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Abstract In this paper, we study the performance of static solutions for two-stage
adjustable robust linear optimization problems with uncertain constraint and objective
coefficients and give a tight characterization of the adaptivity gap. Computing an
optimal adjustable robust optimization problem is often intractable since it requires to
compute a solution for all possible realizations of uncertain parameters (Feige et al.
in Lect Notes Comput Sci 4513:439-453, 2007). On the other hand, a static solution
is a single (here and now) solution that is feasible for all possible realizations of the
uncertain parameters and can be computed efficiently for most dynamic optimization
problems. We show that for a fairly general class of uncertainty sets, a static solution
is optimal for the two-stage adjustable robust linear packing problems. This is highly
surprising in view of the usual perception about the conservativeness of static solutions.
Furthermore, when a static solution is not optimal for the adjustable robust problem,
we give a tight approximation bound on the performance of the static solution that is
related to a measure of non-convexity of a transformation of the uncertainty set. We
also show that our bound is at least as good (and in many case significantly better)
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as the bound given by the symmetry of the uncertainty set (Bertsimas and Goyal in
Math Methods Oper Res 77(3):323-343, 2013; Bertsimas et al. in Math Oper Res
36(1):24-54, 2011).
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1 Introduction

In most real world problems, problem parameters are uncertain at the optimization
or decision-making phase and stochastic and robust optimization are two different
paradigms to address this parameter uncertainty. In a stochastic optimization approach,
we model uncertainty using probability distributions and optimize the expected value
of the objective. Stochastic optimization was introduced by Dantzig [13] and Beale [1],
and since then has been extensively studied in literature. We refer the reader to several
textbooks including Infanger [19], Kall and Wallace [20], Prekopa [23], Shapiro [24],
Shapiro et al. [25] and the references therein for a comprehensive review of stochastic
optimization. While the stochastic optimization approach has its merits, it is by and
large computationally intractable even when the constraint and objective functions
are linear. Shapiro and Nemirovski [26] give hardness results for two-stage and multi-
stage stochastic optimization problems where they show that the multi-stage stochastic
optimization problem is computationally intractable even if approximate solutions
are desired. Dyer and Stougie [14] show that a multi-stage stochastic optimization
problem where the distribution of uncertain parameters in any stage also depends on
the decisions in past stages is PSPACE-hard. Even for the stochastic problems that
can be solved efficiently, it is difficult to estimate the probability distributions of the
uncertain parameters from historical data.

Robust optimization is another paradigm for dynamic optimization that has been
recently considered (see Ben-Tal and Nemirovski [3-5], El Ghaoui and Lebret [15],
Bertsimas and Sim [10,11], Goldfarb and Iyengar [17]). In a robust optimization
approach, the uncertain parameters are assumed to belong to some uncertainty set.
The goal is to construct a single (static) solution that is feasible for all possible real-
izations of the uncertain parameters from the set and optimizes the worst case objective
value. We point the reader to the survey by Bertsimas et al. [6] and the book by Ben-Tal
et al. [2] and the references therein for an extensive review of the literature in robust
optimization. This approach is significantly more tractable and for a large class of
problems, the robust problem is equivalent to the corresponding deterministic prob-
lem in computational complexity [2,6]. However, the robust optimization approach
is perceived to be highly conservative as it optimizes over the worst-case realization
of uncertain parameters, and the solution is not adjustable to the uncertain parameter
realization. However, computing an optimal adjustable robust solution is computa-
tionally intractable even for two-stage linear optimization problems. In fact, Feige et
al. [16] show that it is hard to approximate a two-stage fractional set covering problem
within a factor of £2(logn).

In this paper, we study the performance of static solutions for two-stage adjustable
robust linear optimization problems under uncertain constraint and objective coeffi-
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cients. Approximation bounds for the performance of static solutions in two-stage and
multi-stage linear optimization problems have been studied in the literature. Bertsi-
mas and Goyal [7] show that if the uncertainty set is perfectly symmetric (such as a
hypercube or an ellipsoid), a static solution gives a 2-approximation for the adjustable
robust linear covering problems under right hand side uncertainty. Bertsimas et al. [9]
generalize the result for general convex compact uncertainty sets and show that the
performance of the static solution depends on a measure of symmetry of the uncer-
tainty set, introduced in Minkowski [21]. They also extend the approximation bounds
to multi-stage problems. However, the models in [7] and [9] consider linear optimiza-
tion problems with only covering constraints of the form a’x > b, a e R"andb > 0.
Moreover, the uncertainty appears only in the right hand side of the constraints. There-
fore, they do not capture many important applications including revenue management
and resource allocation problems where we require packing constraints with uncertain
constraint coefficients. For instance, in a typical revenue management problem, the
goal is to allocate scarce resources to a demand with uncertain resource requirements
such that the total revenue is maximized. The constraints in the problem corresponding
to resource capacities are packing constraints and the uncertainty related to resource
requirements appears in the constraint coefficients.

1.1 Our models

We consider the following two-stage adjustable robust linear optimization problem
TTpR under uncertain constraint coefficients.

zaR = max ¢! x 4+ min max dTy(B)
x Beld y(B)

Ax +By(B) < h
x € R™
y(B) € R,

(1.1)

where A € R™" ¢ ¢ R",d € R'f and h € R™. The second-stage constraint
matrix B € Rﬁxnz is uncertain and belongs to a full dimensional compact convex
uncertainty set U C Rﬁxnz in the non-negative orthant. The decision variables x
represent the first-stage decisions before the constraint matrix B is revealed, and
y(B) represent the second-stage or recourse decision variables after observing the
uncertain constraint matrix B € U. Therefore, the (adjustable) second-stage decisions
depend on the uncertainty realization. We can assume without loss of generality that
U is down-monotone (see Appendix 1).

We would like to emphasize that the second-stage objective coefficients d, constraint
coefficients B, and the second-stage decision variables y(B) are all non-negative.
Also, the uncertainty set U/ of second-stage constraint matrices is contained in the
non-negative orthant. Therefore, the model is slightly restrictive and does not allow
us to handle arbitrary two-stage linear programs. For instance, we can not handle
covering constraints involving second-stage variables, or lower bounds on second-
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stage decision variables. Note that there is no restrictions on the first-stage constraint
coefficients A or objective coefficients c. Also, the first-stage decision variables x and
right-hand-side & are not necessarily non-negative.

Our model is still fairly general and captures important applications including
resource allocation and revenue management problems. For instance, consider a
resource allocation problem where we have fixed capacity of resources and demand
arrives online with uncertain resource requirements. We can model this problem in our
framework as follows: the second-stage constraint coefficients B;; refer to the uncertain
requirement of resource i for demand j; the right-hand-side & denotes the resource
capacities and the first and second-stage decision variables represent the allocation
decisions. Note that the irrevocable first-stage allocation decisions are made before
we observe the second-stage demand and resource requirements and the goal is to
maximize the worst-case profit assuming that an adversary chooses the second-stage
resource requirements from the given uncertainty set.

Computing an optimal adjustable robust solution is intractable in general [16].
Therefore, we consider a static robust optimization approach to approximate (1.1). The
corresponding static robust optimization problem [Trqp can be formulated as follows.

ZRob = Max ch+dTy
X
Ax+ By < h,VBel
x € RM

ny

y € R,

(1.2)

Note that the second-stage solution y is static and does not depend on the realization of
uncertain B. Both first-stage and second-stage decisions x and y are selected before
the second-stage uncertain constraint matrix is known and (x, y) is feasible for all
B < U. An optimal static robust solution to (1.2) can be computed efficiently if U
has an efficient separation oracle. In fact, Ben-Tal and Nemirovski [4] give compact
formulations for solving (1.2) for polyhedral and conic uncertainty sets. Our goal is
to compare the performance of an optimal static robust solution with respect to the
optimal adjustable robust solution of (1.1).

The above models have been considered in the literature. Ben-Tal and Nemirovski
[4] consider the adjustable robust problem and show that a static solution is optimal
if the uncertainty set U is constraint-wise where each constrainti = 1, ..., m can be
selected independently from a compact convex set U4;, i.e., U is a Cartesian product of
Ui, i =1, ..., m. However, the authors do not discuss performance of static solutions
if the constraint-wise condition on ¢/ is not satisfied. Bertsimas and Goyal [8] consider
a general multi-stage convex optimization problem under uncertain constraints and
objective functions and show that the performance of the static solution is related to
the symmetry of the uncertainty set /. However, the symmetry bound in [8] can be
quite loose in many instances. For example, consider the case when I/ is constraint-
wise where each U;, i = 1, ..., m is a simplex, i.e.,

U ={x el |elx <1}
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The symmetry of i/ is O (1/n) [9] and the results in [8] imply an approximation bound
of £2(n). While from Ben-Tal and Nemirovski [4], we know that a static solution is
optimal.

