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Strong duality in parametric robust semi-definite linear
programming and exact relaxations

NITHIRAT SISARAT!, RATTANAPORN WANGKEEREE?"3 and RABIAN WANGKEEREE?3

ABSTRACT. This paper addresses the issue of which strong duality holds between parametric robust semi-
definite linear optimization problems and their dual programs. In the case of a spectral norm uncertainty set, it
yields a corresponding strong duality result with a semi-definite programming as its dual. We also show that
the dual can be reformulated as a second-order cone programming problem or a linear programming problem
when the constraint uncertainty sets of parametric robust semi-definite linear programs are given in terms of
affinely parameterized diagonal matrix.

1. INTRODUCTION

As we know, a semi-definite linear programming model problem (SDP) under data
uncertainty, due to modelling or estimation errors that come from the lack of information
[2, 4, 12, 23], arises in a wide range of engineering applications, in particular in control
theory analysis and design [6, 13, 14, 27]. It has also been extensively studied without
taking into account data uncertainty as a valuable modeling tool for many optimization
problems because SDP can efficiently be solved; see [5, 10, 15, 16, 18, 22, 26] and other
references therein.

In this paper, we will be mainly concerned with the parametric uncertain semi-definite

linear program that is defined as follows: for each parameter v := (vy,...,vy), v € R7,
le{l,...,m}, myn € N:= {1,2,...}, an uncertain semi-definite linear program can be
captured by the problem:
n

(UPU) Iiélﬂ{n {CT:C ‘ Ao + Z;l‘zAz b Op} 3

1=
where c € V(v) and 4; € V;, i = 1,...,n, are uncertain, and the uncertainty set V(v) C R"
is assumed to be polytope given by V' (v) := conv{vy, ..., v, } while the uncertainty sets V;,
i=1,...,n, are assumed to be nonempty closed and convex sets in SP.

Following the deterministic approach, a computationally powerful approach to dealing
with data uncertainty in optimization, the parametric robust semi-definite linear program
(PRSDLP) is defined as follows: for each parameter v € R™*™, a robust semi-definite linear
program (the robust counterpart of (UP,)) is given by

(RP,) inf { max. T ‘ Ao + ; wiA; = 0,, VA € Vii € 1},
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I :={0,1,...,n}, where the uncertain objective and constraints are enforced for every
possible value of the data within the corresponding uncertainty sets. For a given param-
eter v € R™*", model problem of the form (RP,) aims at finding a worst-case solution
that is immunized against the data uncertainty. Unfortunately, however, (RP,) may not
be easily solvable for certain classes of uncertainties.

The study of classes of robust programs which either possess relaxation/ duality prop-
erties with numerically tractable dual programs or permit numerically tractable approx-
imations has been made intensively by exploiting special algebraic features of the uncer-
tainty sets as well as linear or polynomial structures of objective/constraints; see [3, 7, 8,
11, 20, 21, 25]. For instance, in the case that there is no uncertain on the objective function,
the author in [19] have given necessary and sufficient conditions for the validity of strong
duality, in the sense that the optimal values of (RP,) equals the optimal value of its asso-
ciated dual and the optimal solution of the dual problem is attained. They also showed
that the dual can be reformulated as a simple semi-definite linear program under spectral
norm uncertainty [1, 2], and so is computationally tractable.

This work has facilitated a way of identifying the tractable class of parametric robust
semi-definite linear programs by examining the tractability of (RP,), and so, it provides us
with the motivation for establishing strong duality for parametric uncertain semi-definite
linear programs. We invite the reader to consult [17] for various characterizations of
strong duality in robust optimization problems.

To this aim, we first show that the closedness and the convexity of the characteristic
cone of the uncertain linear matrix inequality constraints Ag + Z?:l ziA; = 0,, VA; €
Vi, i = 0,1,...,n, is a necessary and sufficient condition for (RP,), where v € R™*", to
have strong duality, whenever the optimal value of (RP,) is finite. This is done by first
transforming the (UP,) into a linear optimization problem with uncertain linear matrix
inequality constraints using a special variable transformation and then employing the
strong duality in [19]. We then provide the weakest condition that exhibits exact SDP
relaxations for a class of parametric robust semi-definite linear programs under spectral
norm uncertainty. We also present exact second-order cone programming (SOCP) and
linear programming (LP) relaxations when the constraint uncertainty sets of parametric
robust semi-definite linear programs are given in terms of affinely parameterized diagonal
matrix.

