+ S+ B* =0,
P°2yLBX-beEP, X,y,S) € Rmn x Rl x Rmxn (4.2)
S € 96(X)

and

B¥Y+Q*W+S+C=0,
P 35yl BX-beP, Oy, w, S, X) € R x R x RN x Rmxn, (4.3)
QX € oh*(w), X € 90%(S),

respectively. We denote by Mp(X) the set of Lagrangian multipliers respect to X for problem (1.1), namely,
Mp(X) ={(y,S8) € R x R™"(X,y,S) satisfies (4.2)}. We write Mp(y, w, S) the set of Lagrangian multi-
pliers respect to (y, w, S) for problem (4.1), i.e., Mp(y, w, S) = {X € R"™"|(y,w, S, X) satisfies (4.3)}.

Let (y,z) € R! x R satisfies P° 2y L z € P. Define the critical cone of P at z for y as Cp(z,y) = Tp(2)
N y+ and the critical cone of £ * at y for z as Cp-(y, 2) = Tp-(y) N z*, respectively. Obviously,

(Cp(z,¥))" = Cp*(y, 2). (4.4)

Now we are ready to demonstrate the crucial result of this article, namely, the relationship between the
primal SRCQ and the dual SOSC. Actually, this result was given in [16, Theorem 5.2], but they omitted the proof
details. For the sake of completeness, we supplement the proof below.

Theorem 1. Let (, W, S) € R x KL x R™" be an optimal solution of problem (4.1) with Mp(y,w,S) + @.
Let X € Mp(y,w,S). Then the following results are equivalent:
(i) The dual SOSC holds at (y , w, §) with respect to X, i.e.,

(Hy, (VY (W3H,)) = 905 10(X) > 0, V(H,, Hy, He) € CF , W, SH0}, (45)
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where C(V, w, §) is the critical cone defined as follows:
B*Dy + Q*D,, + Ds = 0,
Dy € Cp-(y,BX - b), Ds € Co(S,X)|

C@: w,S) = (Dy: Dy, Dg) € Rl x R x RN

(i) The primal SRCQ holds at X with respect to (¥, S), ie.,

[ B mn 4 Cp(BX - b,y) =[ R ] 4.6)
Tggmnn CQ(X, g) sgmxn [ ’
Proof. “(i) = (ii)”. Denote
Y= B mxn 4 CSD(BX - bJ)
Logmen CoX,S)

!
R ] Then cl¥ #

mmxn

Suppose on the contrary that the SRCQ (4.6) does not hold at X for (¥, S),i.e,¥ #

R
Rmxn :

Therefore, there exists H €

I _ _ —
SRD’:X”] s.t. H & cl¥. Since cl¥ is a closed convex cone, H - Ilgy(H) =

ml
SRM*nN

H

€
H,

M) (H) # 0. Denote H = Iy (H) = . Obviously, (H, D) < 0 for any D € cl¥, which implies

that
B*H1= 0, HleCp"()j,BY_b), H2= 0.

Thus, we have that (H;, 0,0) € C(7, w, S)\{0} and (0, (Vh*)'(w;0)) - (p(’g’o)(f ) = 0, which contradicts the SOSC
(4.5) at (¥, w, S) with respect to X.

“(it) = (i)” Suppose on the contrary that the SOSC (4.5) does not hold at (¥, w,S) for X. Then,
3 H = (Hy, Hy, Hs) € C(y, W, $)\{0} such that

(Hy, (VR*Y(W:H,)) = 0% 5,X) = 0.

From [25, Proposition 16], we know that (p(’§ H)(.Y ) < 0 for any H € R™". Moreover, because h is essentially
strictly convex, by [20, Theorem 26.3], h* is essentially smooth. Then, Vh* is locally Lipschitz continuous and
directionally differentiable on int(dom h*). Since (¥, w, §) is the optimal solution, it is not hard to verify by the
mean value theorem that (H,, (Vh*)(w;H,)) > 0 for any H, # 0 such that (H,, H,, H) € C(¥, W, SH\{0}.
Therefore,

Hy,=0, ¢fz&) =0.
From H € C(J, w, §)\{0}, we know that
B*H,+H; =0, H,€Cp-(y,BX - b), Hs € Cp«S,X).
Together with (4.4) and Proposition 2, we have

Hy € (Cp(BX - D,y))", Hs€(CoX,S))".

- - e — |H| _[cp(BX - b)
Because the SRCQ (4.6) holds at X for (¥, S), there exist W € R™"and H = __| € — such that
H, Co(X, S)
| H H,
Sl i I ,
]—%mxn H2 HS

ie,

BW+H, =M, W+h=H
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Thus,
(H,H)=(Hy, BW + Hy) + (Hs, W + Hp)
=(8*H, + Hs, W) + (H,, H) + (Hs, Hy)
=0 + (Hy, Hy) + (Hs, Hy)
<0,
which means that H = 0. This contradicts the hypothesis that H # 0. O

Switching the “primal” and “dual” in the aforementioned theorem, we can also obtain that the primal
SOSC is equivalent to the dual SRCQ from Proposition 2. One may refer to [16, Theorem 5.1] for more details.

