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We consider a two-stage mixed integer stochastic optimization problem and show that a static robust solution is
a good approximation to the fully-adaptable two-stage solution for the stochastic problem under fairly general
assumptions on the uncertainty set and the probability distribution. In particular, we show that if the right
hand side of the constraints is uncertain and belongs to a symmetric uncertainty set (such as hypercube, ellipsoid
or norm-ball) and the probability measure is also symmetric, then the cost of the optimal fixed solution to the
corresponding robust problem is at most twice the optimal expected cost of the two-stage stochastic problem.
Furthermore, we show that the bound is tight for symmetric uncertainty sets and can be arbitrarily large if the
uncertainty set is not symmetric. We refer to the ratio of the optimal cost of the robust problem and the optimal
cost of the two-stage stochastic problem as the stochasticity gap. We also extend the bound on the stochasticity
gap for another class of uncertainty sets referred to as positive.

If both the objective coefficients and right hand side are uncertain, we show that the stochasticity gap can be
arbitrarily large even if the uncertainty set and the probability measure are both symmetric. However, we prove
that the adaptability gap (ratio of optimal cost of the robust problem and the optimal cost of a two-stage fully-
adaptable problem) is at most four even if both the objective coefficients and the right hand side of the constraints
are uncertain and belong to a symmetric uncertainty set. The bound holds for the class of positive uncertainty
sets as well. Moreover, if the uncertainty set is a hypercube (special case of a symmetric set), the adaptability
gap is one under an even more general model of uncertainty where the constraint coefficients are also uncertain.
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1. Introduction. In most real world problems, several parameters are uncertain at the optimization
phase and a solution obtained through a deterministic optimization approach might be sensitive to even
slight perturbations in the problem parameters, possibly rendering it highly suboptimal or infeasible.
Stochastic optimization that was introduced as early as Dantzig [I0] has been extensively studied in the
literature to address uncertainty. A stochastic optimization approach assumes a probability distribution
over the uncertain parameters and tries to compute a (two-stage or a multi-stage) solution that opti-
mizes the expected value of the objective function. We refer the reader to several textbooks including
Infanger [I5], Kall and Wallace [16], Prékopa [I7], Birge and Louveaux [9], Shapiro [20], Shapiro et
al. [2I] and the references therein for a comprehensive view of stochastic optimization. While a stochastic
optimization approach addresses the issue of uncertain parameters, it is by and large computationally
intractable. Shapiro and Nemirovski [22] give hardness results for two-stage and multistage stochas-
tic optimization problems where they show that multi-stage stochastic optimization is computationally
intractable even if approximate solutions are desired. Furthermore, to solve a two-stage stochastic opti-
mization problem, Shapiro and Nemirovski [22] present an approximate sampling based algorithm where
a sufficiently large number of scenarios (depending on the variance of the objective function and the de-
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sired accuracy level) are sampled from the assumed distribution and the solution to the resulting sampled
problem is argued to provide an approximate solution to the original problem.

More recently, a robust optimization approach has been introduced to address the problem of optimiza-
tion under uncertainty and has been studied extensively (see Ben-Tal and Nemirovski [3], Bertsimas and
Sim [7], Bertsimas and Sim [§]). In a robust optimization approach, the uncertain parameters are assumed
to belong to some uncertainty set and the goal is to construct a solution such that the objective value in
the worst-case realization of the parameters in the uncertainty set is minimized. A robust optimization
approach constructs a single solution that is feasible for all possible realizations of the parameters in
the assumed uncertainty set. Therefore, it is a significantly more tractable approach computationally as
compared to a stochastic optimization approach. However, it is possible that since a robust optimization
approach tries to optimize over the worst-case scenario, it may produce conservative solutions. We point
the reader to the survey by Bertsimas et al. [4] and the references therein for an extensive review of the
literature in robust optimization.

To address this drawback of robust optimization, an adaptive optimization approach has been consid-
ered where the recourse solution can be adjusted according to the realization of the uncertain parameters
where the objective is to minimize the worst-case cost. However, the adaptive problem is intractable in
general and approximate adaptive optimization approaches have been considered in the literature where
a simpler functional forms (such as an affine policy or linear decision rules) are considered to approxi-
mate the optimal decisions. The functional form allows to succinctly represent the solution in each stage
for every realization of the uncertain parameters, albeit the loss in optimality. This approach was first
considered in Rockafellar and Wets [19] in the context of stochastic optimization and then in robust
optimization Ben-Tal et al. [2] and extended to linear systems theory Ben-Tal et al. [I]. In a recent
paper, Bertsimas et al. [6] consider a one-dimensional, box-constrained multi-stage robust optimization
problem and show that an affine policy is optimal in this setting. However, in general an affine policy does
not necessarily provide a good approximation to the adaptive problem [5]. Moreover, the computation
complexity of solving an adaptive optimization problem is significantly higher.

In this paper, we show that under a fairly general model of uncertainty for a two-stage mixed integer
optimization problem, a robust optimization approach is a good approximation to solving the correspond-
ing stochastic optimization problem optimally. In other words, the worst-case cost of an optimal solution
to the robust two-stage mixed integer optimization problem is not much worse than the expected cost
of an optimal solution to the corresponding two-stage stochastic optimization problem when the right
hand side of the constraints is uncertain and belongs to a symmetric uncertainty set and the probability
distribution is also symmetric (we also extend our result under milder conditions). Furthermore, a robust
optimization problem can be solved efficiently (as compared to stochastic and adaptive) and thus, pro-
vides a computationally tractable approach to obtain good approximations to the two-stage stochastic
problem. We also show that a robust optimization approach is an arbitrarily bad approximation to the
two-stage stochastic optimization problem when both costs and right hand sides are uncertain. However,
we show that an optimal solution to the robust problem is a good approximation for a two-stage adaptive
optimization problem where the goal is to construct a fully-adaptable solution that minimizes the worst-
case cost, even when both costs and right hand sides are uncertain under fairly general assumptions on
the uncertainty set.

1.1 Models. We consider the following two-stage stochastic mixed integer optimization problem
HStoch(b):

ZStoch(b) = . y(g)lig’leQCTx =+ Eu [dTy(w)]

Az 4+ By(w) > b(w), Yw € Q
z e R 7z
y(LU) c R12—102 X Zl_f,

where A € R™*™ B € R™*"2 ¢ € R"',d € R'}”. Q denotes the set of scenarios and for any w € Q,b(w) €

R’ denotes the realization of the uncertain values of right hand side of the constraints b and y(w) denotes
the second-stage decision in scenario w. Let

Tp(22) = {b(w)| w € 2} C R,

(1.1)
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be the set of possible values of the uncertain parameters (or the uncertainty set) and p is a probability
measure over the set of scenarios Q. Also, E,[.] is the expectation with respect to the probability measure

.
The corresponding two-stage robust optimization problem, I1g.;(b) is as follows:
ZRrob(D) = min ¢’z + dy
Ty
Az + By > b(w), Yw € Q
T c Rilipl X Zﬁ—l

n2—p2 P2
y € RY X 772

Also, the two-stage adaptive optimization problem, IT 444, (D) is formulated as follows:

: T T
ZAdapt(b) - w,y(o.Izl)l,HvlcuEQC T glggl( <d y(w))

Az + By(w) > b(w), Yw € Q
x e RV x 78

y(w) € R x 712,

(1.3)

We would like to note that the problem IT4g4qp:(b) is intractable even when there are no integer decision
variables. In fact, Feige et al. [I2] show that it is hard to approximate I 444, (b) within a factor better than
O(logm) even when there are no integer decision variables, i.e., p; = ps = 0, unless NP C TIME(20(vV™)
where n is the input size of the problem. Note that we parameterize the problem names with the
parameter b that denotes that the right hand side of the constraints is uncertain. We also extend our
uncertainty to include cost uncertainty parametrized as (b,d). The two-stage stochastic optimization
problem, Ig;ocn (b, d) under the new model of uncertainty is as follows:

zsoan(bd) = min  cTe+ By [dw)y(w)]

Az + By(w) > b(w), Yw € Q
z e RPPP 7z
y(w) € R x 712,
where A € R™*"™ B € R™*"2 ¢ € R}'. Q denotes the set of scenarios, where,
Zib,a)(Q) = {(b(w),d(w))| w € 2} C R,

is the uncertainty set and for any w € Q,b(w) € R} and d(w) € R’ are realizations of the uncertain
values of right hand side, b, and the second-stage cost vector, d, in scenario w and p is a probability
measure over the set of scenarios (2.

