Math. Program., Ser. B 107, 5-36 (2006)

Digital Object Identifier (DOI) 10.1007/s10107-005-0677-1

Dimitris Bertsimas - Melvyn Sim

Tractable Approximations to Robust Conic Optimization
Problems

Received: April 6, 2004 / Accepted: July 7, 2005
Published online: December 30, 2005 — © Springer-Verlag 2005

Abstract. Inearlier proposals, the robust counterpart of conic optimization problems exhibits a lateral increase
in complexity, i.e., robust linear programming problems (LPs) become second order cone problems (SOCPs),
robust SOCPs become semidefinite programming problems (SDPs), and robust SDPs become NP-hard. We
propose a relaxed robust counterpart for general conic optimization problems that (a) preserves the computa-
tional tractability of the nominal problem; specifically the robust conic optimization problem retains its original
structure, i.e., robust LPs remain LPs, robust SOCPs remain SOCPs and robust SDPs remain SDPs, and (b)
allows us to provide a guarantee on the probability that the robust solution is feasible when the uncertain
coefficients obey independent and identically distributed normal distributions.
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1. Introduction

The general optimization problem under parameter uncertainty is as follows:

max c¢’'x
s.t. fi(x, D) >0, iel, (1)
x e X,

where f;(x, l~),~), i € I are given functions, X is a given set and li,- , 1 € I isthe vector of
random coefficients. Without loss of generality, we can move the objective function to the
constraints and hence, assume that the objective is linear with deterministic coefficients.

We define the nominal problem to be Problem (1) when the random coefficients D,
take values equal to their expected values D?. In order to protect the solution against
infeasibility of Problem (1), we may formulate the problem using chance constraints as

follows:

max ¢'x
SLP(fie,D))>0)>1—¢, i€l 2
x € X.
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Unfortunately, it is well known that such chance constraints are non-convex and gen-
erally intractable. However, we would like to solve a tractable problem and obtain a
“robust” solution that is feasible to the chance constraints Problem (2) when ¢; is very
small and without having to reduce the objective function excessively. In order to address
Problem (1) Ben-Tal and Nemirovski [1, 3] and independently by El Ghaoui et al. [12,
13] propose to solve the following robust optimization problem

max c¢'x
s.t. 5{161& fi(x, D;) >0, iel, 3)

x e X,

where U;, i € I are given uncertainty sets. The motivation for solving Problem (3) is
to find a solution x* € X that “immunizes” Problem (1) against parameter uncertainty.
That is, by selecting appropriate sets U;, i € I, we can find solutions x* to Problem (3)
that give guarantees €; in Problem (2). However, this is done at the expense of decreasing
the achievable objective. It is important to note that we describe uncertainty in Problem
(3) (using the sets U;, i € I) in a deterministic manner. In selecting uncertainty sets U;,
i € I we feel that two criteria are important:

(a) Preserving the computational tractability both theoretically and most importantly
practically of the nominal problem. From a theoretical perspective it is desirable
that if the nominal problem is solvable in polynomial time, then the robust prob-
lem is also polynomially solvable. More specifically, it is desirable that robust conic
optimization problems retain their original structure, i.e., robust linear programming
problems (LPs) remain LPs, robust second order cone problems (SOCPs) remain
SOCPs and robust semidefinite programming problems (SDPs) remain SDPs.

(b) Being able to find a guarantee on the probability that the robust solution is feasible,
when the uncertain coefficients obey some natural probability distributions.

Let us examine whether the state of the art in robust optimization has the two prop-
erties mentioned above:

1. Linear Programming: A uncertain LP constraint is of the forma’x > b, for which @
and b are subject to uncertainty. When the corresponding uncertainty set / is a poly-
hedron, then the robust counterpart is also an LP (see Ben-Tal and Nemirovski [3, 4]
and Bertsimas and Sim [9, 10]). When U is ellipsoidal, then the robust counterpart
becomes an SOCP. For linear programming there are probabilistic guarantees for
feasibility available ([3, 4] and [9, 10]) under reasonable probabilistic assumptions
on data variation.

2. Quadratic Constrained Quadratic Programming (QCQP): An uncertain QCQP
constraint is of the form ||;1x||% + b'x + & < 0, where A, b and ¢ are subject to
data uncertainty. The robust counterpart is an SDP if the uncertainty set is a simple
ellipsoid, and N P-hard if the set is polyhedral (Ben-Tal and Nemirovski [1, 3]). To
the best of our knowledge, there are no available probabilistic bounds.

3. Second Order Cone Programmlng (SOCP): An uncertain SOCP constraint is of
the form ||Ax + b||2 <&x+d,where A, b, ¢ and d are subject to data uncertainty.
The robust counterpart is an SDP if A b belong in an ellipsoidal uncertainty set U/
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and ¢, d belong in another ellipsoidal set If>. The problem has unknown complexity,
however, if ;1, I;, ¢, d vary together in a common ellipsoidal set. Nemirovski [15]
proposed tractable approximation in the form of an SDP if ¢ and d are deterministic
and showed probabilistic guarantees in this case. However, to the best of our knowl-
edge, there are no available probability bounds to address the problem when ¢ and
d are stochastic.

4. Semidefinite Programming (SDP): An uncertain SDP constraint of the form Z;’ -

A jXj = B, where Al, ey An and B are subject to data uncertainty. The robust
counterpart is N P-hard for ellipsoidal uncertainty sets. Nemirovski [15] proposed a
tractable approximation in the form of an SDP and showed probabilistic guarantees
in this case.

5. Conic Programming: An uncertain Conic Programming constraint of the form
Z?‘:l ijj >K B, where Al, An and B are subject to data uncertainty. The
cone K is closed, pointed and with a nonempty interior. To the best of our knowl-
edge, there are no results available regarding tractability and probabilistic guarantees
in this case.

Our goal in this paper is to address (a) and (b) above for robust conic optimization
problems. Specifically, we propose a new robust counterpart of Problem (1) that has
the following properties: (a) It inherits the character of the nominal problem; for exam-
ple, robust SOCPs remain SOCPs and robust SDPs remain SDPs; (b) under reasonable
probabilistic assumptions on data variation we establish probabilistic guarantees for fea-
sibility that lead to explicit ways for selecting parameters that control the robustness; (c)
It is applicable for general conic problems.

The structure of the paper is as follows. In Section 2, we describe the proposed
robust model and in Section 3, we show that the robust model inherits the character of
the nominal problem for LPs, QCQPs, SOCPs and SDPs. In Section 4, we prove prob-
abilistic guarantees for feasibility for these classes of problems. In Section 5, we show
tractability and give explicit probabilistic bounds for general conic problems. Section 6
concludes the paper.

2. The Robust model

In this section, we outline the ingredients of the proposed framework for robust conic
optimization.

