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Abstract In this paper, we propose a duality theory for semi-infinite linear program-
ming problems under uncertainty in the constraint functions, the objective function,
or both, within the framework of robust optimization. We present robust duality by
establishing strong duality between the robust counterpart of an uncertain semi-infinite
linear program and the optimistic counterpart of its uncertain Lagrangian dual. We
show that robust duality holds whenever a robust moment cone is closed and convex.
We then establish that the closed-convex robust moment cone condition in the case
of constraint-wise uncertainty is in fact necessary and sufficient for robust duality.
In other words, the robust moment cone is closed and convex if and only if robust
duality holds for every linear objective function of the program. In the case of uncer-
tain problems with affinely parameterized data uncertainty, we establish that robust
duality is easily satisfied under a Slater type constraint qualification. Consequently,
we derive robust forms of the Farkas lemma for systems of uncertain semi-infinite
linear inequalities.
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186 M. A. Goberna et al.

1 Introduction

Duality theory has played a key role in the study of semi-infinite programming [13, 15,
16,23] which traditionally assumes perfect information (that is, accurate values for the
input quantities or system parameters), despite the reality that such precise knowledge
is rarely available in practice for real-world optimization problems. The data of real-
world optimization problems are often uncertain (that is, they are not known exactly)
due to estimation errors, prediction errors or lack of information [3-6].

Robust optimization [2] provides a deterministic framework for studying mathe-
matical programming problems under data uncertainty. It is based on a description of
uncertainty via sets, as opposed to probability distributions which are generally used
in stochastic approaches [7,25]. A successful treatment of the robust optimization
approach to linear programming problems as well as convex optimization problems
under data uncertainty has been given by Ben-Tal and Nemirovski [3-5], and El Ghaoui
[12].

The present work was motivated by the recent development of robust duality theory
[1,21] for convex programming problems in the face of data uncertainty. To set the
context of this work, consider a standard form of linear semi-infinite programming
(SIP in brief) problem in the absence of data uncertainty:

(SP) inf (c, x)
S.t. (a,,x) > btv Vt e T,

where T is an arbitrary (possible infinite) index set, ¢, a; € R",andb;, € R, r € T.The
primal linear SIP problem in the face of input-parameter uncertainty in the constraints
can be captured by the parameterized linear SIP model problem

(USP) inf {c, x)
S.t. (at,x) > bt, VteT,

where the parameters a; and b; are uncertain, and the couple (a;, b;) belongs to an
uncertainty set i, ¢ R"*! forallt e T.
As an illustration of the model, consider the uncertain linear SIP problem:

inf  {x; :a,lxl +a,2xz >b, teT}
(x1.x2)€R?

where the data atl, at2 are uncertain, and foreachr € T := [0, 1], at1 e[—1-2t,—1+
2t], at2 € [1/2+1),1/(2 —1)] and b; = —1. Then, this uncertain problem can be

captured by our parameterized model as

inf X1
S.t. a}xl + atzxz >b,, VeeT,

where u; := (atl,atz, b;) € R is the uncertain parameter and u; € U; := V; x W,
with V; :=[—1 —2¢, -1 +2t] x [1/2+1),1/2 —1t)] and W; = {—1}.
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Robust linear semi-infinite programming 187

Let u; = (as, by), for t € T. The uncertain set-valued mappingU : T = R+ s
defined as U (¢) := U, forallt € T. We represent by u; := (a;, b;) € U; an element of
U, oravariable ranging on ;. So, gphUd = {(¢t, u;) : uy € Uy, t € T}andu € U means
that u is a selection of U, i.e.,thatu : T — R" ! and u, e U, forallt € T (u can be
also represented as (u;),¢7). In stochastic programming [7,25] each set U; is equipped
with a probability distribution and each selection of I/ determines a scenario for (S P).

The robust counterpart of (USP) [1,3,5] is

(RSP) inf (¢, x)
S.t. <at,.x) > bt, V(at,bt) EZ/{t, Vit e T,

where the uncertain constraint is enforced for all realizations of the uncertainties within
the uncertainty set U4;. The robust feasible set F is defined by

F:={x:{a;,x)>b;, Y(as,b;) ey, Vt € T}
= {x : <ata-x) Z bla V(taul) S gphu}

Therefore, the robust counterpart of (U S P) can simply be written as

(RSP) inf (c, x) (1
s.t. {(as, x) > by, V(t,u;) € gphld,

where u; = (a;, b;) forall t € T. Obviously, F is a closed convex set, and we assume
throughout this paper that it is nonempty.