1.2 Our contributions

In this paper, we analyze the performance of static solutions as compared to an optimal
fully-adjustable solution for two-stage adjustable robust linear optimization problems
under constraint and objective uncertainty. Our main contributions are summarized
below.

1.2.1 Optimality of static solution

We give a tight characterization of the conditions under which a static solution is
optimal for the two-stage adjustable robust problem. The optimality of static solutions
depends on the geometric properties of a transformation of the uncertainty set. In
particular, we show that the static solution is optimal if the transformation of U/ is
convex. If U{ is a constraint-wise set, we show that the transformation of I/ is convex.
Ben-Tal and Nemirovski [4] show that for such U/, a static solution is optimal for
adjustable robust problem. Therefore, our result extends the result in [4] for the case
where U is contained in the non-negative orthant. We also present other families of
uncertainty sets for which the transformation is convex.

This result is quite surprising as the worst-case choice of B € U/ usually depends
on the first-stage solution even if ¢/ is constraint-wise unless U/ is a hypercube. For
the case of hypercube, each uncertain element can be selected independently from an
interval and in that case, the worst-case B is independent of the first-stage decision.
However, a constraint-wise set is a Cartesian product of general convex sets. We show
that if the transformation of I/ is convex, there is an optimal recourse solution for the
worst-case choice of B € U that is feasible for all B € U{. Furthermore, we show that
our result can also be interpreted as the following min-max theorem.

min max {d”y | By < h) = max min {d”y | By < h).
Beuyzo{ y| By <hj mas Beu{ y| By < h}

The inner minimization on the max-min problem implies that the solution y must
be feasible for all B € {{ and therefore, is a static robust solution. We would like
to note that the above min-max result does not follow from the general saddle-point
theorem [12].

1.2.2 Approximation bounds for the static solution

We give a tight approximation bound on the performance of the optimal static solution
for the adjustable robust problem when the transformation of ¢/ is not convex and the
static solution is not optimal. We relate the performance of static solutions to a natural
measure of non-convexity of the transformation of /. We also present a family of
uncertainty sets and instances where we show that the approximation bound is tight,
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i.e., the ratio of the optimal objective value of the adjustable robust problem (1.1) and
the optimal objective value of the robust problem (1.2) is exactly equal to the bound
given by the measure of non-convexity.

We also compare our approximation bounds with the bound in Bertsimas and
Goyal [8] where the authors relate the performance of the static solutions with the
symmetry of the uncertainty set. We show that our bound is stronger than the sym-
metry bound in [8]. In particular, for any instance, we can show that our bound is at
least as good as the symmetry bound, and in fact in many cases, significantly better.
For instance, consider the following uncertainty set

U= BERﬁxn ZBUSI
ij

In this case, sym(U) = 1/mn [9] and the symmetry bound is £2 (mn). However, we
show that a static solution is optimal for the adjustable robust problem (our bound is
equal to one).

1.2.3 Models with both constraint and objective uncertainty

We extend our result to two-stage models where both constraint and objective coeffi-
cients are uncertain. In particular, we consider a two-stage model where the uncertainty
in the second-stage constraint matrix B is independent of the uncertainty in the second-
stage objective d. Therefore, (B, d) belong to a convex compact uncertainty set{ that
is a Cartesian product of the uncertainty set of constraint matrices /® and uncertainty
set of second-stage objective /¢,

We show that our results for the model with only constraint coefficient uncertainty
can also be extended to this case of both constraint and objective uncertainty. In
particular, we show that a static solution is optimal if the transformation of U? is
convex. Furthermore, if the transformation is not convex, then the approximation
bound on the performance of the optimal static solution is related to the measure of
non-convexity of the transformation of /2. Surprisingly, the approximation bound or
the optimality of a static solution does not depend on the uncertainty set of objectives
U4, If the transformation of U2 is convex, a static solution is optimal for all convex
compact uncertainty sets /¢ C R'f. We also present a family of examples to show
that our bound is tight for this case as well.

We also consider a two-stage adjustable robust model where in addition to the
second-stage constraint matrix B and objective d, the right hand side & of the con-
straints is also uncertain and

(B,h,d) eU =UB" x u,
where U is a convex compact set that is a Cartesian product of the uncertainty set for
(B, h) and the uncertainty set for d. For this case, we give a sufficient condition for

the optimality of a static solution that is related to the convexity of the transformation
of uncertainty set /-, Note again that the optimality of a static solution does not
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depend on the uncertainty set of objectives 1/¢. However, our approximation bounds
do not extend for this case if the transformation of /%" is not convex.

1.2.4 Outline

The rest of the paper is organized as follows: In Sect. 2, we discuss the optimality of sta-
tic solutions for the two-stage adjustable robust problem under constraint uncertainty
and relate it to the convexity of an appropriate transformation of the uncertainty set. In
Sect. 3, we introduce a measure of non-convexity for any compact set. Moreover, we
present a tight approximation bound for the performance of an optimal static solution
for the adjustable robust problem, that is related to the measure of non-convexity of
the transformation of the uncertainty set. In Sect. 4, we extend our result to two-stage
models where both second-stage constraint and objective are uncertain.

2 Optimality of static solutions

In this section, we present a tight characterization of the conditions under which a static
robust solution computed from (1.2) is optimal for the adjustable robust problem (1.1).
We introduce a transformation of the uncertainty set ¢/ and relate the optimality of a
static solution to the convexity of the transformation.

An optimal static solution for (1.2) can be computed efficiently. Note that a static
solution (x, y) is feasible for all B € U. To observe that an optimal static robust
solution can be computed in polynomial time, consider the separation problem: given
asolutionx, y, we need to decide whether or not thereexists B € Yand j € {1, ..., m}
such that

e; (Ax + By) > hj,

and find a separating hyperplane if (x, y) is not feasible. Therefore, by solving m
linear optimization problems over I/ we can decide whether the given solution is
feasible or obtain a separating hyperplane. From the equivalence of the separation and
optimization [18], we can compute an optimal static robust solution in polynomial
time. In fact, there is a compact linear formulation to compute the optimal static
solution for ITrop [2,4].

We can easily see that the static solution is a lower bound of the optimal value of the
adjustable robust problem. Suppose (x*, y*) is an optimal solution for ITrgp. Then,
x =x* y(B) = y* forall B € U is feasible for ITpR. Therefore,

ZAR = ZRob- 2.1

We would like to study the conditions under which zaR < zRop. Suppose (x*, y*(B))
for all B € U is a fully-adjustable optimal solution for I7pgr. Then

T % : T *
= ¢’ x* + min ma {d B) | B B§h—Ax]
ZAR BeL{y(B)§ y(B) | By(B)
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ZRob chx*—l—ma())([dTy }By <h— Ax*,VB GU}.
>

Note that h — Ax™ > 0, since otherwise the second-stage problem becomes infeasible
for ITpg. In fact, we can assume without loss of generality thath— Ax* > 0. Otherwise,
itis easy to see that ZAR = ZRob: suppose (h—Ax™); = O for some i. Since U is a full-
dimensional convex set, we can find B € U such that B;; j>0forall j =1,...,n;.
Therefore,

i d”y(B) |By(B <h—A*}< {dT B <h—A*}=(),
lrinelZI,l{y?lliE)Dz(O{ y(B)|By(B) < X7} = max y|By< x

which implies zaR = zRob- Therefore, we need to study conditions under which
max{dT |By <h - Ax*,VB eL{} > mmmax{dT |By <h— Ax* }
y> Beld y>0
(2.2)

where h — Ax* > 0.

2.1 One-stage models

Motivated by (2.2), we consider the following one-stage adjustable robust problem
iU, h):
Z,&R(u’ h) = minmax d’y
Beld 'y
By < h 2.3)
y € Rn ,

where h € R and h > 0,d € R, and Y € R’/™" is the convex, compact and
down-monotone uncertainty set. The corresponding one-stage static robust problem
néob(u , h) can be formulated as follows:

ZIRob(LI, h) =m;1x dTy
By < h,VBel (2.4)
y € R},

Ben-Tal and Nemirovski [4] study these one-stage models and show that the solution
of IT éob(u , h) is optimal if the uncertainty set I/ constraint-wise.