2.1. Model for parameter uncertainty

The model of data uncertainty we consider is

D=D"+) AD3;, )
JEN

where DV is the nominal value of the data, AD-/, j € N is adirection of data perturba-
tion, and Z;, j € N are independent and identically distributed random variables with
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mean equal to zero, so that E[D] = D°. The cardinality of N may be small, modeling
situations involving a small collection of primitive independent uncertainties (for exam-
ple a factor model in a finance context), or large, potentially as large as the number of
entries in the data. In the former case, the elements of D are strongly dependent, while
in the latter case the elements of D are weakly dependent or even independent (when
IN| is equal to the number of entries in the data). The support of Z;, j € N can be
unbounded or bounded. Ben-Tal and Nemirovskii [4] and Bertsimas and Sim [9] have
considered the case that |N| is equal to the number of entries in the data.

2.2. Uncertainty sets and related norms

In the robust optimization framework of (3), we consider the uncertainty set/ as follows:

U={D|Fue™:D=D"+>" AD/uj |u| <Qt, 5)
JjeN
where 2 is a parameter, which we will show, is related to the probabilistic guaran-

tee against infeasibility. We restrict the vector norm ||.|| we consider by imposing the
condition:

l[aell = Ilfaefll, (6)

where |u| = (lu1l, ..., lun)) if u = (u1, ..., u;n))'. We call such norm the absolute
norm. The following norms commonly used in robust optimization are absolute norms :

— The polynomial norm /lx, k =1, ..., 00 (see [1, 4, 18]).

— The Iy N loo norm: max{||u|l2, QL||u|lec}, 2 > 0 (see [4]). This norm is used in
modeling bounded and symmetrically distributed random data.

— The I} N ls norm: max{%||u||1, lulloo}, I' > O (see [9, 8] ). Note that this norm is
equal to I, if ' = |N|, and /1 if ' = 1. This norm is used in modeling bounded
and symmetrically distributed random data, and has the additional property that the
robust counterpart of an LP is still an LP (Bertsimas et al. [8]).

Note that the norm ||u|| = || Pu||x, where P is an invertible matrix, is not an absolute
norm. However, we can letu = P ~'v, and modify the uncertainty set of (5) accordingly
so that the norm considered remains absolute.
Given a norm ||.|| we consider the dual norm ||.||* defined as
Is|* = max s'x.
lxl<1

We next show some basic properties of norms satisfying Eq. (6), which we will subse-
quently use in our development.

Proposition 1. The absolute norm || - || satisfies the following

@ flwl* = [llw]l*.
(b) For all v, w such that |v| < |w|, ||v]* < [lw]*.
(c) Forall v, w such that |v| < |w|, v < ||lw].

The proof is shown in Appendix A.
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2.3. The class of functions f(x, D)

We impose the following restrictions on the class of functions f(x, D) in Problem (1)
(we drop index i for clarity):

Assumption 1. The function f(x, D) satisfies:

(a) The function f(x, D) is concave in D for all x € R".
®) f(x,kD)=kf(x, D), forallk >0, D, x € R".

Note that for functions f (-, -) satisfying Assumption 1 we have:
1 1
fG. A+ B)z S f(x.24) + 2 f(x.2B) = f(x, A) + [ (x. B). 7

The restrictions implied by Assumption 1 still allow us to model LPs, QCQPs, SOCPs
and SDPs. Table 1 shows the function f(x, D) for these problems. Note that SOCP(1)
models situations that only A and b vary, while SOCP(2) models situations that A, b,
¢ and d vary. Note that for QCQP, the function, —||Ax||§ — b’x — c does not satisfy
the second assumption. However, by extending the dimension of the problem, it is well-
known that the QCQP constraint is SOCP constraint representable (see [5]). Finally, the
SDP constraint,

n
ZAixi > B,
j=l
is equivalent to
n
Amin ZAixi —-B]| >0,
j=1

where A, (M) is the function that returns the smallest eigenvalue of the symmetric
matric M.

Table 1. The function f(x, D) for different conic optimization problems

Type Constraint D f(x, D)
LP a’x>b (a, b) a’x —b
IAx]2 4 b’ ap.ed cbrio
x|l5 +bx =1L
QCQP +c<0 Ad) =0, —\/HAxllz 4 (d+b'x+r)2
VjeN 2 2
(A,b,c,d)
|Ax + bl Acl =0, / _
SOCP(1) Lo td T =0, ¢x +d— ||Ax + b
YjieN
SOCP(2) ”ff,:f_"[j (A,b,¢,d) ¢x+d— | Ax + bl
" Aix;— B
SDP L1 Aixi (A1, ..., An. B) )»mm(Z;'-zl Aix; — B)

m
e st
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3. The proposed robust framework and its tractability

Specifically, under the model of data uncertainty in Eq. (4) we propose the following
constraint for controling the feasibility of stochastic data uncertainty in the constraint
f(x,D)=0:

min_ f(x, D%+ Y [ £, ADDyu; + f(x, ~AD w; | 20, )
(v,w)eV :
JEN
where
vz{(v,w)emﬁv'xw' v + wl| 59}, )

and the norm ||.|| satisfies Eq. (6). We next show that under Assumption 1, Eq. (8) implies
the classical definition of robustness:

f(&x,D) >0, VD e lU, (10)

where U is defined in Eq. (5). Moreover, if the function f(x, D) is linear in D, then Eq.
(8) is equivalent to Eq. (10).

Proposition 2. Suppose the given norm ||.|| satisfies Eq. (6).

@ If f(x,A+ B) = f(x, A) + f(x, B), then x satisfies (8) if and only if x satisfies
(10).

(b) Under Assumption 1, if x is feasible in Problem (8), then x is feasible in Problem
(10).

Proof. (a) Under the linearity assumption, Eq. (8) is equivalent to:
flx D+ ZADj(vj —wj) | =0, Viv+w|<Q, v,w>0, (11
JjeN
while Eq. (10) can be written as:
f x,DO+ZADjrj >0, vir| < Q. (12)
JjeN

Suppose x is infeasible in (12), that is, there exists r, ||r| < €2 such that

flx.D°+) AD/r | <o

JEN
Forall j € N,letv; = max{r;, 0} and w; = —min{r;, 0}. Clearly, r = v — w and
since v; + w; = |rj|, we have from Eq. (6) that ||[v + w|| = ||r|| < 2. Hence, x is

infeasible in (11) as well.
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Conversely, suppose x is infeasible in (11), then there exist v, w > O and |[v+w]| <
€2 such that

flx.D°+) ADI@w; —w) | <.
JEN

Forall j € N, weletr; = v; —w; and we observe that |r;| < v; + w;. Therefore,
for norms satisfying Eq. (6) we have

7l = lrfll < llv 4w < <2,

and hence, x is infeasible in (12).
(b) Suppose x is feasible in Problem (8), i.e.,

@ D)+ Y oy [fx. AD)j + f(x, —~AD))w;} > 0,
Viv+w| <Q, v,w=>0.

