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Abstract

Robust counterpart optimization techniques for linear optimization and mixed integer linear
optimization problems are studied in this paper. Different uncertainty sets, including those studied
in literature (i.e., interval set; combined interval and ellipsoidal set; combined interval and
polyhedral set) and new ones (i.e., adjustable box; pure ellipsoidal; pure polyhedral; combined
interval, ellipsoidal, and polyhedral set) are studied in this work and their geometric relationship is
discussed. For uncertainty in the left hand side, right hand side, and objective function of the
optimization problems, robust counterpart optimization formulations induced by those different
uncertainty sets are derived. Numerical studies are performed to compare the solutions of the
robust counterpart optimization models and applications in refinery production planning and batch
process scheduling problem are presented.

Keywords
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1. Introduction

In many optimization applications, the problem data is assumed to be known with certainty.
However, that is seldom the case in practice. Very often, the realistic data are subject to
uncertainty due to their random nature, measurement errors or other reasons. Since the
solution of an optimization problem often exhibits high sensitivity to the data perturbations
as illustrated by Ben-Tal and Nemirovski!, ignoring the data uncertainty could lead to
solutions which are suboptimal or even infeasible for practical applications.

Robust optimization belongs to an important methodology for dealing with optimization
problems with data uncertainty. In the first stage of this type of method, a deterministic data
set is defined within the uncertain space, and in the second stage the best solution which is
feasible for any realization of the data uncertainty in the given set is obtained. The
corresponding second stage optimization problem is also called robust counterpart
optimization problem. One major motivation for studying robust optimization is that in
many applications the data set is an appropriate notion of parameter uncertainty, e.g., for
applications in which infeasibility cannot be accepted at all (e.g., design of engineering
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structures like bridges considered in Ben-Tal and Nemirovski2f3), and for those cases that
the parameter uncertainty is not stochastic, or if no distributional information is available.

One of the earliest papers on robust counterpart optimization is related to the work of
Soyster®, who considered simple perturbations in the data and aimed at finding a
reformulation of the original linear programming problem such that the resulting solution
would be feasible under all possible perturbations. This approach, however, is the most
conservative one since it ensures feasibility against all potential realizations. Thus, it is
highly desirable to provide a mechanism to allow tradeoff between robustness and
performance. To address the issue of over-conservatism in worst-case models, Ben-Tal,
Nemirovski and co-workers!: >~7 and El-Ghaoui and co-workers3~? independently proposed
the ellipsoidal set based robust counterpart formulation for dealing with parameter
uncertainty within linear and quadratic programming problems. El-Ghaoui and Lebret3
studied the robust solutions to the uncertain least-squares problems, and El-Ghaoui et al.?
studied uncertain semidefinite problems. Ben-Tal and Nemirovski®7 showed that when the
uncertainty sets for a linear constraint are ellipsoids, the robust formulation turns out to be a
conic quadratic problem. Ben-Tal et al.,? considered LP problems where some of the
decision variables must be determined before the realization of uncertain data, while the
other decision variables can be set after the realization.

The robust optimization formulation introduced for linear programming problems with
uncertain linear coefficients was extended by Lin et al.,!0 and Janak et al.,!! to mixed
integer linear optimization (MILP) problems under uncertainty. They developed the theory
of the robust optimization framework for general mixed-integer linear programming
problems and considered both bounded and several known probability distributions. The
robust optimization framework is later extended by Verderame and Floudas!? who studied
both continuous (general, bounded, uniform, normal) and discrete (general, binomial,
Poisson) uncertainty distributions and applied the framework to operational planning
problems. The work was further compared with the conditional-value risk based method in
Verderame and Floudas!3. For a recent review on planning and scheduling under
uncertainty, the reader is directed to Verderame et al.,!'4, and for process scheduling under
uncertainty to Li and Ierapetritou!.

Bertsimas and Sim!© considered robust linear programming with coefficient uncertainty
using an uncertainty set with budgets. In this robust counterpart optimization formulation, a
budget parameter is introduced to control the degree of conservatism of the solution. As it
will be shown in this paper, this type of robust formulation is based on a combined interval
and polyhedral uncertainty set. Bertsimas and coworkers!” extended and applied a robust
optimization framework in the fields of linear and discrete programming. Bertsimas et al., 8
characterized the robust counterpart of a linear programming problem with uncertainty set
described by an arbitrary norm. The ideas of the robust optimization approach in Bertsimas
and Sim!© have also been extended to conic optimization problems in Bertsimas and Sim!?,
and also used by Bertsimas and Thiele? to address inventory control problems to minimize
total costs.

Kouvelis and Yu2! proposed a framework for robust discrete optimization, which seeks to
find a solution that minimizes the worst case performance under a set of scenarios for the
data. Chen and Lin22 proposed an approximate algorithm to solve the robust design problem
in a stochastic-flow network. Atamtiirk and Zhang?3 described a two-stage robust
optimization approach for solving network flow and design problems with uncertain
demand. They generalized the approach to multi-commodity network flow and design, and
studied applications to lot-sizing and location-transportation problems. Atamtiirk2*
introduced alternative formulations to robust mixed 0—1 programming with interval
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uncertainty objective coefficients. Averbakh23 proposed a general approach for finding
minmax regret solutions for a class of combinatorial problems with interval uncertain
objective function coefficients, based on reducing the problem with uncertainty to a set of
deterministic problems. Kasperski and ZielinskiZ® considered a similar class of problems
and presented a polynomial time approximation algorithm. Bertsimas and Sim!7 proposed
an approach to address data uncertainty for discrete optimization and network flow
problems. They presented an algorithm for the special case of the robust network flow where
only the objective uncertainty exists and the problem is a mixed O—1 problem, and solved the
problem by considering a polynomial number of nominal minimum cost flow problems in a
modified network.

Chen et al.,2” proposed an asymmetrical uncertainty set that generalizes the symmetric ones.
Chen et al.,28 studied the relationship between different Conditional Value-at-Risk (CVaR)
bound based approximations to individual chance constraints and different set based robust
optimization formulations and showed the equivalence between them. Fischetti and
Monaci?? developed a robustness framework denoted as “light robustness” approach to cope
with the issue of overly conservative solutions in robust optimization. They placed a hard
upper bound on the objective value and then minimize the degree of infeasibility with a
fixed uncertainty set.

As pointed out by Goh and Sim3Y, if the exact distribution of uncertainties is precisely
known, optimal solutions to the robust problem would be overly and unnecessarily
conservative. Conversely, if the assumed distribution of uncertainties is in fact different
from the actual distribution, the optimal solution using a stochastic programming approach
may perform poorly. So several recent works aim at bridging the gap between the
conservatism of robust optimization and the specificity of stochastic programming, where
optimal decisions are sought for the worst-case probability distributions within a family of
possible distributions, defined by certain properties such as their support and moments.
Specifically, El Ghaoui et al.,3! developed worst-case Value-at-Risk (VaR) bounds for a
robust portfolio selection problem when only the bounds on the means and covariance
matrix of the assets are known. Chen et al.,2” introduced directional deviations as an
additional means to characterize a family of distributions that were applied by Chen and
Sim32 to a goal-driven optimization problem. Delage and Ye3? studied distributionally
robust stochastic programs where the mean and covariance of the primitive uncertainties are
themselves subject to uncertainty. Ben-Tal et al.,3* proposed a framework for robust
optimization that relaxes the standard notion of robustness by allowing the decision maker to
vary the protection level in a smooth way across the uncertainty set.

In this paper, we present a systematic study of the set induced robust counterpart
optimization techniques for both linear optimization (LP) and mixed integer linear
optimization (MILP) problems. The new contributions of the paper are as follows: we have
proposed several novel uncertainty sets (i.e., adjustable box; pure ellipsoidal; pure
polyhedral; combined interval, ellipsoidal, and polyhedral set) and derived their robust
counterparts for both LP and MILP problems; for the first time in the literature, we have
discussed the connection among six different uncertainty sets (including those studied in the
literature, i.e., i.e., interval set introduced by Soyster4, combined interval and ellipsoidal set
introduced by Ben-Tal and Nemirovski!, combined interval and polyhedral set introduced
by Bertsimas and Sim!®) and the differences among their corresponding robust counterparts,
from both the geometrical point of view and the computational studies.

The paper is organized as follows. In section 2, we introduce the set induced robust
counterpart optimization for general linear and mixed integer linear optimization problems.
In section 3, we introduce six different uncertainty sets and discuss their relationship from a
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geometric point of view. In section 4, we present the detailed robust counterpart
formulations under different uncertainty sets for linear constraints and the derivation
procedures. In section 5, a numerical example and a refinery production planning example
are studied and the different robust counterpart optimization models are compared. In
section 6, robust counterparts for mixed integer linear optimization problems are derived. In
section 7, a numerical example and an application in process scheduling problem are
presented. Finally, conclusions are presented in section 8.

2. Uncertainty Set Induced Robust Optimization

In set induced robust optimization, the uncertain data is assumed to be varying in a given
uncertainty set, and the aim is to choose the best solution among those “immunized” against
data uncertainty, that is, candidate solutions that remain feasible for all realizations of the
data from the uncertainty set.

2.1 Robust linear optimization

Motivating Example 1 Consider the following linear optimization problem:

max 8x1+12x,
5.1, apx+apx < 140
do X1 +anx: <72
Xy, a2 0.

Assume that the left hand side (LHS) constraint coefficients g, &5, a»» @y, are subject to
uncertainty and they are defined as follows:

ap=10+&y, ap=20+2&2, a21=6+0.6&2;, a2n=8+0.8&2,

where &;1,&12,821,22 are independent random variables. The random variables are
distributed in the range [—1,1] (i.e., the constraint coefficients g, iy, ao)» Gpp have
maximum 10% perturbation around their nominal values 10, 20, 6, 8, respectively). Under
the set induced robust optimization framework, finding a robust solution for the above
example means to find the best possible candidate solution such that the feasibility of the
constraints is maintained no matter what value the random variables realize within a certain
set that belongs to the uncertain space defined by &;€[—1,1].

In general, consider the following linear optimization problem

max X
s.L. Yagx;j < b Vi
i (2.1)

where @; and p, represent the true value of the parameters which are subject to uncertainty.
Assume that the uncertainty affecting each constraint is independent of each other and
consider the i-th constraint of the above linear optimization problem where both the LHS
constraint coefficients and RHS parameters are subject to uncertainty. Define the uncertainty
as follows

ay=ay+&iay Vi€ J; (2.2a)
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bi=bi+Eob; (2.2b)

where a;; and b; represent the nominal value of the parameters; «; and b, represent constant
perturbation (which are positive); J; represents the index subset that contains the variable
indices whose corresponding coefficients are subject to uncertainty; and &;p and §; V;, V; €
are random variables which are subject to uncertainty. With the above definition, the
original i-th constraint can be rewritten as:

ZHU.I')'+ZL_I,}'.!.') <b;

777 ed; (2.3)

which can be further reformulated as follows:

Z aiix i+

J

_'ff'(]bi'" ngfﬁ:;‘} < b."-

JES:

(2.4)

In the set induced robust optimization method, with a predefined uncertainty set U, the aim
is to find solutions that remain feasible for any & in the given uncertainty set U so as to
immunize against infeasibility, that is,

D i < bi.

!

max {-&ubﬁ-z‘ﬂfcﬂ;.t j}

et

(2.5)

Finally, replacing the original constraint in LP problem (2.1) with the corresponding robust
counterpart constraints, the robust counterpart of the original LP problem is obtained:
max cxX

s.L Z“f.r'-"-.""'
i

= r‘J,: V,.u

max _‘.f"ft]""f"' >_4 (‘aﬁ';-\‘;
gell e

(2.6)

Motivating Example 1 (Continued). Applying the robust counterpart formulation (2.6) to
the two constraints of the motivating example 1, their corresponding robust counterpart
constraints become

][).l’l+2[].1'2+ max {é_-”.r]+£]3.\'3} < 140
(Enbr)el; '

6x+8x+ max ) {(J.ﬁc_fj[.\'] +U,8|f1:.\'2} <72

(E21£72)ells

where U| and U, are predefined uncertainty sets for (&)1, &12) and (&>, &2p), respectively.

2.2 Robust mixed integer linear optimization

Motivating Example 2. Consider the following mixed integer linear optimization problem:
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max 3 +2x = 10v; = 5
5.1 xXp+an <20
x+2x <12
asx;+byvy <0
apxa+bgpys <0
xn-xn<-4
0<x,x <10, y,v2 {0, 1).