Consider I7 A(R (U, h) as defined in (2.3). We can write the dual problem of the inner
maximization problem.

ZarU, h) = mln{hTa |B'a >d, B ell,a e RY}.
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Substituting A = hloand o = Ap, we can reformulate ziR(Z/I , h) as follows.

ZArU, h) = min {3 | ABTw>d, h"p=1, Bel, peR?). (2.5)
D,

2.2 Transformation of I/

Motivated from the formulation (2.5), we define the following transformation 7' (U, h)
of the uncertainty set &/ € R™" and h > 0.

TWU, h) = {BTM, ’hT[L:L Bel, uzo}. (2.6)

For instance, if h = e, then T (U4, e) is the set of all convex combinations of rows of
B < U for all B € U. Note that T (U, e) is not necessarily convex in general. We
discuss several examples below to illustrate properties of 7'(U, h).

Example 1 (U where T (U, h) is non-convex). Consider the following uncertainty set

U:

n
U={Bel0, 11" | B;=0,Vi#j > Bj<lt. 2.7)
j=1
T (U, e) is non-convex. Figure 1 illustrates T (U, e) when n = 3. In fact, in Theo-
rem 7, we prove that T' (U, h) is non-convex for all & > 0.

On the other hand, in the following two lemmas, we show that 7' ({/, h) can be
convex for all & > 0 for some interesting families of examples.

Example 2 (Constraint-wise uncertainty set) Suppose the uncertainty set U is
constraint-wise where each constraint i = 1, ..., m can be selected independently
from a compact convex set ;. In other words, I/ is a Cartesian product of U;,i =
1,...,m,ie.,

Fig. 1 The boundary of the set
TU,e) whenn =3

!‘M‘r
4l

Rt
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U=U xUy X -+ XUy,

then T (U, h) is convex for all & > 0. In particular, we have the following lemma.

Lemma 1 Suppose the convex compact uncertainty set U is constraint-wise:
T
U={B|B e; GU]'},
where U is a compact convex set in R'y. Then T (U, h) is convex for all h > 0.

We provide a detailed proof of Lemma 1 in “Appendix 2”. In Ben-Tal and
Nemirovski [4], the authors show that a static solution is optimal for the adjustable
robust problem if ¢/ is constraint-wise. In later discussion, we show that a static solu-
tion is optimal if 7 (U4, h) is convex for all k > 0; thereby extending the resultin [4] for
the case where / is contained in the non-negative orthant. Note that constraint-wise
uncertainty is analogous to independence in distributions for stochastic optimization
problems.

Example 3 (Scaled projections) A compact convex set U € R’} is said to satisfy
the scaled projections property if the projections of U onto each of its m row sets are
scalar multiples of each other. We show in the following lemma that if the uncertainty
set U satisfies the scaled projections property, then T (U, h) is convex for all h > 0.

Lemma 2 Consider any convex compact uncertainty set U € R}™". For any j =
1,...,m, let

Uy={b13Bettb=8"e}.

Suppose U; = ajUy forall j =2, ..., m wherea; > 0. Then T (U, h) is convex for
allh > 0.

We provide a proof of Lemma 2 in “Appendix 2”.

The family of permutation invariant sets is an important sub-class of sets with
scaled projections. A set i € R'}™" is permutation invariant if for any B € U and
any permutation o of {1, ..., m}, the matrix obtained by permuting the rows of B,
say B where Blf’j = By (;);, also belongs to U{. For example, consider the following
set:

mxXn
U={BeRP" | > B;=<1
iJj
It is easy to observe that / is permutation invariant. Any permutation invariant set
U satisfies the scaled projections property since U; = U; for all i, j € {1, ..., m]}.

In fact, all projections are equal for permutation invariant sets. Therefore, T'(U, h) is
convex for all & > 0 for any permutation invariant /.
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2.3 Main theorem

Now, we introduce the main theorem which gives a tight characterization of the opti-
mality of the static solution for the two-stage adjustable robust problem.

Theorem 1 (Optimality of Static Solutions) Let zaR be the objective of the two-stage
adjustable robust problem TIpR defined in (1.1) and zreop be that of IlRrep defined
in (1.2). Then, zaR = ZRob if T (U, h) is convex for all h > 0. Furthermore, if T (U, h)
is not convex for some h > 0, then there exist an instance such that ZaAR > ZRob-

Note that zaR = zRop implies that the optimal static robust solution for ITggp is
also optimal for the adjustable robust problem I7aR. In order to prove Theorem 1, we
first reformulate 77 AR(U ,h) and IT, éob (U, h) as optimization problems over T (U, h).
From (2.5) and the definition of T (i/, k), we have the following lemma.

Lemma 3 Given U C RY™" and h > 0, the one-stage adjustable robust problem
H;\R (U, h) defined in (2.3) can be formulated as

AU, h) = min {3 | b > d, b e TU h)). (2.8)

We can also reformulate 7 éob (U, h) as an optimization problem over conv (T (U4, k)
as follows.

Lemma4 Given U € R} and h > 0, the one-stage static robust problem
Héob U, h) defined in (2.4) can be formulated as

zéob(u, h) =min {A | Ab > d, b € conv(T (U, h))}. 2.9
Ab
Proof Suppose
U =conv(By,...,Bg)

where B; € U, j =1, ..., K are the extreme points of {/. Let bij = BJT-e,-, we can
rewrite (2.4) as follows.

kU k) = max{dTy | By <h, Vj=1,...,1<,yeR1}.
y

Again, by writing the dual problem, we have

K K
ZhopU. 1) = min 1> hTa/ | > BTal >d o/ R}
o/ jelK] | i o
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Denote 6; = hTal, ) = eT0. Note thath > 0,d > 0 and d # 0, we have o/ #0
for any j € [K]. Therefore, 6; > 0 for any j € [K]and A > 0. We have

K
[ .
Z U, h) = min AA
oo - 1) el jelK] 2

2.b;
= mlg{)\ | Ab e conv(T (U, h))}
where the second equality holds because hTz—j =1,j=1,...,K. O

Note that the formulations (2.8) and (2.9) are bilinear optimization problems over
T (U, h) and not necessarily convex even if T (U, h) is convex. However, the reformu-
lations provide interesting geometric insights about the relation between the adjustable
robust and static robust problems with respect to properties of /. Figure 2 illustrates
the geometric interpretation of zfm U, h) and z’Rob(U , h) in terms of the formulation
in Lemma 3 and 4. Now, we are ready to prove Theorem 1.

Proof of Theorem 1 Suppose T (U, h)isconvex forallhk > 0.Let (x*, y*(B), B € U)
be an optimal fully-adjustable solution to I7aR. Then

T % T *
= ¢ x* 4+ min max {d B) | B th—Ax}
2AR min max (4" y(B) | By(B)

= ch* + ZAR(U’ h — Ax*),

Fig. 2 A geometric illustration 1 <
of ZAR U, h) and 25, U, ) ol ]
whend = %e:ForzAR(M, h), ) \\
the optimal solution b is the ~
R . . 08¢t 4
point where d intersects with the ~ %
boundary of T(U, h), while for 07 N i
ZRob(u h), the optimal solution \\
is b = d since 06} N |
d € conv(T (U, h)) AN
05f . 5 \d=bRob J
0af T AN
' R Y AN
03F ' Y |
020 7 T TN con(T(WR) ]
D i - By N = A 1
0 0.2 0.4 06 0.8 1
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where the second equation follows from (2.3). We can assume without loss of gener-
ality that h — Ax™ > 0 as discussed earlier. Now,

ZRob > ch*—i—ma()]( {dTy |By <h— Ax*,VB eu}
y=

= c'x* + zho, U, h — Ax¥)
= c'x* + zAg U, h — Ax™)
= ZAR> (2.10)

where the first inequality follows as x* is a feasible first-stage solution for the static
robust problem. The second equation follows from (2.4). Equation (2.10) follows from
Lemma 3 and Lemma 4 and the fact that T (U, h — Ax™) is convex. Also, from (2.1)
we know that zaR > zRob Which implies zaAR = zZRob-

Conversely, suppose zar = zRob- For the sake of contradiction, assume 7 (U, h)
is non-convex for some h = . Then, there must exist be R’ such that b ¢TU, h)

buth e conv(T (U, ﬁ)). Consider the following instance of ITar and I1TRep:
A=0¢=0 h=h d=h.