It is worth mentioning here that our results differ from the work in [19] which exam-
ined strong duality between the robust counterpart of an uncertain semi-definite linear
programming model problem with only uncertain constraints and the optimistic coun-
terpart of its uncertain dual. Note also that the objective function of (RP,) is not a linear
function, and so, [19, Theorem 2.2] cannot apply directly.

The rest of the paper is organized as follows. Section 2 presents uniform strong duality
results for the parametric robust semi-definite linear program (RP,) in terms of the robust
characteristic cone. Section 3 present a characterization in terms of uniform exact SDP
relaxation for the parametric robust semi-definite linear program (RP,) under spectral
norm uncertainty, where for each parameter v € R"*™, the relaxation problem of (RP,)
is a semi-definite linear program. Section 4 provides simple classes of uncertain semi-
definite linear programs with computationally dual programs when the data uncertainty
is affinely parametrized diagonal matrix.

Notations: Before we move to the next section, we introduce some necessary notations.
The notation R™ signifies the Euclidean space whose norm is denoted by || - || for each
n € N. The origin of any space is denoted by 0 but we may use 0,, for the origin of R"
in situations where some confusion might be possible, while the symbol 0,, stands for the
zero (n x n) matrix. For a nonempty set Q@ C R, conv(2 denotes the convex hull of {2 and
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cl€? stands for the closure of 2, while conecof? := R conv(2 stands for the convex conical
hull of QU {0,,}, where R, := [0, 4+00) C R. As usual, the symbol I,, refers to the identity
(n x n) matrix. A symmetric (n x n) matrix A is said to be positive semi-definite, denoted
by A = 0, whenever 27 Az > 0 for all z € R". Note that A > 0,, if and only if Tr(AB) > 0
for all B = 0,,, where Tr(-) refers to the trace operation. For 4; € S?, i € I\{0}, the
linear operator A :R™ — SP is defined by A( ) := >, 2;A;. Then the adjoint operator
A*:SP 5 R is given by (A*(F)); = (Tr(AF)).

2. UNIFORM STRONG DUALITY FOR ROBUST SDPS

In this section, we present a characterization of an uniform strong duality for the para-
metric robust semi-definite linear program (RP,) in terms of the robust characteristic cone
which is defined by

C:= |J {(-Te(AF),...,~Te(A,F), Te(AgF) +1)| F = 0p, v > 0},
A€V, i€l
and the proof is motivated by Remark 2.1 along with Theorem 2.3 in [19] and Theorem
2.1in[9].

Theorem 2.1. Assume that the parametric robust semi-definite linear program (PRSDLP) is fea-
sible, ie., X := {x € R" | Ao + >, x;A; = 0p, VA; € Vi, i € I} # 0. Then, the following
statements are equivalent:

(i) C is closed and convex.
(ii) For each v € R™ ™ with inf (RP,) > —oo,

inf (RP,) = xmass { Tr(AoF) | Tr(AF) Zvl \,i € 1\{0},

2.1) Zx\lzl,AiEVi,Ftﬁp,Alzo,z’eI7l:1,...7m}.
=1

Proof. [(i)=(ii)] Letv € R™*™ be such that inf (RP,) > —oo. Since V' (v) = conv{vy,...,vn},
the problem (RP,) can be equivalently reformulated as

. T = .