Assume that the left hand side (LHS) constraint coefficients of the third and the fourth
constraints are subject to uncertainty and they are defined as follows:

az=14+0.185,, b3 =20+2833, ap=1+0.1842. bya= — 20+2844,

where &31,E33,642,E44 are independent uncertain parameters distributed in the range [—1,1].
The robust solution for the problem is among the candidate solutions that remain feasible for
all realizations of the data from the uncertainty set. For example, if the uncertainty set is
defined as the bounded box with range [—1,1] on each dimension, then the corresponding
robust counterpart optimization solution should ensure the feasibility of all the constraints
for any possible values of the uncertain parameters and maximize the objective at the same
time.

Generally, consider the following mixed integer linear optimization (MILP) problem

max ¥ X+ 2o
K

m

s.L Zdim X+ by < i Vi
k

m

2.7)

where x and y represent the continuous and integer variables, respectively, and g;,,, b;» p;
represent the true value of the parameters which are possibly subject to uncertainty.
Considering the i-th constraint of the above problem, we assume that the uncertain
parameters in the i-th constraint are defined as follows:

Qjpy :“ian+§fn:ra:n- Vim € M; (2.8a)
Bn( =bﬂi +‘fﬂ\' br'.{'- Vf\' € Kr' (28b)
pi=pit+&Di (2.8¢)

where M; and K; represent the subsets that contain the continuous and discrete variable
indices whose corresponding coefficients are subject to uncertainty, respectively; a;,, ik, pi

represent the nominal value of the parameters; ;. by p; represent positive constant
perturbation; and &;,,,, &, &; are random variables which are subject to uncertainty. With the
above definitions, the original i-th constraint can be rewritten as follows:
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Z i X+ Zbrkbﬁi+ Z afrn-\‘ni+zga'fi_\,i < p;
mEM; keK; meM; kek; (2.9
which after grouping the uncertain part can be further rewritten as:
Zu;m.tm+ Zbu._\-‘m —Enpit Z EimimXm+ ZE;&E‘;._W. < pi.
nt k meM,; Lek; (2_ 10)

With a predefined uncertainty set U for the random variables & = {&;q, &;ir Eir ), the objective
is to find solutions that remain feasible for any £ in the set so as to immunize against
infeasibility, that is:

Z("u'r.’-"--m"F anl_".( +I§L£}x { -Ei'}};_l' + Z gmr:‘;mr-\'m+ Z&J& bak)‘k] = pi
k :

m meM,; kek; (2_1 1)
Correspondingly, the robust counterpart of the original MILP problem is obtained by
replacing the original i-th constraint with its robust counterpart constraint (2.11):

max ZCmXmt Zedi Vi

L k
5.L Z“f}n-‘-ur“”zbik,“k +max {_‘_‘Eil1ﬁ'+ Z fﬂ'naﬁm-‘h‘*’ Z ff'kak.“k} =pi i
m k &el meM,; keK; (2.12)

Motivating Example 2 (Continued). Applying the robust counterpart formulation (2.12) to
the two constraints of motivating example 2 and realizing that there is no RHS uncertainty

(i.e., p;=0), their corresponding robust counterpart constraints become:

X1 —20vi+ max  [0.1&x4+28530) <0
(&31.E0)el - -

x2—20vo+ max  {0.1&pxa+2844y21 <0
(Ex2.£a1)EU -

where U and U, are predefined uncertainty sets for (31, &33) and (&42,E44), respectively.

The set induced robust counterpart formulations (2.6) and (2.12) depend on the selection of
the uncertainty set U. In the subsequent sections, several different uncertainty sets are
studied first and the corresponding robust counterpart optimization formulations are then
derived.

3. Uncertainty Sets

As stated in the previous section, the formulation of robust counterpart optimization models
is connected with the selection of the uncertainty set. In the sequel, several different
uncertainty sets are introduced. For the sake of simplicity, we eliminate the constraint index
i in the random vector &.
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Definition 3.1 (Box Uncertainty Set) The box uncertainty set is described using the 00 -
norm of the uncertain data vector as follows

U=l € llo < W) = {£llE}l < WV, € Ji} @.1)

where W is the adjustable parameter controlling the size of the uncertainty set.

Figure 3.1 illustrates the box uncertainty set for parameter a;, j=1,2 defined by
aj=a;+&jaj, j=1,2, where a; denotes the true value of the parameter, a; denotes the nominal
value of the parameter, &; denotes the uncertainty and a; represents a constant perturbation.

If the uncertain parameters are known to be bounded in given intervals

aij € [ﬂ{f = aj, fhj+@;‘] j € Ji, then the uncertainty can be represented by a;=a;+&a;; and
this results in the interval uncertainty set, which is a special case of box uncertainty set
when ¥ =1 (i.e., Uso = {E||§; < 1, V; € J;}). Note that in this paper, we specifically use the
“interval uncertainty set” to denote the box set with ¥ = 1, and use the “box uncertainty set’
to represent a general adjustable bounded set.

Definition 3.2 (Ellipsoidal Uncertainty Set) The ellipsoidal uncertainty set is described
using the 2-norm of the uncertain data vector as shown in Figure 3.2,

Us=£ll £, < Q)= {z‘ [Ye < g}
= 3.2)

where Q is the adjustable parameter controlling the size of the uncertainty set.

Note that it is known from geometry that for bounded uncertainty &; € [-1, 1], when

Q > +/|J;| (where |/ is the cardinality of the set J;), the entire uncertain space is covered by
the ellipsoid uncertainty set.

Definition 3.3 (Polyhedral Uncertainty Set) The polyhedral uncertainty set is described
using the 1-norm of the uncertain data vector as shown in Figure 3.3,

U=l €Nl < FI:{E

D i< r}

Jed (3.3)

where I' is the adjustable parameter controlling the size of the uncertainty set.

Note that for bounded uncertainty ij g [—1, 1], when " < |J}|, the overall uncertain space is
covered by the polyhedral uncertainty set.

The above three uncertainty sets can be further combined to generate new uncertainty sets.
Bounded uncertainty is a type of important uncertainty characteristic which is widely
studied in practice. We will further introduce several uncertainty sets which are generated by
combining the ellipsoid, or polyhedron, or both ellipsoid and polyhedral uncertainty set with
the interval uncertainty set.

Definition 3.4 (“Box+Ellipsoidal” Uncertainty Set)
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This type of uncertainty set is the intersection between an ellipsoid and a box defined as
follows,

D& <<V ey

U:m.»: {‘f
JES; (3-4)

It is known from geometry that for an adjustable box defined by (3.1) and an adjustable
ellipsoid defined by (3.2), in order to ensure that the intersection between them does not
reduce to any one of them, the parameters should satisfy the following relationship

YzQz¥ylJ (3.9

Remark 3.1 As € = 1, the above set (3.4) defines the intersection between interval and
ellipsoid, which is referred as “interval+ellipsoidal” uncertainty set in this paper. This type
of uncertainty set is important for bounded uncertainty since it makes no sense to construct
an uncertainty set exceeding the bounded uncertain space. For this kind of uncertainty set,

when Q = 1, the ellipsoid is exactly inscribed by the box; when Q= m , the ellipsoid is
circumscribed by the box (i.e., the intersection between the box and ellipsoid is exactly the
box). Figure 3.4 illustrates the geometry of this uncertainty set for the case that the
dimension of the uncertain parameter space is 2 (i.e., |/;|=2).

Definition 3.5 (“Box+Polyhedral” Uncertainty Set) This type of uncertainty set is the
intersection between the polyhedral and the interval set defined with both 1-norm and
infinite norm as follows,

Usnee= {.E N <TII < W,V €,
= (3.6)

It is also known from geometry that for an adjustable box defined by (3.1) and an adjustable
polyhedron defined by (3.3), the intersection between them does not reduce to any one of
them if the parameters satisfy the following relationship

YT <Y/ (3.7)

Remark 3.2 As ¥ = 1, the above set defines the intersection between the interval and
polyhedral set, which is referred as “interval+polyhedral” uncertainty set. For this
uncertainty set, when I' = 1, the polyhedron is exactly inscribed by the box and the
intersection between the polyhedron and the box is exactly the polyhedron; when I = |J;, the
intersection between the polyhedron and the box is exactly the box, as shown in Figure 3.5.

Definition 3.6 (“Box+Ellipsoidal+Polyhedral” Uncertainty Set) This type of uncertainty set
is the intersection between the ellipsoidal, polyhedral and box set defined as follows,

Urne= E]ZFEH <T. Y8 <Qllg<WY el
Jjedi Jjed; (38)
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For this type of uncertainty set, the intersection between polyhedron and ellipsoid is not
reduced to any one of them if the adjustable parameters satisfy the following set of
conditions:

Y <Q<WyI/ (3.9a)

Q<T < QA (3.9b)

where the first equation is used to ensure that there is intersection between the ellipsoid and
the box, the second equation is used to ensure that there is intersection between the ellipsoid
and the polyhedron as shown in Figure 3.6.

Ilustration 3.1 Assume g, =20+2&), a,=10+& &1, & € [—1,1], then the corresponding
ellipsoidal and polyhedral uncertainty sets for ; under different values of  and I' can be
illustrated as Figure 3.7 and Figure 3.8:

From the above illustration in Figure 3.7, it can be observed that when I' = Q, the
polyhedron is inscribed by the ellipsoid. On the other hand, it can be observed from Figure

3.8 that when I'=Q +/|Ji|, the ellipsoid is inscribed by the polyhedron, which verifies the
analysis in the previous definitions.

The different uncertainty sets are summarized in Table 3.1. Considering different types of
uncertainty characteristics (bounded or unbounded), we also list the suggested range for the
adjustable parameter of different uncertainty sets. Based on these definitions of the
uncertainty sets, the corresponding robust counterpart optimization formulations for linear
optimization problems are derived in the next section.

Remark 3.3
1) All the parameter values should be non-negative.
2) The “interval+ellipsoidal”, “interval+polyhedral”, and “interval+ellipsoidal

+polyhedral” uncertainty sets are not suggested for the unbounded uncertainty
distribution since we don't want to restrict the set within a given interval.

3) The suggested parameter range for bounded uncertainty is based on the
following: when the adjustable parameter's value is equal to the upper bound
given in the table, the bounded uncertain space is entirely covered by the
corresponding uncertainty set. Thus, further increase of the value of the
parameter could lead to more conservative solution and will not improve the
solution robustness.

4) The suggested range for unbounded uncertainty is based on that we want to
avoid that the intersection between different uncertainty sets is reduced to any
one of them.

4. Robust Counterpart Formulations for Linear Optimization Problems

To attain robust solutions, we look for solutions which are feasible for any realization of the
uncertain data in a predefined uncertainty set. In the following subsections, we present the
derivation procedure of the equivalent robust counterpart optimization models based on
formulation (2.6). In order to eliminate the inner maximization problem in the i-th constraint
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of (2.6), we first transform the inner maximization problem into its conic dual, and then
incorporate the dual problem into the original constraint.

We will first derive the robust counterpart formulation for LHS only uncertainty of a linear
optimization problem, then we will extend it to the RHS only uncertainty, and finally to the
case of LHS and RHS uncertainty appearing simultaneously.

4.1 Left Hand Side (LHS) Uncertainty

When only LHS uncertainty is considered in the i-th constraint of (2.1), the corresponding
robust counterpart constraint (2.5) for the i-th constraint is reduced to

Za;j X+ I?Ez:a( ZE i X
’ jed;

)

< b;.

(4.1)

The robust counterpart is derived for different uncertainty sets introduced in section 3 as
follows.

Property 4.1 If the set U is the box uncertainty set (3.1), then the corresponding robust
counterpart constraint (4.1) is equivalent to the following constraint:

Za;).-_r_ﬁ ‘{-’Za,;,-l.t),-|
g Jed;

< b;

(4.2)

Proof. For the box uncertainty set Uso = {E | [§]] 2 P, V; € J;}, we define Poo = [I77;01xr]

Poo = [0Lx1;¥] and Keo= H 0,5t € RO oo < f}, where L is the cardinality of the
uncertainty set (i.e., L = |J;). Then the inner maximization problem in (4.1) can be rewritten
as

max ZE,-;EL;,-.\' P+ P €E Koo .

jed;

Defining dual variable y = [w;; 1;] € RE*! and using the dual cone of

LprE . L+1 . . . .
KoK ([0, eRTNO ) < f}, the conic dual of the inner maximization problem can be
formulated as

max{‘Pr;:1|‘,-;=’cﬂ;_x'fvj. Iwill < T,—].
w,T

Since the above problem is a minimization problem, it can be further rewritten as the

following equivalent formulation by replacing t; with lwi ll :Z e, I |,
min W )i l:wy =G,V
Jjedi
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Realizing that @;; > 0, we can reformulate the conic dual of the inner maximization problem
as follows

min {‘['Z|1|‘,;,—|:11-‘5,-=}}}J.-_\:f "v’r,-} =‘PZ[§E}-.\'_;|=‘{‘ZEJ|.\'J,-I.
w - -

JEd; Jjed Jed;

Replacing the original inner maximization problem with the above conic dual, then the
following constraint is obtained:

Z aijXj o

I

W i)l

jedi

< b;.