The robust counterpart (RSP) provides us with a worst-case solution for the uncer-
tain SIP and the value of the robust counterpart, inf (RSP), represents the “primal
worst value”. Now, for each fixed selection u = (a;, by)rer € U, the Lagrangian
dual of (USP) is

(DP) sup {Zktb, : —c—i—Zk,a, = O,,] ,

AeRf) teT teT

where Rf) denotes the set of mappings A : T — R (also denoted by (A;);c7) such
that A; = 0 except for finitely many indexes), and sup ¥/ = —oo by convention.
The optimistic counterpart [1,21] of the Lagrangian dual of (DP) is given by

(ODP) sup [Z b i —c+ > ha; = o,,] .

u=(ar,b)er el teT teT
AeRD

The solution of the optimistic counterpart (RSP) gives us a best-case solution of
the uncertain Lagrangian dual problem and the value of the optimistic counterpart,
sup(ODP), represents the “dual best value”.

The purpose of this paper is to present a robust duality theory for linear (SIP)
in the face of data uncertainty by examining strong duality between the robust
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counterpart (RSP) and the optimistic counterpart (O D P). Robust duality means
that

inf{(c,x):x e F}=  max [Zk,bt : —c—i—ZA,a, =0n]

u=(as,b)er el teT teT
)»e]RS_T)

and it describes the relation “primal worst equals dual best’” with the dual attainment
in (ODP). Thus, inf(RSP) = max(ODP).

In this paper, we make the following key contributions: Firstly, we establish that
robust duality holds for (USP) whenever the robust moment cone,

M = U cocone {(as, by),t € T; (0,, —1)},

u=(ar,b)rer €U

is closed and convex. We further show that the closed-convex robust moment cone
condition in the case of constraint uncertainty is in fact necessary and sufficient for
robust duality. In other words, the robust moment cone is closed and convex if and
only if robust duality holds for every linear objective function of the program.

On the other hand, the robust counterpart (RSP) can also be viewed as an ordinary
linear semi-infinite programming problem. Thus, its standard (or Haar) dual problem
of (RSP) is given by:

(DRSP) SupkeRg—gphL{) Z(W,)egphu M) D)

s.t. —c+ Z(r,u,)egphu At up) @t ,u) = O (2)

By construction, inf (RSP) > sup(DRSP) > sup(ODP). We also derive strong duality
between the robust counterpart (RS P) and its standard (or Haar) dual problem [15] in
terms of a robust characteristic cone, illustrating the link between the Haar dual and
the optimistic dual.

Secondly, for the important case of affinely parametrized data uncertainty [2], we
show that the convexity of the robust moment cone always holds and that it is closed
under a robust Slater constraint qualification together with suitable topological require-
ments on the index set and the uncertainty set of the problem.

Thirdly, we derive robust forms of Farkas’ lemma [10, 11,17] for systems of uncer-
tain semi-infinite linear inequalities in terms of the robust moment cone and the robust
characteristic cones.

The organization of the paper is as follows. Section 2 provides robust duality theo-
rems under geometric conditions in terms of robust moment and characteristic cones.
Section 3 shows that these cone conditions are satisfied if and only if robust duality
holds for every linear objective function. Section 4 presents robust versions of the
Farkas lemma for uncertain semi-infinite linear inequalities. Section 5 provides some
conclusions of the work.
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Robust linear semi-infinite programming 189

2 Robust duality

Let us introduce the necessary notation. We denote by |-|| and B, the Euclidean
norm and the open unit ball in R"”. By 0, we represent the null vector of R". For
a set C C R", we define its convex hull co C and conical hull cone C as coC =
> hici A = 0,2 4 = 1,¢; € C,m € N} and coneC = J;.AC,
respectively. The topological closure of C is ¢l C. Given : R" — R U {+o0c}, such
that & # +o0, the epigraph of 4 is

epih = {(x,r) e R" : h(x) <r}
and the conjugate function of h is h*: R" — R U {400} such that
h*(v) ;= sup {{v, x) — h(x) : x € domh}.
The indicator and the support functions of C are denoted respectively by 8¢ and §7..
Let C C R" be a convex set and #: C — R. Identifying & with its extension to
R” by defining h (x) := 4o0o forany x ¢ C, h is called convex when epih is convex,

concave when —h is convex, and affine when it is both convex and concave on C. We
define the robust moment cone of (RSP) as