The corresponding two-stage robust optimization problem, Iz (b, d) is as follows:
. T T
Zrob(b, d) = 121;1 c x4 max (d(w) y)

Az + By > b(w), Yw e Q

(1.5)
r e RPPP x 7z
y € R x 7272,
and the two-stage adaptive optimization problem, IT 444t (D, d) is formulated as follows:
ZAdapt (b, d) = x7y(L£I)171£/1WEQch + max (d(w)Ty(w))
Az + By(w) > b(w), Yw € Q (1.6)

ni—p1 P1
r € Ry x 7
y(w) € RM27P2 5 772,

The models for the stochastic and the adaptive problems described above, include set covering formu-
lations considered in the recent work on approximation algorithms for two-stage stochastic and robust



4 Bertsimas and Goyal: On the Power of Robust Solutions
Mathematics of Operations Research xx(x), pp. xxx—xxx, (©200x INFORMS

combinatorial problems such as set cover, facility location and Steiner trees [14] [I8], 23] 13} 11]. For
instance, by setting A and B to be the element-set incidence matrix, we obtain a two-stage set covering
problem. We refer the reader to a survey by Shmoys and Swamy [24] on the recent results in approxima-
tion algorithms for stochastic combinatorial problems. Our model is more general than the set covering
model, as there are no restrictions on the coefficients of the constraint matrices. For instance, we can
also model constraints of the form: y(w) < 6 - x that arise in network design problems. This can be
done by setting A =60 -1, B = —I, and b = 0, where I refers to an identity matrix of an appropriate
dimension. While the above models are quite general, we would like to note that the assumed non-
negativity of the right hand side of the constraints prevents us from modeling packing constraints such
as Z?;l z; < 1. Moreover, the assumed non-negativity of the objective coefficients does not allow us to
model maximization problems.

Let us also introduce the following definitions before formally describing our contributions.

DEFINITION 1.1 A set H C R" is a hypercube, if there exist I; < u; for alli=1,...,n, such that,
H:{$€Rn|li <z; < uy, Vi=1,...,n}.

DEFINITION 1.2 A set P C R"™ is symmetric, if there exists some ug € P, such that, for any z € R™,

(up+2) € P& (ug—2) € P. (1.7)

Note that (1.7) is equivalent to: x € P < (2u’ — x) € P. A hypercube is a special case of a symmetric
set. An ellipsoid, £(u, D), where u € R™ and D € R™*™ is a positive semidefinite matrix, and,

E(u, D) = {u+ DV?v | u,v e R, vTv <1},

is also an example of a symmetric set that is a commonly used uncertainty set. Another commonly used
uncertainty set that is symmetric is a norm-ball B(xg,r) where o € R™ and r € R, and,

B(zo,r) = {z € R" | [l — xol| <1},

where || - || denotes some norm (for instance, the euclidean norm). Since most commonly used uncertainty
sets are symmetric, our assumption of symmetry on the uncertainty set is not very restrictive. Never-
theless, there are natural uncertainty sets that do not satisfy the assumption of symmetry, such as the
following fractional knapsack polytope:

P={zel01]" |Y z;<ky,. (1.8)
j=1

We show that P is not symmetric even for n = 2 and k = 1 (see Lemma . However, P is a natural
uncertainty set that occurs in many settings (for instance, in modeling k-fault tolerance). Therefore,
it would be useful to prove a bound for such uncertainty sets as well. This motivates us to define the
following class of convex sets.

DEFINITION 1.3 A convex set P C R} is positive, if there exists a convexr symmetric set S C R’} such
that P C S and the point of symmetry of S is contained in P.

For example, the convex set P in ([1.8)) is positive for & > n/2. It is contained in a unit hypercube (a

symmetric set in the non-negative orthant) and the point of symmetry of the unit hypercube, % -e, where

e is the vector of all ones, belongs to P when k > n/2 (see Figure . More generally, any polytope in
1

the unit hypercube that contains 3 - e is positive. Another example is the fractional node cover polytope,

Q, of an undirected graph G = (V, E) where |V| = n, and,
Q:{IE [07”71 |Ii+l‘j >1, V(Z,j) GE}.
Furthermore, any convex set in the non-negative orthant that is sufficiently away from the origin is

positive. Let us also define a symmetric probability measure on a symmetric set.

DEFINITION 1.4 A probability measure . on a symmetric set P C R", where u9 is the point of symmetry
of P, is symmetric, if for any S C P, u(S) = u(S) where S = {(2u® — z) | x € S}.

As an example, the uniform probability measure over any symmetric set P C R™ is symmetric.
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Figure 1: (a) P = {x € R} | 21 + ... + z, < n/2} is not symmetric. (b) However, P is positive as the
unit hypercube H = [0, 1] contains P and its point of symmetry, (1/2,...,1/2) belongs to P.

1.2 Our Contributions. In this paper, we compare the optimal cost of the robust problem I1g,(b)
to the optimal costs of problems g;cn (b) and IT 444, (b). We refer to the ratio of zgep(b) and zsieen (b) (as
well as the ratio of zroy (b, d) and zgiocn (b, d)) as the stochasticity gap and the ratio of zrop(b) and zagap: (b)
(as well as the ratio of zrey (b, d) and zaqap:(b, d)) as the adaptability gap. Recall that zrey(b), zstocn (b) and
ZAdapt (b) are the optimal costs of II gy (b), ILsiocn (b) and ITagqp: (b) respectively and zgrob (b, d), Zstoch (b, d)
and zAdqpt (b, d) are the optimal costs of I gy (b, d), ILsiocn (b, d) and I 444 (D, d) respectively.

Stochasticity Gap. We show that the stochasticity gap is at most 2 if the uncertainty set is symmetric
(see Definition as well as the probability distribution over the uncertainty set is symmetric (we
further extend to other milder conditions on the probability distribution) and there are no integer decision
variables in the second stage, i.e, po = 0 in IIgspen(b). This implies that the cost of an optimal fixed
solution z* € R} x ZB' y* € R1? for IRy (D) is at most twice the expected cost of an optimal
two-stage solution to Igtoer (b) and thus, the solution a*,y(w) = y* for all scenarios w €  is a good
approximate solution for the problem, Igsoer(b). Moreover, if we use the solution z* as the first stage
solution for Igspen (b) and an optimal second-stage solution, y(b), given the first stage solution is z*, then
we can show that the expected cost is at most the cost of the static solution (and in many cases strictly
better). For all w € Q, let

f(@*,w) = min {dTy | By > b(w) — Az™, y > 0}.

Since y* is a feasible second stage solution for all w € € given that the first stage solution is z*, f(z*,w) <
dTy*. Let fstoeh(z*) be the optimal expected cost when the first stage solution is 2*. Therefore,

fStoch(x*) = CTZ'* + E;L [f(:v*,w)] S CTx* + dTy* = ZRob(b) S 2- ZStoch(b)7
where the second inequality follows as f(z*,w) < d?y* for all w € Q.