Remark 4.1 Constraint (4.2) contains absolute value terms [x;|. If the variable is positive, the
absolute value operator can be directly removed. Otherwise, it can be further equivalently
transformed to the following constraints because their corresponding feasible sets are
identical:

Yagxi+¥ ¥ au; < b;
i Jedi

il < uj, jEeJ;

Thus, the absolute value term in (4.2) can be eliminated and the final equivalent robust
formulation is obtained:

Zfl,}.\.’j-}-q" Z ?E').Hj < b;
i Jed;

—UjS XS U (4.3)

Remark 4.2 When ¥ = 1 (i.e., the interval uncertainty set), the robust counterpart

formulation is reduced to Z A +Z_,-.(__,I.“UE'11 < b’, which is exactly the robust counterpart
formulation proposed by Soyster?, the so called “worst case scenario” robust model for

bounded uncertainty.

Motivating Example 1 (Continued). Considering the first constraint of motivating example
L

(10+€&11) x1+ (204+2£12) x> < 140

and assuming that the uncertainty set related to &, &1, is defined by (3.1), the
corresponding robust counterpart for this constraint is:

10x;+20x2+W (1 [+2]32]) < 140,

The first robust counterpart constraint with different value of ¥ is illustrated in Figure
4.1(a). It can be observed that as the parameter value ¥ increases (i.e., the size the
uncertainty set increases), the feasible set of the resulting robust counterpart optimization
problem contracts.
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Similarly, for the second constraint of the example, the box uncertainty set induced robust
counterpart is

6.\'1 +8.\'2+1P{U.6E.1'] |+08|\.3|) <72,

Notice that the robust counterpart formulation is constructed constraint by constraint and
different parameter values can be applied for different constraints. The complete box
uncertainty set induced robust counterpart formulation of this motivating example with
different parameters ¥'; and ¥, for the two constraints is

max  8x;+12x
st 100 +20x0+% (g |+2]x2]) < 140
6x1+8x2+%W5 (0.6]x[+0.8|x2|) < 72

X, x2 20
which is equivalent to the following problem since the variables are positive:
max  8x;+12x;
s 10x+20x2+W (x+2x2) < 140

6.1 +8x2+W (0.6, +0.8x2) < 72
x,x =20

Property 4.2 If the set U is the ellipsoidal uncertainty set (3.2), then the corresponding
robust counterpart constraint (4.1) is equivalent to the following constraint

Za‘:f'\-f+ Q Z‘(}i\f < .JJ,'

J Jedi (4.4)

U,= / 1< .
Proof. Consider the ellipsoidal uncertainty set 2 {ﬂ Z.r-cf, g }, we define P, =

Urxr; O1x], I diag{1,...1}, py = [07x1;Q] and K2= {lg;_x. Al e RGN < 1}, then the inner
maximization problem in (4.1) can be denoted as

max {Z&“ﬁﬂ""'j:[ﬁé"' ek 3} ;

Jed;

Defining the dual variable y = [z;; ;] € RE*! and using the dual cone K =K, the conic dual
of the inner maximization problem is

min {Qryzi=a;x, || zi |l < 73}

Since it is a minimization problem, we can make equivalent transformation of above

problem by replacing t; with I flo= Y, Z.—_u, “i and get
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After incorporating the above conic dual into the robust counterpart constraint, the following
robust counterpart is obtained
l < b;.

Motivating Example 1 (Continued). The corresponding robust constraint for the first
constraint of the motivating example 1 is:

1021 +20x2+Q (37 +4.3 < 140,

Zﬂ,:.,'.\'l.,"i* Q

J

and its robust counterpart constraint with different value of Q is illustrated in Figure 4.1(b).
It can be observed that as the parameter value € increases (i.e., the size the uncertainty set
increases), the feasible set of the resulting robust counterpart optimization problem
contracts.

Property 4.3 If the set U is the polyhedral uncertainty set (3.3), then the corresponding
robust counterpart constraint (4.1) is equivalent to the following constraints

{ 2ayxi+lp; < b;
i

Pi 2?&],\}_;|, VJ' e J; (4.5)

= El <
Proof. Consider the polyhedral uncertainty set Ui {6‘2_;“[ 61T }, define Py = [I1x;

01xz], p1 = [011:T], K1= “F"x_x. dleRa ] < f}, then the set U can be denoted as
U= {£|P\&+p, € K} and the inner maximization problem in (4.1) can be denoted as

max {ZE,;,-’E?,;,-.";:[’;E+;;| e K, } .

JEd;

Defining the dual variable y = [z;; 7;] ¥ RL*! and based on the fact that the dual cone of K is

Ki=Ko={[6,.3] € R 0 Il < 1}

The conic dual of the inner optimization problem can be formulated as:

min {[ri:zi=dix, || 2 lloe < 7
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which can be further rewritten as the following equivalent formulation by replacing t; with

I 2 llo=max|z;|
Jjel B

Il zi ”m:'}‘;}?{k:ﬂ‘

min § I max|z;|:zi=a; v p =T max[a;x |,
A Jed; et v

Since the above problem is a minimization problem, we can introduce an auxiliary variable

pi to replace "y it land obtain the following equivalent description:

min {]" IT_]EJlrxlzr'I'l.':,-:E-_\'} :rpg_. pi 2 di-l"-,;,'}x.,'l_. Vf €.
e jed; !

Incorporating the above conic dual into the robust counterpart constraint, the following
robust counterpart is obtained

{ Yaxi+Ip; < b;
i

pi 2Gilx)l, V€ Ui

Remark 4.3 As shown in Remark 4.1, an equivalent robust formulation for (4.5) can be
obtained by replacing the absolute value term |x;| with auxiliary variable ; and constraint
—uj < x; < uj as follows:

ia,-,-_r,-+l'p,- < b;
f

pPi = ?L-ua,-‘ V__, € J;
—uj<xjsupvNied; (4.6)

Motivating Example 1 (Continued). The corresponding robust counterpart constraint for
the first constraint of the motivating example 1 is

{ 10x,+20x,+p < 140
p =l p =2

The above robust counterpart for the first constraint with different value of G is illustrated in
Figure 4.1(c). It can be observed that as the parameter value G increases (i.e., the size the
uncertainty set increases), the feasible set of the resulting robust counterpart optimization
problem contracts.

Property 4.4 If the set U is the “box+ellipsoidal” uncertainty set (3.4), then the
corresponding robust counterpart constraint (4.1) is equivalent to the following constraint
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Z(I,');.\'_J:‘P \szﬂlj - \-,",'J;H*fl

I Jedi

(4.7)

2 1\
J,-SQ‘.I&';-IE‘P. v'je.)','}can

. . . U Moo—
Proof. The “box+ellipsoidal” uncertainty set n {E‘me
be denoted using conic representation as follows,

Usneo= {!E|PZ.E+PE € Ky, Poob+pes € Ke),

where K; and Koo have the same definition as in the previous proof. Thus the inner
maximization problem of (4.1) becomes

max ) EijaixjiPab+pr € Ko Poob+pe € Ko g
y .
Jed;

Defining the dual variable y'=[w;, 7,] € R**!, y’=[z. 72] € R**! and using the dual cone

K=K, K;=K> the conic dual of the inner maximization problem can be formulated as
follows:

min {Pr+Qraiwitzi=aix, | wi I} < 71, zi 1l < 12}

After an equivalent transformation through replacing 77 and T, with lwilly :Z jely Wil and

\
Il zi llo= Z Z; :
jery Y, respectively, we get
11_1‘i‘!1 '{'Z|“'q‘|+ﬂ Z:é:u‘,—ﬂ,—:ﬁ-.\‘ ;
e jeki jedi

which is further equivalent to

. el
min¥ ) "fax; - e [) 2.
T jed; Jjed;

Since z;; are decision variables, we can replace z;; with @;z;; and get an equivalent problem:

. —_ —3 2
Hlﬂlnquﬁq‘.\j - ::,;,-z,_-;-|+§1 dejzu..
T e Jj€di

Incorporating the above conic dual into the robust counterpart constraint and remove the
minimization operator (it is a equivalent operation since the inner minimization is on the left
hand side of a “less or equal to” constraint), the following robust counterpart is obtained
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E X+

I

‘{"Zﬁ,‘,‘[.\'i - :{IH“Q

Jedi

Remark 4.4 As shown in Remark 4.1, an equivalent robust formulation for (4.7) can be
obtained by replacing the absolute value term |x; — z;| with auxiliary variable u;; and
constraint —u;; < x;j — g < uy; as follows:

Zt!g.l‘j+"‘" Z E}}'H,‘j +Q
i Jedi

—Uyj S Xj— 2y S Wy (4.8)

Remark 4.5 When y=1 (i.e., the set U is defined as “interval+ellipsoidal” uncertainty set),
the corresponding “interval+ellipsoidal” based robust counterpart optimization formulation
takes the following form:

Jed;

— -y
{ Dayxj+ ¥ ajug+Q [ ¥ az < by
i el 7

—ujj < Xj— Zij < W (9)

which is exactly the robust counterpart formulation proposed by Ben-Tal and Nemirovski!
(i.e., a special case of the combined adjustable box and adjustable ellipsoidal based robust
counterpart).

Motivating Example 1 (Continued). The “interval+ellipsoidal” based robust constraint for
the first constraint of the motivating example 1 is:

1027 +20x2+17 1+ 2012 +Q \":?|43$1 < 140

—u =X -2 Sup,-up S0 -2 12

The above constraint can be projected to the space spanned by the x;,x, dimensions by
fixing x; at different points and maximizing the corresponding x;,. The constraint can be
illustrated as shown in Figure 4.1(d). Comparing the robust counterpart constraint
illustration Figure 4.1(b) and Figure 4.1(d), it can be observed that for Q =1, the two robust
counterparts are the same, whereas for Q =2, the “interval+ellipsoidal” based robust
counterpart is less conservative because the resulting optimization feasible set is larger. This
is consistent with the fact that as Q < 1, the intersection between interval and ellipsoid is
exactly the ellipsoid, but as Q > 1, the intersection between interval and ellipsoid is smaller
than the ellipsoid itself.

Property 4.5 If the set U is the “box+polyhedral” uncertainty set (3.6), then the
corresponding robust counterpart constraint (4.1) is equivalent to the following constraints
Zd,ﬁ;‘.\'j-}-l‘l" Z n‘,-j-+l":,- < b;
I Jed;
Zitwij Z'a}jl."jl“i’j eJ;

-z <0,w; =0 (4.10)
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. Ujneo= S <TL g <Y, Ve d;
Proof. The “box-+polyhedral” uncertainty set " {'E|Z_;r.;,- €il 4l J = } can
be denoted as follows using conic representation:

Ulneo= {EIP1E+p1 € K1, P+ Peo € Kol

Defining the dual variable y'=[w;, ;] € R®!, y*=[vi, 2] € R™*! and using the dual cone

K|=K«, K., =K, the inner maximization problem is rewritten as

Eiaix i P1E+p) € Ky, P+ peo € Ko p .
A% Z..;”.x‘; 1£4p) | p

jed

The conic dual of the above problem can be formulated as follows

min {Pr4Tw+vi=ax, || wi ll; € 11l ville < T2) -

We can further get the following equivalent transformation through replacing 7 and T, with

ajz;, respectively,

Jed;

min {‘[’Ziu',—ﬁﬂ" maxl1';,-[:u-,-+1.-,-=§‘-.\'} .
wz Jel;

Since the above problem is a minimization problem, it can be equivalently transformed to
the following problem

Jed;

min {‘{‘Z|u',,-}+l"z,-::; =z fagxi—wil. Y € J,—}.

The above problem is further equivalent to the following problem since it is a minimization
problem and optimal solution must be obtained with [w;;| < [aj;x;|

min {‘}‘Zhr,ﬂﬂ":;:; > [ajixj] — iV e Lz = 0},

MhE
Jed;

which is further equivalent to the following problem by replacing |w;| with w;; and w;; 2 0

jedi

min {‘["Zu',_-f+rz,-:;; > ?.E]LI_H - Wijs Vj,- e J, wi =0,z 2 U} .
W

After incorporating the above conic dual into the robust counterpart constraint, the following
robust counterpart is obtained
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}:a,-j_\'j+‘}’ z \!‘,'),'+ij < b;
f jed;

Zitwij Zﬁ:’_'f"‘-_fr"_.f e J;
—uj <0,w; =0

Remark 4.6 As pointed out in Remark 4.1, an equivalent robust formulation for (4.10) can

be obtained by replacing the term |x;| with auxiliary variable u; and constraint —u; < x; < u;
follows:

Zaixi+¥ Y w4z < b;

i jel

zitwij = dyug, Vi€ J;

—ui<xjzu;, Vel

ZEZU.\I'!—J;ZU (4.11)

Remark 4.7 When y =1 (i.e., the set U is defined as the “interval+polyhedral” uncertainty
set), the corresponding robust counterpart optimization formulation becomes:

Zaix i+ Y w4z < by
i Jed;

zitwij = dyug, Vi€ J;
—ui<xjzu;, Vel

zi =0, Wi 2 0 (4.12)

which is exactly the robust counterpart proposed by Bertsimas and Sim!.