M = U cocone{(ar, by), t € T; (0,, —1)}. (3)

u=(ar,b)rer €U

Note first that if inf (RSP) = —o0, then (ODP) has no feasible solution, i.e.

c¢ U cocone{a;, t € T},

u=(ar,b)rer e

where coconef{a,, t € T} denotes the convex cone generated by {a;, r € T}. In this
case, inf (RSP) = sup(ODP) = —o0

Theorem 1 Ifthe robust moment cone M is closed and convex and inf (RSP) # —oo,
then

inf (RSP) = max(ODP).
Proof Let«a := inf(RSP) € R. Then,
[(ai. x) = by, ¥ (t,u;) € gphU] = (c.x) —a >0, 4)
where u; = (ay, by). Define g : R” — R by

gx)= sup {—{a,x)+ b}
(t,us)egphd
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190 M. A. Goberna et al.

Then, g is convex, F' = {x : g(x) < 0} and (4) is equivalent to
gx) <0 = (c,x)—a=>0.
Let f(x) := {c, x) + ér(x). This implies that f(x) > « for all x € R". So,

(0p, —a) € epif™ = cl(epi({c,.))* + epid})
= epi({c, .))* + epidy
= ({c} x Ry) + epid}.

On the other hand,

*
epid} = epi (sup(kg)) = clco U epi(Ag)*

A>0 >0

(see, e.g., [9] and [24]) and

cleo Uepi(xg)* = —clco U U [A(ar. by) + {04} x R_]

>0 A>0 (t,u;)€ gphUd
= —clco M. 5)
As M is closed and convex by our assumption, we have epiész = —M, and so,

(0,, —a) € ({c} x Ry) — M. This implies that there exists # = @, b)er € U
and % € Rf) such that

c= Ziﬁ, and —a > —ZX,E,.

teT teT

So, we see that o < ZteTj‘\fz;f < max(ODP). Thus the conclusion follows from the
weak duality, and we also conclude that (i, 1) is optimal for (ODP ). O

For the sake of self-containment, we have provided a short and direct proof for
Theorem 1 using convex analysis. Recall, on the other hand, that the Haar dual of
(RS P) was given in (2) by

(DRSP) sup, __ spheo > e gpnag M P

.t — A =0,.
s.t C+Z(t,u,)egphu (tun)(t,u) = On

Now consider the so-called characteristic cone of (RSP)

K = cocone{(ay, b,), (t,us) € gphd; (0,, —1)}, (6)

@ Springer



Robust linear semi-infinite programming 191

where u; = (ay, by) forallt € T.Then the ordinary dual problem (DRSP) is equivalent
tosup{y : (¢, y) € K} in the sense that both problems have the same optimal value
and are simultaneously solvable or not. It is worth observing that K = co M. In fact,
coM C K because M C K trivially and K is convex. To show the reverse inclusion,
take an arbitrary generator of K different of (0,, —1) € M, say uy; = (ay, by), with
(s,us) € gphid. As

(aS3 bs) € COCOne{(at, b[),t € T» (Onv _1)}1

we have (ay, by) € M. Thus, K C coM and so K = co M.

From the linear SIP strong duality theorem, inf (RS P) = max(D RS P) whenever
K isclosed (see, e.g., [15, Chapter 8]). If M is closed and convex,then K =coM = M
is closed and so

inf (RS P) = max(DRSP)
=max{y : (¢, y) € K}
=max{y : (c,y) € M}
= max(ODP).

Thus, we have obtained an alternative proof of Theorem 1 appealing to linear SIP
machinery.

The next two examples show that M can be neither convex nor closed. Robust
duality fails in the first example due to the existence of an infinite duality gap between
(RSP) and (ODP) and also in the second example, where (ODP) is not solvable.