Furthermore, an optimal solution to ITg.,(b) can be computed by solving a single mixed integer op-
timization problem and does not even require any knowledge of the probability distribution g, although
the solution is a good approximation to the stochastic problem only if p is symmetric. This provides a
good computationally tractable approximation to the stochastic optimization problem that is intractable
in general. Our results hold under the assumptions of symmetry and non-negativity on the uncertainty
set. Note that most commonly used uncertainty sets, such as hypercubes (specifying an interval of val-
ues for each uncertain parameter), ellipsoids and norm-balls satisfy these assumptions. The bound on
the stochasticity gap holds if the uncertainty set is convex and positive and the probability distribution
satisfies a technical condition similar to symmetry. Therefore, we show a surprising approximate equiv-
alence between two-stage robust optimization and two-stage stochastic optimization. The bound on the
stochasticity gap is tight for symmetric uncertainty sets and it can be arbitrarily large if the uncertainty
set is not symmetric. Therefore, our results give a nice characterization of when a robust solution is a
bounded approximation to the stochastic optimization problem with only the right hand side uncertainty
and no integer second-stage decision variables. However, for the model with both cost and right hand
side uncertainty (problems IIgioen (b, d) and g (b, d)), we show that the stochasticity gap (i.e., the
ratio of zgep(b, d) and zgteen (b, d)) can be arbitrarily large even when there are no second-stage integer
decision variables and the uncertainty set as well as the probability distribution are symmetric. In fact,
the stochasticity gap is large when only the objective coefficients are uncertain and the right hand side
is deterministic.
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Adaptability Gap. We show that the adaptability gap (2rob(0)/2adapt (b)) is at most two if the uncer-
tainty Z, () is symmetric. The bound of two on the adaptability gap holds even if some of the second-stage
decision variables are integers in problems IT 444,¢(b) and correspondingly Iz, (b) unlike the bound on the
stochasticity gap which holds only if all the second-stage decision variables are continuous. In fact, the
adaptability gap is bounded for problems I (b, d) and ILagept (b, d) where the formulation also models
cost uncertainty along with the right hand side uncertainty unlike the stochasticity gap. Our main results
on the adaptability gap are the following;:

(i)

(if)
(iii)

If the uncertainty set Z(; 4y(£2) is a hypercube (which is a special case of a symmetric uncertainty
set), then the adaptability gap is one, i.e., 2rop(b, d) = Zadapt (b, d). This implies, that there is a
single solution (z,y),z € R} x ZE'  y € R'?7P? x Z1? which is feasible for all scenarios w €
and the worst-case cost of this solution is exactly equal to the optimal fully-adaptable solution.
In fact, we prove this result for an even more general model of uncertainty where we also allow
the constraint coefficients to be uncertain. We would like to note that unlike the adaptability
gap, the stochasticity gap is two even if the uncertainty set Z;(€2) is a hypercube and the bound
is tight in this case as well.

For any symmetric uncertainty set Z, 4)(€2), we show that zrey(b, d) < 4 - zadapt (b, d).

We also extend the bound on the adaptability gap for positive uncertainty sets, i.e., zrob(b, d) <
4 - ZAdapt (b, d) if Ly qy(Q?) is positive and convex. The bound on the adaptability gap for the
case of positive uncertainty sets formalizes the following intuition: the relative change in the
optimal cost of a two-stage problem with linear cost function depends on the relative change in
the problem parameters and not on the absolute change. If the uncertainty set is positive, all the
uncertain parameters are sufficiently far from zero and thus, the relative change in their values
can be bounded, a fact that allows us to bound the adaptability gap.

For a general convex uncertainty set (neither symmetric nor positive), we show that the adapt-
ability gap can be arbitrarily large. In particular, we construct a convex uncertainty set that is
neither symmetric nor positive and zgop(b, d) > m - Zadapt (b, d). This shows that our results give
an almost tight characterization of the uncertainty sets where the adaptability gap is bounded.

Our results on the stochasticity gap and the adaptability gap for the model where only the right hand
side is uncertain are summarized in Table [Tl

Uncertainty Set, Z,(Q) | Stochasticity Gap (;;:j}fl(’}))) ,p2 = O) Adaptability Gap (%)
Hypercube 2% 1*
Symmetric 2% 2%
Convex, Positive 2 2
Convex Q(m) Q(m)

Table 1: Stochasticity Gap and Adaptability Gap for different uncertainty sets for the model with un-
certain right hand sides. We assume Z;((2) lies in the non-negative orthant, objective coefficients ¢, d > 0
and z,y(w) > 0. Here * denotes that the bound is tight.

Table [2| summarizes our results when both right hand side and objective coefficients are uncertain.

Uncertainty Set, Z(;, 4)(€2) | Stochasticity Gap <%) Adaptability Ga (%)
Hypercube Q(n2) 1*
Symmetric Q(ng) 4
Convex, Positive Q(n2) 4
Convex Q(max{m,na}) Q(m)

Table 2: Stochasticity and Adaptability Gap for the model with both right hand side and costs uncertain.
Here * denotes that the bound is tight.

Outline. In Section [2] we present the bound on the stochasticity gap under symmetric uncertainty sets
when only the right hand side is uncertain. We present examples that show that the bound is tight for
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this case and also that the bound can be arbitrarily large for general non-symmetric uncertainty sets in
Sections and [2.3| and in Section we prove the bound on the stochasticity gap for positive sets. In
Section |3] we show that the stochasticity gap can be arbitrarily large when the objective coefficients are
uncertain even when the uncertainty set and the probability distribution are both symmetric and there
are no integer decision variables.

In Section [l we present our results on the adaptability gap under positive uncertainty sets in the
model where only the right hand side is uncertain. We also present a tight example that shows that the
bound on the adaptability gap is tight for a symmetric uncertainty set when only the right hand side of
the constraints is uncertain and an example that shows that the adaptability gap can be arbitrarily large
if the uncertainty set is not symmetric. In Section [§] we prove the bound on the adaptability gap for
the model where both cost and right hand side are uncertain. The special case of hypercube uncertainty
is presented in Section where we show that the adaptability gap is one when the uncertainty set
is a hypercube even for a more general model where even the constraint coefficients are allowed to be
uncertain.

2. Stochasticity Gap under Right Hand Side Uncertainty. In this section, we consider the
robust and stochastic problems: ITgop(b) (cf. (L.2)) and ILgsoen(b) (cf. (I.I)) where the right hand side
of the constraints is uncertain. We show that the worst-case cost of the optimal solution of IIg.,(b) is at
most two times the expected cost of an optimal solution of Igeen (b) if the uncertainty set is symmetric.
We also show that the bound is tight for symmetric uncertainty sets and the stochasticity gap can be
arbitrarily large if the uncertainty set is not symmetric. We further extend the bound on the stochasticity
gap for the case of positive uncertainty sets.

2.1 Symmetric Uncertainty Sets. In this section, we prove that under fairly general conditions,
the stochasticity gap: zrob(b)/zstoch(b) for the two-stage stochastic problem Ilg¢op, (b) and robust problem
I Rou(b), is at most two for symmetric uncertainty sets. In particular, we prove the following main theorem.

THEOREM 2.1 Let zgtocn(b) be the optimal expected cost of Usiocn(b), and zrop(b) be the optimal worst-
case cost of the corresponding problem gy (b) where there are no integer decision variables in the second-
stage, i.e., po = 0 and the uncertainty set, T,(S2), is symmetric. Let w° denote the scenario such that
b(wP) is the point of symmetry of Tp(2) and the probability measure u on the set of scenarios §) satisfies
that,

E,[b(w)] > b(w"). (2.1)
Then,

ZRob(D) < 2+ 2510cn (D).

Recall that E,[-] denotes the expectation with respect to 1 which is a probability measure on the set of
scenarios €. Since the uncertainty set Z,(2) is assumed to be symmetric, there exists a point of symmetry,
b° € T,(Q2). The scenario where the realization of the uncertain right hand side is b°, is referred to as w?,
and b(w") = b°. We require that the expected value of the uncertain right hand side vector with respect
to the probability measure y is at least b(w?), i.e.,

E,[bj(w)] > bj(w?), j=1,...,m.
For instance, consider the following hypercube uncertainty set:
() ={beR}[0<b; <1, j=1,...,m}.

and each component, b;, j = 1,...,m takes value uniformly at random between 0 and 1 independent of
other components. The point of symmetry of the uncertainty set is b? =1/2forall j=1,...,m and it is
easy to verify that E,[b(w)] = b°. In fact, is satisfied for any symmetric probability measure p (see
Definition on a symmetric uncertainty set as we show in the following lemma.