Motivating Example 1 (Continued). The corresponding “interval+polyhedral” based
robust counterpart for the first constraint of the motivating example 1 is:

7wy Z |xgl, 4w = 2|

{ 10x) 42000 +wy+wp+I. < 140
Zwnwn =0

Figure 4.1(e) illustrates the projection of the above constraints to the x;,x, dimensions.
dimensions. Comparing the robust counterpart constraint illustration Figure 4.1(c) and
Figure 4.1(e), it can be observed that for I" =1, the robust counterpart constraint is the same,
whereas for I =3, the “interval+polyhedral” based robust counterpart is less conservative.
This is consistent with the fact that as I' < 1, the intersection between interval and
polyhedron is exactly the polyhedron, but as I' > 1, the intersection between interval and
polyhedron is smaller than the polyhedron itself.

Property 4.6 If the set U is the “interval+ellipsoidal+polyhedral” uncertainty set (3.8), then
the corresponding robust counterpart constraint (4.1) is equivalent to the following

constraints
Ep;;l‘#!l 1!‘?.1'1':.; < b;
j&d; jen ¥

zi 2 laijxj = pij = wyl ¥ € Ji (4.13)

Yagxi+
>

Proof. Consider the “interval+ellipsoidal+polyhedral” uncertainty set
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Uir2nee= HZW <T; Zf} Q< 1V €ed; ;.

= Jed,

It can be denoted using conic representation as follows,

Uinaneo={EIP1€+p1, € K1, P2é+p2 € Ko, Pool+peo € Kaol .

Defining the dual variable y! = [p;, 111, y* = [w;, 1], ° = [v;, 13] and using the dual cone
K=K, K3=K>, K =K, the inner maximization problem can be written as

max E E‘}ﬁ,:_l,'.\’jiﬂp]fﬁ'fl].e K|.P3€+pj € K:,ow-(-pm € K.
£
Jedi

The conic dual of the above problem can be formulated as follows

min {71+Qr+I e p+witvi=ax, |l € 71wl < 1. il < 13}

After equivalent transformation through replacing ty, 15, T3 with lip;ll{, llw;lly, Ilv;lleo
respectively, we get
,E:n‘.”} {;];;,-J-[+Q ';|1".3J.+l"1}1ea}?{l1-;_,-|:p,—+n',-+v,-=}}',-_r \

Replacing TET(""} 'with auxiliary variable z;, get

. ) \ .
min le,-_,-|+Q Zn-;}.ﬂ":,—:z; > [dixij — pij — wijl. Yj € J;
WW,T
P jedi Jed

Incorporate the above conic dual and removing the minimization operator, then the
following robust counterpart is obtained

Yaixi+ | Y pi+Q [ X wiAly
j = et

i = faijxj — pij — wiglVj € J;

< b;

Remark 4.8 An equivalent robust formulation for (4.13) can be obtained by replacing the
term |p;| with auxiliary variable v;; and constraint —v;; < p;; < v;;, replacing [ajjx; — pij — wijl
with auxiliary variable ujj and constraint —u;; <'a@jjx; — pij — wy; < uy; as follows:
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2aijpxi+ L vii+Q [ ¥ |1'3'J.+r2,; <b
7 el :

Jed;
—vyj < pij < vij, Vi€ J;
~% Saijxj— pij—wij < 2 Vi€ J; (4.14)

Motivating Example 1 (Continued). The corresponding “interval+ellipsoidal+polyhedral”
uncertainty set induced robust constraint for the first constraint of the motivating example 1
is:

{ 10x, +20.\'2+|P”+|,‘?2|+§2.‘Hll"f‘f"\l'g""‘l—z < 140

zz|x1—pr—wil,z222x2 — p2 — wa|

The above constraints are also plotted on the x{, x, dimensions as shown in Figure 4.1(f).
Comparing the robust counterpart constraint illustration Figure 4.1(d) and Figure 4.1(f), it
can be seen that for both Q =1 and Q =2, the “interval+ellipsoidal” set induced robust
counterpart is more conservative than the combined interval, ellipsoidal and polyhedral set
induced model because the resulting optimization feasible set is in general larger. This is
consistent with the fact that when we further incorporate the polyhedral set to construct the
uncertainty set, the size of the resulting uncertainty set is actually decreased.

Finally, as a summary to the above derivation, we list the robust counterpart formulations
for linear optimization problems with LHS uncertainty as shown in Table 4.1. Note that in
Table 4.1, we list the “interval+ellipsoidal” based robust counterpart formulation but not
“box+ellipsoidal” based model by realizing that the “interval+ellipsoidal” set is important
for the bounded uncertainty distribution. Similarly, the “interval+polyhedral” and “interval
+ellipsoidal+polyhedral” set induced robust counterpart optimization formulations are listed
in the table.

Remark 4.9 For the sake of simplicity, only robust formulations with absolute value terms
are listed in Table 4.1, and equivalent robust formulations after eliminating the absolute
value terms can be found via equations 4.3, 4.5, 4.6, 4.8 and 4.11. In the rest part of the
paper, the absolute value term in the other robust counterpart formulations can be eliminated
in a similar way.

4.2 Right Hand Side (RHS) uncertainty

Consider the case that only RHS uncertainty exists in the i-th constraint of (2.1) as follows

Zu;jx_, < by

i (4.15)

where b;=b;+&b; and &; is the random variable. Then the robust counterpart for the i-th
constraint (2.5) is reduced to

Za,-f.xﬁ [“rléi’,( {—_g‘ﬂ] < b,

i (4.16)

Property 4.7 For RHS only uncertainty of the i-th constraint (4.15), the uncertainty set
induced robust counterpart constraint (4.16) is equivalent to the following constraint
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Zu,_,.r_,-%—[\?;; < b;
i (4.17)

where A is defined as ¥, Q, I, min(Q, 1), min(Q2, 1), min(Q2, I', 1) for the box, ellipsoidal,
polyhedral, “interval+ellipsoidal”, “interval+polyhedral”, and “interval+polyhedral
+ellipsoidal” uncertainty sets, respectively.

Proof. Since the dimension of the uncertain space for RHS only uncertainty is one (i.e., |J; =
1), all the previously discussed different uncertainty sets are reduced to 1-dimenstional
interval sets which can be described as

U={&liEl < A} (4.18)

where A is defined as ¥,Q, I', min(Q, 1), min(T", 1), min(Q, I', 1) for the box, ellipsoidal,
polyhedral, “interval+ellipsoidal”, “interval+polyhedral”, and “interval+polyhedral
+ellipsoidal” uncertainty sets, respectively.

Incorporating auxiliary variables xy and a constraint xy = —1, the constraint (4.16) can be
rewritten as

Z”f.i"—j‘* [E&x [f}i\t;]] < b;.

I

With the above reformulation and following the derivation process for box uncertainty set of
LHS uncertainty, the corresponding robust counterpart formulation is obtained

Zu, jxj+Ab| x| < by,

1

Notice that xo = —1, so the above constraint is reduced to:

Z“U-‘_.f+Abi < b;

I

which is the robust counterpart for RHS only uncertainty for linear optimization problem.

Finally, the robust counterpart formulations for different uncertainty sets are summarized in
Table 4.2.

From the above analysis, it is observed that for RHS only uncertainty of a linear constraint,
there is no difference in defining different uncertainty sets since all of them reduce to a
simple interval.

4.3 Simultaneous LHS and RHS uncertainty

Let us consider the more general case where uncertainty appears on both the LHS and the
RHS of the i-th constraint:
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Za; X+ Za,- jx; < b.

J#d; Jed; (4.19)

Similarly, through incorporating auxiliary variable xy and a constraint xo = —1, moving the
RHS to the LHS, the above constraint can be rewritten as

Za; i +Zﬂ'; ixjthixg =0

iy Jed; (4.20)

Thus, the robust counterpart formulations for simultaneous LHS and RHS uncertainty can be
derived using the same procedure as shown in section 4.1 and they are summarized in Table
4.3. For a detailed derivation procedure, the reader is directed to Appendix A.

Remark 4.10 The objective max cx can be equivalently transformed as follows:

max gz

st z—cx<0 (4.21)

Thus, the uncertainty in the objective coefficient  can be treated as uncertainty in the
following type of constraints

z—-eéx=<0 (4.22)

Hence, the complete robust counterpart formulations for uncertainty in LHS, RHS and
objective function are obtained.

5. Computational Studies for Robust Linear Optimization

Example 5.1 Consider the following linear optimization problem

max cix+caxa
s.1. apx+apx: < by
axy x1+aznx: < by

X, x2 =0

dayq agn _ 10 20 bl _ 140
where [c] c2] = [8 12] [ ay;  a» ] - l 6 8 | [ by ] - [ 72 ] The uncertain version of
the above LP problem can be described as the following problem:
max C1x+C200
531, dyjxj+ippx < .‘51
a1 X} +&33_r3 = b:
X, x2 20

where the possible uncertainty is related to the left hand side (LHS) constraint coefficients

&1 Q12> Gy Gy the right hand side (RHS) parameter j,, j, and the objective (OBJ)
coefficients ¢, &,. Here we define the uncertainty as follows:
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FJ':(“J,:-FC_;'E,]}. j=1.2;
aj=liagéy,  i=1,2, j=1,2;
b,‘Ih,'i—br'f;. i=1, 2;

where @;=0.1a;, b,=0.1b,, ¢j=0.1c; represent constant perturbation around their nominal
values &10,£20,511,512-621,522,61&2 are independent random variables.

When we only consider the LHS uncertainty, the different uncertainty set induced robust
counterparts can be formulated as shown in section 4.1. For example, the ellipsoidal
uncertainty set based robust counterpart is:

max 8x;+12x;

st 100+2000+Q (Jxl+4x3 < 140

61 +8x2+ 1/0.3617+0.64x3 < 72

X, x2 20

:

Note that the same uncertainty set parameter value Q is applied for both constraints here. In
the sequel, this will be similarly applied for the rest cases without further explanation. The
solution of the different uncertainty set induced robust counterparts is shown in Figure
5.1(a). Figure 5.1(b) illustrates the relationship between the “interval+ellipsoidal”, “interval
+polyhedral”, “interval+ellipsoidal+polyhedral” models (based on LHS+RHS uncertainty
for both constraints).

Considering only the RHS uncertainty, the different uncertainty set induced robust
counterparts can be formulated as shown in section 4.2. For example, the ellipsoidal
uncertainty set based robust counterpart is as follows and the solution of the different robust
counterparts are shown in Figure 5.2.

max  8x;+12x;
st 1047 +2000+ 140 < 140
6.\'|+8.l'3+?.29 <72
X1, X220

Considering LHS and RHS uncertainty simultaneously, the ellipsoidal uncertainty set based
robust counterpart is as follows and the solution is shown in Figure 5.3.

max 8x;+12x

st 1051 +2022+Q | [47+4x3+196 < 140

6x1+8x:+0 \/0,36_\-f+0,64_r§+5! B4<T2

Xj, % =0

Considering LHS, RHS and OBJ uncertainty simultaneously, we first equivalently transform
the objective uncertainty into constraint uncertainty as (4.22) and then the different
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uncertainty set induced robust counterparts can be derived based on the simultaneous LHS
and RHS uncertainty. For example, the ellipsoidal uncertainty set based robust counterpart is
as follows and the solution for simultaneous LHS, RHS and OBJ uncertainty is shown in
Figure 5.4.

max Z

st z—8x — 2x+Q ,||'0,64.1‘;1+ 1 44{7; <0

63181240 [0.36:3+0.64:3 +51.84 < 72

x5, =0

Based on the solution of the different cases of uncertainties, the following remarks can be
made:

(€)) It can be observed from Figures 5.1(a), 5.3(a) and 5.4(a) that for the ellipsoidal
set based robust counterpart, when Q < 1, the ellipsoidal and “interval
+ellipsoidal” has the same solution because the corresponding uncertainty sets

are the same; when Q) < m, the “interval+ellipsoidal” solution reaches the
worst case and does not decrease anymore because the “interval+ellipsoidal”
uncertainty set is exactly the interval and does not change. For the polyhedral set
induced robust counterpart, when I' < 1, the polyhedral and “interval
+polyhedral” set induced models have the same solution; when I' > |J}|, the
“interval+polyhedral” solution reaches the worst case and does not decrease
anymore. It can be concluded from those results that for bounded uncertainty,
the uncertainty set should be combined with interval to avoid conservative
solutions.