Note that in this case, we have zar = Z,&R o, IAz) and zRep = ZIRob U, iz). Therefore,
by our assumption,

Zhr U, ) = zh o WU, B).

Since b € conv(T U, h)), @ = 1,b = b is a feasible solution for zk., U, h).
Therefore, leob(Z/{, ﬁ) < 1, which implies z'IAR(Z/{, it) < 1. However, this would
further imply that there exists some by € T (U, ﬁ) such that by > b. Since U is
down-monotone by our assumption, so is 7 (U, iz) (see “Appendix 1”). Therefore,
b eTU, il), which is a contradiction. O

We give examples of families of ¢/ in Lemma 1 and Lemma 2, where T (U, h) is
convex for all > 0. We would like to note that for a given 2 > 0, it is not necessarily
tractable to decide whether 7' (U, h) is convex or not for any arbitrary U4.

2.4 Min—-Max theorem interpretation

We can interpret a special case of Theorem 1 as a min-max theorem. Consider the case
where A = 0, ¢ = 0, in which we have

2AR = ZAR(U., h), zRob = zhop U, h).
Recall:

ZARU, ) = fanelilfr;lfg {dTy ‘ By < h}
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We define the following function for y € R, B € U € R'/*":

_[d"y. ifBy <h

Iy, B) = [ —o00, otherwise.
Now, we can express ZiR U, h) and ZIRob(u’ h) as follows:

ZarU. h) = lrgneiglr;lggf(y, B)

and

I .
L U, h) = , B).
Zrop U, h) r;lag min f(y, B)

>
Therefore, from Theorem 1, we have:

. B) = i B 2.11
B 0 B =R i S ) =

if T(U, h) is convex. We would like to note that the min-max equality (2.11) does
not follow from the general Saddle-Point Theorem [12] since f(y, B) is not a quasi-
convex function of B.

3 Measure of non-convexity and approximation bound

In this section, we introduce a measure of non-convexity for general down-monotone
compact sets in the non-negative orthant and show that the performance of the opti-
mal static solution is related to this measure of non-convexity of the transformation
T (U, h) of the uncertainty set /. We also compare our bound with the symmetry
bound introduced by Bertsimas and Goyal [8]. In particular, we show that our bound
is at least as good as the symmetry bound, and is significantly better in many cases.

Definition 1 Given a down-monotone compact set S C R’i that is contained in the
non-negative orthant, the measure of non-convexity « (S) is defined as follows.

k(S) = min{« | conv(S) C aS}. 3.1

For any down-monotone compact set S C R’, «(S) is the smallest factor by
which S must be scaled to contain the convex hull of S. If S is convex, then « (S) = 1.
Therefore, if the uncertainty set I is constraint-wise, then « (7 (U, h)) = 1 for all
h > 0 (Lemma 1). On the other hand, if S is non-convex, then «(S) > 1. For
instance, consider the following set:

n

S":[xeR:‘L

i=1
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Fig. 3 A geometric illustration 2
of k(S) whenn = 2: S is
down-monotone and shaded
with dot lines, conv(S) is
marked with dashed lines, and
the outmost curve is the
boundary of - S. Draw a line
from the origin which intersects
with the boundary of S at v and
the boundary of conv(S) at u.
k(S) is the largest ratio of such
uand v’s

Figure 3 illustrates set S” for n = 2 and its measure of non-convexity. We would
like to emphasize that given an arbitrary down-monotone compact set I/ and & > 0,
it is not necessarily tractable to compute « (7' (U4, h)).

3.1 Approximation bounds

In this section, we relate the performance of the static solution for the two-stage
adjustable robust problem to the measure of non-convexity of 7' (U, h).

Additional Assumption: For the analysis of the performance bound for static solu-
tions, we make two additional assumptions in the model (1.1): the first-stage objective
coefficients ¢ and the first-stage decision variables x in I7pg (1.1) are both non-
negative. We work with these assumptions for the rest of the paper.

Theorem 2 For any down-monotone, compact set U € R'!™", let
o) = max{x(T U, k) | k > 0.

Let zpR be the optimal value of TIpR in (1.1) and zrop be the optimal value of I1rep
in (1.2) under the additional assumption that x > 0 and ¢ > 0. Then,

ZAR < pU) - ZRob-
Furthermore, we can show that the bound is tight.

Proof Suppose (x*, y*(B), B € U) is an optimal fully-adjustable solution for I7aR.
Based on the discussion in Theorem 1, we can assume without loss of generality that
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h — Ax* > 0. Then

T % . T *

z =c¢ " x"+ min max {d B)| B B§h—Ax}

AR i max, y(B) | By(B)
=clx* + ZhgU, h — Ax®),

and

ZRob > ¢! x* + max {dTy | By <h— Ax*, VB eu}
y

= c'x* + ko U, b — Ax™). 3.2)

Let h = h— Ax* and k = k(TU, iz)). From Lemmas 4, we can reformulate
Zéob(u, h) as follows.

Zhoo U 1) = min  {A|Ab>d, )\ >0} (3.3)
beconv(T (U, h))

Suppose ()A\, I;) be the minimizer for ZIRob U, il) in (3.3). Therefore,

N N 1 - N
beconv(TU,h))= —-beTWU,h).
K
Now,

ZhaW,h) = min (| Xb>d, 1 >0}
beT (U, h)

<kK-A

=k - Zhep U, h), (3.4)
where the first equation follows from the reformulation of Z,{.‘R(L{ , il) in Lemma 3.
The second inequality follows as (1/ K)IAJ eTWU, IAz) and Ab > d and the last equality

follows as ZIRob u, il) =i Therefore,

AR = ¢ x* + Zpg (U, h — Ax™)

<elx* +u by U, h — Ax¥) (3.5)
<kK- (ch* + z,lqob(l/l, h — Ax*))
< p¥A) - ZRob; (3.6)

where (3.5) follows from (3.4) and the last inequality follows from (3.2) and the fact
that k = k(T (U, h)) < pU).

Tightness of the bound. We can show that the bound is tight. In particular, given any
scalar u# > 1 and somen € Z;,take A =0,¢c =0,d =e,h = eand § = logun.
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Consider the following uncertainty set:

n
U=1Be[0, 11" | B;j=0,Vi#j > B <1l
j=1

For I1pR, we have

n
ZAR =ml%nm;1X eTy Bjjyj§17j=1""’n’zB]ej§1
Jj=1

n

= min ZBL iB?jfl
JJ j=1

j=1

This is a convex problem and by solving the KKT conditions, we have the optimal
. _1 . . 1
solutionas B;; =n~# for j =1, ..., n. Hence, the optimal value of zoAg =n -n¢ =
1+4
n o,

For ITRep, we have
ZRob :m}a}x{eTy ) Bjjyi <1, VBel, j= 1n}

The constraints essentially enforce B;;y; < 1forall B;; <1,j=1,...,n. We only
need to consider the extreme case where Bj; = 1, which yields y; = 1. Therefore,
ZRob = N and

ZIAR N
ZRob n

In “Appendix 3”, we show that « (T (U, h)) = né for all A > 0. Therefore, p(U) =
1
n? = pand zar = p(U) - ZRob- o

In Theorem 2, we prove a bound on the optimal objective value zaR of ITag with
respect to the optimal objective value zgop Of ITRep. Note that this also implies a bound
on the performance of the optimal static robust solution for ITRey for the adjustable
robust problem ITaR. Furthermore, in using a static robust solution (x, y) for the
two-stage adjustable robust problem, we only implement the first-stage solution X and
recompute the optimal second-stage solution y (B) after the uncertain constraint matrix
B is known. Therefore, the cost of such a solution would only be better than zrep Which
is at most p(U) - zar. We would like to note that given any arbitrary down-monotone
uncertainty set I/, it is not necessarily tractable to compute x (T (U, h)) or p(U). In
Table 1, we compute p (/) for some commonly used uncertainty sets. Moreover, in the
following theorem, we show that « (T (U, h)) is at most m for any for any &/ < R’} ™"
and h > 0.
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Theorem 3 For any down-monotone convex compact set U € R'*" and h > 0,
k(TU, h)) <m.
Proof Note that
TU, h) = {BT[L ’ Bel hlp= LuzO}.