: — < = - s WA - i i .
(AR,) (I)%J:?)fewxﬁ{zn“ vl a —2ppn <0, 1=1,...,m, Ao+ ;LAL =0,, VA; € Vi, i € 1}
Now, letting

0p
V(/) = Ao €Vo o,

0p
Ag

_Uijp

V= A; €V p, i€ I\{0},
_Uinlp
A
IP
Vg1 i=
IP
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It can be directly verified that problem (AR,) amounts to the following one
n+1
e {xn+1 ‘ Al + ; 2 AL = 0,, VA, €V, i€ TU{n+ 1}}.
(Formulating the characteristic cone of (AR,)): Let us first show that the characteristic
cone of problem (AR,), i.e.,

U {(=Te(ALF"), ..., =Te(AL F'), —Te(A;,  F'
Alev], ieru{n+1}

F' = Op(m+ry, 7 > 0},

is equivalent to the following one
(2.2) K := coneco{(v;,—1,0) |1 =1,...,m} + C,
where
Ci=Unev, iet{(~Te(A1F), ..., ~Te(A,F), 0, Te(AgF) + r) | F = 0p, > 0}

Indeed, let (z, 2,41, ) € K be arbitrary. Then, there exist \; > 0,1 =1,...,m, 4; € V,,
i€l F»0,andr>0suchthatz; => " \ovf — Tr(A;F), i € I\N{0}, ppi1 = — > "1 N
and a = Tr(AoF') + r. By letting r' := r, for each i € I\{0},

a i
0p —vil,

’ '- ! .
Al = . , F' = . s

we obtain that
F = 6p(m+1), Tr(AGF') + 1 =Tr(AgF) +r =«

ZT ( A I ) + Tr(A;F) = —x; forall ¢ € 1\{0} and

)\l
T( ni 18, ZT ( ) = —Tn+1,

showing that
(@, Tnyr, @)

€ U TP, o —Tr(AL F), ~Te(Al,  F), T AGF) + 1)
Alev],
i€lu{n+1}

= Op(m+1), 7 > O}

Conversely, let (z, 41, @) be an arbitrary element of the set

U T F), . —Te(ALF'), —Tr(A], F' r’ >0},
Alev],
i€IU{n+1}
which in turn implies to the assertion that there exist A; € V;, i € IU{n + 1}, v’ >
Z4 * *
0and r = % | = Opemsny, for some Z,Z; € SP, 1 = 1,...,m, such that
* Zom

* * Z
o = Te(AGF') + 7' = Tr(AoZ) + 1!, oy = —Te(AJF)) = =Y Tr (—vjZ;) — Tr(A; Z) for
alli € I\{0} and 41 = —Tr(A, 1 F 1) = —>", Tr(Z;). For any B = 0, letting
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B = cand BY, 1 = 1,...,m, is the (m + 1) x (m + 1)) diagonal block

0,
B

matrix with B in the (/,)th entry and zeros elsewhere. Then, it follows that B Op(m+1)
and B! = Op(m+1) foralll =1,...,m. As F' = 0y, 41), we have that foreach I = 1,...,m,
Tr(ZB) = Tr(F'B) > 0and Tr(Z,B) = Tr(F'B') > 0 which imply that Z = 0, and Z; = 0,,.
Letting \; := Tr(Z;) > O foreach! =1,...,m, we arrive at

(2, Tpp1, Z)\l (v, —1,0) + (—A*(2),0, Tr(AoZ) +1') € K.

(Cisclosed < K is closed): Assume that K is closed and consider any sequence (z*, 2% ;) —
(z,2n41) as k — +oo, where (zF,2F ) € C, Vk € N. Then, there exist AY € V;,i € I,
F* =0, and r* > 0 such that

(2, 1) = (—AF ("), Tr(AGF") + 1),
We first show that the sequence {r*} is bounded. Otherwise, by taking a subsequence if

necessary we may assume that r® — +o00 as k — +o0. By letting,

- 1

%= = (—AF (F%),0, Te(AEF®)) € K

ok
r
forall k € Nand z; = % (2%,0,2F,,) — (0,,0,1) — —(0,,,0,1) as k — +oo. Since K is
closed, it follows that —(0,,,0,1) € K. Then, thereexist \; > 0,1 =1,...,m, AieVv,iel,
F = 0,,and 7 > 0 such that