From Eq. (7) and Assumption 1(b)

0= f@, D)+ ey {f(x, AD))v; + f(x, ~AD )yw;}
< fx,D°+ Yoy AD/(v; — w)))

for all lv + w|| < 2, v, w > 0. In the proof of part (a) we established that

f,D°+ Y AD/rj) >0,  V|r|<Q
JeEN

is equivalent to

fa. D'+ AD/(vj—w)) =0,  V[jv+w|<Q, v,w>0,
JEN

and thus x satisfies (10). |

Note that there are other proposals that relax the classical definition of robustness
(10) (see for instance Ben-Tal and Nemirovski [2]) and lead to tractable solutions. One
natural question is whether the approximation is overly conservative with respect to
Problem (10). A way to address this is to show that if x is feasible in Problem (10), it
also feasible in Problem (8) in which €2 is reduced to 0 2, o < 1. Ideally, o should not
decrease too rapidly with respect to the dimension of the problem. While we do not have
theoretical evidence on the closeness of the approximation, Bertsimas and Brown [7]
report excellent computational results utilizing Problem (8) for constrained stochastic
linear control problems, that is the solutions obtained when solving problem (8) are very
close to the solutions obtained when solving Problem (10).
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3.1. Tractability of the proposed framework

Unlike the classical definition of robustness (10), which can not be represented in a
tractable manner, we next show that Eq. (8) can be represented in a tractable manner.

Theorem 1. For a norm satisfying Eq. (6) and a function f(x, D) satisfying Assump-
tion 1

(a) Constraint (8) is equivalent to
fx, D% = Qlls|*, (13)
where
sj = max{—f(x, AD’), — f(x, —AD’)}, Vj e N.

(b) Eq. (13) can be written as:

f@x.D% = Qy

f(x,AD/)+1; >0, VYjeN

fx,—AD/)+1t; >0,¥jeN (14)
lel* <y

yeR, teRN,

Proof. (a) We introduce the following problems:

zi=max a'v+bw
s.t. lv+ w| < Q2 (15)
v,w >0,
and
Zp = max Zmax{aj,bj,O}rj
jeN (16)
s.t. ||l < €,

and show that z; = z. Suppose r* is an optimal solution to (16). For all j € N, let
vi=w;=0 if max{aj,b;} <0
vj = |r;‘|,wj =0ifa; >bj,a; >0
w; = |r;‘-‘|,vj =0ifb; >aj,b; > 0.

Observe that a;vj + bjw; > max{a;, bj,0}r; and w; +v; < |r7|, Vj € N. From

Proposition 1(c) we have ||v + w|| < ||r*|| < €2, and thus v, w are feasible in Problem
(15), leading to

21 = Z(ajvj +bjwj) > Zmax{aj,bj,O}r;.k = 25.
JjeN JjeN
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Conversely, let v*, w* be an optimal solution to Problem (15). Let r = v*+ w*. Clearly
|lr|| < €2 and observe that

rj max{aj,bj,O} > ajv;’f +bjw”f, VjeN.
Therefore, we have

22> Y max{aj, bj,0lr; = Y (ajv} +bjwh) =zi,
JjeN jeN

leading to z; = z2. We next observe that

min {f(x,ADj)vj—I—f(x,—ADj)wj]
(v‘w)er6

N
— — max {—f(x,ADf')vj—f(x,—AD-/)wj}
(v,w)ey “
JeEN
= — max {max{—f(x,ADf),—f(x, —ADf),O}r,}
{Ilrl=} 4 '
jeN
and using the definition of dual norm, [|s|* = max),<is'x, we obtain

Qlis|I* = max | j<q s'x, i.e., Eq. (13) follows. Note that
sj = max{—f(x, ADY), - f(x, —~AD’)} > 0,

since otherwise there exists an x such that s; < 0, ie., f(x, AD/ ) > 0 and
f (x,—AD/) > 0. From Assumption 1(b) f(x,0) = 0, contradicting the concav-
ity of f(x, D) (Assumption 1(a)).

Suppose that x is feasible in Problem (13). Defining # = s and y = ||s||*, we can eas-
ily check that (x, ¢, y) are feasible in Problem (14). Conversely, suppose, x is infeasible
in (13), that is,

fx, D% < Qis||*.

Since, t; > s; = max{—f(x, ADj), —f(x, —ADj)} > 0 we apply Proposition 1(b)
to obtain ||Z||* > ||s|*. Thus,

fx, D% < Qls|* < Qtl* < Qy,

i.e., x is infeasible in (14).

(b) It is immediate that Eq. (13) can be written in the form of Eq. (14). |

In Table 2, we list the common choices of norms, the representation of their dual
norms and the corresponding references.
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Table 2. Representation of the dual norm for £ > 0

Norms [lu]| lel* <y Ref.
1) llzell2 It <y [4]
Iy llzell tj<y,VjeN [8]
Iso ll2lloo Yienti <y (8]
g—1
A\ T
lp.p>1 el (Z,-eN tf ) <y [8]
s —tlla+ &> jensi <
b Nl max{|lull2, lulloo} N Ljen s = [4]
s € Sh+
Tp+2jensi =
I Nl max{ & llull1, lulloo} sj+p =t V(NfN 181

pENy, s €Ny

3.2. Representation of the function max{— f(x, AD), — f(x, —AD)}

The function
g(x, AD/) = max{—f(x, AD/), — f(x, —AD/)}

naturally arises in Theorem 1. Recall that a norm satisfies || A| > 0, ||kA| = |k| - ||All,
A+ B| < ||A|l + ||B]|, and ||A|| = O, implies that A = 0. We show next that the
function g(x, A) satisfies all these properties except the last one, i.e., it behaves almost
like a norm.

Proposition 3. Under Assumption 1, the function
g(x9 A) = maX{_f(xv A)a _f(xv _A)}

satisfies the following properties:

(a) g(x,A) >0,
(b) g(x,kA) = |klg(x, A),
(c) gx,A+B) < g(x,A) + g(x, B).

Proof. (a) Suppose there exists x such that g(x, A) < O, ie., f(x,A) > 0 and
f(x,—A) > 0. From Assumption 1(b) f(x,0) = 0, contradicting the concav-
ity of f(x, A) (Assumption 1(a)).

(b) For k > 0, we apply Assumption 1(b) and obtain

g(x,kA) = max{—f(x,kA), — f(x, —kA)}
= kmax{—f(x, A), — f(x,—A)}
=kg(x, A).

Similarly, if & < 0 we have

g(x, kA) = max{— f(x, —k(—=A)), — f(x, —k(A))}
—kg(x, A).
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(c) Using Eq. (7) we obtain

g(x,A+ B) = g(x, 5(2A +2B))
< le(x,24) + 1g(x,2B)
=g(x,A) +g(x, B). O

A

Note that the function g(x, A) does not necessarily define a norm for A, since
g(x, A) = 0 does not necessarily imply A = 0. However, for LP, QCQP. SOCP(1),
SOCP(2) and SDP, and specific direction of data perturbation, AD/, we can map
g(x, AD/) to a function of a norm such that

g(x, ADY) = |H(x, ADY)|q,

where H(x, AD/) is linear in AD’ and defined as follows (see also the summary in
Table 3):

(a) LP: ' '
f(x,D)=a’x — b, where D = (a, b) and AD’/ = (Aa’, Ab/). Hence,

gx,AD7) _
= max{—(Aa’)'x + AbJ, (Aa’)x — AbT)
= [(Aa’)x — AbI|.