Theorem 2. Let X € R™" be an optimal solution of problem (1.1) with Mp(X) # &. Let (y,S) € Mp(X). Then
the following results are equivalent:
(i) The dual SRCQ holds at y for X, i.e.,

Q*R4 + B*Cp+(§, BX - b) + Cox(S, X) = Rmn, @7
(ii) The primal SOSC holds at X for (y,5), ie,
(@D, Vh(QX)QD) - Y p(S) >0,  ¥D € CX)\0}, (4.8)

where C(X) = {D € R™NBD € Cp(BX - b,§), D € Co(X, S)}.

In the following, we first give the definition of the KKT mapping for problem (1.1). Then, we demonstrate
that both the SOSC and the SRCQ are sufficient and necessary for the ICKKTM. Finally, based on the afore-
mentioned result, we give a series of characterizations of the robust ICKKTM for problem (1.1).

The KKT conditions (4.2) for problem (1.1) can be equivalently expressed as the nonsmooth equation:

FX,y,5) =0,
where F : RN x REx RN — R x )L x R i defined by
C+ B*y + Q*Vh(QX) + S
FX,y,8)=|BX-b-TyBX-b+y)|, (X,y,S) € R™N" xR x ymw™"
X - Proxg(X + S)
Denote the KKT mapping for problem (1.1) by
Skxr(6) = {(X,y, §) € R™" x RIx RWMF(X, y, S) = 6},

Thus, we know from [13] that the isolated calmness of Skxr at the origin for (X,y,S) is equivalent
to F'((Y,y, IPRVA Ay, AS)) = 0 = (AZ, Ay, AS) = 0.
Define the strong SRCQ (SSRCQ) at X for (¥, S) as follows:
Cp(BX - b,y)
CHX,S)

B

mxn 4
I%an

it
= ) 49
[mmm] @9

Similarly, define the weak SOSC (WSOSC) holds at X for (¥, S), i.e.,

(QD, V’h(@QX)QD) - Y% ,(S) >0, VD € CAX)\{0}, (4.10)
where C/(X) = {D € R™"BD € Cp(B8X - b,y), D € CYX, S)}.
Theorem 3. Let X € R™" be an optimal solution of problem (1.1) with (j,S) € Mp(X) # @. Then the fol-
lowing results are equivalent:

(i) The SSRCQ (4.9) holds at X for (y,S) and the WSOSC (4.10) holds at X for (¥, S).
(i) The KKT mapping Sgxr is isolated calm at the origin for (X, ¥, S).
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Proof. (i) = (ii)”. Let (AZ, Ay, AS) € ™" x Rl x R™" satisfies
Q*Vh(QX)QAZ + B*Ay + AS
F((X,7,5);(AZ, Ay, AS)) = |BAZ - TH(BX - b +y; BAZ + Ay)| = 0. (4.11)
AZ - Proxy(X + S; AZ + AS)
From the second equation of (4.11) and [9, Lemma 4.2], we know that
BAZ € Co(BX - b,y), (Ay, BAZ)=0. (4.12)
Proposition 3 and the third equation of (4.11) means that

AZ € CYX,S), (AZ,AS) = ~Y 17(S): 4.13)

Thus, we can conclude from (4.12) and (4.13) that
AZ € CYX).
By taking the inner product of AZ and the first equation of (4.11), together with (4.12) and (4.13), we can obtain
(AZ, Q*V*h(QX)QAZ + B*Ay + AS)

= (AZ, Q*V2h(QX)QAZ) + (AZ, B*Ay) + (AZ, AS)

= (QAZ, V*h(QX)QAZ) + (BAZ, Ay) + (AZ, AS)
(QAZ, V?h(QX)QAZ) - lp(}’ AZ)(E )
= 0.

Then, from the WSOSC (4.10), we know that
AZ = 0.
Therefore, (4.11) reduces to
B*Ay + AS
Iy(BX -b+7; Ay)|=o. 4.14)
Proxg(X + S; AS)

From Lemma 4.3 in [9] and Proposition 4, we obtain that (4.14) is equivalent to the following formula:

Mk

o

Cp(BX - b,y)
CYX,S)

B

_Z- mxn %mxn +

(4.15)

According to the SSRCQ (4.9),
(Ay, AS) = 0.
This, together with AZ = 0, imply that the KKT mapping is isolated calm at the origin for (X, y, S).
We prove “(ii) = (i)” by contradiction. Assume that the SSRCQ (4.9) does not hold at X for (¥, S).
Then 3 (Ay, AS) # 0 s.t. (4.15) holds, which also means that (4.14) holds. Hence, F((X, ¥, S);(0, Ay, AS)) = 0.
This contradicts with the ICKKTM at the origin for (X, ¥, S).