Forall j =1,...,m,let

1 T
Z/[J = _— . B e] B S Z/{ .
hj
We can show that
m m
Uujcrw.my cconv || Ju; ). (3.7
j=1 j=1

Forany j =1,...,m,consider p =e;/h;. ThenlU; = {BT[,L |BelUd} TWU,h)
forall j =1,...,m. Consider any b € T (4, h) where

m
b= ZBTej/Lj,
j=1

for some B € U and p > 0 and hT[L = 1. Therefore,
m 1 m
b=>" (h—jBTej) (hjpg) = by (hju)),

j=1 j=1

where b; € U; forall j € [m] and hypy + ...+ hypy, = 1 which proves that b
belongs to the convex hull of the union of ¢/}, j € [m]. From (3.7), we have that

m
conv(T (U, b)) = conv U U

j=1

Now consider any b € conv(T (U, h)). Therefore, b belongs to the convex hull of
union of sets U/}, i.e.,

b= bji;
j=1
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forsome b; € U, j = 1,...,m and some A > O such that A; + ...+ X,, = 1. For
all j=1,...,m,let

Bj :hJerJT

Since b; € U; and U is down-monotone, B; € /. Now, let
DT,
— m

as B is a convex combination of elements in /. Also, let /i j=AXAj/hjforall j =
N 2 ST A
1, ..., m. Therefore, hTu =landb=B jeTWU,h). Also,

.1 A 1
b=—(> Bjit)= Zhb,e Zb,x,:z-

j=1

3.2 Comparison with symmetry bound [§]

Bertsimas and Goyal [8] consider a general two-stage adjustable robust convex opti-
mization problem with uncertain convex constraints and under mild conditions, show
that the performance of a static solution is related to the symmetry of the uncertainty
set. In this section, we compare our bound p (Uf) defined in (3.1) with the symmetry
bound of [8] for the case of two-stage adjustable robust linear optimization problem
under uncertain constraints. The notion of symmetry is introduced by Minkowski [21].

Definition 2 Given a nonempty convex compact uncertainty set S € R” and a point
s € S, the symmetry of s with respect to S is defined as:

sym(s, S) :=max{a > 0|s +a(s —§) € S,Vs € S}.
The symmetry of the set S is defined as:
sym(S) := max{sym(s, S) | s € S}. (3.8)

The maximizer of (3.8) is called the point of symmetry.

In Bertsimas and Goyal [8], the authors prove the following bound on the perfor-
mance of static solution for the two-stage adjustable robust convex optimization with
uncertain constraints under some mild conditions.

1 .
ZAR = ( + sym(u)) ZRob
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We show that for the case of two-stage adjustable robust linear optimization under
uncertain constraints, our approximation bound in 2 is at least as good as the symmetry
bound for all instances.

Theorem 4 Consider uncertainty set U C R’} ™", Then,

1
mawaﬂamnh>mf(“+wmwo'

Proof For a given h > 0, from the definition of « () in (3.1), we have
conv(T (U, h)) Ck(TU,h))-TU,h).

Therefore, it is sufficient to show

conv(T U, h)) < (1 + ) “TWU, h) (3.9)

sym(U)
forall h > 0. Let
By = argmax{sym(B,U) | B € U}

be the point of symmetry. Then, from the result in [9], we have

1
1 -B B,vVB . .1
( +sym(Z/{)) 0= B, VBel (3.10)

Now, given any h > 0, consider an arbitrary b € conv(T (4, h)). There exists
Bi, ..., Bx € U such that

K
b= 0;BIM, h'A =1, M eRY, j=1.....K, "0 =1, 0 eRY.
j=1

From (3.10), since By, ..., Bg € U, we have

K
1 .
b <> o (1 BTy
‘;’(me)o

L Nar (S ( 1 )
(1+sym(u))30 jzz;ejx € 1+sym(U) TU, h).

The last inequality holds because

K K
BT (D o0 ) =D 0;h"A | =e"0=1.
j=1 j=1
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Table 1 A comparison between the non-convexity bound and the symmetry bound for various uncertainty
sets

Uncertainty set U pU) Symmetry bound [8]
. . _ 1
Constraint-wise set Uf =Up X ... X Uy 1 14+ i i 2 SYMT)
Permutation invariant U/ 1 1+ SMTD

1
{B:1|Bllg, <1,1|Bllg, <r} C R} 1 1+ r(mn)%
{B:IBl|; <1} cR}*" 1 1+ mn

1
{B:||B|lg <1} CR*" 1 1+ (mn)?
{B:3_Bjj <1,Bjj=0,Vi#j}Cl[01]"" n L+n

1 1

(B:3"1_ BY, < 1.Bjj =0, ¥i #j) C[0,11"",6 > 1 ni 1 4nd

. . 1/p
All the norms are entry-wise, i.e., [|A||p = ( 4 Z?:l |aij|”)

Since U is down-monotone by assumption, so is 7 ({4, h) (Appendix 1), and we have

O

Theorem 4 states that our bound in Theorem 2 is at least as good as the symmetry
bound and in many cases significantly better. For instance, consider the following
example:

U={Bel0. 11" | > Bj<1
inj

In this case, U satisfies the scaled projections property since all projections are equal.
Therefore, from Lemma 2, T (U, h) is convex for all & > 0 and

max{« (T (U, h)) | h > 0} = 1.

On the other hand, I/ is a simplex and sym(/) = nlz [9]. Therefore,

1+ —— =n?+1,
+sym(U) n° 4+

which is a significantly worse bound. Table 1 compares our bound with the symmetry
bound for several interesting uncertainty sets.

4 Two-stage model with constraint and objective uncertainty

In this section, we consider a two-stage adjustable robust linear optimization prob-
lem where both constraint and objective coefficients are uncertain. In particular, we
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consider the following two-stage adjustable robust problem 7 ’&BR’d).

zx,qu) =max ¢ x+ (Bntlil)lél/{ ylg};a)‘; dTy(B d)
Ax +By(B,d) < h
4.1
x € RY
y(B,d) € R"?,

where A € R™*"l ¢ € R"‘ ,h € R, and (B, d) are uncertain second-stage constraint

matrix and objective that belong to a convex compact uncertainty seti/ Rm 2 an
We consider the case where the uncertainty in constraint matrix B does not depend
on the uncertainty in objective coefficients d. Therefore,

U=UBxu?,

where U8 C Rﬁxnz is a convex compact uncertainty set of constraint matrices and
Ut c R’? is a convex compact uncertainty set of the second-stage objective. As
previous sections, we can assume without loss of generality thatZ/® is down-monotone.

We formulate the corresponding static robust problem I7, l(ql;gl), as follows.

z,(:g)b) =max min ¢/ x+d’y
X,y deld

Ax +By < h, VBeU®
x € R}

n
y € R

4.2)

We can compute an optimal static robust solution efficiently. It is easy to see that the
separation problem for (4.2) can be solved in polynomial time. In fact, we can also give
a compact LP formulation to compute an optimal static robust solution similar to (1.2).
Now, suppose the optimal solution of Héf)bd) is (x*, y*), thenx = x*, y(B, d) = y*
for all (B, d) € U is a feasible solution to IT ,&%’d). Therefore,

(B, d) (B,d)
zan? =z (4.3)

We prove the following main theorem.
Theorem 5 Let z(B D be the optimal objective value of Tl (B’d) in (4.1) defined over

the uncertainty U = UB x U9. Let ZRog) be the optimal ob]ectlve value of Hél;’bd)
in (4.2). Also, let

pUP) = rhna();/c(T(L{B,h)).
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Then,

B.d B.d
am < pUP) - zggp -

Furthermore, the bound is tight.

If TUB, h) is convex for all A > 0, then ,o(Z/{B) = 1 and z’&%d) < z(R%él). In
this case, Theorem 5 implies that a static solution is optimal for the adjustable robust
problem 7 )&g’d). Therefore, if 48 is constraint-wise or has scaled projections then
TU B h) is convex for all # > 0 (Lemmas 1 and 2). In general, the performance
of static solution depends on the worst-case measure of non-convexity of 7' (U5, h)
for all h > 0. Surprisingly, the approximation bound for the static solution does not
depend on the uncertain set of objectives /9.

To prove the Theorem 5, we need to introduce the following one-stage models as
in Sect. 2, [Tig (U, h) and ITL (U, h).

Z,IAR(U,h): min max d’y

(B, d)el Y
By < h
“4.4)
y € R%,
1 : T
U,h) =max min d
ZRob U, ) ax min - d’y
By < h, VBel® 4.5)

y € R,

where U = U® x U? and h > 0. Similar to Lemmas 3 and 4, we can reformulate the
above problems as optimization problems over the transformation set 7 (U2, h).