(b) QCQP:
fx,D) = d— (bx + ©)/2 — \/||Ax||§+((d+b’x—|—c)/2)2, where
D= (A,b,c,d)and AD/ = (AA’, Ab/, Ac/,0). Therefore,

Table 3. The function H(x, AD/) and the norm || - || ¢ for different conic optimization problems

Type r="H(x, ADY) gx, ADY) = |rl,
LP r=(Aa’)x — Ab/ |r]
_|\r
r=[%]
COP _ _AA’x
QCQ = [((Ab,),xw,)/z Irilla + Irol
ro = ((Ab)'x + Acl)/2
SOCP(1) r=AAx + Ab/ 7l
r=[%]
SOCP(2) r=AAx + Ab llrill2 + Irol

ro = (Ac/)x + Ad’
SDP R=Y"_| AAlx, — AB’ IRI>
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. ; 2
. J\r N . Jy\r i
g(x, ADJ) = max | AbDX+acl 4 \/HAAJxlI% + <—<A” )2"“") :

A A 2
AN i . AN i
_(Ab )2x+Acf +\/” 2A/x||§+ <(Ab )2x+Acl)

A . 2
AN j . Jy/ i
‘(Ab )2x+Ac/ +\/|| 2Afx||§+ ((Ab )2x+Ac/) .

(¢) SOCP(1): . . _
f(x,D)= c/x+d—||Ax+b||%,whereD = (A,b,c,d)and AD’ = (AA’, Ab/,
0, 0). Therefore,

g(x, AD/) = |[AA x + Ab/|».

(d) SOCP(2): . .
f(x,D)=cx+d—-||Ax + b||%, where D = (A, b,c,d) and AD’ = (AA/,
Ab/, Ac/, d)). Therefore,

g(x, AD/)

= max {—(ch)’x —Ad/ + |AA/x + Ab/ |5,
(Ac/)'x + Ad/ + |AA x + Ab/ ||}

= |[(Ac)Yx + Ad/| + | AAIx + AbY |,

(e) SDP:

f(x,D) = Amin(zyzl A;x; — B), where D = (Ay,...,A,, B) and
AD/ = (AA/, ..., AA), AB/). Therefore,

g(x, AD/)
— max [—Amm(ZﬁLl AAlx; — AB)),
—hmin (= ()= A4l - aBT))]
= max {max (= ()21 AAlx - ABT)),
hamax (Y1) AALx; — AB/)}

n
= |>_AAlx — AB/
Jj=1 2

3.3. The nature and size of the robust problem

In this section, we discuss the nature and size of the proposed robust conic problem.
Note that in the proposed robust model (14) for every uncertain conic constraint f (x, D)
we add at most |N| 4+ 1 new variables, 2| N| conic constraints of the same nature as the
nominal problem and an additional constraint involving the dual norm. The nature of
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this constraint depends on the norm we use to describe the uncertainty set I/ defined in
Eq. (5).

When all the data entries of the problem have independent random perturbations, by
exploiting sparsity of the additional conic constraints, we can further reduce the size of
the robust model. Essentially, we can express the model of uncertainty in the form of
Eq. (4), for which Z; is the independent random variable associated with the jth data
element, and A D/ contains mostly zeros except at the entries corresponding to the data
element. As an illustration, consider the following semidefinite constraint,

ap az x| + a4 as Xy > ay ag
ax as as ag “\agay )’

such that each element in the data d = (ay, ..., a9)’ has an independent random per-
turbation, that is @; = a? + Aa;Zz; and z; are independently distributed. Equivalently, in
Eq. (4) we have
9
d=d"+> Ad'z,
i=1
where d° = (a?, e ag)/ and Ad' is a vector with Ag; at the ith entry and zero,
otherwise. Hence, we can simplify the conic constraint in Eq. (14), f(x, Ad 1) +1 >0

or
. Aa; 0 " 00 (00 th >0
min O 0 -xl O O x2 O O 1 = ’

as t; > —min{Aajx1, 0} or equivalently as linear constraints

t1 > —Aajxi, t; > 0.

In Appendix B we derive and in Table 4 we summarize the number of variables and
constraints and their nature when the nominal problem is an LP, QCQP, SOCP (1) (only
A, b vary), SOCP (2) (A, b, ¢, d vary) and SDP for various choices of norms. Note that
for the cases of the [y, [ and [, norms, we are able to collate terms so that the num-
ber of variables and constraints introduced is minimal. Furthermore, using the /> norm
results in only one additional variable, one additional SOCP type of constraint, while
maintaining the nature of the original conic optimization problem of SOCP and SDP.
The use of other norms comes at the expense of more variables and constraints of the
order of |N|, which is not very appealing for large problems.

Table 4. Size increase and nature of robust formulation when each data entry has independent uncertainty

I loo I Ny 123 b Nl
Vars. n+1 1 2IN|+2 1 2IN|+1
Linear Const. 2n +1 2n +1 4|N|+2 0 3|N|
SOC Const. 0 0 0 1 1
LP LP LP LP SOCP SOCP
QCQP SOCP SOCP SOCP SOCP SOCP
SOCP(1) SOCP SOCP SOCP SOCP SOCP
SOCP(2) SOCP SOCP SOCP SOCP SOCP

SDP SDP SDP SDP SDP SDP
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4. Probabilistic Guarantees

In this section, we derive a guarantee on the probability that the robust solution is fea-
sible, when the uncertain coefficients obey some natural probability distributions. An
important component of our analysis is the relation among different norms. We denote
by (, ) the inner product on a vector space, ™ or the space of m by m symmetric matri-
ces, §”*™ The inner product induces a norm +/{x, x). For a vector space, the natural
inner product is the Euclidian inner product, (x, y) = x’y, and the induced norm is the
Euclidian norm ||x||,. For the space of symmetric matrices, the natural inner product is
the trace product or (X, Y) = trace(XY) and the corresponding induced norm is the
Frobenius norm, || X || ¢ (see [17]).

We analyze the relation of the inner product norm /(x, x) with the norm ||x||,
defined in Table 3 for the conic optimization problems we consider. Since ||x||; and
4/ {x, x) are valid norms in a finite dimensional space, there exist finite a1, ap > 0 such
that

1
a—lllrllg =V(r.r) =alrly, a7

for all r in the relevant space.

Proposition 4. For the norm |- ||, defined in Table 3 for the conic optimization problems
we consider, Eq. (17) holds with the following parameters:

(@) LP: a; = ap = 1.

(b) QCOP, SOCP(2): a1 = /2 and a» = 1.
(c) SOCP(1): a1 = ap = 1.

(d) SDP: a1 = 1 and ay = /m.

Proof. (a) LP:Forr € % and ||r|l; = |r|, leading to Eq. (17) with oy = ap = 1.

(b) QCQP, SOCP(2): For r = (ri,rg) € Wt leta = |rill» and b = |ro|. Since
a,b > 0, using the inequality a + b < +/2v/a? + b? and vVa? + b2 < a + b, we
have

1
7

leading to Eq. (17) with o1 = /2 and oy = 1.
(c) SOCP(1): For all r, Eq. (17) holds with o] = ap = 1.
(d) LetAj, j=1,..., mbetheeigenvalues of the matrix A. Since [|A||F =+/ trace(A?) =

/Zj k? and ||A||> = max; |A;|, we have

IAll2 < IAllF < V/m|All2,
leading to Eq. (17) with 1 = 1 and o = /m. o

(Irill2 + lrol) = vVr'r = |Irll2 = lIr1ll2 + Irol

The central result of the section is as follows.
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Theorem 2.