0p zlevl—ﬁ (ﬁ), OZ—ZXZ, -1 ZTr(Avoﬁ)—l—T
=1

=1
On the other hand, as X # 0, there is 20 € R" such that A, + > x?ﬁz = 0,. So,

ogTr<<Zo+Zx%> ﬁ) Tr(AgF ZxTrAF Tr(AgF) = =1 —F,
=1

which contradicts the fact that 7 > 0 and hence the sequence {r*} must be bounded. Thus,
by passing to subsequence if necessary, we can assume that r* — ry > 0 as k — +oo0.
Then, by letting z;, := (—AF (F*),0, Tr(AFF*)), we obtain that z;, € K for all k € N and
zr = (2,0,2,41 — 19) € K as k — +o00. Therefore, we find \; > 0,1 =1,...,m, 4; €V,
i€ I, F >0, andr > 0 such that

T = Z)\lvl —121\"‘(}7‘)7 0= —2:/\17 Tpt1 —ro = Tr(AgF) + 7
1=1

=1

and consequently, (z,z,41) = (=A*(F),Tr(AgF) + r + 19) € C. This shows that C is
closed.
Conversely, let C be closed. It can be verified that the closedness of C implies the

closedness of C and thus, we can employ [24, Corollary 9.1.3] to assert that
clK = clconeco{(v;, —1,0) [ I =1,...,m} 4 cIC
= conecof (v, —1,0) | I =1,...,m}+C = K,
which entails that K is closed.
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(Guaranteeing robust strong duality): Let us note that, by assumption, C is convex.
Therefore, K is convex as well by the expression (2.2). Now, invoking [19, Theorem 2.1]
with ¢ := (01, 1), we see that the closedness together with the convexity of K guarantees
that the robust strong duality holds for the problem (AR, ) with the attainment of the dual
problem. Namely,

inf (AR,) = max { — Tr(ALF') | Te(AF') = 0, i € 1\{0},

2.3) Tr(Al F') =1, A, €V, F' = Opmsy i € TU{n+ 1}}.

We claim that the problem in the right hand-side of (2.3) is equivalent to the following
one

max. { ~Te(AoF) | Te(A; F) =

(A; FA v, i € N0}, D N =1, A€V, F=0,, N 20,0 €1,
g d AL

m m
=1 =1

l:l,...,m}.

To see this, consider any A} € V;, F' = 0p(m41), @ € I U {n + 1} with Tr(AF') =0, Vi €
I\{0} and Tr(A],,,F’) = 1. Arguing as before, we arrive at Tr(AyF') = Tr(A¢Z), 0 =
Tr(AJF)) =3 Tr (—vjZ) + Tr(A;Z), i € I\{0} and 1 = Tr(A}, 1 F), 1) = >0 Tr (Z)),
forsome Z,7; = 0,,l =1,...,m. Letting F := Z, \; :==Tr(Z;) > 0foralll = 1,...,m, we
get

max { — Te(ApF') | Te(ALF') = 0, i € I\{0}, Tr(A,,  F') =1, A, €V, F' = Opimy1), i € TU{n + 1}}
(AL.F)

g(Amg); ){ — Tr(AoF) | Te(A; F) = > wjA, i € IN{0O}, D N =1, A; € Vi, F=0,, N 20,3 €1,
A =1 =1

l:l,...,m}.

On the other hand, forany A4; € V;, F = 0,, \; > 0,i € I, = 1,...,m with Tr(4;F) =
Sl i, i€ IN{0} and )", N = 1, letting

’ .. _
o= . Z Op(m+1);

A
;n Ip

F

we have, Tr(ALF') = Tr(AoF), Tr(AJF)) = =Y vih + Te(AF) = 0, i € 1\{0} and
Tr(Al, 1 F) 1) = >~ A = 1. This gives us that

— Tr(AoF) | Tr(A; F) = i ie I
(Arir}g?;l){ 1(AoF) | Tr(A; F) ;vl/\ule \{0},

m
SN =1, A€V, Fr0, X 20,i€l, 1:1,...,m}
=1

< _ ! ’ / ’ — .