Lemma 5 The one-stage adjustable robust problem I1 AR (U, h) defined in (4.4) can
be written as:

ZArU. ) = min{1|1b=>d.be TU®E h),d eU).

Proof Consider IT A{R(U , h), by writing the dual of its inner maximization problem,
we have

ZarU. h) = min {h"o | B"a >d, (B,d) cU,a c R}
,a,o
= min {27 () [2B7 () zd.hTa =0 (B.d) el a e R} .
»B.d,a A A
= min{i|ib>d.be TWUE, h),d e Uy,
where the last equality holds because U = U5 x 9. O
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Lemma 6 The one-stage static robust problem It ob(u h) defined in (4.5) can be
written as:

ZhopU. h) = min{ 1| 1b>d.be conv(T U®, h)), d e U).

Proof Suppose
U =conv((Bi.,dy)...,(Bg,dg))

where (Bj,d;), j =1, ..., K are the extreme points of {/. We can rewrite (4.5) as
follows.

Zhop U, h) =%x{z|3,~y5h,z—d§y50, Vi=1,....,K,y eR}}.

Again, by writing the dual problem, we have

K K
oW, B) = min > h'a; Z Bl ~zz idj e =1

a;eR” BeRX

Note that I = U8B x Z/ld, d can be chosen regardless of B. Therefore, denote 6 =

h'a ja A= e’ 6. Using arguments similar to the proof of Lemma 4, we have 6 > 0
and A > 0. Therefore,

K
1 o
thop@.h) = min Z ( ,) *Z i g1 (9_;)>d

A,u_,zo,deud
K
= min Z—’b-zd,bjeT(uB,h),deud
abj.d = A

= m{ AlAb>d,beconv(TU?, h)),d ey,

where the second equality holds because k7 (‘;—j’) =1,j=1,...,K. O

Now, we are ready to prove Theorem 5.

Proof of Theorem 5 Suppose (x*, y*(B, d), (B, d) € U)isafully-adjustable optimal
solution for I7 ,&BR’d). As discussed earlier, we can assume without loss of generality
that h — Ax* > 0. Then,

(B.d) [dT B.d) | By(B.d <h—A*}
Zan = clx* + gun, max 1d'y(B, ) | By(B.d) < x

Tx* + zpgU, h — Ax™), (4.6)
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and
Z%g) > ¢! x* 4+ max min {dTy ‘ By <h— Ax",VB ¢ UB}
y=0 deyyd
= clx" + zpop U, b — Ax”). @7

Leth =h— Ax* and k = k(TWUB, iz)). Suppose (, 5, 3) is an optimal solution for
ng{ob U, h). Therefore,

A N 1 - N
beconv(TUB, h)= —-beTWUE, h).
K

Also,

K

PN ~ ~ 1. A
A-bzd:(fc)\)-(—b) >d,
which implies that (Ki, b /K, 3) is a feasible solution to I AI\R o, ﬁ) and

ZApU. h) < k- Zhop U, h).

From (4.6), we have

z&%d) =clx* + zf\R(I/{, h — Ax™)

< c’x* k- Zhopy U, h — Ax*)

<k-(c'x*+ z,lqob(u, h — Ax™))

B.,d
sk ZI(:{ob)’

(4.8)

where (4.8) holds because k > 1, the last inequality holds from (4.7).
We can show that the bound is tight using the same family of uncertainty sets of
matrices Z/[HB in the discussion of Theorem 2:

n
Uf =B el0, 11" | Bij =0, Vi #j. > BY <1
j=1

Consider the following instance of 7 )&l;’d) and 17, é{ibd) :

A=0,c=0h=¢eU! = {e}.

From the discussion in Theorem 2, the bound in Theorem 5 is tight. O

Note that surprisingly, the bound only depends on the measure of non-convexity of
U8 and is not related to 1/?. Therefore, if T (U®, h) is convex for all & > 0, then a
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static solution is optimal for the adjustable robust problem I7 ’&BR"I) irrespective of /<.
As a special case where there is no uncertainty in B, i.e., B — {BO}, and the only
uncertainty is in U d TU B h) is convex for all & > 0 and a static solution is optimal.
In fact, the optimality of static solution in this case follows from von Neumann’s Min-
max theorem [22]. Therefore, we can interpret the result as a generalization of von
Neumann’s theorem.

General Case when U is not a Cartesian product. For the general case where the
uncertainty set{ of constraint matrices B and objective coefficients d is not a Cartesian
product of the respective uncertainty sets, our bound of Theorem 5 does not extend.
Consider the following example:

n n

P € . .

U= {(B,d) e R" xR, -ElBii < ‘Eldj < 1,d2;e,Bij=O,Vl £
i= j=

Now,
(B.d) __ . { T C_
z = min maxid Biiyi<l1,Vj=1,...,n, 20}
AR (B.dyed ¥ v | Bjjyi < / Y
n
d:
= min Z—/
(B,d)eU o Bjj
21’

where the second equation follows from the fact that at optimum of the outer min-
imization problem, B;; > O forall j = 1,...,n and y; = 1/Bj; for the inner
maximization problem. Otherwise, if B;; = 0 for some j, then y; and d;y; are both
unbounded as d; > €/n > 0. The last equality follows as for any (B, d) € U,

n n
Z Bjj < Zd',
j=1 j=1

which implies that B;; < d; for some j € [n].

For the robust problem Héﬁ’bd), consider any static solution y > 0. For all j =
1,...,n,
Bjj)’j <1, V(B,d) celU.
Since there exist (B, d) € U suchthat Bj; = 1,y; < 1forall j =1, ..., n. Moreover,

y = eis afeasible solution as Bj; < 1 forall (B, d) € U for all j € [n]. Therefore,

Z%’g) = min dle <e,
(B.d)eld

@ Springer



A tight characterization of the performance of static solutions 307

where the second inequality follows by setting d; = ¢/nforall j =1, ..., n. There-
fore,
@a L Ba
AR = _ "%Rob °

where € > 0 is arbitrary. Therefore, the performance of the optimal static robust
solution as compared to the optimal fully adjustable solution can not be bounded by
the measure of non-convexity as in Theorem 5.

4.1 Constraint, right-hand-side and objective uncertainty

In this section, we discuss the case where the right-hand-side, the constraint and
the objective coefficients are all uncertain. Consider the following adjustable robust

problem I7 /(\BR‘h’d).

(B,h,d)

_ T T
ZaR —m;lx c'x+ x)d y(B,h,d)

min ma
(B,h,d)yeUB:hd y(B,h,d

Ax + By(B,h,d) < h
] 4.9)
x € RY

y(B,h,d) € R",

where A € R™*" ¢ € Ri‘. In this case, (B, h,d) € UB14 are uncertain and
UBMd c I x R x R? is convex and compact. We consider the case that the
uncertainties in constraint matrix B and right-hand-side vector h are independent of
the uncertainty in the objective coefficients d, i.e.,

yYBhd — yBh s 14l
where U/B-" € R™* 12+ i5 the convex compact uncertainty set of constraint matrices

and right-hand-side vectors, and U4 C R is the convex compact set of the constraint
coefficients.

The corresponding static robust version /7, éﬁbh’d), can be formulated as follows.
(B,h,d) : T T
z =max min ¢ x+d
Rob Xy del Y
Ax + By < h, Y(B,h) e U®"
) (4.10)
x € RY
n
y € R

We can compute an optimal solution for (4.10) efficiently by solving a compact LP
formulation for its separation problem. Now, we study the performance of static solu-
tion and show that it is optimal if 245" is constraint-wise. In particular, we have the
following theorem.
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Theorem 6 Let z&%h’d) be the optimal value of T1 '&g,h,d) defined in (4.9) and Z(R%tlz )

be the optimal value of I1 éf)’bh’d) defined in (4.10). Suppose UB" is constraint-wise,
then the static solution is optimal for I1 'gf;’h’d) , e,

(B.hd) _ _(B.h.d)
ZAR = ZRob - (4.11)

To prove Theorem 6, we need to introduce the one-stage models. Consider the
one-stage adjustable robust problem I7 '{‘R U?B "

1 Bhdy _ . T
AU = i
By < h 4.12)
y € R,

where U84 = fBh x 144, The corresponding one-stage static robust problem
néob(u B.h.dy can be formulated as follows

I B.h,d . T
U”"*) =max min d
ZRob ) Yy dayd y

By < h, Y(B,h) eUP" (4.13)
y € R%,
We can reformulate these models as optimization problems over T (U5"  e).