(a) Under the model of uncertainty in Eq. (4), and given a feasible solution x in Eq.
(8), then

P(f(x, D) <0) <P |IY riZjllg > Qlsl*].

jenN
where
rj=Hx,AD’), s;=|rjlly, je€N.
(b) When we use the lr-norm in Eq. (9), i.e., ||s||* = ||s|l2, and under the assumption

that z; are normally and independently distributed with mean zero and variance
one, i.e., 7 ~ N(0, I), then

. [ NZY Q?
P E iz Q E 2, ] < ——, 18
. r;zj| = - ll7 =y exXp ) (18)
JjeN ¢ JjeN

where « = aj1a2, a1, oy derived in Proposition 4 and Q2 > «.

Proof. We have
P(f(x,D) < 0)

<P|f@x. D%+ fx.> ADIz) <0 (From (7))
JeEN

=P (f (. Xjen ADIZ)) < —Qis|")
(From (13), s; = [[H(x, AD))]|,)
<P|min | f(x, ) ADZ)), f(x,— Y ADZ) | < -Qls|*

JEN jeN

=P|gx. Y AD/z) > Q|s||*
JeN
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=P | |H(x, Y ADZ)l, > Qls|*
JjeN

=P\ Z Hx, ADj)ZjIIg > Qs | (H(x, D) is linear in D)
JjeN

=P 1IY_rizjle > sl

JeN

(b) Using, the relations ||r|lg < a1+/(r,r)and ||r|g > %«/(r, r) from Proposition
4, we obtain

P erzj > Q Z ||I‘]||12g
JjeN \/jeN
( > Tiij >QZZ”"J’”§
JjeN jeN

<Pla O{%<Z rizj, Z"kzk>>92 Z("j’rJ'))

JjeN keN JjeN

jeN keN JjeN

P<a2 > Yz > Q2 Y ’1”1))

=P|a’ZR7 > Q> ) (rj,rj>> ,
JEN

where R = (rj, r¢). Clearly, R is a symmetric positive semidefinite matrix and can
be spectrally decomposed such that R = Q'A @, where A is the diagonal matrix of
the eigenvalues and Q is the corresponding orthonormal matrix. Let y = QZ so that
7R7 = yAy = Yien )ij)]z. Since Z ~ N (0, I), we also have y ~ N(0, I), that is,
¥j, j € N are independent and normally distributed. Moreover,

ij = trace(R) = Z(rj,rj).

JEN jeN
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Therefore,

Plo’ZRZ> Q%) (rj.r))
JEN

=P (XZZ)\,/'_)N/]Z>QZZ)\.J'

JjeN jeN
5 E (exp (6012 Y ien Ajjzjz.»
T e (0928w )
o & o 5025)

exp (992 djen )\j>

2
5}2 Oa ljﬁ
[Tjen E (eXP (ﬁj

exp (992 Y ien Aj>

[Tjen (E (eXp (%j))eazxjﬂ)

exp (6925 sy 7)

(From Markov’s inequality, 6 > 0)

(sz. are independent)

forall 8 > 2 and 6a?A;8 < 1,¥j e N

k]

where the last inequality follows from Jensen inequality, noting that x6e*%jB i5 a concave
function of x if 9a2kjﬂ € [0, 1]. Since y; ~ N(0, 1),

() ok Lo S5

Thus, we obtain

N
e (260 (1)) s eolimtinGi)
exp (692 ey 1)) ) exp (692 jen 1))
exp (60283 1n (75 ) X jen 1))
B exp(QQZZjeN)‘j) '

We select & = 1/(a2B2r*), where A* = max ey Aj, and obtain

exp (90!2:3% In (%) 2jeN )Lj) = exp <p <%ln ( d ) g )) ’

exp(@szjeNAj) p-2
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where p = (3 jenj) /A*. Taking derivatives and choosing the best 8, we have

202
QZ _ tx2 ’

B =
for which © > «. Substituting and simplifying, we have
e (o (31 (2) = F5)) = (42w £))
< Y2 exp(— £5),
f

where the last inequality follows from p > 1, and from

)<1for§2>ot
O

Remark 1. We note the series of inequalities used in the proof would increase the gap
between the actual probability of feasibility with the designed values. In particular, in
the last inequality, it is easy to see that p can be as large as the rank of the matrix, R.
Hence, for an uncertain single LP constraint, we have p=1, while for an uncertain sec-
ond order cone constraint, p could be as large as the dimension of the cone. Therefore,
for such problems, it is conceivable that even if our intended probability bound against
infeasibility is € the solution to our proposed robust model may violate the constraints
with probability of less than €”, where n is the dimension of the cone. However, if the
errors are small and €2 is not too large, the price to pay for such assurance could be
acceptable in practice. A possible tuning approach might be to determine p and adapt Q2
accordingly. However, such an approach may not be polynomial.

Note that f(x, D) <0, implies that ||Z|| > 2. Thus, when Z ~ N (0, I)
P(f(x, D) < 0) < P(|Zll > Q) =1 — xjy (@), (19)

where X|2N\ (+) is the cdf of a y-square distribution with |N| degrees of freedom. Note

that the bound (19) does not take into account the structure of f(x, i)) in contrast to
bound (18) that depends on f (x, D) via the parameter «. To illustrate this, we substitute
the value of the parameter « from Proposition 4 in Eq. (18) and report in Table 6 the
bound in Eq. (18).

To amplify the previous discussion, we show in Table 6 the value of €2 in order for
the bound (18) to be less than or equal to €. The last column shows the value of 2 using

Table 5. Probability bounds of P(f (x, D) < 0) forz ~ N(,I)

Type Probability bound of infeasibility

LP erxp(— )
QCQP f Qexp(——
SOCP(1) erxp(— )
SOCP(2) f Qexp(— %2)

SDP \/; Qexp(— L)
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bound (19) that is independent of the structure of the problem. We choose |N| = 495000
which is approximately the maximum number of data entries in a SDP constraint with
n = 100 and m = 100. Although the size | N| is unrealistic for constraints with less data
entries such as LP, the derived probability bounds remain valid. Note that bound (19)
leads to Q = O(4/[N]1In(1/¢)).

For LP, SOCP, and QCQP, bound (18) leads to &2 = O(In(1/¢)), which is indepen-
dent of the dimension of the problem. For SDP it leads to we have Q = O (/m In(1/¢)).
As a result, ignoring the structure of the problem and using bound (19) leads to very
conservative solutions.

Large Deviation Results of Nemirovski

Nemirovski [15, 16] gives bounds on the probability of large deviations in normed
spaces, under fairly general distributions for the random variables. He assumes that the
random variables Z;, j € N are mutually independent, with zero mean and satisfy the
following condition:

E(exp(z))) < exp(1). (20)

Note that Z; ~ N(0, 02), where 02 = ﬁ(z) satisfies (20). Moreover, bounded random
variables such that |Z;| < 1 and E(Z;) = 0 satisfy (20) as well.