Example 1 Consider the simple uncertain linear SIP problem

(SP) inf —x; —xo
S.t. (a[,x) > bt, Vt € T,

where T = [0, 1], ag is uncertain on the set

Vo = {(cosa, sina) : a € [0,27] N Q}

(a dense subset of the circle {x : ||x|| = 1}) whereas the remaining data are determin-
istic: bg = —1 and (a;, by) = (02, —1) for ¢ € ]0, 1]. This uncertain problem can be
modeled as

(USP) inf —x; — x»
s.t. {a;, x) > b, YVt €T,

with uncertain mapping U such that Uy = Vy x {—1} and U; = {(0p, —1)} for

all t € ]0, 1]. Observe that there exists a one-to-one correspondence between the
selections of ¢/ and the elements of V) because the unique uncertain constraint is
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192 M. A. Goberna et al.

(ao, x) = bg. So, the robust counterpart and the robust moment cone are

(RSP) inf —x| — xp
s.t. —(vg, x) > —1,Vvg € Vp,
<02’x) Z _17Vt € ]07 1] )

and
M = U cocone{(—vg, —1), (02, —1)},
vV

respectively. Thus M is the union of countable many 2-dimensional convex cones hav-
ing a common edge on the vertical axis. Obviously, M is neither convex nor closed.
As F = cl B, the unique optimal solution is (\/5/2, ﬁ/Z) and min(RSP) = —+/2.
Concerning the robust dual problem (ODP), it is inconsistent because (1,1) ¢
cocone{vg, 02} = Ry {vg} whichever vy € Vy we consider (cosa #* sinw for any
a € [0,27] N Q), so that sup(ODP) = —oo by convention, i.e., there is an infinite
duality gap.

Example 2 Let us replace the set 1V in Example 1 by the set obtained eliminating
from the square [—1, 1]° the relative interior of its edges. Then the robust moment
cone

M =cone{(]—1, 1PU{, 1), (=1, 1), (=1, =1), (1, —1)}) % (=1}}

is neither closed nor convex and F = co{+£ (1,0), + (0, 1)}, so that min(RSP) =
—1 = sup(ODP), i.e., there is no duality gap but (ODP) is not solvable.

In Example 1, the characteristic cone
K = cocone{(—vg, —1),v9 € Vo; (02, —1)}
= [x eR¥:x3 < —,/xl2 +x%] Ucone {}y x {—1}}
is not closed, (DRSP) is not solvable and
inf(RSP) = —+/2 = sup(DRSP) > sup(ODP) = —cc.

(The equality inf (RSP) = sup(DRSP) comes from [15, Theorem 8.1(v)].)
In Example 2, the characteristic cone

K = COCOl’le{(l, 19 _1)7 (_17 11 _1)9 (_17 _13 _1)9 (19 _11 _1)}

is finitely generated and so it is closed, even though M is neither closed nor convex.
Moreover,

inf(RSP) = —1 = max(DRSP) = sup(ODP).
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3 Robust moment cones: convexity and closure
We say that (RSP) satisfies the convexity condition if forevery t € T,
Uy = {(ar(z1), b (z0)) = 2t € Z4},

where Z; is a convex set in R? for some g € N, a;(-) is affine, i.e., a;, = (a,l, .oap)
and each a,j () is an affine function, j = 1, ..., n, and b;(-) is concave.

Proposition 1 Suppose that (RS P ) satisfies the convexity condition. Then the robust
moment cone M is convex.

Proof Let a',a*> € M and u € [0,1]. Let a := pa' + (1 — w)a® and denote
a=(y,y) e R" xR, witha' = (y!,y)) e R” x Rand a®> = (%, ) € R" x R.
Then, there exist z,l € Z forallr e T, 1! = (A})teT € ]R(T), and o1 < 0 such that

Gy =D M@z, b)) + On, ).

teT

Similarly, there exist zt € Z forallt € T,\? = (Az),eT € R ) and oy < 0 such
that

0% v2) = D M@z, bi(z]) + 0y, a2).

teT

Then, we have

W'+ 1=y =3 (wilaeh + (1 - wiaE))
teT

and

i+ (= wyr = (/M,lbz(zz]) + 0= u)ksz(Z,z)) + par + (1 — .

teT

We associate with ¢ € T the scalar A, := uk} + (- u)k,z and the vector

z}, if A, =0,
2 =
! +(1 “)kztz, if A, > 0.