< (:\?%){ Te(ALF') | Te(ASF') = 0, i € I\{0},

Tr(A;LHF/) =1, Al eV, F' = Op(m+1), © € IU{n+1}}.

Hence, the equality holds, and completes the proof the implication (i) = (ii).

[(ii) = (i)] Assume that (ii) holds. Let (z, z,,+1) € clconvC. So, for each z € X, we have
—2Tx > —2,,1 > —o0 (see e.g., in the proof of [19, Theorem 2.2]). Now, applying (ii) with
m:=1and v := —z € R", we obtain that

ma { — Tr(AoF) | Te(AF) = —z;, i € I\{0}, A; € V;, F =0y, i € 1} > it
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It follows that there exist 4; € V;, i € I, and F > 0, with Tr(A,;F) = —z;, such that 2,11 >
Tr(ApF). Consequently, (z, zn4+1) € C, showing that clconvC' C C and so, clconvC = C.
Therefore, C is closed and convex, thereby establishing the desired result. O

Remark 2.1. It should be noted that Theorem 2.1 differ from the work in [19] which ex-
amined strong duality between the robust counterpart of an uncertain semi-definite linear
programming model problem with only uncertain constraints and the optimistic counter-
part of its uncertain dual. Note also that the objective function of (RP,), in general, is not
a linear function, and so, [19, Theorem 2.2] cannot apply directly. Let us illustrate this
remark by the following simple example, which is motivated by [19, Example 2.1].

Example 2.1. Consider a parametric robust semi-definite linear programming problem
defined as follows: for each v = (v, vs) € R?*?, a robust semi-definite linear program is
given by
(EPU) inf { max {clxl + 621‘2} AO + 2141 + 1245 = 63, VA; € Vi, 1 =0,1, 2}7

z€R? \ ceV (v)
where z = (z1,22)7, ¢ = (c1,c2)7, the uncertainty set V (v) is a polytope given by V (v) =
conv{vy,v,} C R? and the uncertainty sets V;, ¢ € I = {0, 1,2}, are given by

100 0 0 0
Vo=Vo=<{10 0 0| bandVi={ [0 0 —a||aci01]
000 0 —a 0

In this case,

C= |J {(-Te(A1F),~Tr(AsF), Tr(AoF) + r)| F = 0p, r > 0}

A;EV;, i€l
oS3\
= U S2afs,—f,i+r)|F=fo fo f5| =05 r>0
a€0,1] fs fs fe

=R x (_R+> X R-i—a

which is closed and convex. So, we assert by Theorem 2.1 that strong duality holds for
all robust semi-definite linear programs (EP,), v € R?*2, whenever inf (EP,) > —occ. Let
us now verify the optimal value of problem (EP,) with (for instance) v := (1, 2), U1 :=
(0,—1)T, ¥ := (0,1), which amounts to the following one

(EP) inf {[ea] |21 = 0, 25 > ~1}.
z€ER2

It can be verified that 7 := (0,0)7 is an optimal solution of problem (EP;) with the optimal
value inf (EP3) = 0. Consider the following the optimistic counterpart of (EP3):

max { ~Tr(AoF) | Te(ALF) = 52A1 + 9hhe, Tr(AoF) = 52A; + 02\,
(A, Fy\ 1,2)

(OP,) )\1+/\2=1,AieVi,Ftﬁg,)qu,)\ginel}
—2afs =0, fi = —\1 + o,

fr o fs\
M+X=1LF=|f fi fs t037)\120,)\220}-
fs fs fe

As F = 03, we get f1 > 0 and so, max (OP3) = 0. This shows that the strong duality holds
for (EP;), that is, max (OP;) = 0 = min (EPy).

= max max max {— f1
a€l0,1] FES? (A1,A2)
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We close this section with a remark that in the spacial case where there is no uncertainty
in the objective function, i.e. m := 1and v := cwith a given ¢ € R", the preceding theorem
collapses to the strong duality result for semi-definite linear programming problem under
constraint data uncertainly which was established in [19].