Let (E, ||.]|) be a separable Banach space such that there exists a norm p(x) sat-
isfying ||x|| < p(x) < 2||x| and that the function P(x) = %pz(x) is continuously
differentiable and satisfies the relation

P(x+y) < P(x)+ (P'(x),y) +«*P(y).

Theorem 3. (Nemirovski [15, 16]) Let 2 J € N be independent random vectors in E
with zero mean, such that E (exp(||F’ ||2/aj2)) < exp(l).

(a) For appropriately chosen absolute constant ¢ > 0 and for all 2 > 0,

. _ 92 2
Pr ”Z;JHEQ Zo-jz SM~
JEN JeEN ¢

(b) For E = R" and under Euclidian norm, ||.||2, k = 1. For E = M™" of m x n
matrices, and under the standard matrix norm,

k = O(/In(min(n, m) + 1)).

Table 6. Sample calculations of 2 using Probability Bounds of Table 5 for m =100, n =100, |[N|=495,000

€ LP QCQP  SOCP(1) SOCP(2) SDP Eq.(19)

10°! 276 391 2.76 3.91 27.6 7045
1072 357  5.05 3.57 5.05 357 7052
1073 421 5.95 421 5.95 42.1 705.7

1076 5.68 7.99 5.68 7.99 56.8 706.9
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With respect to the bounds of Theorem 2 in which we consider the Euclidian norm,
Is|I* = lIs]l2, we have exactly the same framework of Theorem 3, for which o; = ||r/]].
Furthermore, since

E(exp(IF/ 1> /0 7)) = E(exp(Ir/ 172;/IIr/|1*)) = E(exp(Z))) < exp(D),

Theorem 3 directly applies to our proposed framework.
Table 7 shows the desired value of 2 to guarantee that the probability of feasibility
is least 1 — €. We observe that Table 7 provides stronger bounds than our framework.

5. General cones

In this section, we generalize the results in Sections 2-4 to arbitrary conic constraints of
the form,

n
> Ajxj =k B, 1)
j=1

where {;1 Ly eons An if} — D constitutes the set of data that is subject to uncertainty, and
K is a closed, convex, pointed cone with nonempty interior. For notational simplicity,
we define

A(x, i)) ZZA]')CJ' —é
j=1

so that Eq. (21) is equivalent to
A(x, D) =k 0. (22)

We assume that the model for data uncertainty is given in Eq. (4) with Z ~ N(0, I). The

uncertainty set I/ satisfies Eq. (5) with the given norm satisfying ||u|| = |||u]|]|.
Paralleling the earlier development, starting with a cone K and constraint (22), we

define the function f (-, -) as follows so that f(x, D) > 0 if and only if A(x, D) > O.

Proposition 5. For any V >k 0, the function

f(x, D) = max 6

s.t. A(x, D) =g 0V, (23)

satisfies the properties:

Table 7. The value of €2 to achieve probability of feasibility of at least 1 — € obtained by applying Theorem 3

Type Q

LP O(/InT/e)
QCQP O(J/In1/e)
SOCP(1) O(/In1/e)
SOCP(2) O(/In1/e)
SDP O(/In(m)In1/e)
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(a) f(x, D) is bounded and concave in x and D.
(b) f(x,kD) =kf(x, D), Vk = 0.

(¢) f(x,D)=>yifandonly if A(x, D) =g yV.
(d) f(x,D) > yifandonlyif A(x, D) =g yV.

Proof. (a) Consider the dual of Problem (23):

Z*¥ = min {(u, A(x, D))
s.t. (u, V) =1

u>g+ 0,

where K* is the dual cone of K. Since K is a closed, convex, pointed cone with
nonempty interior, so is K* (see [5]). As V =g 0, forallu > g+ 0 and u # 0, we
have (u, V) > 0, hence, the dual problem is bounded. Furthermore, since K* has
a nonempty interior, the dual problem is strictly feasible, i.e., there exists u >+
0, (u, V) = 1. Therefore, by conic duality, the dual objective z* has the same
finite objective as the primal objective function f(x, D). Since A(x, D) is a linear
mapping of D and an affine mapping of x, it follows that f(x, D) is concave in x
and D.

(b) Using the dual expression of f(x, D), and that A(x, kD) = kA(x, D), the result
follows.

(c) If 8 = y is feasible in Problem (23), we have f(x, D) > 0 = y. Conversely, if
f(x,D) >y, then A(x, D) >k f(x, D)V =k yV.

(d) Suppose A(x, D) >k yV,then there exists € > O such that A(x, D) —yV >k €V
or A(x, D) =g (e+y)V.Hence, f(x, D) > e+y > y.Conversely,since V >g 0,
if f(x, D) > ythen (f(x, D) — y)V >k 0. Hence, A(x, D) =g f(x, D)V =g
yV. O

Remark 2. With y = 0, (c) establishes that A(x, D) >k 0 if and only if f(x, D) >0
and (d) establishes that A(x, D) =g 0 if and only if f(x, D) > 0.

The proposed robust model is given in Eqgs. (8) and (9). We next derive an expression
for g(x, AD) = max{— f(x, AD), — f(x, —AD)}.

Proposition 6. Let g(x, AD) = max{— f(x, AD), —f(x, —AD)}. Then
g(x, AD) = |[H(x, AD)|,
where H(x, AD) = A(x, AD) and
[Sllg =min{y:yV =g S =g —yV}.
Proof. We observe that

g(x, AD) = max{—f(x, AD), — f(x,—AD)}
=min{y | — f(x,AD) <y,—f(x,—AD) < y}
=min{y | A(x, AD) =g —yV,—A(x, AD) =g —yV}
(From Proposition 5(c))
= [ A(x, AD)||.
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We also need to show that ||. ||, is indeed a valid norm. Since V >k 0, then || S|, > 0.
Clearly, ||0||; = 0 and if ||S||; = 0, then 0 >g § >k 0, which implies that § = 0. To
show that ||kS|l¢ = |k|||S]lg, we observe that for k > 0,
IkSllg = min{y [ yV =k kS =g —yV}
[y .y y
=k {— Yy sk S > ——V}
min k | k >k S >k k
= klISllg-
Likewise, if k < 0O

IkSllg = min{y | yV =k kS =k —yV}
=min{y | yV =g —kS =g —yV}
= | — kSl
= —k||Sllg-

Finally, to verify triangle inequality,

ISllg + 1Tl
=min{y | yV =k S >k —yV}+min{z | zV >k T =g —zV}

=min{y+z|yV >k S =g —yV, 2V =g T =g —zV}
>min{y+z|(y+2)V=gk S+T >k —(y +2)V}

=[S+Tl,. O
For the general conic constraint, the norm, || - ||, is dependent on the cone K and a point
in the interior of the cone V. Hence, we define || - |[k,v := || - ||lg. Using Proposition 5

and Theorem 1 we next show that the robust counterpart for the conic constraint (22) is
tractable and provide a bound on the probability that the constraint is feasible.