Then z; € Z, forallt € T, and
12+ (= rjz) = hz.
By our convexity assumption, we see that, foreachr € T,

prla (zh) + (1 — wrta, (25 = Mar(z0), (7
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194 M. A. Goberna et al.

and
1 by(z)) + (1= ATh(27) < Mby(z)). (®)
Then, there exists p < 0 such that

a=y)=nOh )+ 1 —wG2 0
= (uy' + (1= wy% uy + (1= wWy)

= (Z it (21), thbxm) + (Op, pevy + (1 = p)az + p)

teT teT

=D larz), bi(z) + (—per — (1 = waz — p)(0,, —1),

teT

and this implies thata = (y, y) € M. O

In particular, the robust moment cone M is convex in the important affinely data
parametrization case [2], i.e.

q
U= by = @b+ > (af ) iz =l e Zi
j=1

where Z; is closed and convex for each r € T'. In this case, I/ is convex-valued and
the convexity condition holds with b, (-) being also affine.

It is easy to see from Example 1 that M may not be convex when the convexity
condition fails. In fact, in this example, V) cannot be the image of certain convex set
by an affine mapping (because ) is not even connected).

The set-valued mapping I/ : T = R"*!, with (T, d) being a metric space, is said
to be (Hausdorff) upper semicontinuous att € T if for any € > 0 there exists n > 0
such that

U CU +€Byy1 Vs e T withd(s,t) <n.

In particular, U is uniformly upper semicontinuous on T if for any € > 0 there exists
n > 0 such that

U; CU; +€Bpy1 Vs, t € T withd(s,t) <n.

If, additionally, T is compact, then there exists a finite set {t{, ..., #,,} C T such that
d(t {t1,....tm}) <nforallt € T. Then, Us C U;—; (I/{tl. + GIEB,,_H)VS eT,
so that gph{ is bounded whenever I/ is compact-valued, i.e., foreach r € T,U; is a
compact set.

We say that (RSP) satisfies the Slater condition when there exists xo € R" (called
Slater point) such that (a;, xg) > b, for all (¢, u;) € gphl, i.e. when there exists a
strict solution of the constraint system of (RSP).
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Proposition 2 Suppose that the following three assumptions hold:

(i) T is a compact metric space;
(1) U is compact-valued and uniformly upper semicontinuous on T;
(iii) (RS P) satisfies the Slater condition.

Then, the robust moment cone M is closed.

Proof Let

) eM= U cocone{(as, by),t € T; (0,, —1)}, k=1,2,...,
ueld

such that (zX, rx) — (z, r). Then, for each k, there exists u¥ € U/, with uf = (af, bf) €
U, for all t € T, such that

(zk, ry) € cocone{(af, bf),t eT; 0, —D}.

From the Carathéodory theorem, we can find Af.‘ >0,i =1,....n+ 1, ur >
0.{rf,....t5 )} C Tand (ap,byx) € Uy,i =1,...,n+ 1, such that

n+1
(@) = D M (e, by + 0n, =1). ©)
i=1
As T is compact, we may assume that tl.k —-tieT,i=1,...,n+ 1.
Fixi = 1,...,n + 1. Since we are assuming that ¢/ is uniformly upper semicon-

tinuous and so, for any € > 0, there exists n > 0 such that
U CU; +€B,y1, foralltsuchthatd(z,t;) <n.
It follows that
d((at[k, bik),u,[) — 0 ask — oo.
Since U, is compact, we may assume the existence of (ay,, b;,) € Uy, such that

(ai,byi) — (ar;,by;) ask — oo. (10)

Now, we show that [} := Z;’Ll )»f? + u* is bounded. Granting this, by passing to
subsequence if necessary, we may assume that