Lemma 7 The one-stage adjustable robust problem I1 AR UPBMY defined in (4.12)
can be written as

ZhpWUB My = min (1 [ 1b > d, (b, 1) € TUB" o), d e u?}.

We present the proof of Lemma 7 in “Appendix 4”.

Lemma 8 The one-stage static-robust problem Héob UB ) defined in (4.13) can
be written as

ZhopUB ) = min ([ 1b > d, (b, 1) € conv(TUB", e)), d € u?}.
,b,1,

We present the proof of Lemma 8 in “Appendix 4”. Now, with the formulations in
Lemma 7 and Lemma 8, we are ready to prove Theorem 6.
Proof of Theorem 6 Suppose the optimal solution of Héﬁbh’d) is (x,y), then x =

X,y(B,h,d) =y forall (B, h,d) € U is a feasible solution to HABR’h’d). Therefore,

(B,h,d) (B,h,d)
zan® > 2ot ®. (4.14)
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On the other hand, suppose (x*, y*(B,h,d), (B, h,d) € UB"9) is a fully-
adjustable optimal solution for I7 ,&%h’d). As discussed earlier, we can assume without
loss of generality that = — Ax* > 0 for all k such that (B, h) € UB" for some B.
Then,

(B,h,d) T % . T *
z =c x4+ min max{d B Sh—Ax}
AR (B,h,d)eldBhd y=0 Y | Y
= cIx* 4 B2 d) (4.15)
and
Zl(:g)’él’d) > ¢! x* + max min {dTy ‘ By <h— Ax*,Y(B,h) € UB’h}
y=0 deyqd
= c!x* + g B AT, (4.16)

Since U8 is constraint-wise, so is UB~A%" Therefore, T (UB"~4*" ¢) is convex
from Lemma 1 and T U5"~4*" ¢) = conv(T UB"~4*" ¢)). From Lemma 7 and
Lemma 8, this implies that

I Bh—Ax*dy _ I o /Bh-Ax*d
ZARUTTT ) = 2o U ).

Therefore, from (4.15) and (4.16), we have

(B,h,d) (B,h,d)
AR =ZRob
Together with (4.14), we have zog " =z

We would like to note, we can not extend the approximation bounds similar to
Theorem 5 in this case. In fact, the measure of non-convexity of 7' (U4 B.h e) is not
even well defined in this case since /5" is not down-monotone.

5 Conclusion

In this paper, we study the performance of static robust solution as an approximation
of two-stage adjustable robust linear optimization problem under uncertain constraints
and objective coefficients. We give a tight characterization of the performance of static
solution and relate it to the measure of non-convexity of the transformation 7' (i, -) of
the uncertainty set /. In particular, we show that a static solution is optimal if 7'({/, h)
is convex for all h > 0. If T(U, -) is not convex, the measure of non-convexity
of T(U, -) gives a tight bound on the performance of static solutions. For several
interesting families of uncertainty sets such as constraint-wise or scaled projections,
we show that T' (U, h) is convex for all 2 > 0; thereby, extending the result of Ben-Tal
and Nemirovski [4] for the case where U/ is contained in the non-negative orthant.
Also, our approximation bound is better than the symmetry bound in Bertsimas and
Goyal [8].
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We also extend our result to models where both constraint and objective coefficients
are uncertain. We show that if /f = U8 x U d, where U is the set of uncertain second-
stage constraint matrices B and /¢ is the set of uncertain second-stage objective,
then the performance of static solution is related to the measure of non-convexity of
TU B . In particular, a static solution is optimal if 7' (U4 B h) is convex forall A > 0.
Surprisingly, the performance of static solution does not depend on the uncertainty set
U?. We also present several examples to illustrate such optimality and the tightness
of the bound.

Our results develop new geometric intuition about the performance of static robust
solutions for adjustable robust problems. The reformulations of the adjustable robust
and static robust problems based on the transformation 7' (i, -) of the uncertainty set
U give us interesting insights about properties of &/ where the static robust solution
does not perform well. Therefore, our results provide useful guidance in selecting
uncertainty sets such that the adjustable robust problem can be well approximated by
a static solution.

6 Appendix 1: Down-monotone uncertainty sets

In this section, we show that in I7 P(R (U, h) defined in (2.3) and ng{ob (U, h) defined
in (2.4), we can assume U to be down-monotone without loss of generality, where
down-monotone is defined as follows.

Definition 3 A set S C R’ is down-monotone if s € S, t € R’ and ¢t < s implies
teS.

Given S C R’l, we can construct the down-hull of S, denoted by S + as follows.
St={teR.|3IseS:t<s) 6.1)

We would like to emphasize that the down hull of a non-negative uncertainty set is still
constrained in the non-negative orthant. Given uncertainty set &/ € R*" and h > 0,
if I is down-monotone, then ¥ = U. Therefore, IT AR u b h) is essentially the same
problem with IT ;I\R (U, h) and we have Zi\R UY, h) = Z,{\R (U, h). Similar arguments
applies for ITA U, h) and 2§, UV, h) = 2, (U, k). On the other hand, if ¢/ is not
down-monotone, then U C U V. Then, we prove the following lemma.

Lemma 9 Given uncertainty setU € R!™" and h > 0, let z}_\R(U, h) be the optimal
value ofHAR(Z/{, h) defined in (2.3), leob(Z/l, h) be the optimal value ofﬂéob(u, h)
defined in (2.4). Suppose U is not down-monotone, letU" be defined as in (6.1). Then,

ZhrUY B = ZAg U, B, Lo UV B) = zh o (U, B).
Proof Consider an arbitrary X € U¥ and X € U, i.e., X € UV \U. From (6.1), there
exists B € U such that X < B. Since B, X and y are all non-negative, any y € R}

such that By < h satisfies Xy < h. Therefore,

max{d"y | By <h,y eR}} <max{d'y | Xy <h,y e R }.
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Take minimum over all B € U on the left side, we have

gn&max{dTy|By<h yeRY }<max{dTy|Xy<h yeRL}
¥

Since X is arbitrarily chosen in 2/¥\U{, we can take minimum of all X € &/¥\U/ on the
right side

mlnmax{dTy|By<h yeRi} < mm max{d’y | Xy <h, yeRL}
Bel Xeuh\u ¥y

Therefore, the minimizer of the outer problem of I7 AR u b h) is in U, which implies

min max{d” y | By < h, y eRL} = min max{dTy|Xy<h yeRL}
Beld vy Xelt

As a result, we have ziR(Z/N, h) = ziR(L{, h).
Similarly, any y € R"} satisfies By < hforall B € U is guaranteed to be feasible to
Xy < hforall X € Y¥\U. Therefore, we conclude that ZIRob U'Y, h) = ZIRob U, h).
O

Therefore, we can assume without loss of generality that ¢/ is down-monotone
in (2.3) and (2.4). Now, we generalize the result for the two-stage problems ITaR
in (1.1) and I1Rgp in (1.2). Consider the following adjustable robust problem I7T AiR

{ T
Zfn =max ¢/ x + min maxd’ y(B)
AR peut )Y

Ax +By(B) < h

x € R™M
y(B) € R?,

(6.2)

and the corresponding two-stage static robust problem I7, éob

zéobzmax c'x+dly
Ax+ By < h, VB e U*

x € R"
y € R

6.3)

mX"2 if U is down-monotone, then UV = U.

Again, given uncertainty set Y € R}
Therefore, I1 AiR is essentially the same problem with ITpg and we have ZXR = ZAR-

Similarly, Zlgob = ZRop- For the case where U is not down-monotone, we prove the
following lemma:

Lemma 10 Given uncertainty set U € RT_XM and h € R™, let zaoR and zRop be
the optimal values of TIaR defined in (1.1) and I1Rey defined in (1.2), respectively.
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Suppose U is not down-monotone, let U be defined as in (6.1). Let ZXR and Zéob be
the optimal values of T ,iR defined in (6.2) and HFltob defined in (6.3), respectively.
Then,

1 {
ZAR = ZAR> ZRpop = ZRob-

Proof Suppose (x*, y*(B), B € U") is an optimal solution of HXR. Based on the
discussion in Theorem 1, we can assume without loss of generality that h — Ax™ > 0.
Then,

ZXchTx*—i- min max {dTy |By§h—Ax*}

Bell' yeR’f
=c"x* + Zpg U h — Ax™)
=clx*+ z,&R(U, h — Ax™)
=< ZAR-

The second equation holds from Lemma 9, and the last inequality holds because
x = x* is a feasible first-stage solution for ITaR. Therefore, ZXR < ZAR-

Conversely, suppose (¥, y(B), B € U) is the optimal solution for ITpR. Again, we
can assume without loss of generality that h — Ax > 0. Using similar arguments, we
have

ZAR = ¢! ¥ + min max {dTy ‘ By <h— Ai]
BeuyER'er

"%+ zpgU. h — A%)

"%+ zpgUY h — A%)

{
AR

IA

The last inequality holds because x = X is a feasible first-stage solution for ZXR'
Therefore, in both cases, we have zaR < ZXR' Together with previous result, we have

Z}-\R = zaR- In the same way, we can show that Zéob = ZRob, We omit it here. O

Lemma 11 Given a down-monotone setld € R'!™", let T (U, h) be defined as in (2.6),
then T (U, h) is down-monotone for all h > 0.