Theorem 4. We have

(a) (Tractability) For a norm satisfying Eq. (6), constraint (8) for general cones is
equivalent to

Ax, D) =g QyV,

t;V >k A(x, AD/) =g —t;V, jeN,
el <y,

yeR, t eRfN,

(24)

(b) (Probabilistic guarantee) When we use the l-norm in Eq. (9), i.e., ||s||* = |sl2,
and under the assumption that 7 ~ N (0, I), then for all V we have

2
P(A(xi))ﬂ)sﬁgexp(— 2 )
0KV

2
ZaK’V
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where
ag,v = | max |[S|k,v max (s, 8)
V(8,8)=1 ISk v=1
and
[Sllk,v =min{y:yV =g S =g —yV}.
Proof. The Theorem follows directly from Propositions 5, 6, Theorems 1, 2. O

From Theorem 4, for any cone K, we select V in order to minimize ag vy, i.e.,

0K = min 0K\ V.
V>gO

We next show that the smallest parameter o is /2 and /m for SOCP and SDP respec-
tively. For the second order cone, K = Lt

L' = fx e W xull2 < xaga ),
where x,, = (x1, ..., x,)". The induced norm is given by
Xl pn+1

= min{y DYV Zpndl X 2t —yv}

= min {y Sxn Fvaylla S vag1y + X, X0 — vpyll2 < vpgay _anr],}

and

Qpn+l , = < max ||x||Ln+1’v> max lx]l2
”tz:l ”len+l.v=1

For the symmetric positive semidefinite cone, K = S},

[Xllgn vy =min{y:yV = X = —yV},

agny =| max |x|gny max (X, X)
+ VX, X)=1 + 1Xllgm y=1
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Case of Homogenous cones

A cone, K C RW" is homogenous if for any pair of points A, B > 0, there exists an
invertible linear map M : ®" — R" such that M(A) = B and M(K) = K (see for
instance Giiler and Tuncel [14]). For general conic optimization, we have shown that
the probability bound depends on the the choice of V > 0. However, it turns out that
for homogenous cones, in which semidefinite and second-order cones are special cases,
the probability bound does not depend on V > 0.

Theorem 5. Suppose the cone K is homogenous. For any V >k 0, the probability
bound of Theorem 4(b) satisfies
NZY) Q?
exp|l——)-
oK P 20[%(

Proof. Let V* = argminy. x0- Since the cone is homogenous and V, V* =g 0, there
exists an invertible linear map M (-) satisfying M(V) = V* and M(K) = K. Noting
that under the linear mapping, we have

P(A(x,D) ¢ K) <

X>xY
==X-Y>x 0
>MX-Y)>k 0
= M(X) =g MY).

Hence, it follows easily that the feasibility of (24) implies

Am(x, D% =g QyV*,
tjV* =k Am(x, AD)) =g —1;V*, jeN,

el <y,
yeR, tenRN,
where
n
Am(D) = M(AD)) = ZM(Aj) — M(B).
j=1
Hence, the probability bound follows. O

We will next derive ag for semidefinite and second order cones.
Proposition 7. We have

(a) For the second order cone, opn+1 = V2.
(b) For the symmetric positive semidefinite cone, agn = /m.
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Proof. For any V >k 0, we observe that
IVig,v =min{y: yV =g V =g —yV} =1

Otherwise, if | V| gk, v < 1, there exist y < 1 such that yV >g V, which implies that

—V >k 0, contradicting V >k 0. Hence, ||v||;»+1 , = 1 and we obtain

max lx[l2 ) = [lv]l2.
”xHL)H»l.l,Zl

Likewise, when x, = (v,)/(v/2|vxll2) and x,41 = —1/(+/2), so that | x> = 1, we
can also verify that the inequalities

1
+vuyll2 S Vvpg1y — —

U
|————
V2[vall2 V2

Upn
|—=—— —vuyll2 S vpp1y + —
V2[vall2 V2

hold if and only if y > +/2/(vat1 — [[vall2). Hence, [|1x | o1 , = v/2/(Wat1 = [0all2)
and we obtain

V2
max x|l a1, > —
Ielo=1 " ETY = 0 — vz

Therefore, since 0 < vy41 — ||[vnll2 < vp+1 < |||, we have

V2|lvll2
Qpntl o = ( max ||x||Ln+1’v> (II max ||x||2) >0 > V2

lx]l2=1 Xl par1 ,=1 Vpt1 — lonll2 —
When v = (0, 1)’, we have
llxll g+t = lxnll2 + X041l

and from Proposition 4(b), the bound is achieved. Hence, o n+1 = V2.
(b) Since V is an invertible matrix, we observe that

[ Xllsn v =min{y: yV = X = —yV}
— min {y Y[ >V IXV~? > —yl}
— [V IXV 3.
Forany V > 0, let X = V, we have ||X||S’ﬁ,v =1and
(X, X) = trace(VV) = |A]13,

where L € N is a vector corresponding to all the eigenvalues of the matrix V. Hence,
we obtain

max (X, X) | = [IA]2.
1Xlgm y=1
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Without loss of generality, let A; be the smallest eigenvalue of V with corresponding

normalized eigenvector, g,. Now, let X = g,4/. Observe that

(X, X) = trace(X X)
= trace(¢141914})

= trace(q1414'1491)
—1.

We can express the matrix, V in its spectral decomposition, so that V = ) i jq/jk j

Hence,

[ Xlsmy =IV" IXV- 2|I2

IIZ 9,4, qquZ q,9+; I,
= II/\1l 74112
=7l

Therefore, we establish that

max || X|lgny | > 270
(JW:l Sev=n

Combining the results, we have

A ||2
ogm y = max X, X max || X| g > —=
sy Cﬂﬂrl( O(MM umv)

When V = I, we have
1 Xllsm v = 11X]2,

and from Proposition 4(d), the bound is achieved. Hence, agn = /m.

O

We have shown that for homogeneous cones, while different V lead to the same
probability bounds, some choices of V may lead to better objectives. The following

theorem suggests an iterative improvement strategy.

Theorem 6. Forany V >k O, if x, v, t are feasible in (24), then they are also feasible

in the same problem in which V is replaced by

W = A(x, D%)/(Qy).

Proof. Observe that W >k V >k 0 and it is trivial to check that the constraints are

satisfied.

O
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Therefore, under this approach, the “best” choice of V satisfies,
QyV = A(x, DY)

Unfortunately, if V is variable, the convexity and possibly tractability of the model
would be destroyed. The iterative improvement method of Theorem 6 can be an attrac-
tive heuristic.

A similar issue surfaces when we represent quadratic constraints as second order
cones. In fact, there are more than one way of representing quadratic constraints as
second order conic constraints. In particular, the constraint

|Ax|3 +b'x +¢c<0

is equivalent to

Ax R e ()
A" (' x+c) = - 5
2 2

for any A > 0. Unfortunately, the problem will not be convex if A is made a variable.
We leave it an open problem as to whether this could be done effectively.

6. Conclusions

We proposed a relaxed robust counterpart for general conic optimization problems that
we believe achieves the objectives outlined in the introduction, namely:

(a) It preserves the computational tractability of the nominal problem. Specifically the
robust conic optimization problem retains its original structure, i.e., robust LPs
remain LPs, robust SOCPs remain SOCPs and robust SDPs remain SDPs. Moreover,
the size of the proposed robust problem especially under the /; norm is practically
the same as the nominal problem.