Af—)kieRJr and ur — pn e Ry,
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as each )Lf and p, are non-negative. Then, passing to the limit in (9) we have

n+1

(z.r) =D hilay, by) + n(0n, —1) € M
i=1

Therefore, the robust moment cone M is closed.
To show the boundedness of [, we proceed by the method of contradiction and
assume without loss of generality that [; := Z"+1 Ak + puk — +oo By passing to

k
subsequence if necessary, we may assume that — L eRyE T RE R4 and

n+1
Z,\,- +7=1. (11)
i=1

Dividing by [, both members of (9) and passing to the limit, we obtain that

n+l1

(0n, 0) = D Riay, by) + Oy, —1).
i=1

So, we have Zf’ill hiar, = 0, and Zl’-';rll xib;;, = 1z and so, taking a Slater point xo,
we have

On the other hand, since (a;, b;) € U, assumption (iii) implies that (a,t.,xo) —
by, > Oforalli = 1,...,n+ 1. Note that (A1,..., Ap+1) # Opt1 (otherwise,

= Z’“Ll Airi =0 and S0, (M, ... ,X,H] , ) = 0,42 which contradicts (11)). This
implies that

ZX,- ((a,, xo) bt,) 0.

This is a contradiction and so, {/;} is a bounded sequence. m]

Example 1 violates assumptions (ii) in Proposition 2 because I is neither compact
nor convex and I/ is not upper semicontinuous at 0. In fact, if we consider the sequence
(tk, uy,) = (1/k, (02, —1)) which converges to (0, (02, —1)), we have (a,, b,) =
(02, —1) which does not converge to (ag, bo) as 02 ¢ V.

As an immediate consequence of the previous results, we obtain the following
sufficient condition for robust duality. In the special case when |T'| < +o0, this result
collapses to the robust strong duality result for linear programming problems in [1].
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Corollary 1 Suppose that the following assumptions hold:

(i) T is a compact metric space;
(i) U is compact-convex-valued and uniformly upper semicontinuous on T;
(iii) (RSP) satisfies the convexity and the Slater conditions.

Then, the robust duality holds, i.e. inf (RSP) = max(ODP).

Proof The conclusion follows from Theorem 1, Propositions 1 and 2. O
We now present an example verifying Corollary 1.

Example 3 Let T = [0, 1] and consider the following uncertain linear SIP problem:

inf,cr x
S.t. arx > bta t e T,

where the data a,, b, are uncertain, a;, € [—1 — 2¢t, —1 4+ 2¢] and b; = —1. This
uncertain problem can be captured by our model as

inf x
S.t. arx = b[, t e T,

where (a;, b;) € Uy = [—1 — 2, —1 + 2¢] x {—1}. Setting u; = (a;, b;),t € T, the
robust counterpart is

inf x
S.t. agx > bt, V(t, Ml) € gphU

It can be verified that the feasible setis [—1, 1/3]. So, the optimal value of the robust
counterpart is —1. The optimistic counterpart of the dual problem is

(ODP) sup [—Zx,:—1+2/\,(—1+2a,)=o].

2R, u=(ar,b)yreretd U ter teT

Let 2 €R{" be such that 4, = 1 and &, = O forall € T\{1}. Let u = (a;, —1),e7 €U
be such that @; = 1. Then —1 + >, .7 A(—1 +2a;) = —1 + A (=1 +2a;) = 0
and — ZteT 2 = —1.So, max(ODP) = —1 and robust strong duality holds. In fact,
M = cocone {(—3, —1), (—1, —1)} is closed and convex. Finally, one can see that all
the conditions in the preceding corollary are satisfied.

The following theorem shows that our assumption is indeed a characterization for
robust strong duality in the sense that “the convexity and closedness of the robust
moment cone” hold if and only if the robust strong duality holds for each linear
objective function of (RSP).

Theorem 2 The following statements are equivalent to each other:
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198 M. A. Goberna et al.

(i) Forall c € R",

inf{(c,x):x € F} = max {Zx,bt:—c+2/\tat=on].
AGRS_T)‘ M=(a[,b;)th€u teT teT

(ii) The robust moment cone M is closed and convex.