LEMMA 2.1 Let u be a symmetric probability measure on the symmetric set S C R™ where u® € R™ is the
point of symmetry of S. Let x be a random vector drawn from S with respect to the measure p. Then,

E,[z] = u°.
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PROOF. We can write the expectation as follows:

E,lz] = /esx du
-/ (24 — ) dp (2.2)
(2ul—y)es
/ (2u® — ) du (2.3)
yeSs

= / 2u® dp — / ydu
yeS yeS

= 2 —/ ydu
yeSs

= 2u° - E,[], (2.4)

where (2.2 follows from a change of variables, setting y = 2u® — 2. Equation (2.3)) follows from the
symmetry of S and p. From (2.4)), we have that E,[z] = u°. O

For a symmetric uncertainty set, the symmetry of the probability measure is natural in most practical
settings and thus, which is a weaker condition than the symmetry of 1 is not a restrictive assumption.
We also generalize the bound on the stochasticity gap to the case where the probability measure does
not satisfy but satisfies a weaker assumption (see Theorem .

Before proving Theorem [2.1] we show an interesting geometric property for symmetric sets. Consider

any symmetric set S C R™. For each j =1,...,n, let
h
zj = max g, (2.5)
/ .
. = i 2.6

Consider the following hypercube H,

H={zeR"|af<z;<alj=1,...n} (2.7)

LEMMA 2.2 For any hypercube H' C R™,
SCH' = HCH'
Therefore, H is the smallest hypercube such that S C H.
PrOOF. Let H = {z € R" | p; < x; < g;} such that S C H'. Consider z € H. Suppose z ¢ H'.
Therefore, there exists j € {1,2,...,n} such that,
Tj > g5, Or Tj; < pj.
We know that xf <z; < x;‘ Suppose x; > g; (the other case is similar). Therefore, ¢; < x;‘ Consider
B € argmax{z; | z € S}.

We know that §8; = x;‘ > ¢;. Thus, § ¢ H' which is a contradiction. O

LEMMA 2.3 Let 2° denote the center of hypercube H defined in [.7)), i.e., for all j =1,...,n,

0 J J
€T, = S
J 2

Then z0 is the point of symmetry of S. Furthermore, x < 2-x° for all x € S.

PROOF. Suppose the point of symmetry of S is u® € S. Therefore, (u® — 2) € S = (u® + 2) € S for
any z € R". We prove that «® = 2°. For all j = 1,...,n, let
ol € argmin{z; |z € S},

, (2.8)
B € argmax{z; |z € S}.
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2 |

=0
Q

|
’ 1
7t =al =0 T

Figure 2: A symmetric set S with point of symmetry u°, and the bounding hypercube H. Here z‘ and
x" are as defined in (2.5) and (2.6) and o', a?, 3'3? as defined in (2.8).

Note that ag = x? and ﬁg = x? (cf. (12.5)-(2.6)), see Figure . For any j € {1,...,m}, 37 = u® + 27 for
some 2/ € R™. Therefore, u® — 27 € S and,

00 i 0 0., i 0 pi R R 0
mjSuj*Zj:2Uj*(uj+zj):2ujfﬂj:2uj—zj:> ) < u;
Also, o/ = u® — ¢/ for some 3/ € R™ which implies (u” + y7) € S and,
‘ h
h 0., .4 _9,0 0_ ., Jy_o,0 i_ 0,0 & j Tty 0
xjzuj+yj—Zuj—(uj—yj)—Quj—aj—Zuj—xjﬁ 5 > ;.
Therefore,
¢ h
x:+x
it 0 0
2 —UJ_Z'], vj: ) » 1,

which implies that ¥ is the point of symmetry of S. Consider any z € S. Forall j =1,...,n,
z; <l < (af +af) <2-af,

where the second last inequality follows from the fact that x? > 0as S C R7}. Therefore, z < 229 for all
reS. O

PrROOF OF THEOREM . Consider an optimal solution z* € R™ Pt x ZF' y*(w) € RY? for all
w € Q for Hgtpen(b). Therefore,

A(22%) + B(2y* ("))

2(Az* + By* (W)

20(w?) (2.9
b(w), Yw € Q, (2.10
where (2.9)) follows from the fact that (z*,y*(w")) is a feasible solution for scenario w?. Inequality ([2.10))

follows as b(w?) is the point of symmetry of Z,(2) and b(w) < 2b(w°) for all b(w) € Z,(£) from Lemma
Thus, (2z*,2y*(w)) is a feasible solution for Iz, (b), and,

zrov(b) < ¢ (22%) +d" (25" (W°) =2 ("z* + dTy* (W) . (2.11)

— —

>
>

We know that,
Ax* 4+ By*(w) > b(w), Yw € Q.

If we take the expectation of the above inequality with respect to the probability measure p, we have,
E, [Az" + By (@)] > E, [b(w)] > b(u).
Therefore, by the linearity of expectation,
E, [A2*] + E, [By*(w)] = Az” + BE, [y"(w)] > b(w°).

0. as there are no integer decision variables in

Therefore, E, [y*(w)] is a feasible solution for scenario w
the second stage (p2 = 0). Thus,

d'y* (") < d"E, [y* (W) (2.12)
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as y*(w) is an optimal solution for scenario w®. Also,

Zstoch(b) = cla*+ E, [dTy*(w)]
= 2" +d"E, [y* (w)] (2.13)
> o +dhyr (W) (2.14)
> o), (2.15)

where (2.13) follows from the linearity of expectation and (2.14) follows from (2.12)). Inequality (2.15))
follows from ([2.11)). O

Note that while the stochasticity gap is bounded when there are some integer decision variables in the
first stage, our bound does not hold in general if there are binary decision variables in the model instead of
integer decision variables since we construct a feasible solution to IIg.,(b) by scaling the feasible solution
for scenario w® by a factor of two. We require the symmetry of the uncertainty set in proving that the
scaled solution (2z*,2y*(w®)) corresponding to the scenario w?, is feasible for I, (b) and the condition
on the probability measure yu is required to prove that the cost of the fixed solution (2z*,2y*(w%)) is
not much worse than the optimal expected cost of Igsoen(b). As noted earlier, the assumptions on the
uncertainty set and the probability measure are not very restrictive and hold in many natural settings.
Furthermore, the bound on the stochasticity gap generalizes even if the Condition 2.1 on the probability
measure does not hold, although the bound might be worse. In particular, we prove the following theorem
that is a generalization of Theorem

THEOREM 2.2 Consider the problems giocn (b) and Il gop(b) such that there are no integer decision vari-
ables in the second-stage, i.e., po = 0 and the uncertainty set, I,(S)), is symmetric. Let w° denote the
scenario such that b(w°) is the point of symmetry of Tp(2) and suppose for some § > 0, & -b(w?) € T, ()
and the probability measure p on the set of scenarios 1 satisfies that,

E,[b(w)] = 6 b(w’). (216)
Then,
ZRob(b) < ’72—‘ 'ZStoch(b)~

PROOF. Let & denote the scenario such that b(0) = & - b(w®). Consider an optimal solution z* €
R™M =P x ZBY y* (w) € RY? for all w € Q for Hgyoen (b). We first show that the solution [2] - (z*,y*(@))
is a feasible solution for Iz (b).

m (A" By @) > 2 (A4 By(@)
2
> 5 b(@) (2.17)
- g.a.b(wo) (2.18)
= 2-bw)
> b(w), Vw e Q, (2.19)

where follows from the feasibility of (z*,y*(@)) for scenario @ and follows as b(@) = & - b(w®)
by definition. Inequality follows from the fact that b(w®) is the point of symmetry of Z,(Q) and
from Lemma [2.3} b(w) < 2b(w) for all w € Q. Note that we scale the solution (z*,y*(w®)) by a factor of
[2/d] instead of only 2/6 to preserve the feasibility of integer decision variables in the first stage. Now,

Zrob(b) < [ﬂ Tz 4+ dTyr(@)). (2.20)

Using an argument similar to the proof of Theorem [2.1} we can show that E,, [y*(w)] is a feasible solution
for scenario @ which implies that,

d'y" (@) < d"Ey [y ()], (2.21)