2) Comparing the “interval+ellipsoidal” and the “interval+polyhedral” set based

model from Figures 5.1(a), 5.3(a) and 5.4(a), when ['=Q m, the “interval
+polyhedral” set based solution is always worse than the “interval+ellipsoidal”
based solution, which is verified by the fact that the “interval+polyhedral”
uncertainty set is larger and completely covers the “interval+ellipsoidal” set;
when I" = Q, the “interval4+polyhedral” set based solution is always better than
the “interval+ellipsoidal” based solution because the “interval+polyhedral”
uncertainty set is smaller and completely covered by the “interval+ellipsoidal”
set.

3 Comparing the “interval+ellipsoidal+polyhedral” set based model with others
from Figures 5.1(b), 5.3(b) and 5.4(b), for every Q value, we adjust the value of
I' between Q and (3 +/|J;] and test three different values of I (as explained in

section 3, only when Q < I" < Q +/|J;|, the intersection between the ellipsoidal
and polyhedral set does not reduce to any one of them). It can be observed that

as the value of I increases from € to £ 4/|.J;], the “interval+ellipsoidal
+polyhedral” set based solution switches from the “interval+polyhedral” set
based solution with I' = Q to the “interval+ellipsoidal” based solution with

I'=Q +/|J;|, because the intersection between the ellipsoid and polyhedron is
exactly changing from the polyhedron with I' = Q to the ellipsoid with

parameter I'=Q +/|.J;]-

4 For RHS only uncertainty, which is a special case where the number of
uncertain parameters for every constraint is 1, the solution is identical for
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+ellipsoidal” and “interval+polyhedral” uncertainty sets as shown in Figure 5.2.

Furthermore, as Q < 1 and I" £ 1, all the solutions are identical. This is

consistent with the definition of the corresponding uncertainty set: as Q=T <1,

the four types of uncertainty sets are actually the same interval set.

Example 5.2 Refinery production planning problem

Petroleum refinery production planning involves several types of uncertainty, such as prices

and product demands. The refinery topology shown in Figure 5.5 and the operational
planning model originally proposed by Alen3? are used. Leiras et al., illustrated the

application of robust optimization framework which is based on the “interval+polyhedral”
uncertainty set induced robust optimization methodology proposed by Bertsimas and Sim!.

In this example, the refinery includes three units: primary distillation unit (PDU), cracking
and blending. It processes crude oil (x1) to produce gasoline (x;), naphtha (x3), jet fuel (x4),
heating oil (xs), and fuel oil (xg), where x7 ~ xp( are intermediary streams. The objective
function maximizes the profit, which considers the crude oil cost and operating cost of the
distillation and cracker units. Constraints include the production yield, fixed proportion
blending, production balances and production requirements. The deterministic model and

the definitions of variables and parameters are shown below.

aaxY 3 pusi= 3 Y caca

1eT jg forod

st Xj = capj

Xp < Er'fh'j Xit

Xip £ XX

Xi < Zjapix

xj < prod

Xip = 0

teT jig fecd

VieJed reT

Yiel,teT

VielteT

YielteT

YielteT

YielteT

(5.1a)

(5.1b)

(5.1c)

(5.1d)

(5.1e)

(5.1F)

(5.1g)

where (5.1a) represents the profit objective, (5.1b) is plant capacity constraint, (5.1c) is

production yield constraint, (5.1d) is fixed proportion blending constraints, (5.1e) is
production balance constraint, and (5.1f) is the production demand constraint.

The uncertain parameters we focus on are the cost cj;, the prices of products pj, the yields 7;;
and the demands prodj,. We assume that those parameters are subject to bounded uncertainty
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and that there exists a maximum of 10% deviation of cost and price coefficients, 5% of
demand coefficient and 1% of yield coefficient from their nominal values. It is also assumed
that only the yields of products from the distillation unit are controlled. The cost cj; and the
prices of products pj; appear in the same constraint and they are considered simultaneously.
We applied the six different robust counterpart formulations for the three kinds of
uncertainty separately, and all of them together subsequently. The solution of the nominal
deterministic model is US$23,387.50/day. Considering the different types of uncertainty
separately, the worst cases scenario results computed from box set induced robust
counterpart optimization model with ¥ = 1 are listed in Table 5.1.

From the above results, it can be observed that the cost and price uncertainty has the most
significant effect on the overall profit since the objective value is much less than the
objective value of pure yield uncertainty or pure demand uncertainty. In the sequel, we first
analyze the different types of uncertainty separately, and then consider them simultaneously.

a Yield uncertainty. The set of yield constraints (5.1c) contain the uncertain
parameters. In each constraint, the number of the uncertain parameters (i.e., |/}])
is 1. It belongs to the LHS case uncertainty. Applying the six different kinds of
robust optimization formulations, the results are shown in Figure 5.6. It can be
observed that the results of different formulations are the same as the adjustable
parameter is less than 1 because there is only 1 uncertain parameter in each
individual constraint. When W, Q, I = 0, the solutions are the same as in the

deterministic model. When ¥ = 1, Q=+/|J)| and I = |J}|, the results reach the

worst case. When I') +/|J;| and T" > |/, the results of “interval+ellipsoidal”,
“interval+polyhedral” and “interval+ellipsoidal+polyhedral” set induced models
do not decrease anymore.

2) Cost and price uncertainty Since the uncertain parameters appear in the
objective, we convert it into a constraint. The resulting problem has only LHS
uncertainty and the number of the uncertain parameters (i.e., J;) is 7. The results
are shown in Figure 5.7. When W,Q,I" = 0, the solutions are the same as in the
deterministic model. When W,Q.T" increase, the results of the box, ellipsoidal
and polyhedral uncertainty set induced models will decrease or even become
infeasible. If the uncertainty set is combined with an “interval” set, the solution
will finally reach the worst case value and will not decrease anymore. In this
study, the following parameters are applied, for “interval+ellipsoidal” model,

Q=+/|J;|= V7; for “interval+polyhedral” set induced model, I = |J;| = 7; for
“interval+ellipsoidal+polyhedral” set induced model, we take Q=I"/ +/|J;|-

A Demand uncertainty This belongs to the RHS uncertainty case and there is
only one uncertain parameter in each constraint. The results are shown on Figure
5.8. From this figure, we can see that the results of different formulations are the

same because there is only 1 uncertain parameter in each individual constraint.
When ¥,Q.,¥Y = 0, the solutions are the same as in the deterministic model.

When ¥,Q,I" = 1, the results reach the worst case solution. When Q) +/|Ji|=1,
and " > |J;| = 1, the results of the “interval+ellipsoidal”, “interval+polyhedral”
and interval+ellipsoidal+polyhedral” induced models do not decrease anymore.

“) Simultaneous yield, price, cost, and demand uncertainty Here we consider all

1
uncertainties together. The x axis is Ipyice and we set Dyiets=1demana==Tprice to
plot the result using the same axis. The parameters are as follows:
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Jyr'('!d =1, Jpn'c(' =7, Jiemana=1

Wicta=T yieta | dvietals ¥ price =T price [ pricels Paemand=T demana | demand),

Q\'&'M :r_\'r'(-a’u’ fl |J_\'.5¢'M |~ Q,'u ice =1 price ;" |qu'n'c|- Q(h'mwm’ =r{f(’]’??uf1d1; v UJmnund |

The results are shown as Figure 5.9. From this figure we can observe that when
all the W,Q.I" for yield, price, cost and demand are O, the results are equal to
those of the deterministic model. When ['y,;ice =7, Iyieiqd = Udemana = 1, and

Q= +/|J;|, the results of the “interval+ellipsoidal”, “interval+polyhedral”, and
“interval+ellipsoidal+polyhedral” set induced models reach the worst case and
do not decrease anymore. At the same point, the “box” reaches the worst case
also.

Finally, from the above analysis, it can be concluded that for bounded uncertainty in the
yield, demand and price/cost data, the uncertainty set should be combined with the interval
set so as to avoid too conservative or even infeasible solutions. On the other hand, all the
different models have the flexibility to adjust the solution between the worst-case scenario
and the deterministic solution, depending on the selection of the adjustable parameters for
their corresponding uncertainty set. To perform a more rigorous comparison of the different
models' conservatism, the evaluation of the probabilistic guarantees of constraint violation is
necessary, and this will be the subject of a forthcoming publication.

Counterpart Formulations for Mixed Integer Linear Optimization

In this section, different uncertainty set induced robust counterpart formulations are derived
for a general mixed integer linear constraint. We first present the results for simultaneous
constraint LHS and RHS uncertainty, and then extend the results to the case of objective
function coefficients' uncertainty.

6.1 Uncertainty in LHS and RHS

For problem (2.7), introducing auxiliary variable xq and an additional constraint xo = —1, the
original i-th constraint's robust counterpart (2.11) can be rewritten as

Pixo+ Zuinr-‘-m + Zbi.(_"]‘ +]§1_a()‘ EJ'[F};-J'-‘T}""' Z _Eima'm X+ Z‘-.Cr'a" bi.(_".( <0
m k == meM,; kek; (61)

With the following definition

&= Enil&Eim)  1Eal] (6.2a)

A= [Pi; l‘\'f’m} . ”JI‘-('JL] (621))
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;{;: [F;n {‘Tr'mi 1 [};r.k]] (6.2¢)
X=[x0 {xm} ; {a)] (6.2d)
J € Ji={0} >M;>K; (6.2¢)
the robust counterpart (6.1) can be rewritten as:
ZA;IX_J"FE;IEE]& {Z&_;‘A;}X}] < 0.
J Jjedk; (6.3)

In order to eliminate the inner maximization problem in (6.3), we first transform the inner
maximization problem into its conic dual, and then incorporate the dual problem into the
original constraint. In the sequel, the robust counterpart formulations for the i-th mixed
integer linear constraint in (2.7) with simultaneous LHS and RHS uncertainty will be
directly given. Detailed proofs of all properties can be found in the Appendix B.

Property 6.1 If the set U is the box uncertainty set (3.1), then the corresponding robust
counterpart constraint (6.3) becomes:

Zaim Xm+ Zbﬂ. Yit  d Z Ea'm |-"m [+ Z b 1_"‘.& |+};f < pi
T

m meM; kek; (6 . ‘1)

Proof. (see Appendix B).

Remark 6.1 Notice that the absolute value operators in constraint (6.4) can be directly
removed while the corresponding variable is positive. The robust formulation can be further
equivalently transformed to the following constraints:

Z“un-“ﬂr"'zbm_\"ﬁ +¥ Z Wi U+ Z brk Vietpi| < pi
m & meM; kek;

|.l‘,”| Su, YmeM,
|_\‘,{| SV Wk e K,: (65)

The above constraint set can be further rewritten as the following form:

YimXmt+ ZbaviA VY| Y Gimitmt+ Y, bavi+pi | < pi

m k meM; kek,;
—Upy S Xy S Uy Vme M;
-E<w v, YkeK; (6.6)

Motivating Example 2 (Continued). The robust counterpart for the original third constraint
is as follows:
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xi = 20y 4+ (0. 10 4+2y;) < 0.

The final complete robust counterpart optimization model is:

max 3x1+2x2 = 10y = 5y,
5.1 X+ <20
X4+2x < 12
xp = 200 +% (01X +2y) < 0
x = 20m+%¥2 (0.1x+2v1) <0
x—x:<-4
0<xp,0 <10,y, v €{0,1}

In the above formulation, different parameters ¥, ¥, are assigned to the two constraints.
Note that the absolute value operator has been eliminated since the variables are all positive.

Property 6.2 If the set U is the ellipsoidal uncertainty set (3.2), then the corresponding
robust counterpart constraint (6.3) is becomes:

e ] P,
Za,-m_\'m + Zb&"‘k +0 Z ufm_\f,,+ Zb;k}'ﬁ - pf < pi

m m meM; keK; (6 ) 7)

Proof. (see Appendix B).

Motivating Example 2 (Continued). The robust counterpart constraint for the third
constraint of motivating example 2 is

X1 — 20y 401 4/0.01:3 +4y? < 0.