3. UNIFORM EXACT SDP RELAXATION

This section is devoted to presenting an application of our characterization of uniform
strong duality to classes of parametric robust semi-definite linear programming problems
with spectral norm uncertainty. In this circumstance, we show that the relaxation problem
of each robust semi-definite linear program is a single semi-definite linear program.

In what follows, let us consider the uncertain semi-definite programming problem with
spectral norm uncertainty:

(3.4) Vii= {Ai + pildi | Ai € SP, || Ailspec < 1},

where A; € SP, p; > 0and ||A; [|spec denotes the square root of the largest eigenvalue of the

matrix ATA;. In this case, the uncertainty set V; is just a closed ball with center A; and
radius p; in the matrix space SP.
In this way, we need the following proposition.

Proposition 3.1. [19, Proposition 3.1] Let V; as in (3.4), A; € SP. Then, the following state-
ments hold:
(i) The robust characteristic cone
C:= |J {(-T(AF),...,~Tr(A.F), Tr(AoF) + )| F = 0y, r > 0}
A€V, i€l

is convex.
(ii) For each fixed F' = 0,, one has

[Tr((A; — pip)F), Tr(Ai + piT,) F)) = | AT((Ai + pid)F)}, i €1,
1A flspec <1
and so,
(3.5) ”A_iﬁlf_ﬂ{T”((Zz‘ +pidi)F)} = Tr((A; = pily) F).

Theorem 3.2. Assume that the parametric robust semi-definite linear program (PRSDLP) is fea-
sible, ie., X :={z € R" | Ag + Y., x;A; = 0p, VA; € 172-, i € I} # 0. Then, the following
statements are equivalent:

(i) The robust characteristic cone

C .= U {(—Tr((Zl +p1A1)F),...,—TV((Zn+pnAn)F), Tr((zu-&-pvo)F)-‘r’r') |Ft6p, r >0}
1A lIspec <1

is closed.
(ii) For each v € R™ ™ with inf (RP,) > —oo, the uniform exact SDP relaxation holds for

(PRSDLP) in the sense that
inf (RP,) = max { — Tr(Ao — polp) F) [Tr(A; — pil,)F) < S wihi, i € 1\{0},
(F,A) =1

m m
(3.6) T((A; 4+ pidp)F) > > vih, i € N0}, D M =1,F =0p, Ay >0, 1=1,.. m}
=1 =1
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Proof. We first note that

C:=|J ACT(A1F),...,~Te(AnF), Tt(AoF) + 7)| F = 0p, r > 0}
A€V, iel

= U {(=Te((A1 + p1ADF), ..., —Tr((An + pnAR)F), Tr((Ao + polo)F) + 1) | F = 0p, 7 > 0}.
[[A;llspec<1, i€l

Invoking Proposition 3.1(i), we conclude that the cone C is convex. Note also that

L (T + o)) | Te(A -+ i) vazez\w}

le_l [Allspec <1, F=0p, Ay >0,i€1,1=1,...,m}

- (Am%)g\l){ Tr((Ao — pol,)F) | Tr((A; 4+ piA lzlml, i e 1\{0},
(3.7) >N =1, |Aillspec <1, F =0, A >0, i€ I\{0}, I=1,...,m},
=1

where the last equality holds due to (3.5). Here, for each F' - 0,, fulfilling
Tr((gi +pid)F) = >0 vin, we get Te((A; — pil,)F) < 3%, viA and
Tr((A; + pilp)F) > > viN, @ € I\{0}. Thus,

m

(Am%)g\l){ Tr((Ao — pol,)F) | Te((A; + piAg)F) = ;vf/\l, i e 1\{0},

Z)\l_l [ Ajllspec <1, F=0,, A >0, i€ I\{0}, I=1,...,m}
(F,/\L)

< max { = (Ao — o) F) | Te((A; = pil,)) F) < ;A i € 1\{0},

Tr((A; + pil,)F) = Y vjh, i € N0}, > N =1,
=1 =1

(3.8) F =0, Alzo,zzl,...,m}.