Bertsimas and Goyal: On the Power of Robust Solutions 11
Mathematics of Operations Research xx(x), pp. xxx—xxx, (©200x INFORMS

as y* (@) is an optimal solution for scenario ©. Now,
zstocn(b) = 2" +E, [dTy*(w)]
= T+ d"E, [y ()]
> a4+ d"yr (@), (2.22)

where ([2.22)) follows from (2.21]) and the bound,
2
ZRob(b) S ’75—‘ . ZStoch(b)a

follows from ([2.20)). O

The bound of two on the stochasticity gap can be further improved if 0 ¢ Z,(Q). Let b, b" € R7* be
such that for all j =1,...,m,

bi = min b;, b = b;. 2.23
5= in, by, by = max b, (2.23)

If o' > p-b" for some 0 < p < 1, we can improve the bound on the stochasticity gap in Theorem as:
b4 b pbh 4 b b
b(w’) = > =(1 C=
W) ="2E s T 14y L
Therefore, if we scale the optimal solution of Isseer(b) for scenario w® by a factor [2/(1 + p)] (instead
of scaling by a factor 2), we obtain a feasible solution for IIg.(b), since:

2 2

= | . (Az* Bu* 0 > 2. 0

| e @) 2 )
2 b4t
14y 2

h

- 2 - (1+p)
- 14p 2
=

> b(w), Vw e Q.
Combining with the result of Theorem we have the following theorem.

THEOREM 2.3 Consider the problems I gioen(b), and I gop(b) where there are no integer decision variables
in the second-stage, i.e., po = 0 and the uncertainty set, Ip(Q2), is symmetric. Let w° denote the scenario
such that b(w) is the point of symmetry of Iy(Q)) and suppose for some § > 0, § - b(w®) € T(Q) and the
probability measure p on the set of scenarios 0 satisfies Condition . Let b, b" € R’ be as defined
mn and suppose b > p - b" for some p > 0. Then

cro0) < | 5 | 2stun (0

Note that the condition that b' > pb" is trivially satisfied for p = 0 as Z,,(Q) C R’ and b! > 0. For p =0,
we get back the bound of Theorem

In Theorems and we prove that an optimal solution to the robust problem IIg.,(b) is
a good approximation for the two-stage stochastic problem Igtoen(b). We next show that an optimal
solution to ITgep(b) can be computed by solving a single mixed integer optimization problem whose size
does not depend on the uncertainty set or the number of worst-case scenarios. In particular, we prove
the following theorem.

THEOREM 2.4 Let b € R?" be such that, for each j =1,...,m,

b = b (w).
T bw)enn(@) ()

Then the optimal solution to rep(b) can be obtained by solving the following mized integer problem, I1:
2(II) = min ¢’z +d"y
Az + By > b,
r e RP™Px7ZB
y € Rz
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ProOF. Consider an optimal solution (&, %) to II. Clearly, (Z, ) is a feasible solution to IIg.(b) as,
Az 4 Bj > b" > b(w), Yw € Q.
Therefore, zrop(b) < z(II).

Now, consider an optimal solution (x*,y*) to Ire,(b). We show that it is a feasible solution to II.
Suppose not. Therefore, there exists j € {1,...,m} such that,
(Az* 4+ By"); < b?.
Let, _
B € argmax{b;(w) | b(w) € T,(NQ)}.
Therefore, ) )
Ax* + By* > 7 = (Az* + By*); > ) =),
since 37 is a possible realization of the uncertain right hand side and Bg = b;-L (by definition) which is a
contradiction. Therefore, z(IT) < zgrep(b). O

Note that the problem II has only m constraints and (nq + ng) decision variables and thus, the size of
IT does not depend on the number of scenarios. Therefore, a good approximate solution to Igteen (b) can
be computed by solving a single deterministic mixed integer optimization problem whose size does not
depend on the uncertainty set and even without the knowledge of the probability distribution, as long as

it satisfies ([2.1) or (2.16) for example.

2.2 A Tight Stochasticity Gap Example for Symmetric Uncertainty Sets. Here, we present
an instance of gy, (b) and I gioen (b) where the uncertainty set Z,(€2) is symmetric, such that zgrep(b) =
225t0ch (D). Consider the following instance where ny =0,n2 =n,m=n,A=0,c=0,d=(1,...,1),B =
I, (here I,, denotes a n x m identity matrix). Let ) denote the set of uncertain scenarios and the
uncertainty set,

Ib(Q) :{bERilogb] < 1,j:1,...7n}.
Also, each b;,j =1,...,n takes a value uniformly at random between 0 and 1 and independent of other
components and the probability measure p is defined according to this distribution. Therefore,
1 1
B = Bl )] B = (515 )

Note that Z,(2) is a hypercube and thus, a symmetric set in the non-negative orthant with 8% =
(1/2,...,1/2) as the point of symmetry. Also, E,[b(w)] = b°. Therefore, the uncertainty set Z(f2),
and the probability measure p, satisfy the assumptions in Theorem [2.1]

THEOREM 2.5 For Ilgep(b) and Ugiock (b) defined above,
ZRob(b) = 2 - Zst0ch (D).
PrOOF. Consider any feasible solution (yi,...,yn) for Ilgep(b). For any (by,...,b,) € Zp(£2), we
require that y; > b; for all j = 1,...,n. We know that (1,...,1) € Z;(Q2). Therefore, y; > 1 for

all j = 1,...,n which implies that zg.(b) = n. Now, consider g (b) and consider the solution
J(w) = b(w). Clearly, the solution §(w) for all w €  is feasible. Therefore,

ZStoch (b) S ]E,u [dT?j(w)]

= D EubWw) (2.24)

= > % (2.25)

where (2.24)) follows from the fact that y(w) = b(w) for all w € Q. Also, from Theorem we have that
2Rrob(D) < 2+ 25t0en (D). Therefore, zrop(b) = 2 - zstocn (D). O
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2.3 A Large Stochasticity Gap Example for Non-Symmetric Sets. We show that if the
uncertainty set is not symmetric, then the stochasticity gap can be arbitrarily large. Consider the
following instance of IIrey(b) where ny =0, ng =m=n2>3,d=(0,...,0,1) e R}.

min d”y
Ly > b, Vb € T,(Q) (2.26)
y =0,

where I, is the n x n identity matrix. The corresponding instance for IIgsocp (b) is the following.
min E,, [d"y(b)]
Iy(b) > b, Vb € T,(Q) (2.27)
y =0,

where 2 denote the set of scenarios and the uncertainty set,
Q) ={be0,1]" [ Y b;<1b>0y. (2.28)
j=1

Also, p is the uniform probability measure on Z,(2), i.e., for any S C ,

volume({b(w) | w € §})

w(S) = volume(Z(£2))

THEOREM 2.6 For Igioen (b) and Mgy (b) defined above,

ZRob(b) Z (n + 1) : ZStoch(b)-
We first show that the uncertainty set Z,(2) is not symmetric.
LEMMA 2.4 The uncertainty set Zpy(Q) defined in (2.28) is not symmetric for n > 2.

PROOF. For the sake of contradiction, suppose Z,(£2) is symmetric and let u° denote the center of
Z,(2). Since 0 = (u® — u®) € Z,,(Q2), then (u® + u°) = 2u® € Z,(Q). Therefore,

,7=1,...,n.

N |

n
daf<1=uf <
=1

th

Let e; denote the 4t unit vector in R? where only the j*" coordinate is one and all others are zero. Now,

ei=u'+(e; —u’) €L(Q) =2l =u’ — (e —u’) €TH(Q) Vi=1,...,n.

C 01
If there exists j € {1,...,n} such that u; < 3, then

xézu?—(l—ug):2u2—1<0,

which is a contradiction. Therefore, u = 3 for all j = 1,...,n. Now, 2u® = (1,...,1) which is a
contradiction as 2u’ € Z,(Q) but (1,...,1) ¢ Z,(2). Therefore, Z,(Q) is not symmetric. O
PRrROOF OF THEOREM . Consider the robust problem IIgq(b):
zrop(b) = mindy
y

b(w),Vw € Q
0.