Property 6.3 If the set U is defined as the polyhedral uncertainty set (3.3), then the
corresponding robust counterpart constraint (6.3) becomes:

Z“rm-\}n"'zbfk_‘]"'&r =pi

m k

2 = Uil VM€ M;

zi 2 biglyil Yk eK;

% Z Pi (6.8)

Proof. (see Appendix B).
Remark 6.2 Similarly, as in Remark 6.1, the above robust formulation can be further

transformed into the following equivalent constraint set after eliminating the absolute value
operators:
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Z“rm ‘-N)+Zb.!.‘l.+ I < pi

"

= a,,,,um Ve M;
i J'(J','AIA Yk € K;

z > i
—Upy S Xy S Uy, YmEM;
—VE SV S Yk € K; 6.9)

Motivating Example 2 (Continued). The corresponding robust formulation for the third
constraint of the motivating example is:

x1—20v+zT €0

Property 6.4 If the set U is the “interval+ellipsoidal” uncertainty set (3.4) with ¥ = /, then
the corresponding robust counterpart constraint (6.3) becomes:

Z“i}n]—nr"‘zbﬂ'.“k"' Z aam|‘m vf"f|+ Zbr.&lﬂ ¢F|‘\|+Piil+~f{}|+g Z a;,.,-':m Zbrk”xk+-'l < = sy 1
m k

meM; mek; meM; kek; (6 10)

Proof. (see Appendix B).

Remark 6.3 Constraint (6.10) can be rewritten as

N \,,&Zb,;\m— N dimtim+ Y b,w,; +pitp+Q | ¥ @ aw m,+ Z !’;p,;"'-”, r“ < pi

m meM; mek; e,
Ui =X — w’ml ¥m e M;

wg=lve = zitl Vk € K;

uio=[1+zio|

which can be further equivalently transformed to the following constraint sets as shown in
Remark 6.1:

2l \nr+zblk‘k+ Z iU+ 2, bfi”r1+f’rf-‘n]+9 2 “”,rv",,"“ Z bd«.;"h”, ,u =pi

m meM; mek; meM;

_HJ'J'H g "FN wlr” i ”H.’J i’” € MJ

—Uj < Yk — Zik < Wik Yk € K;

—uin < 1+2ip < ujp (6.11)

Motivating Example 2 (Continued). The robust counterpart formulation for the third
constraint is

X1 — 20y1+Q 4J0.0123, +423, <0
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V31 =X 231 = U3

—U33 = V] — 233 S U3

Property 6.5 If the set U is defined as the “interval+polyhedral” uncertainty set (3.6) with ¥
= I, then the corresponding robust counterpart constraint (6.3) is equivalent to the following
constraint sets:

Z”a'mrtm"'Zbe'k_\'k'*' zli+ Z Wipe+ Z witHwin | < pi
k

7o meM; kek;

T Wiy 2:’?,—,,,|.\',,,| Yme M;

zitwin = byl Yk € K;

ZitWig = P (6.12)

Proof. (see Appendix B).

Remark 6.4 While the variables are positive, the absolute value operator can be directly
removed. Otherwise, the robust formulation (6.12) can be rewritten as follows as shown in
Remark 6.1:

Zttim X+ Lhavit |zl X Wit X wiatwig| < pi
i ;

m e M; kek;

L+t Wim = Qi VYme M;

ZWi = by ke K;

ZitWio = P

—lpy £ Xy < Uy Ve M;

—V SV SV Yk € K; 6.13)

Motivating Example 2 (Continued). Since all variables are positive, the robust counterpart
for the third constraint becomes:

x) =20y +3 T +wa4u33 €0

Zi+wa 2 0.1xy, 21+waa = 2y

Property 6.6 If the set U is the “interval+ellipsoidal+polyhedral” uncertainty set (3.8) with
Y = ], then the corresponding robust counterpart constraint (6.3) becomes:

o

z':"!'ri:-txrr+zbfk_\lk+z{r+ Z |q!'m|+ z !q:k|+|9e{}f+ﬂ Z “‘ﬁn+£z I“f{‘*‘“‘f[! = pi
m k kekK; teK;

meM; meM;
= IE,-,,,.!;m = Gim — Win Ym e M;
% 2 bayve — qixc — wal Yk € K;
z 2 [pitqio+wiol (6.14)

Proof. (see Appendix B).
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Remark 6.5 As in Remark 6.1, the robust counterpart can be equivalently rewritten as
follows by introducing auxiliary variables and eliminating the absolute value operators:

i i 2 B e
YlimXmt Dbyt + Y it 3, u;k+um+9\/ Lowi X wytwy <
4 " kek;

m k meM,; kek; e M,
—Uim = Qi < Uipn Vm e M;
—Ui < g < Ui Yk € K;

—Ui = qin < Ui

~2i £ QiXn — Gim —Wim S 2% Yme M;

—-Zi = E‘k}‘k = ik — Wik = Zj Tk € K;

~zi < pitqio+wio < Zi (6.15)

Motivating Example 2 (Continued). The robust counterpart formulation for the third
constraint is

xp = 20v 4210 +us Huza+Qy ﬂ'v.'%l+l'.'1:‘,i <0

—U3] = 31 < W3], —U33 S §33 < U33

21 S0.0x —ga1 —w31 21, -0 S 2y1 — g3 — w33 <2

The different uncertainty set induced robust counterpart formulations are summarized in
Table 3.1. Finally, we point out that for the case of LHS only or RHS only uncertainty, the
corresponding robust counterpart optimization formulations can be derived based on the
above results of simultaneous LHS and RHS uncertainty.

For example, for LHS only uncertainty, we have 7;=0, then the box set induced robust
counterpart (6.4) is reduced to

Zaim-rm-"zbfk_\'ﬁ. +¥ Z a‘l'n.‘l-“mH'ZR'k I_".f.'l < Pi
" % meM; kek, . (6.16)
Similarly, for RHS only uncertainty, g, =0, b;=0. then the box set induced robust
counterpart (6.4) is reduced to
Za,-,,,,r,,ﬁz.b,-k w+¥p; < pi
n k (6 1 7)

6.2 Objective Function Coefficients' Uncertainty

Considering the objective coefficients uncertainty in the mixed integer linear optimization
problem (2.7):

maxZE,,,_\',,, + ZJ}; Vi
" T

(6.18)
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To derive the corresponding robust counterpart formulation, the objective uncertainty is
equivalently transformed into constraint LHS uncertainty as follows

max 7

st z— YEuxmt by <0
A (6.19)

Then the robust counterpart formulation can be applied on the resulting constraints which
contain LHS only uncertainty.

Motivating Example 2 (continued). To derive the robust counterpart for the objective
function coefficients' uncertainty in motivating example 2, the original objective function is
transformed into the following constraint first:

2= (3x1+2x2 — 10y — 5y2) <0
Then, the set induced robust counterpart constraint for the resulting new constraint can be
formulated. For example, the box set induced robust formulation is:

2= (3x14+2x3 = 10y = Sv2) +Wp (0.3x1+0.2x24+y1+0.5v2) < 0

The ellipsoidal set induced robust counterpart constraint is:

2— (3x142x2 — 10y — 5y2) +Qy \/(),U‘)ﬁm,m_\g +y740.25y; <0
The polyhedral set induced robust counterpart constraint is:
{ 72— (3x;+2x0 — 10y = 5y) +plp < 0

vp = 0.3x1,vp = 0.2x2,v9 = vy, vg = 0.5v

The “interval+ellipsoidal” set induced robust counterpart constraint is:

2= (3x142x2 — 10v; = Sy2) + (0.3u) +0. 20 + 1203 +0. 5004 ) +82p \/U‘ngsil

—Ugl = X] —Z01 = Hol, —H02 = X2 — 202 = up2

A2 12 g2
+0.04z5, +25,+0.25z5, <0

=Up3 = Vi — 203, = U3, —Uo4 = V2 — g < Uy

7. Computational Studies for Robust Mixed Integer Linear Optimization

Example 7.1 Consider the following mixed 0-1 programming problem

max 3x142x = 10y = 5y,
5.1, Xi+ap <20
xX4+2x < 12
xj—20v; <0
=20y <0
x—-x<—4
0y, < |0._\'] Y2 € {0, 1}
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Let us assume that all the objective function coefficients, the LHS and RHS of the
constraints parameter are possibly subject to uncertainty. To find robust solutions of this

problem, we first convert the objective uncertainty into LHS uncertainty as shown in Section
6.2:

max <

.. z— (3x42x2 — 10y; —5») <0
X+ <20
x+2x; < 12
x;—20v; <0
x=20v; <0
xp-—nm <-4

0<x,x0 <10,y e{0,1}

The corresponding uncertain version of the above problem can be represented using the
general form as follows

max z
s.t. Apz+Ax+By < p
0<x,x < 10,¥1,y2 €10, 1}

where A= (@i +@imin), B= [b,—k +bi&i }, p={pi+pi&o)s Eim» Eik» Eio are independent uncertain
parameters, d;,,, b;; and p; are nominal data defined as follows

1 -3 -2 10 5 0
0 I 1 0 0 20
0 1 2 0 0 12
Ag= ol 'Ua'm} = 1 0 5 ”)ik] = —20 0 s '.na} = 0
0 0 1 0 =20 0
0 1 -1 0 0 o

Assuming 10% uncertainty level for the possible uncertainty (i.€., @,,=0.1]a;n}b by=0.1|bi}
P:=0.1|p,), the robust counterpart model under different uncertainty sets can be formulated
as shown in section 6. Note that for the constraints containing only continuous variables,
their corresponding robust counterpart constraints can be formulated using the method
presented in section 4.

In this example, several different uncertainty cases are studied, which include LHS only
uncertainty, RHS only uncertainty, OBJ only uncertainty, simultaneous LHS, RHS and OBJ
uncertainty. Without giving a complete description of all the robust counterpart optimization
models, we list several robust counterpart models using the box set induced robust
counterpart formulation as follows:

0)) Considering LHS only uncertainty for all the constraints, the box set induced
robust counterpart model is
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max 3x14+2x2 = 10v) = 5w
gt x+0+¥ (0.1 +0.1x2) < 20
x4+2x+¥ (0.1x+0.2x7) < 12
x =200 +W (0. 1x+2y1) < 0
12 =200+ W (0.1 +2w) <0
x; — x4+ (0.1 +0.1x2) < -4
0<x.x <10,y (0,1}

Note that the same uncertainty set parameter ¥ is applied for all the constraints
here. A similar setting will be applied for the rest of the models.

Considering simultaneous LHS and RHS uncertainty, the box set induced robust
counterpart model is

max 3x142x2 = 10y = 5y
s.t. X+ +P (0. 10 +0.1x+2) <20
1+ 204+ (0.1 +0.2x0+1.2) < 12
X =20y +WY (0.1 +2v) <0
a2 = 20+ ¥ (0132 +2v2) <0
x —x+%¥ (0.1x40.1x:,+0.4) < —4
0<x, 0 <10,y,v2 €{0,1}

Considering simultaneous LHS, RHS and OBJ uncertainty, the robust
counterpart model is:

max 7
5.t 2= (Bxp+2x — 10y = 5v2) +¥ (0.3x)+0.2x2+yv,+0.5y2) <0

r+o+P (010 +0.1x6+2) < 20

X+2x0+ (0.1 +0.2x04+1.2) < 12

xp =20+ (0.1 +2y) <0

x7 = 20v2 4+ (0.1a242y2) < 0

x1 = x+¥ (0.1x+0.12,+04) < -4

0<xp, 0 <10y, m {0, 1)

Based on the solution of the robust formulations under different cases of uncertainties, the
following remarks can be made:

ey

(2)

For RHS only uncertainty, which is a special case where the number of
uncertain parameters for every constraint is 1, the solution is identical for
ellipsoidal and polyhedral set induced models, and also for the “interval
+ellipsoidal”, “interval+polyhedral” and “interval+ellipsoidal+polyhedral”
uncertainty set induced models as shown in Figure 7.3. Furthermore, as Q < 1
and I < 1, all the solutions are identical because as Q =I" < 1, the different
uncertainty sets are actually the same interval set.

It can be observed from Figures 7.1(a), 7.2(a), 7.3(a), 7.4(a) and 7.5(a) that the
ellipsoidal set based robust counterpart solution is equal or worse (even becomes
infeasible with large € value) than the “interval+ellipsoidal” set based solution.
Similarly, the polyhedral set based solution is equal or worse than the “interval
+polyhedral” set based solution. This is because for the ellipsoidal set or
polyhedral set, its combination with the interval set makes the resulting
uncertainty set smaller, and thus less conservative. This suggests that for
bounded uncertainty, the uncertainty set should be combined with interval to
avoid conservative solutions.
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A3 Comparing the “interval+ellipsoidal” and the “interval+polyhedral” induced

model from Figures 7.1(b), 7.2(b), 7.4(b) and 7.5(b), when I'=Q m the
“interval+polyhedral” based solution is always worse than the “interval
+ellipsoidal” based solution, which is because the “interval+polyhedral”
uncertainty set is larger and completely covers the “interval+ellipsoidal” set;
when I" = Q, the “interval+polyhedral” based solution is always better than the
“interval+ellipsoidal” based solution because the “interval+polyhedral”
uncertainty set is smaller and completely covered by the “interval+ellipsoidal”
set.