On the one hand, for any F = 0, with Tr((A4; —p; I,)F) < >°;%, vixand Tr((A;+pi L) F) >
S vin, i € I\{0}, Proposition 3.1(ii) gives us that there exist A; € SP satisfying
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| Ai]lspec < 1 such that Tr((A4; + p;A;)F) = 3", viA. This entails that

max {=Te((Ao — polp) ) | Tr(Ai + pildy) va, ie 1\{0}
Al 1=1

SN =1, [Aillspec <1, F = 0p, A >0, i € I\{0}, I =1,...,m}
=1
> max { = T (@ = po L) F) | Te(A&; = pil, ) F) < wi, i € 1\{0},
s L =1

m

Tr((A; + pil, Z i\, i€ 1\{0}, le_l

(3.9) F >0, A1207l:1,...7m}.

Therefore, in view of (3.7), (3.8) and (3.9), the conclusion will follow by applying Theorem
2.1. (Il

As a corollary, we now derive a characterization of solution in terms of linear inequali-
ties for the robust semi-definite linear program (RP,) with each fixed v € R™*".

Corollary 3.1 (Characterization of solution for (RP,)). Let v € R"*™ be such that the problem
(RP,) has an optimal solution, and let z € {x € R™ | Ag+ Y., x;4; = 0p, VA, € V;, i € I}
Assume that the characteristic cone

C =

U {(77}((21 +p1A)F), ..., 7Tr((zn + pnlAn)F), Tr((ZO + polo)F) + 1) | F = 6;0» r >0}
1A llspec<1

is closed. Then, T is an optimal solution of problem (RP,) if and only if there exist F = 0,, \; > 0,
l=1,...,m,such that

Tr((Ai — piI,)F) <> ik,
=1

Z)\l—land max v} @ + Tr((Ag — pol,)F) = 0.

=1 =1,....m

Proof. The proof is completed immediately with the aid of Theorem 3.2. O

4. AFFINE PARAMETERIZATIONS AND EXACT RELAXATIONS

In this section, we provide two classes of parametric robust semi-definite linear pro-
gramming problems where the corresponding dual problems can be reformulated as sim-
ple linear programming problems or second order programming problems, and so, are
computationally tractable.

In the sequel, for a given parameter v € R™*", we consider the parametric robust SDP
under affinely paramterized diagonal matrix data uncertainty:

z€R™ | ceV(v)

(RP,) inf {max c x‘Ao—I—ZJcZA = 0,, VA; GV“ZEI}
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where for each i € I,
k . .
V= {dlag (0) + Z ug'i)ag'i), .. (0) + Z ug;)ag;) ‘ Ujs 1= (u}é .. A,u ') EUis, s =1, p},
j=1

ag) € Rforeachs =1,...,pand j = 1,...,kand U, s = 1,...,p, are convex com-
pact sets in R¥. Here, dlag(dl, ...,d,) denotes a diagonal matrix with diagonal elements

di,...,dp. In this case, the characteristic cone C collapses to

C= U, {(—ie (agg)+Zk:1ug{3aﬁ)>7.~,—§p:95(a£?s)+§k:u§g's>a§gs>),

Uis €U s 5= = s=1 j=1

”Ze (aos)+zuj) (J))) .0, >0, r20}7

which is convex [19, Proposition 4.1], and the dual problem of (RP,) can be simplified as

{ Te(AoF) | Te(A F) = va, i€ I\{0},

AF/\
( % =1

ZAL:L A; €V, F >0, ,\,zo,z'ez,zzl,...,m}
=1

P k N L
SN SUACTED SR B UACHED S IY B SRR TYt
1878 s=1 j=1 s=1

m
@10 Y N=1, wi €U, 0. >0, A,zo,z‘el,s:1,.‘.,p,l:1,.‘.,m}.
=1

4.1. Scenario Uncertainty. In the case thatforeachie I,s=1,...,p,
Uiy = conv{z, ..., 2l7}

which is the convex hull of a given finitely generated scenarios zfz) = (,zz(s1 9. ,zgft)) €

Rk, t =1,...,q and g € N, it can be verified that the characteristic cone C is closed and so,
strong duality between the robust counterpart and the corresponding dual always holds.