(b) It allows us to provide a guarantee on the probability that the robust solution is fea-
sible, when the uncertain coefficients obey independent and identically distributed
normal distributions.

A. Proof of Proposition 1

(a) Let y € argmax|x|<; w'x, and for every j € N, let z; = |y;| if w; > 0 and
zj = —|yjl, otherwise. Clearly, w'z = (Jw|)’(|y]) > w'y. Since, ||z]| = |||z]|| =
Iyl = llyll < 1, and from the optimality of y, we have w'z < w’y, leading to
w'z = (|lw])'(|y]) = w’y. Since ||w| = |||w]|, we obtain

IIwII*—Hm” X (w )x—”max (lwD'(x) = max, (lwD> = [[lwl]I*.
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(b) Note that

lwl* = max (Jw)’(jx]) = max (jw])'x.

lx)<1 lx(=1
X>0
If [v] < |w],
o] = max (Jv])'x < max (Jw|)'x = [|w|*.
llxl=1 llxe)=<1
X >0 x>0

(c) We apply part (b) to the norm ||.||*. From the self dual property of norms |.||** = ||.||,
we obtain part (c). |

B. Simplified formulation under independent uncertainties

In this section, we show that if each data entry of the model has independent uncertainty,
we can substantially reduce the size of the robust formulation (14). We focus on the
equivalent representation (13),

fx. D% = Qy, |Is|* <.
where, 5; = max{—f(x, AD/), — f(x, —~AD/)} = g(x, AD/),for j € N.

Proposition 8. For LP, QCQP, SOCP(1), SOCP(2) and SDP, we can express
sj = |Adjx;j)| for which Adj, j € N are constants and the function, i : N —
{0, ...,n}maps j € N to the index of the corresponding variable. We define xo = 1, to
address the case when s is not variable dependent.

Proof. We associate the jth data entry, j € N with an iid random variable Z;. The
corresponding expression of g(x, AD/) is shown in Table 3.
(a) LP: _ ~
Uncertain LP data is represented as D = (a, b), where
Elj =a9+Aaij, j=1,...,n
b =0+ AbZpi1.
We have |[N| =n + 1 and
si=|Aajxj|, j=1,...,n
Sut1 = |AD.

(b) QCQP: o
Uncertain QCQP data is represented as D = (A, b, ¢, 1), where

Akj — A;()J + AAijn(k—l)-i—j* ]1, R /N k= 1, ...,l7
b; =b?+Aijnl+js j=1....n,

="+ ACZn(41)+1-
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We have [N| =n(l+ 1)+ 1 and

Snk—1)+j = |[AAgx;|, j=1,...,n, k=1,...,1,
Snl+j = |Abjxj|, ] = 1,...,71,
Sn+D+1 = |Acl.
(c) SOCP(1)/SOCP(2): o
Uncertain SOCP(2) data is represented as D = (A, b, ¢, d), where

Akj = Agj + AAijn(k71)+ja j=1...,n k=1,...,1,

b = bY + AbZun, k=1,...,1,

¢j= C? + AC )i+, J=1,...,n,

d =d° + AdZ(i1yiins1-

We have [N|=(m + 1)l +n+ 1 and

Sntk—D+j = |[AAixjl, j=1,...,n, k=1,...,1,

Sni+k = |Abkl, j=1,....1,

Sm+Di+j = |ACij|, j=1,...,n,

Se+Di4n+1 = |Ad|.
Note that SOCP(1) is a special case of SOCP(2), for which |N| = (n + 1)/, that is,
sj=0forall j > (n+ DL

(d) SDP: _ _ o
Uncertain SDP data is represented as D = (Ay, ..., A,, B), where

Aj = A) + 0 Y A i p i = 1,
B =B+ Y5 [ABI jiZpnt b,

where the index function p(i, j, k) = (i — D(m@m + 1)/2) + k(k — 1)/2 + j, and the
symmetric matrix I j; € N> satisfies,

(eje; + eke’j) if j #£k
I, =
ece; ifk=j

e; being the kth unit vector. Hence, |[N| = (n 4+ 1)(m(m + 1))/2. Note that if j = k,
1kl = 1. Otherwise, I j; has rank 2 and (e; + ek)/ﬁ and (e; — ek)/ﬁ are two
eigenvectors of I j; with corresponding eigenvalues 1 and —1. Hence, |1 ji|l2 = 1 for
all valid indices j and k. Therefore, we have

Sp(i,j.k) = |[AAi]jkx,-|, Vie{l,...,n}, j,ke{l,....m},j <k

Sp(n+1,j,k)=|[AB]jk|’ Vj,ke{l,,m},]ik ]
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We define the set J(I) ={j : i(j) =1, j € N}forl € {0, ..., n}. From Table 2, we
have the following robust formulations under the different norms in the restriction set }V
of Eq. (9).

(a) lso-norm
The constraint ||s||* < y for the /,o-norm is equivalent to

n

Yo ladixigpl <y e Y | Y 1adjl |l <y

JEN =0 \jeJ()

or

s 1Ad1+ 300, (Zje](l) |Adj|) nH<y
t>x,t > —x
ten".

We introduce additional n 4 1 variables, including the variable y, and 2n + 1 linear
constraints to the nominal problem.

(b) l1-norm
The constraint ||s||* < y for the /;-norm is equivalent to

max |Ad ;x| <y < max max |Ad;| | |x] <
JeN |Adjxigyl =y 1€{0,....n) (je](l)' ’|) =y

or

maxjeyo) |[Adj| <y
maxjesq) |Adjlxy <yl=1,...,n
—maxjesq) |Adjlxy <yl=1,...,n.

We introduce an additional variable and 2n + 1 linear constraints to the nominal
problem.

(c) 11 Nls-norm
The constraint ||s||* < y for the /] N /5-norm is equivalent to

t; |Adj|x,-(j) ] eN
t; —|Adj|x,-(i,~) jGN
Cp+2jenri <y

ri+p=>tj, VjeN

renl tenV peny,

vV 1V

leading to an additional of 2|N| + 2 variables and 4|N| + 2 linear constraints,
including non-negativity constraints, to the nominal problem.
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(d) I-norm

The constraint ||s||* < y for the [;-norm is equivalent to

n
Y Adpxi?<ye | Yo 1adii+)y | Y0 Adj )7 <y

jeN jeJ(0) I=1 \jeJ{)

We only introduce an additional variable, y and one SOCP constraint to the nominal
problem.

(e) I» Nly-norm

The constraint ||s||* < y for the [, N /5-norm is equivalent to
lj
1j

v

|Ad;|xi(j) jeN
—|Adjlxi(j jeN
Ir =t + &Y jenri <

t e RN eSRLN‘.

v

We introduce adds 2|N| + 1 variables, one SOCP constraint and 3|N| linear con-
straints, including non-negativity constraints, to the nominal problem.

In Table 4, we summarize the size increase and the nature of the robust model for

different choices of the given norm.
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