Iy
Y

v v

Since e; € Z(Q) for all j = 1,...,n, for any feasible solution y € R, I,y > e; for all j = 1,...,n.
Therefore, y; > 1 for all j =1,...,n which implies,

ZRob(b) > 1.
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Now, consider gtoen (b):
“stoen(b) = min B, [d"y(w)
Iny(w)
y(w)

Consider the solution §(w) = b(w) for all w € Q. Clearly, the solution g(w) is feasible, as I,,j(w) = b(w)
for all w € Q. Now,

b(w),Vw € Q

>
> 0.

ZStoch(b) S ]Ell [dT:g(w)]
= Eulin(w)]
= Efba(w) (2.29)
1 1—x; 1—(z14+z2+...+xpn_1)
/ / ... / Tpdr,de,_1...dx
x1=0 Jx2=0 x,=0
_ 2.30
volume(Z(£2)) (2:30)
1 11—z, 17(11+I2+...+In_1)
/ .. / Tndx,dr,—1 ...dx,
— x1=0 J x> z,=0 (2 31)
1 z1 1—(z1+w2+...+Tn_1) '
/ / / dr,dr,—1...dx
z1=0 =0
_ 1/(n+1)!
B 1/n!
_ 1
T on+1
where (2.29) follows as §(w) = b(w) for all w € €, and the integrals in the numerator and the denominator
of (2.31) follow from standard computation. Therefore, zgop(b) > (n+ 1) - 25t0cn (D). O

The example in Theorem shows that if the uncertainty set is not symmetric, then the optimal
cost of IIg,,(b) can be arbitrarily large as compared to the optimal expected cost of Igzeern (D). In fact,
this example also shows that the optimal cost of II444p¢(b) can be arbitrarily large as compared to the
optimal cost of Igseen (b). Consider the adaptive problem IT4qqp:(b) for the instance in Theorem and
consider the scenario w’ where b, (w’) =1 and bj(w') =0,j =1,...,n — 1. Let y*(w) for all w € Q be an
optimal solution for ITagap (b). Therefore, for scenario w’, I,y*(w') > b(w'). Thus,

Yn(W') = bp(w') = 1.
Therefore,
Zadapt(b) = maxd'y* (w) = d'y" (W) > 1,

which implies that zagept(b) > (n+1) - zs10cn (D). The large gap between the optimal values of Ig;ocn (b)
and ITagqp: (b) indicates that allowing a fully-adaptable solution is not the only reason for the large gap
between Igyocn (b) and gy (). Instead, the gap is large because the objective function is an expectation
in Mgy0cn (D) while it is the worst-case in both ITge,(b) and ITagep:(b).

2.4 Stochasticity Gap for Positive Uncertainty Sets. In this section, we prove a bound on the
stochasticity gap when the uncertainty set is not necessarily symmetric. In view of the large stochasticity
gap example for a non-symmetric uncertainty set, it is clear that we need additional restrictions on the
uncertainty set for the stochasticity gap to be bounded. We prove that the stochasticity gap is at most
2 if the uncertainty set is convex and positive but not necessarily symmetric. Recall that a convex set
P C R is positive if there is a convex symmetric S C R} such that P C S and the point of symmetry
of S belongs to P.

THEOREM 2.7 Consider the robust and stochastic problems: I rop(b) and gioen(b). Suppose the uncer-
tainty set, I,(Q2), is convex and positive. Let B C R be a symmetric uncertainty set containing Ty (£2)
such that the point of symmetry, b° of B is contained in Iy(2). If E,[b(w)] > b°, then,

ZRob(b) <2 ZStoch(b)-
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PRrROOF. Let w” be the scenario such that b(w”) = b°. Consider an optimal solution z*, y*(w), Vw € Q
to Mgtoch (b). Therefore,
Ax* 4+ By*(w) > b(w), Yw € Q.

Using an argument similar to the proof of Theorem [2.1} we can show that E,, [y*(w)] is a feasible solution
for scenario w® which implies that,

"y (W) < dTE, [y ()], (2.32)

as y*(w?) is an optimal solution for scenario w”. Also, we can show that the static solution: (2z*,2y*(w?))
is a feasible solution for Ilg,;(b) as:

A(2z*) 4+ B(2y* (w°)) > 2b(w°) > b(w), Yw € Q.
Hence,
zrb(D) < 2 (Tz* +d"y* ("))
2 (c"z* +d"E,ly* (w)]) (2.33)
= 2 ZStoch(b)v

where (2.33)) follows from ([2.32]). O

IN

3. Stochasticity Gap under Cost and Right Hand Side Uncertainty. In this section, we
show that the stochasticity gap can be arbitrarily large if we consider both cost and right hand side
uncertainty even if the uncertainty set and the probability distribution are both symmetric and there are
no integer decision variables. In fact, we construct an example with no right hand side uncertainty, no
integer decision variables and a single constraint such that the stochasticity gap is arbitrarily large.

THEOREM 3.1 Consider the following instances of giocn (b, d) and ey (b, d) where ny = 0,n9 = n,ps =
0,m=1andc=0A=0and B =[1,1,...,1] € R™". Let the uncertainty set L, 4)(Q) C R:L_H be
given by:
Zi,a)(Q2) = {(b(w),d(w)) | b(w) = 1,0 < dj(w) <1, Vj=1,...,n, Vwe Q},
and each d; 1is distributed uniformly at random between 0 and 1 and independent of other coefficients.
Then,
ZRob(b, d) > (n + 1) . 2:5,500}1(3)7 d).

PROOF. Note that the uncertainty set is a hypercube and thus, symmetric. Let w® denote the
scenario corresponding to the point of symmetry of the uncertainty set. Therefore, d(w®) = (1/2,...,1/2)
and b(w?) = 1. Also, E,[d(w)] = (1/2,...,1/2) = d(w”) and thus, the probability distribution also
satisfies . Consider an optimal solution § to IIgep (b, d). Therefore, (1 + ...+ §n) > 1, and,

2rop (b, d) = max(d(w))"y > (1,...,1)T§ > 1,

since there is a scenario w such that dj(w) =1 for all j = 1,...,n. On the other hand, we show that
zstoch(b,d) < 1/(n+ 1). Consider the following solution g(w) for all w €  for Mgspen (b, d) where for all
scenarios w € Q and j =1,...,n,

_ |1, ifdj(w) = min(dy (w), ..., dn(w)),
gj(w) = { 0, otherwise.

It is easy to observe that g(w) for all w €  is a feasible solution for IIgser (b, d). Therefore,

zstoen(byd) < Ey[(d(w))G(w)]
= E,[min(di(w),...,dn(w))] (3.1)
1

== .2
— (32)

where (3.1 follows from the construction of %(w) which implies (d(w))?§(w) = min(d; (w),...,d,(w))
for all w € Q. Inequality (3.2 follows from the computation of expected value of the minimum of n
independent random variables each uniformly random between 0 and 1. Therefore, zgop(b,d) > (n+ 1) -
ZS'toch(b7 d) O
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4. Adaptability Gap under Right Hand Side Uncertainty. In this section, we consider the
robust and adaptable problems: ITge;(b) (cf. (1.2)) and Iagap:(b) (cf. (1.3)) and show that the worst-
case cost of the optimal solution of Ig.,(b) is at most two times the worst-case cost of an optimal
adaptable solution of IT4g4.p¢(b) if the uncertainty set is positive. Since positive sets are a generalization
of symmetric sets, the result follows for symmetric sets as well. We also show that the bound is tight for
even symmetric uncertainty sets and the adaptability gap can be arbitrarily large if the uncertainty set
is not symmetric as in the case of the stochasticity gap under right hand side uncertainty.

4.1 Adaptability Gap for Positive Uncertainty Sets. We show that if the uncertainty set Z; ()
is symmetric, the adaptability gap is at most two. The bound on the adaptability gap holds even when
there are integer decision variables in the second stage unlike the case of the stochasticity gap where
integer decision variables are allowed only in the first stage. However, the adaptability gap bound does
not hold if there are binary decision variables in the model.