Because X is an optimal solution of problem (1.1) and the SSRCQ (4.9) holds at X for (¥, ), the Lagrangian
multipliers Mp(X) is a singleton and the second-order necessary condition holds at X, i.e.,

(@D, V'h(QX)QD) - Y ,(5) 20, VD € C'(X).

Suppose that the WSOSC (4.10) does not hold at X for (¥, S), which means that 3AZ’ € C%X )\{0} such that
(QAZ/, VPR(@QX)QAZ') = Y y(S) = 0,
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By [25, Proposition 16], VH € R™", l,b(}yH)(g ) < 0. Besides, since h is essentially strictly convex,
(QH, V*h(QX )QH) > 0 for any H € R™" satisfies QH # 0. Consequently,

QAZ’ =0, w(}’AZ,)@) =0.
From AZ’ € C%(X)\{0}, we know that
BAZ' € Cp(BX - b,y), AZ' €CYX,S). (4.16)
Thus, from [9, Lemma 4.2], the first formula in (4.16) is equivalent to
BAZ' = Hb(B)T -b+y; BAZ). 417
We can conclude from the second formula in (4.16) and (3.12) that
AZ’ = Proxy(X + S; AZ"). (4.18)
Therefore, formulas (4.17), (4.18), and QAZ’ = 0 imply that
F(X,¥y,8); (42", 0,0)) = 0.

Notice that AZ” # 0, which contradicts with the isolated calmness of Sk at the origin for (X, ¥, S). That is,
the WSOSC (4.10) holds at X for (7, S). This completes the proof. O

It is said that the Robinson constraint qualification (RCQ) holds at X € SR™" for problem (1.1) if
BR™NM + Tp(BX - b) = R (4.19)

Finally, we can establish a series of equivalent conditions of the robust ICKKTM for problem (1.1).

Theorem 4. Let X € R™" and (j,w, S) € R x R x ™" be optimal solutions of problems (1.1) and (4.1),
respectively. Assume that (§,5) € Mp(X) and X € Mp(y,w, S), and the RCQ (4.19) holds at X. Then the
following statements are equivalent:

(a) The KKT mapping Skxr is (robustly) isolated calm at the origin for (X, ¥V, S).

(b) The primal WSOSC (4.10) holds at X for (y, S) and the primal SSRCQ (4.9) holds at X for (§,S).

(¢) The primal SOSC (4.8) holds at X for (y,S) and the primal SRCQ (4.6) holds at X for (J,S).

(d) The primal SOSC (4.8) holds at X for (y,S) and the dual SOSC (4.5) holds at (y,w, S) for X.

(e) The dual SRCQ (4.7) holds at (¥, w, S) for X and the dual SOSC (4.5) holds at (y, w, S) for X.

() The dual SRCQ (4.7) holds at (j,w, S) for X and the primal SRCQ (4.6) holds at X for (y,S).

Proof. Since the spectral norm function |||, is C?-cone reducible, the “robustly” in (a) of the Theorem 4,
which means that Skxr is also lower semicontinuous at the origin for (X, y, S), can be obtained automatically
from [13, Theorem 17]. Besides, since the spectral norm function is Lipschitz continuous at X, by combining
Theorems 1, 2, 3, [13, Theorem 17], and [16, Proposition 3.3], we can obtain that (a) © (b) © (¢) © (d)
© (e) & (f). g

Remark 2. Proposition 3.3 in [16] is obtained indirectly by transforming problem (1.1) into a matrix conic
optimization induced by nuclear norm and then applying [13, Theorem 24]. In the aforementioned theorem,
we give a direct proof. The difference is that we need to use the variational properties of the directional
derivatives of the proximal mapping of spectral norm, while [13] uses the projection mapping.

5 Conclusion

This article is devoted to establishing a series of equivalent conditions of the robust ICKKTM for spectral norm
regularized convex matrix optimization problems. We extend the results for nuclear norm regularized convex
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optimization problems in [16] to spectral norm regularized convex optimization problems. There is still much
work to be done, such as how to apply the variational properties of proximal mapping of spectral norm
function to directly prove the equivalence between (a) and (c) in Theorem 4, whether the conclusions in this
article or in [16] can be extended to the Ky Fan k-norm regularized problems, or whether the variational
properties of the spectral norm function obtained in this article can be applied to provide stability results for
the generalized variational inequality problem with the spectral norm function. These are all the topics we will
study in the future.
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