Proof [(ii) = (1)] It follows by Theorem 1.
[(1) = (i1)] We proceed by contradiction and let (cg, r9) € (clcoM )\ M. So, (5)
implies that (—cq, —rp) € epiS; where F := {x : g(x) < 0} and

glx) = sup  {—{as, x) + b;}.
(t,u;)egphd

Thus, we have 8}‘,(—00) < —rp. So, forevery x € F, (co, x) > ro. It now follows that
ro S inf{<607-x> : (al"x) Z bt’ V(tv ul) S gphu}

Thus, the statement (i) gives us that

ro < max [Zk,bt:—co+ZA,a,:0n},

- (T)
AeRyueld et teT

and so, there exists A € Rf) and (@, b;) € U, forallt € T, with —co+ >,y A ar =
0, and such that ro < >, 7 A; b;. This shows that

(co, r0) € cocone{(@, by),1 € T; (0, =1)} C M,

which constitutes a contradiction. O

Now, we show that the more general case, i.e., linear SIP problems where uncer-
tainty occurs in both objective function and in the constraints can also be handled by
our approach. Indeed, this situation can be modeled as the parameterized linear SIP
problem

(6:9_;) infoR” (C’ x) (12)
S.t. (a;,x) > bt, VieT,

where the data (c, a;, b;) are uncertain, (a,, b;) € U, CMI and ¢ € Z where
Z C R". Fixas ¢ T and define Uy = Z. The problem (USP) can be equivalently
rewritten as

inf(y,x)eRxR" y

S.t. (at,x) > bta (at,bt) € Ut, Vt e T, (13)
y—{c,x) >0, cels.
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So, the robust (or pessimistic) counterpart of (TJ_EI/’) can be formulated as

(RSP) inf(y,x)eRXR” y
s.t. 0-y+{ar,x) > by, Y(t,u;) € gphld, (14)
y - <C7-x> 2 07 VC GZ/{S’

whose decision space is R x R”. In other words, the robust counterpart (ES’F) isindeed
a linear SIP problem with n + 1 decision variables y, x1, ..., x, and deterministic
objective function as follows:

(RSP) lnf(y x)eR xR ((1,00), (y,x)) (15)
s.t. (@, (v, x)) = by, ¥ (1, 1;) € gphlU,

wherex = (X1, ..., X)), Uy = (a,,b,) € Z/{t for all ¢ € T:=TuU {s} (ass ¢ T), and
U:T= R s the extension of ¢ : T = R"*! to T which results by defining, for
eachr € T,

i [ x (=Z) x {0}, ifr =s,
CTH0Y x Uy, otherwise.

The constraint system of the optimistic counterpart for (ﬁ), say (5D7’), is

o) ()= ()

teT

where (a;,b;)) e Up, t € T,c € Z = U, ) € Rf), and u € Ry. Eliminating u = 1
we get

(6b_f)) sup [Z)\tb[ P —c+ Z)»;a, = On] .

(arbereUd,ceZ,2.eRY Lrer teT
Finally, the robust moment cone of (RSP) is

v = | cocone{@r, b)), t € T (Op1, =1}
uell

= U cocone{(0.ar,b).1 € T5 (1, —¢,0), (04, 0, —D)}.
u=(ar,b;)rer €A
ceZ

O
Therefore, we have the following robust duality result for linear SIP problems where
uncertainty occurs in both objective function and in the constraints.

Corollary 2 Suppose that the following assumptions hold:
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(1) T is a compact metric space;
(1) U is compact-convex-valued and uniformly upper semicontinuous on T, and Z
is a compact and convex subset of R";
(iii) foreveryt €T,

U ={(a1(z1), b1(z1) 21 € Ziyand Z = {c(v) : v € W}

where Z;, W are closed and convex sets in RY for some q € N, each component
of a;(-) and c(-) are affine, and b;(-) is concave;
(iv) There exists xo € R" such that {a;, xo) > b; for all (t,u;) € gphU.

Then, robust duality holds, i.e. inf (EEﬁ) = max(ab_l’/)).

Proof The conclusion follows from Theorem 2. O

4 Robust semi-infinite Farkas’ lemma

In this Section, as consequences of robust duality results of previous Sections, we
derive two forms of robust Farkas’ lemma for a system of uncertain semi-infinite
linear inequalities. Related results may be found in [8,18-21].

Corollary 3 (Robust Farkas’ Lemma: Characterization I) The following statements
are equivalent to each other:

(i) For all c € R", the following statements are equivalent:
D) [{ar, x) = b, V (1, u;) € gphU] = (¢, x) = r
2) dr = ()"I)[ET (S RS’_T) and (al, bl) S Z/{[,t (S T,
—C + ZteT Arar = 0y,
and D, cr hiby = 1.

suchthat

(i1) The robust moment cone M is closed and convex.