For the robust (RP,) with scenario uncertainty sets U;,, named (RPS,), and the corre-
sponding relaxation problem (DPS,) can be equivalently rewritten as the following simple
linear programming problem:

k q
TS DI (XD ) SRR
(05,0%”,)\1) s=1 j=1t=1
p k q mo
st Z (050 + 230707 ) = 3" win, i € 1\{0}
s=1 j=11t=1 =1
Ze““ b, D N=1,0,>0,00">0, x>0,
=1
zEI,s:l, S, j=1... k t=1,...q,
(DPS,) I=1,...,m

Theorem 4.3. Consider the parametric robust semi-definite linear program (RPS,,) under sce-
nario data uncertainty with the parameter v € R™*™ such that inf(RPS,) > —oo and its relax-
ation problem (DPS,). Suppose that X = {x € R™ | Ao+ > 1, x;A; = 0,, VA; € V;, i €
I} # 0. Then, inf(RPS,) = max (DPS,).
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Proof. Applying the uniform strong duality given in Theorem 2.1, we obtain that

inf(RPS,) = max { - zp:e (%s + zk: zq:/%s Zéit agy ) ‘

(05,187 A7) - J=1 t=1

ias( 0+ Zzu““ 23%a)) = iv;’m, i e 1\{o},

— j=1t=1 =1

Zuﬂ”—l Z)\l—l 0, >0, u" >0, N >0,

1el, s=1 D, j=1.. kt=1...,q,1l=1 }
Then, by letting Q(Jt) 0. uéjs ) we assert that, for each i € I, s = 1,...,p,7=1,...,k,
t=1,...,q,

0, >0, pl" >0, Zu(ﬂ —1

t=1

is equivalent to f, > 0, 67" > 0and 327, 69" = 6,. So, the maximization problem in

’LS

(4.10) collapses to (DPS,). |

4.2. Ellipsoidal Uncertainty. If for eachi € I, s = 1,...,p, U;s := B C R* and the robust
Slater condition holds, i.e.

{xER"|A0+ZﬂciAi>0p, \V/AZ'EVZ', ’L'EI}#(Z),

i=1

then the characteristic cone C is closed [19, Theorem 2.3], and so, strong duality between
the robust counterpart and the corresponding dual always holds by Theorem 2.1.

For the robust (RP,) with ellipsoidal uncertainty sets U;;, named (RPE,), the corre-
sponding relaxation problem (DPE,) can be stated as

p
max — Z 950’82) Z Z 005 a’Os

(95792],)7)\1) s=1 s=1gj5=1
st. Zo al? +ZZG(J) Zv i, i € 1\{0}
s=1j=1
160, ...o%) <0, ZAlzl, 0,€R, 0 R

I=1
(DPE,) N>0,1€el,s=1,....p,7=1,....k, l=1,...,m,

which is a second-order cone linear programming problem.

Theorem 4.4. Consider the parametric robust semi-definite linear program (RPE,) under el-
lipsoidal data uncertainty with the parameter v € R™*™ such that inf(RPE,) > —oo and its
relaxation problem (DPE,). Suppose that the robust Slater condition holds. Then, inf(RPE,) =
max (DPE,).
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Proof. By employing Theorem 2.1, we get that

inf(RPE,) = max { - Zp: 0, (aoé + Z u$)ay) ) ‘
s=1

(0; »u,(ti‘) 1)\l)

ZP:GS( (0)+Zu(1) (a)) ivf/\z, i e I\o),
s=1 =1

1w, ) <1, 2*1*1 0, >0, i eR, A >0,

5 7
l_

iel s=1,....p,j=1,... .k l:1,...,m}.

To see the conclusion, defining afg )= Hsug). So, it can be verified that, for each i € I,
s=1,....,p,5=1,...,k,
k
6, >0, il >0, ||, WPy <1
is equivalent to 65, > 0, GZ(Z > 0and ||(0iS ,...,9§§>)|| < 0. Therefore, the maximization
problem in (4.10) gives way to (DPE,). O
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