Let us first consider the simpler case where there are no integer decision variables in the second stage.
The bound on the adaptability gap in this case follows directly from the bound on the stochasticity gap,
as for any probability measure pu:

ZStoch<b) S ZAdapt(b) S ZRob(b>-
Now, consider a measure y that satisfies Condition [2.1]in Theorem ie., E,[b(w)] > b(w’) where b(w?)
is the point of symmetry of Z,(Q2). Clearly, E,[b(w)] = b(w"). From Theorem

ZRob(b) S 2. ZStoch(b)7

which implies that,
ZStoch(b) S ZAdapt(b) § ZRob(b) § 2. ZStoch(b)-

We prove the bound of 2 on the adaptability gap for the model that allows integer decision variables
in the second stage. In particular, we have the following theorem.

THEOREM 4.1 Let zrop(b) denote the optimal worst-case cost of ILgep(b) and zadapt(b) denote the optimal
worst-case cost of U gqapt(b) where the uncertainty set I,(Q) C R is positive. Then,

ZRob(b) S 2- ZAdapt(b)-

PROOF. Since Z() is positive, there exist a convex symmetric set S C R’} such that Z,(2) C S and
the point of symmetry of S (say u”) belongs to Z,(€2). Let w” denote the scenario such that b(w®) = u°.

Let z*, y*(w), Vw € Q2 be an optimal solution for Il 4gap:(b). Then,

Zadapt(b) = Fa* + max dTy* (w)
> Ta* 4 dTy*(W0). (4.1)
Also,
A(22") + B(2y"(w")) = 2(Az” + By'(w"))
> 2b(w?) (4.2)
> b(w), Vw € Q, (4.3)

where ([4.2) follows from the feasibility of the solution (x*,y*(w?)) for scenario w®. Inequality (4.3))
follows from the fact that b(w®) is the point of symmetry of Z,(f2) and from Lemma we have that
b(w) < 2b(w?) for all w € Q. Therefore, (22, 2y*(w°)) is a feasible solution for I1z.,(b), and,
zrob(b) < F(22%) +dT (25" (7))
- 9. (CT:E*+dTy*(wO))
< 2 Zadapt(b), (4.4)
where (4.4]) follows from (4.1)). O

In fact, we prove a stronger bound on the adaptability gap similar to the bound on the stochasticity
gap in Theorem We have the following theorem.
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THEOREM 4.2 Consider the problems: Igep(b) and Ilaqapt(b) where the uncertainty set I,,(Q) C RT
is positive. Let S C R be a symmetric set that contains Ly, q4)(Q2) such that the point of symmetry
u® € Z(,q)(Q). Also, let w° € Q be the scenario such that (b(w®),d(w?)) = u®. Let b',b" € R be such
that, for all j =1,...,m,

b, = min{b; | (b,d) € S}, b} = max{b; | (b,d) € S}.

Suppose bt > p - b for some 0 < p < 1, then

2

2ran(b) < [Hp] rdopn(D).

4.2 A Tight Adaptability Gap Example for Symmetric Uncertainty Sets. We show that
the bound of two on the adaptability gap under symmetric right hand side uncertainty like the bound on
the stochasticity gap.

Consider the following instance where n; = 0,ny =2,m =2, A=0,c=0,d = (1,1),B = I5 (here I,
denotes a 2 x 2 identity matrix). Let £ denote the set of uncertain scenarios and the uncertainty set,

Ty(Q) = {b € R3| by + by = 1}.

Let us first show that Z,(Q) is symmetric.
LEMMA 4.1 The uncertainty set Tp(S2) is symmetric with center u® = (1, 3).

PROOF. Consider any z € R? such that (u” + z) € Z(Q2). Therefore,

1 1
<2+21)+(2+2’2> =1= 21 +29=0.

Also,
1 1
Therefore,
0<-—-2<1,7=1,2,
and
1 1 0
5 A tlg = =1l—-(n1+2)=1=(u —2) €Z(Q),
as z1 + 29 = 0. O

THEOREM 4.3 For the robust and adaptable problems I rop(b) and ILagep(b) in the above instance,

ZRob(b) =2- ZAdapt(b)~

ProoF. Consider any feasible solution (y1,ys2) for lIg.,(b). For any (by,bs) € Ri such that b1 +by = 1,
we require that y; > by and yo > ba. Therefore, y1 > 1, yo > 1 and zgp(b) > 2. Now, consider the
adaptable problem II 444t (b, d) and consider the solution §(w) = b(w). Clearly, the solution g(w) for all
w € Q is feasible. Therefore,

IN

max d” y(w)

ZAdapt (b) e

= glggyl(WHyz(W)
= maxb (w) + b2(w)

1.

IN

Also, from Theorem [4.1] we have that zrey(b) < 2 - zadept (b). Therefore, zro(b) = 2 - Zadapt (b). O
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4.3 A Large Adaptability Gap Example for Non-symmetric Uncertainty Sets. In this
section, we construct an example of a non-symmetric uncertainty set such that the worst-case cost of an
optimal robust solution is ©(m) times the worst-case cost of an optimal adaptable solution. Therefore,
the adaptability gap is Q(m) in this case.

THEOREM 4.4 Consider an instance of problem I gop(b) and I agep: (D), where, ny = 0, ng = n > 3,
p2=0,A=0,c=0,d=(1,1,...,1) (an n dimensional vector of all ones) and B = I,, (I, isn xn
identity matriz). Let Q denote the set of scenarios and the uncertainty set,

() =4b|> b <1,6>05. (4.5)
j=1

Then,
ZRob (D) > M - Zadapt (b).

Proor. From Lemma we know that the uncertainty set Z;(€2) is not symmetric. Consider the
robust problem I, (b):
ZRob(b) = min dTy
y
[ny > b(w),Vw e
y > 0.

For any feasible solution y € R, I,y > e; for all j = 1,...,m where e; is the unit vector corresponding
to the j'* column of I,, (e; € Z(9)). Therefore, y; > 1 for all j = 1,...,m which implies,

ZRob(b) 2 n.
Now, consider IT 4gqpt(b):
ZAdapt(b) = min max dTy(w)
weN

Iny(w)
y(w)

b(w),Vw € Q

>
> 0.

Consider any scenario w € © and let b(w) be the realizations of b in scenario w. Then,

ibj(w) S 1.
j=1

Consider the following feasible solution: §(w) = b(w) for all w € Q. Now,

< Th
ZAdapt(b) < max d y(w)

= max) bjw)
j=1
1.

IA

Therefore, zrob(b) > 1 - ZAdapt (D). O

5. Adaptability Gap under Right Hand Side and Cost Uncertainty. In this section, we
bound the adaptability gap for a more general model of uncertainty where both the right hand side of
the constraints and the objective coefficients are uncertain and the second stage decision variables are
allowed to be integers. Unlike the stochasticity gap under cost and right hand side uncertainty, the
adaptability gap is bounded and is at most four when the uncertainty set is positive. Since positive
sets are a generalization of symmetric sets, the result follows for symmetric sets as well. Furthermore,
we show that the adaptability gap is one for the special case of hypercube uncertainty sets in an even
more general model of uncertainty that allows constraint coefficients to be uncertain. This result is
particularly surprising since the bound of two on the stochasticity gap is tight for hypercube right hand
side uncertainty (cf. Section [2.2)).
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5.1 Positive Uncertainty Sets. We consider problems: ITgapt(b,d) (cf. (1.6)) and IIge (b, d)
(cf. (1.5)) and show that the adaptability gap is at most four if the uncertainty set is positive. In
particular, we prove the following theorem.