“ Comparing the “interval+ellipsoidal+polyhedral” set based model with others
from Figures 7.1(b), 7.2(b), 7.4(b) and 7.5(b), it can be observed that as the I"

value increases from Q to £ +/|J;|, the “interval+ellipsoidal+polyhedral” based
solution switches from the “interval+polyhedral” based solution with I' = Q to

the “interval+ellipsoidal” based solution with I'=Q +/|J;|, because the intersection
between ellipsoid and polyhedron is exactly changing from the polyhedral with

I' = Q to the ellipsoid with parameter I'=Q /| J;|.

Finally, from the above analysis, it can be concluded all the different models have the
flexibility to adjust the solution between the worst-case scenario and the deterministic
solution, depending on the selection of the adjustable parameters for their corresponding
uncertainty set. On the other hand, the degree of conservatism of the models differs, and
some models even become infeasible with relatively large uncertainty set parameter values.

Example 7.2 Process scheduling problem

This example involves the scheduling of a batch chemical process related to the production
of two chemical products using three raw materials. The state-task-network (STN)
representation of this example is shown in Figure 7.6. The deterministic MILP formulation
(7.1) for the scheduling of this batch process is based on37 and detailed problem data can be
found in?7.

Through this example, we study the different robust counterpart optimization formulations
introduced in section 6 considering different types of uncertainty cases. The scheduling
problem's MILP formulation is as follows:

max profit

st profit— Y pricegds,+ ¥ prices (ST, —STF;) <0
SES o 58,

(7.1a)

Zm-,-,j_,, <1 Viel

iel; (7.1b)

c P . 3
Stsn=5tsn-| —dsn — Z.()J-,,'Zhi,j,u"' E .U_\-l,'zbf.j,u—l YseS,VneN

il = il Jed; (7.1¢)

max

Sten < St YseS.VneN (7.1d)
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1':1;"11'1';_ in L B 1'?}"11-‘\';_ in YielVjelti,¥neN
Zd:‘,n >F VseS§
n

T fijn = Tsijn+@ijwvijn+B; jbijn Vi€ LVje€ J,VneN
Tsijns1 2 Thijn—H(1=wvija) VielVjeJNneN
Tsijuet 2 Tfrjn—H(1—wvirjn) Vii' €1,¥je ) YneN
Tsijus1 2 Tfojpa—H(1=wvirp,) Vii' €lji#1,Vjj €l IneN
Tsijne1 2 Tsijn Vi€ LYjeJ,¥neN
Tfijns1 2 Tfijn Vi€l Vje T VneN

Tsijn<H VYielVjel,¥YneN

Tfijn<H VielVjeJ,VneN

Nomenclature for the process scheduling model (7.1)

i€ I tasks

I tasks which produce or consume state (s)

I; tasks which can be performed in unit (j)

JjEJ units

J; units which are suitable for performing task (i)
n€N event points representing the beginning of a task
sES states

S, states belong to products

S, states belong to raw materials

price; price of state (s)
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(7.1k)
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(7.1m)

(7.1n)
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STI initial amount of state (s)
STF, final amount of state (s)
dgp amount of state (s) delivered to the market at event point (1)
WYijn binary, whether or not task (i) in unit (j) start at event point (n)
Sty continuous, amount of state (s) at event point (n)
pSP ; pSCI, proportion of state (s) produced, consumed by task(i), respectively
bijn amount of material undertaking task (7) in unit (j) at event point (n)
SPmas available maximum storage capacity for state (s)

min _ max

v; J v J minimum amount, maximum capacity of unit (j) when processing task (i)
rg market demand for state (s) at the end of the time horizon

Tfijn time at which task (7) finishes in unit (j) while it starts at event point (1)
Tsijn time at which task (7) starts in unit (j) at event point (n)

;s Bij variable term of processing time of task (i) in unit (j)

H time horizon

In the above formulation, the objective function (7.1a) maximizes the profit; allocation
constraints (7.1b) state that only one of the tasks can be performed in each unit at an event
point (n); constraints (7.1c) represent the material balances for each state (s) expressing that
at each event point (n) the amount is equal to that at event point (n-1), adjusted by any
amounts produced and consumed between event points (n-1) and (n), and delivered to the
market at event point (n); the storage and capacity limitations of production units are
expressed by constraints (7.1d) and (7.1e); constraints (7.1f) are written to satisfy the
demands of final products; and constraints (7.1g) to (7.1n) represent time limitations due to
task duration and sequence requirements in the same or different production units.

In this example, uncertainties in material and product prices, processing times of tasks in
different units, and product demands are studied. We assume bounded uncertainty and
assign a maximum of 5% deviation of price data, 5% of processing times and 20% of
demand data from their nominal values.

(1) Price uncertainty Considering only price uncertainty, then only constraint (7.1a) is
affected, where price, are the uncertain parameters. For the process network in this example,
there are three raw materials and two products, so the total number of uncertain parameters
in the constraint is 5 (i.e., |[Jj| = 5 ). We first study the ellipsoidal and polyhedral sets related
robust formulations presented in section 6 and apply them on this constraint. The results are
shown in Figure 7.7. From the results shown in Figure 7.7, it is seen that when Q< 1 and I'<
1, (a) the ellipsoidal and the “interval+ellipsoidal” set based solutions are identical, and (b)
the polyhedral and the “interval+polyhedral” set based solutions are identical. This is
because the corresponding uncertainty sets are also identical. As Q > 1 and I" > 1, the
combined uncertainty sets based solutions are better because their uncertainty sets are
smaller with the restriction of the bounded box comparing to the pure ellipsoidal and pure
polyhedral set, whose corresponding solutions quickly deteriorate. The above analysis
further verifies the earlier observation that for bounded uncertainty, a combination set is
preferred to obtain less conservative solution. Finally, considering the “interval+ellispsoidal
+polyhedral” set will only lead to solutions between the “interval+ellispoidal” and the
“interval+polyhderal” cases and require a more complex model. Hence it is not suggested
for the solution of robust scheduling problems.
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(2) Processing time uncertainty Here we consider only processing time uncertainty in

constraints (7.1g), where &; ; and Bi._j are uncertain parameters. Thus, every such constraint
has two uncertain parameters (i.e., |Ji| =2 ). We study the ellipsoidal and polyhedral sets
related robust formulations presented in section 6 and apply them on this constraint. The
results are shown in Figure 7.8. From the solution, same conclusions can be made as in the
analysis for price uncertainty.

(3) Demand uncertainty Considering only demand uncertainty, then constraints (7.1f) are
affected. For each one of these constraints, there is only uncertain parameter on the RHS of
the constraint, and the uncertain parameter is the demand data 7. Considering that the
uncertainty is bounded, we only need to study the box set and those combined sets. Since the
number of uncertain parameters is 1, for each constraint, the different uncertainty sets are
reduced to 1-dimenstion interval set which can be described as

U={&l&l < A (7.2)

where A is defined as ¥, min(Q2,1) , min(I',1) , min(Q, I', 1) for the box, “interval
+ellipsoidal”, “interval+polyhedral”, “interval+polyhedral+ellipsoidal” uncertainty set,
respectively. Thus, the different uncertainty set induced robust counterpart formulations will
be identical with same uncertainty set parameter value A. Here, we plot the result of their
robust counterpart solution as shown in Figure 7.9.

Finally, we studied the worst-case scenario solution for the different uncertainty cases. The
worst-case scenario solution means that the uncertainty set covers the whole uncertainty
space. Among the different uncertainty sets to cover the whole bounded uncertain space, box
uncertainty set takes the smallest size, and here the box set with W = 1 (i.e., interval set) is
applied for the three types on uncertainty individually and the results are shown in Table 7.1.
Comparing the result, we can conclude that with the given uncertainty characteristics, the
price uncertainty has the largest effect on the final profit, whereas the demand uncertainty
has the least effect on the final profit.

8. Conclusions

Set induced robust counterpart optimization techniques are systematically studied in this
paper. Several important uncertainty sets are studied, including those studied in the literature
and also several new ones proposed in this work. New uncertainty sets such as the adjustable
box, ellipsoidal, polyhedral and “interval+ellipsoidal+polyhedral” set are introduced and
their relationship with some well known uncertainty sets presented in the literature is
discussed. The relationships between those different uncertainty sets are extensively
discussed, and useful insights are gained for their corresponding robust counterpart models.
For uncertainty in the left hand side, right hand side and objective function, the robust
counterpart formulations induced by those different uncertainty sets for linear optimization
problems and mixed integer linear optimization problems are derived. The different
uncertainty set based robust counterpart formulations are also compared through numerical
studies, a production planning and a process scheduling problem.
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Appendix A

Derivation of the robust counterpart for a linear constraint under simultaneous LHS and
RHS uncertainty

Consider the i-th linear constraint of problem (2.1) with simultaneous LHS and the RHS
uncertainty:

Zu,;,-_rﬁZaU.rj < f?J.'

JES i (A1)

where &jj=a;i+&;a@; ¥ € Jiy bi=b;+&oib; Incorporating auxiliary variable x( and an additional
constraint xy = —1, the constraint can be rewritten as

bixp+ Zﬂij-" it [é'ﬂf?f-t[ﬁ Z_f:jﬁfj-\' j] <0.

i Jedi (A.2)
With a given uncertainty set U for §;o and &, the corresponding set induced robust
counterpart is
b.r'.\'{}"' Zu;j.\'ﬁ- I}lec'}a( {Eﬁl—g;.l’[ﬁ- Z&ﬁﬂ;;.r;} =< 0.
J jed; (A.3)
With the following definition
&= [f{(}? ‘fg” i (A.4a)
A= i fas] (A.4b)
Ar=[bs fal] (A 4c)
X=[x0; {xi]]. (A.4d)
Ji=Ji> (0}, (A.te)
constraint (A.3) can be rewritten as
D AX rmax (£4:X) < 0.
: sell
i (A.5)
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Property A.1 The box uncertainty set (3.1) induced robust counterpart formulation (A.5) is
equivalent to

Zu,),.\'j#}" Z?f{;|-"j|+bi < b;

J jel! (A.6)

Proof. Applying Property 3.1 on (A.5), we obtain the following equivalent problem

DAk ¥ Al
j

Jek;

<0

Expanding the above constraints using the previously defined variables, the resulting robust
counterpart formulation is

> il +bikvol

Jed;

bixp+ Z(.‘U.\'J'+q" <0.

]

Notice that xy = —1, so the absolute value operation on them is automatically eliminated.
The final robust counterpart formulation is

Za,}-_r i+

I

Za}j|_rj|+ﬁ-] <b;.

7=,

Property A.2 The ellipsoidal uncertainty set induced robust counterpart formulation (A.5) is
equivalent to

a;ixj+ ’SZ_

] -
i (A.7)

Proof. Applying Property 3.2 on (A.5), the ellipsoidal based uncertainty set induced robust

counterpart is
N2y
Q ZAJ}.X_{.
Jedi

Expanding the above constraints, the resulting robust counterpart formulation is

<0

ZA,:JX)H*
J

-2 2 7T 2
b,-_\[.+Zu,-J..\j-+Q Zaq.\q-i—br, =0
J Jed;

Notice that xy = —1, so the final robust counterpart formulation is
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Q

E dajixi+

J

E

Property A.3 The polyhedral uncertainty set induced robust counterpart formulation (A.5)
is equivalent to

{ Ea;}-_\‘fr:(r = b;
7

iz I“"tjl-"‘jl \"r_,l' eJi, zizb (A.8)

Proof. Applying Property 3.3 on (A.5), the ellipsoidal based uncertainty set induced robust
counterpart is

J

ZA;J,-X_;H":; <0
22 AlX,L V) € J;

Expanding the above constraints, the resulting robust counterpart formulation is

{ b,-_m+):a,-),-_\').-+:;l" <0
i

mzalxl Yields z=bixg

Notice that xo = —1, so the final robust counterpart formulation is

Zu,}-_rﬁ:;r < b;
i -
iz U{[l-f}'l v_.l' € Jf- Lz bi

Property A.4 The “Interval+ellipsoidal” uncertainty set induced robust counterpart
formulation (A.5) is equivalent to

E X+

i

> Gl - zgh+bil1 4201+
Jedi

] <b;
(A.9)

Proof. Applying Property 3.4 on (A.5), the “interval+ellipsoidal” based uncertainty set
induced robust counterpart is

ZA;}XJ‘F
i

- ry ]
Z,s(,}p(j —l+Q A“l <0.

e e

Expanding the above constraints, the resulting robust counterpart formulation is
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b,'.\'[|+Z(f,j.\','+ Zﬁ;jl.\'; = Z,ﬁ!'l"b;[.l’n — :,U]+fl_
i

Jedi

Notice that xg = —1, the final robust counterpart formulation is

< b;.