Proof Consider an arbitrary h > 0 and y € T (U, h) C R’} such that
y=BTA hTA=1,2>0BeclU.

Then, for any z € R} such that z <y, set

A Zi
Bij="1Biji=1,....m, j=1,...,n.
Yj
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Clearly, B < B since z < y. Therefore, B € U from the assumption that U is
down-monotone. Then,

z=B' A nTA=1,220,Becu,
which implies z € T (U, h). O
7 Appendix 2: Proofs of Lemmas 1 and 2
Proof of Lemma 1 Consider any vy, vy € T (U, h). Therefore, for j = 1, 2,
v =BIA WA =1, >0,B; cU.

For any arbitrary o € [0, 1],1letu; = oe)»l.1~|—(1—oc))niz andblj = B]Tei fori =1,...,m.
Then,

avi + (1 —a)vy = Y (ar/b] + (1 — )A}b})
i=1

1 2
i (_lbl + —lbl

I
M=

O\ i i

wi - bi

Il
=, 1=

n,
where l;i € U; since i)i is a convex combination of b} and bl-2 foralli =1,...,m
and U; is convex. Also, note that Belu (since U is constraint-wise) and A’ p =
ah"A! 4+ (1 —@)h"A? = 1, we have

avi+ (1 —a)vo € TU, h).
Therefore, T (U, h) is convex. O

Proof of Lemma 2 Since U satisfies the scaled projections property, ({; = «;S for

some o; > Oforall j =1,..., m where § is a convex set. Suppose
o o o
1 2 o
Then
o o o
g C ey c...c g,
hi ho m

@ Springer



314 D. Bertsimas et al.

which implies

1 1 1
—UUh < —U<---C—U, CTWU,h).
hll_hz h C S Un S U, h)

The last set inequality holds because we can take u = 1%:, in (2.6).

Now, consider an arbitrary v € T (U4, k) such that
v=BTAhTA=1,2>0,B cli.

Leth; = B'e;, we have

where b € Uy, . The last equation holds because hT'x =1and %Z/{ i < hLum for all
J m
j=1,...,m— 1. Therefore,

1
TU. h) = 5 Un-

m

which is convex. O

8 Appendix 3: Tight example for measure of non-convexity bound

Theorem 7 Consider the following uncertainty set, U°,

n
U’ =B el0. 1" | B;j=0,Vi#j » B <1
j=1

with 0 > 1. Then,

1. TUY, h) can be written as:

n 0
b\ o+1
TU h)={beR" Z(—/) T (8.1)
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2. The convex hull of T (U, h) can be written as:
conv(T U, h)) = {b c R" —f 8.2
(T U, b)) i ; " (8.2)

3. TWU?, h) is non-convex for all h > 0.
4. K(TU°, b)) = n? forall h > 0.

Proof 1. Forgivenh > 0and b € T (U, h), we have
b=BTuh"p=1,0>0Bcll.
Let A; = hju; fori =1, ..., n. Therefore, e’r=1and
b = BT (diag(h))~'A = (diag(h)) "' BT A,
where diag(h) € R"*" denotes the matrix with diagonal entries being h;,i €
[n] and off-diagonal entries being zero. The second equality above follows as B
is diagonal. Therefore, (diag(h))b € TU?, e). Using a similar argument, we

can show that b € T (U, e) implies that (diag(h))~'b € T(U’, h). Therefore,
TU, h) = diag(h))~'T(U?, e) and it is sufficient to show:

"o

TU e)=A=1beR" | > b <1

Consider any b € 9.4, i.e., b € R’} such that

6
2.0 =1
j=1

Set

6 1
30 T
Aj —bj Xj —bj .

Then,
n
rxj=bj.e'A=1>x" =1,
j=1

which implies b € T (U?, e). Since both A and T (U?, e) are down-monotone,
ACTWU, e).
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Conversely, consider the following problem:

=

n

0

o T 0

max E Aix;)o+rl e A =1, x: <1.

Ax>0 | “ 1( / ]) J =
i

=1

From Holder’s Inequality, we have

n
Z(k./x/')f’% < (eTA)7e . >« <1

i=1 j=1
Therefore, for any b € T (U, e), we have

o0

o<t

j=1

which implies b € A. Therefore, T (%, e) C A.
2. Similarly, it is sufficient to show

conv(TU’ . e)) =B:= {beR} | > bj <1
j=1

From (8.1), we see that e; € TU?, e). For any b € 9B, by taking A = b as the
convex multiplier, we have

n
b= ijej.
j=1

Therefore, 38 € conv(T (Y, e)). Since both B and conv(T U’ e)) are down-
monotone, we have B € conv(T (U, e)).
Conversely, consider the following problem:

n 0 n

max { e’ b Zb!*“ <1t = max Za.T
b>0 J a>0 J
= j=I = 1=

Note that

1460
[3

f@ =2 %
j=1
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is a convex function. Therefore,

1 150
z a;’ <ela)y7 <1.
j=1

Therefore, for any b € T(Z/{e,e), we have b € B. Since B is convex,
conv(T U?, e)) € B.

3. From (8.1) and (8.2), we see that 1h e conv(T U?, h)), but Lk ¢ TWU, h).
Therefore, T (U?, h) is non-convex for all & > 0.

4. Now, we compute K(UB, h). Recall that

kU’ k) = min{a | conv(T U, h)) C «TU’, h)}
= min{e | éconv(T(Z/lg, h) < TU, h)).

From (8.2) and scaling, we can observe that it is equivalent to find the largest «
such that the hyperplane

bj
beR" Z; =
j=1

intersects with the positive boundary of 7, h). Therefore, we formulate the
following problem:

b; b;
kU, h))™ = min > Lyt =1
=miny > a;" | > a;=1

By solving KKT conditions for the convex problem above, the optimal solution is
a=1.¢ Therefore, we have

K(Ue, h)y=@n- n_T)_1 = né.

O
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9 Appendix 4: Proofs of Lemmas 7 and 8

Proof of Lemma 7 We can write the dual of the inner problem of (4.12):

zi\%h’d) = min {hTot ‘ BTa > d}
(B.h.d)eldB-1-d qeR"}
o o

- min {7 (3) ] 2B (3) zd.n"a =3}
(B,h)eUB deldd aeR" ). A A

= min {At| Ab > d},
(b,t)eT UB! &), deld? 1

where the second equality holds because U84 = UB" x 144, O

Proof of Lemma 8 Suppose
UPd = conv((By, hi.dy)..., Bk, hg.dg))

where (Bj,hj,d;),j = 1,...,K are the extreme points of UB"d We can
rewrite (4.13) as follows.

B,h,d .
s =max{z|Bjy<hj.z—dly<0,Vj=1... K yeRl}

By writing the dual problem, we have:

j=1 Jj=1

K
(B,h,d) _ : T T Tp__
ZRop | = min E hjaj E Bjo; > E Bidj, e B=1
j=1

a;eR” BeRK

Note that U84 = (4B x 14?, d can be chosen regardless of B and h. Denote
0; = thotj, A = eT0. Note that if a; = 0 for some j € [K], we can remove the

term hl o j and BT« j from the problem. Therefore, we can assume without loss of
generality that @ > 0 and A > 0. Therefore,

K K
0, o ‘ o
(B,h,d) __ : J T J J pT J
IR = mlp AE —hj - AE —Bj e >d
>0, A 0; A 0;

(b, .i})eT UM ) deltd .

KG. K@'
_ ; z J 2 z Iy,
min )\ 7] A )\bjid
t

j=1 j=1
= min | Ab >d},
(b,t)eT UB-I &), deldd 1
where the second equality holds because el (‘;—’) =1,j=1,...,K.
J
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