THEOREM 5.1 Consider the problems goy(b, d) and I agapt(b, d), where the uncertainty set, L, qy(2) C
RT+”2, 18 positive. Then,
ZROb(b7 d) S 4- ZAdapt(b7 d)

PROOF.  Since I, ¢y(§2) is positive, there exist a convex symmetric set S C R’J_H'"z such that
Zb,a)(2) C S and the point of symmetry of S (say u®) belongs to Lb,a)(2). Let wY be the scenario
corresponding to u® = (b(w®), d(w?)). Consider an optimal solution z*, y*(w), Vw € Q to I agap: (b, d). We
show that the solution (2z*,2y*(w®)) is a feasible solution for the robust problem Iz, (b, d) since,

A(22") + B2y*(«%) > 2b(w°)
> bw),Yw e Q, (5.1)

where inequality (5.1]) follows from the fact that (b(w?),d(w?)) is the center of the symmetric set S that
contains Z, 4)(2). Therefore, b(w) < 2b(w’) and d(w) < 2d(w°) for all w € Q from Lemma Now,

2rov(b,d) - < e (227) + maxd(w)” (2 ("))

< 2.2+ (2-dW")T (25" (W) (5.2)

< 4 (T2 +dW) Ty (W)

< 4 Zadep (b, d), (5.3)
where follows from the fact that d(w) < 2d(w") for all w € Q as d(w°) is the point of symmetry of
S D Z(y,q) () and finally follows as cT'z* + d(w)Ty* (w®) < 2Adapt (b, d). a

Similar to the bound on the adaptability gap under right hand side uncertainty in Theorem we
obtain a stronger multiplicative bound on the adaptability gap under cost and right hand side uncertainty.
In particular, we have the following theorem.

THEOREM 5.2 Consider the problems Ilrop(b,d) and Tl agapt (b, d) where the uncertainty set Ly, q)(Q) is
positive. Let S C RZH'”Q be a symmetric set that contains L, qy(2) such that the point of symmetry ul €
Zb,a)(Q). Also, let w° € Q be the scenario such that (b(w®),d(w®)) = ul. Let (b',d"), (b",d") € RTH"* be
such that, for all j=1,...,m,

b = min{b; | (b,d) € S}, b} = max{b; | (b,d) € S},
and for all j =1,...,ns,
d: = min{d; | (b,d) € S}, d} =max{d; | (b,d) € S},

Suppose bt > p~bh and d' > p~dh for some 0 < p < 1. Then

2 2
< _ ) e — . .
ZRob(ba d) =~ ( 1 p) ’71 p-‘ ZAdapt (ba d)

PrOOF. From Lemma we know that

bt + bP dh + dn
b(W0) = ; L d(W) = ; .
Since bZZp-bh and dl2p-bh7we have that
2 2
< —— b0, d < —— - d(W). A
< T D). ' S o d) (54

Let z*, y*(w), Vw € Q2 be an optimal solution for Il 4g4p: (b, d). Then, we show that the solution

| e,
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is a feasible solution for Mg (b, d).

2

| e e = )
> b (5.5)
> b(w), Vw e Q,

where ([5.5]) follows from (5.4). Therefore,

2
2rob(b,d) < e b ("™ + max d(w)"y*(w?))
< % (CTI*+ dh T *(WO))
[ 2 ] T ONT, %/, 0
< E— .
< | (e (5) awnren (5.6)

: (Hp) [pr (%" +d() "y (")

(1+p> [HJ ZAdapt (b, d), (5.7)

where (5.6]) follows from (5.4)) and (5.7) follows from the fact that w® € Q and the optimality of 2*, y* (w)
for I agqp: (b, d). a

5.2 Special Case of Hypercube Uncertainty Sets. In this section, we consider the case where
the uncertainty set is a hypercube and show that the worst-case cost of the optimal solution of IT 4 gapt (b, d)
is equal to the worst-case cost of the optimal solution of I 44ept (b, d). In fact, we prove the result for a
more general model of uncertainty, one where the coefficients in the constraint matrix are also uncertain.
We consider the following adaptive two-stage mixed integer problem, IToqqpt (A, B, b, d):

Zadapt(A, B,b,d) = min ¢’z —|—maxd( 1y (w)
weN

Alw)z + B(w)y(w) > b(w),YVw € Q
z e R x 78
y(w) e RP™7 x 212, Vw € Q,

(5.8)

where ) is the set of uncertain scenarios and w € 2 refers to a particular scenario. Let U =
{(A(w), B(w),b(w),d(w))|lw € £} denote the hypercube uncertainty set for scenarios in  where
A(w) € R™™ B(w) € R™*"2 b(w) € R™ and d(w) € R’ are realizations of the uncertain parame-
ters in scenario w.

The robust counterpart gy (A, B,b,d) is formulated as follows:
2Rob(A, B,b,d) = min ¢’z + glézgd(w)Ty
A(w)z + B(w)y > b(w),Yw € 9
ze R x 78
y e RI?™P2 x 772,

(5.9)

THEOREM 5.3 Let U be a hypercube, i.e.,
U= [ll,ul] X [ZQ,U;Q] X ... X [ZN,UN],
for some l; < w; for alli=1,..., N where N = mnj + mng +m + no, then

ZRob(A, 37 b7 d) = ZAdapt(Aa Ba b7 d)

ProoOF. Consider an optimal solution (z*,y*) of the problem gy, (A, B, b,d). Therefore,
Aw)z™ + B(w)y™ > b(w), Yw € .
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Therefore, the solution z = z*, y(w) = y*, Vw is a feasible solution for II44apt(A, B, b, d) which implies,
Zadapt (A, B,b,d) < cTo* + max d(w)Ty*.
we

Now consider an optimal solution & and g(w),Vw € Q for ITagep (A4, B,b,d). Consider the following
realization of the uncertain parameters.

Aij == minAij(w),W == 1, ce ,m7j == 17 e (510)
weN

By = migBij(w),‘v’i:1,...,m,j:1,...,n2 (5.11)
we

b; = maxbi(w),Vi=1,....m (5.12)
we

d; = rjlgs})(dj(w)ﬁj:l,...mg.

Since the uncertainty set is a hypercube, the vec(A, B, b, d) is a valid scenario. Let us refer to this scenario
as w. Clearly,
Zadapt (A, B,b,d) = ¢"& + max d(w)" §(w) > "+ d(@) (@),
we

We claim that (&, §(@)) is a feasible solution for I1g.,(A, B, b,d). Consider any w € Q. Now,

Aw)d + Bw)j(@) > Az + Bj(w) (5.13)
> b(w) (5.14)
> b(w), (5.15)

where (5.13) follows from (5.10) and (5.11)) and the fact that #,¢(w) > 0. Inequality (5.14) follows
from the feasibility of (Z,§(©)) for scenario @ and (5.12). Inequality (5.15)) follows from the fact that

b(w) > b(w) for any w € Q. Therefore,

2rob(4, B,b,d) < ¢l + maxd(w) (@)
we
< di+dw) @) (5.16)
< ZAdapt (A7 B7 b7 d)v
where inequality (5.16) follows from the fact that d(@) > d(w) for all w € Q and §(w) > 0. 0

Therefore, we obtain the following corollary.

COROLLARY 5.1 Let zgoy(b, d) be an optimal solution for Ilgey(b,d) and zadap:(b,d) be an optimal solu-
tion for U adapt (b, d), where the uncertainty set, Ly qy(2), is a hypercube. Then,

ZRob (b, d) = Zadapt (b, d).

6. Conclusions. In this paper, we study the effectiveness of a static-robust solution in approxi-
mating two-stage stochastic and adaptive optimization problems and present several surprising positive
results under mild restrictions on the model and the uncertainty set. We show that, under fairly general
assumptions for the uncertainty set, and the probability measure (namely that both are symmetric), a
static-robust solution is a good approximation for the two-stage stochastic optimization problem when
the right hand side of the constraints is uncertain and a good approximation for the two-stage adaptive
optimization problem when both the right hand side and the costs are uncertain. In other words, both
the stochasticity gap (when only the right hand side is uncertain) and the adaptability gap (when both
the right hand side and the costs are uncertain) are bounded. We also show that our bounds on the
stochasticity and the adaptability gaps are tight for symmetric uncertainty sets.

The assumption of symmetry on the uncertainty set is not very restrictive and is satisfied by most
commonly used uncertainty sets such as hypercubes, ellipsoids and norm-balls. Furthermore, we show
that if the assumption of symmetry on the uncertainty set is relaxed, both the stochasticity gap and the
adaptability gap can be arbitrarily large. We also extend the bounds for positive uncertainty sets that
are not necessarily symmetric. Therefore, the results in this paper show that the robust optimization
approach is more powerful than believed previously and provides a tractable and good approximation
for both the two-stage stochastic and the two-stage adaptive optimization problem under fairly general
assumptions.
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