Proof Fix an arbitrary ¢ € R". Consider the robust counterpart (RS P) and optimistic
counterpart (O D P) given respectively by

(RSP) inf {c, x)
s.t. {(ar, x) > by, ¥ (t,u;) € gphld

and

(ODP) max {Zktb, T—c+ Z)\,at = On] .

T
AERS_). u=(ar,bi)rer €U | ser teT

Then, statement (i) is equivalent to inf(RSP) > r < max(ODP) > r for every
¢ € R" which is, in turn, equivalent to

inf (RSP) = max(ODP) forall c € R".

So, the conclusion follows from Theorem 2. O
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Next we compare the previous results with similar ones involving the characteristic
cone K defined in (6) and the standard dual (DRSP) introduced in (2) instead of M
and (ODP), respectively.

Recall that the assumptions in Propositions 1 and 2 guarantee that the robust
moment cone M is convex and closed (and so, the characteristic cone K is also
closed). In the following, we show that the assumptions in Proposition 2 alone ensure
that a robust form of the Farkas lemma holds. This is achieved by first establishing
that the characteristic cone K is closed.

Theorem 3 Under the same assumptions as in Proposition 2, the following statements
are equivalent:

D) [{ar, x) = by, Y (t,u,) € gphlU] = (c,x) > 1.
hi
2) 31 = (A )ier € REMD
such that [ o Z(t'“t)egphu Attun)a(t.up) = On,
and Z(t,u,)egphu A'(t‘“t)b(l;ut) zr.

Proof We first prove that the characteristic cone K of the robust linear SIP problem is
closed. Condition (ii) in Proposition 2 guarantees the closedness of the index set gph /.
In fact, let {(#, a,, b,)} C gphl be a sequence such that (¢, a,, b,) — (t,a,b) €
T x R"*!. Then (a,,b,) € U, forall r € N, t, — ¢, and (a,,b,) — (a,b).
Assume that (¢, a, b) ¢ gphl, i.e. that (a, b) ¢ U;. Since U; is closed, there exists
€ > 0 such that (a, b) ¢ Uy + €B,41. Let n > 0 be such that U; C U; + %B,H_] for
any s € T with d(s,t) < n. We have d(t.,t) < n and d ((ar, b;), (a, b)) < %
for sufficiently large r, so that (a,, b,) € U, C U; + %]B%q and (a,b) € U + €By
(contradiction). We have also seen that condition (ii) implies the boundedness of
gph, which turns out to be compact. As we are assuming that the Slater condition
holds, K is closed by [15, Theorem 5.3 (ii)]. Finally, the closedness of K and [15,
(8.5)—(8.6)] imply inf(RSP) = max(DRSP). As in the proof of Corollary 3, the
equality inf (RS P) = max(D RS P) guarantees the desired conclusion. O

Corollary 4 (Robust Farkas’ Lemma: Characterization II) The following statements
are equivalent to each other:

(1) For all c € R", the following statements are equivalent:
1) [<at9x> 2 b[? V(ls ul) € gphu] = (C,.x> Z r.
2) 3k = (u)rer € REM

—Cc+ Z(l,u,)egphu )‘(I,Mt)a(f,”t) = On,

such that
and Z(t,u,)egphl/{ )\'(tsut)b(t»ut) =T

(ii) The characteristic cone K is closed.

Proof 1t is straightforward consequence of [15, Theorem 8.4]. O
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5 Conclusion

In this paper, we presented a duality theory for linear semi-infinite programming prob-
lems in the face of data uncertainty via robust optimization. We established robust
duality for uncertain linear (SIP) by proving strong duality between the robust coun-
terpart of an uncertain linear semi-infinite program and the optimistic counterpart of
its uncertain Lagrangian dual. The duality theorems were given in terms of a robust
moment cone. As a consequence, we also provided characterizations of robust versions
of the Farkas lemma for infinite linear inequality systems under data uncertainty. Our
theory suggests that a worst-case solution of an uncertain linear (SIP) can be obtained
by finding a dual best solution. This provides a way of solving a robust optimization
problem by finding a solution of its optimistic counterpart.
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