Z“ij-‘fj“" Z?ffjl-\j;' = zijl+bill +ziol+Q

I Jedi

Property A.5 The “Interval+polyhedral” uncertainty set induced robust counterpart
formulation (A.5) is equivalent to

zﬂﬁxj‘f' zl+ 2 ;J,}'+f};(:l <b;

i Jedi _

Gtpy 2 aglygl Viedi,  zitpio 2 b

7z 0.p;j20,pip =20 (A.10)

Proof. Applying Property 3.5 on (A.5), the robust counterpart is

Jed;
Z;“I'p;j = A;JIIJI ‘,_,l' € J‘,:'
zi =0, Pij = 0

ZAjx+ 3 pytTz <0
j

Expanding the above constraints, the resulting robust counterpart formulation is

bixo+Xajxit| X piitpo+zl’| <0
] ek
ztpy Zaglgl Vi€ B zitpio 2 bilxol

7iz0pi=z0.pp =20

Notice that xo = —1, so the final robust counterpart formulation is

l+ 3 pi+ Pit!l < b
Jedi

zitpij z agly;l Vel Zitpio 2 by
zz0,p;=0,pin =0

z.u,:,-xj+
i

Property A.6 The “Interval+polyhedral+ellipsoidal” uncertainty set induced robust
counterpart formulation (A.5) is equivalent to

Zu;j_t'ﬁ zl+ Y Ipijl+pal+Q Z“‘ﬁ;‘*’“‘?{p < b;
i =¥} |

JESy Jedi

zi = fagx;—p—wyl Yjeld, Zi 2| = by — po—win (A.11)

Proof. Applying Property 3.6 on (A.5), the robust counterpart is
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ZA,:J:J.'}'+ >_: |[J,}'|+Q | z +l".:,-] <0
j JEd; Jjed;

% 2 |Ayxj = pig —wyl Y€

Expanding the above constraints, the resulting robust counterpart formulation is

bixo+ZTagxj+| ¥ |pil+lpiol+Q
7 =

JES

b 11‘ﬁ+u‘ﬁ]+:,-l" <0
jedi -

Zi2 IE;‘J,‘,\'J; = Pij — 11',:;'| VJ,' e Ji Zi = |bivg — Pin — ll‘;|1|

Notice that xo = —1, so the final robust counterpart formulation is

Z(I‘:,'.l'_r'+ zl+ 3 pil+lpiol+2 & n‘?j+n'f“ < b;
3 Jet; Jjet
s S I-‘:;r,r‘J = Pij — ll,{l V{ € .)'.;. &2 Fb"“'ﬂm"’!]'ml

Appendix B

Derivation of the robust counterpart for a mixed integer linear constraint under simultaneous

LHS and RHS uncertainty

As presented in section 6.1, the robust counterpart formulation for the i-th mixed integer
linear constraint in problem (2.7) with simultaneous LHS and RHS uncertainty can be
rewritten as (6.3), i.e.,

I

ZA iX Frmax {Z}E{Ej)"}_} <0
&,

where A;,A,,X,E;,J; are defined in (6.2). In the follows, proofs for Properties 6.1-6.6 are
presented.

B.1 Proof of property 6.1: Notice that the derivation procedure in Section 4 for the robust
linear counterpart constraint also applies for the mixed integer linear constraint since it
applies for both continuous and integer variable. So, applying Property 4.1 on constraint
(6.3), we can obtain the following equivalent problem

D AKX+ |PD Ayl
i

=7

<0

Expand the above constraints using the definition in equation (6.2), the resulting robust
counterpart formulation is:

Pixp+ Z”f’m X+ Z bfk_\'k +'
m k

P I |_\-k|+;?,-|.m|‘ <0,
meM; kek; |
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Notice that xg = —1, so the final robust counterpart formulation (6.4) is obtained:

Z“im-‘}n fzbﬂ_“k +¥ Z Him |-"m | + Z b!]( I_W. | TPi
k

m meM; kek;

=< pi.

B.2 Proof of property 6.2: Applying Property 4.2 on (6.3), we obtain the following

equivalent problem
o (S
jedi

Expanding the above constraints using the definition in equation (6.2), then the resulting
robust counterpart formulation is

Pi \.’U+Za,,,r\m Zb,p;ﬁ!! Z a x +Zb +p ‘[J <

meM,; kek;

<0.

TZA ,').'X i +
i

Notice that xg = —1, so the final robust counterpart formulation (6.7) is obtained:

Ui Xm+ ) by +L2 - + ?}?_}'3_4—]5“‘.'- < pi.
Z Z Z im™ Z ik T

m meM; kek;

B.3 Proof of property 6.3: Applying Property 4.3 on (6.3), we obtain the following
equivalent problem

Zz‘l;}'xj'i'rﬁ <0
J
= A,}'|Xj|, Vj e J;

Expanding the above constraints using the definition in equation (6.2), the resulting robust
counterpart formulation is

PiXo+ Y dip, \,,,+Zb,ui+.,,l— <0

m

A-J Zf_’{_if”l\ml V e M
iz bl Y e K;
% = pilxol

Notice that xg = —1, so the final robust counterpart formulation (6.8) is obtained:

Pl \m+2b,;u+‘,,l— < pi
m

L= a.-mi-lm| Vo € M;
zi = bylw| Vi € K;
%2 i

ol
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B.4 Proof of property 6.4: Applying Property 4.4 on (6.3), we obtain the following
equivalent problem

ZAUX + ZAUU{ - 0

JeS;

Expanding the above constraints using the definition in equation (6.2), the resulting robust
counterpart formulation is obtained:

pa’-\'ﬂ“‘Z“iﬁa-ﬁrr"‘zbi&“k*' Z iy | X —Zigm |+ Z by L"k73.".1'|+Pa'l-rl]73fﬂi+£1 Z i _.;" Zbrl" +P pi} =
m k

meM, mek; meM,; kek;

Notice that xg = —1, so the final robust counterpart formulation (6.10) is obtained:

Z“i}n]—nr"‘zbﬂ'.“&"" Z aam|‘m vf"f|+ Zbr.&lﬂ 4—!1‘\|+Piil+~f{}|+g Z a;,.,-':m Zbrﬁ”xﬁ +,-' ”1[! =pi
m k

meM; mek; meM, kek;

B.5 Proof of property 6.5: Applying Property 4.5 on (6.3), we obtain the following
equivalent problem

LA,}X + L wy+lz; <0

Jed;
- R
z =20, Wij =0

Expanding the above constraints using the definition in equation (6.2), the resulting robust
counterpart formulation is

p,-,\'n+Za;m,rm+2b,-k_;‘;‘-+ 3 Wimt 2o witwipt+z | <0
meM; keK;

ZitWip = Uurxl}'mi Vm € M;
zAwie = balwl Vi € K;
zitwin = pilaol

Notice that xy = —1, so the final robust counterpart formulation (6.12) is obtained:

2tim- \m+z.bd. vit |zl 2 wint X witwio| < pi
m meM; kek;

ZitWipm 2 Urm‘-‘ml Vm € MI
zitwi = byl Vi € K
Zitwinp = pi

B.6 Proof of property 6.6: Applying Property 4.6 on (6.3), we obtain the following
equivalent problem
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)_:{1 ,').'X_J'+

) - 7
2 g+ | ¥ 1|-'Er.+]—:,.-
i el jedi 7

o= |AGX—qj—wyl V€

<0

Expanding the above constraints using the definition in equation (6.2), the resulting robust
counterpart formulation is

- 4 5

p."-rﬂ+z“a'm-1\m+zbfk}"ﬁ'+ z Iqim|+ Z |qiﬁ|+|qi[]|+ﬂ Z “I,':n+ Z “ﬁ.""‘ﬁ,"':fr <0
m & meM; meK; meM; kek;

i 2 raim Xm ~ qim — Winl V¥ € M;

i = bieyk — qix = viel Vi €K

i = [pixo — gio — wiol

Notice that xg = —1, so the final robust counterpart formulation (6.14) is obtained:

5 2 4
Z“Im-rnr_"zbfk_"k-";ir"- Z |q:'rr!|+ Z |fh'k|+|9'a'(}|+ﬂ\/ Z “-,Tm+ Z }1-;.k+“lli| =pi
m k ¢ meM; kekK;

meM; mekK;
iz m'-im Xm — Gim — Wil Vi € M;
% Z by — gic — wirl - Vi € K;
i 2 [pixo — qio — wiol
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Figure 3.1.
[lustration of box uncertainty set

Ind Eng Chem Res. Author manuscript; available in PMC 2012 September 21.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Vd-HIN

Lietal.

"'-. é‘r:
R

Figure 3.2.
lustration of ellipsoidal uncertainty set
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Figure 3.3.

A

[lustration of polyhedral uncertainty set
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Figure 3.4.
[lustration of the “interval+ellipsoidal” uncertainty set
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Figure 3.5.
[lustration of combined interval and polyhedral uncertainty set
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Figure 3.6.
[lustration of combined interval, ellipsoidal and polyhedral uncertainty set
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Figure 3.7.
lustration of the relationship between ellipsoidal and polyhedral uncertainty set (I' = Q)
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Figure 3.8.
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Ilustration of the relationship between ellipsoidal and polyhedral uncertainty set (I'=Q \/5)
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Figure 4.1.

[lustration of the robust counterpart constraint (a) Box uncertainty set; (b) Ellipsoidal
uncertainty set; (c) Polyhedral uncertainty set; (d) “Interval+Ellipsoidal” uncertainty set; (e)
“Interval+Polyhedral” uncertainty set; (f) “Interval+Ellipsoidal+Polyhedral” uncertainty set
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Only LHS uncertainty for both constraints (|/;] = 2)
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Figure 5.2.
Only RHS uncertainty for both constraints (|J;] = 1)
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Figure 5.4.
Simultaneous LHS, RHS and OBJ uncertainty (|/;] = 3)
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Refinery flowchart
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Solution for yield uncertainty
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Figure 5.7.
Solution for price and cost uncertainty
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Figure 5.8.
Solution for demand uncertainty
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Figure 5.9.
Solution for simultaneous yield, price, cost and demand uncertainty
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Figure 7.1.

Only LHS uncertainty for all constraints (|/;] = 2) Note: for polyhedral model, as I \5
model infeasible
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Figure 7.2.
LHS+LHS uncertainty for all constraints (|/;] = 3) Note: for polyhedral model and “box”
model, infeasible for large I, 'V,
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Figure 7.3.
Only RHS uncertainty for all constraints (|/;] = 1)
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Only OBJ uncertainty (|J;] = 4) Note: for polyhedral model, infeasible for large I'
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Figure 7.5.
Objective uncertainty (|J;| = 4) and LHS uncertainty for the third and fourth constraints (|J}|
=2)
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Figure 7.6.

State Task Network (STN) representation of the batch chemical process
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Price uncertainty (|/;] = 5)
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Figure 7.8.
Processing time uncertainty (|J;| = 2)
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Figure 7.9.
Demand uncertainty (|J;] = 1)
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Table 3.1

Summary on the uncertainty set
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Tllustration Type Adjustable parameter | Suggested range for bounded uncertainty Suggested

Box b4 vY<1 ¥ < oo

Ellipsoidal Q Q=<4 ‘Ti | Q< oo

Polyhedral r r<| fj | [ <o

—=; . s <
Interval+Ellipsoidal Q Q=1 T, _—
Box+Ellipsoidal 7.0 <1, << ¥/l T, <0<
> : N Interval+Polyhedral r r<1\1J 1'| /
c'/ 7
> Box+Polyhedral wr <1, ¥<r<viJ,l <<
. aeaids . < < <

P Interval+Ellipsoidal+Polyhedral Qr Q1T N, QI Q1 T, | —
Box-+Ellipsoidal+Polyhedral vYaor <1, ¥<0< ¥l ‘Ti QT ‘Ti | <<
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Table 4.1

Robust counterpart formulation for the i-th linear constraint with LHS uncertainty

Uncertainty set

Robust counterpart formulation

Box Z A% WP:JEJ IXI] b,
- [ 2 2
Ellipsoidal Z i 9 X {.Q ZJE] i J] < ’bi
)3 .a..Xj+ z;,['< b,
Polyhedral

Z>a IXIVJEJ

Interval+ Ellipsoidal Z 3% +3 JE J g Xz +sz €T, 12J j b;
):J'al.'/'X,/+ {zjl"+ ):J'E-Tj pjj] < b,

Interval+ Polyhedral z;+ pzj > aUI le vV jeT i
z;20, P >0

2
o )y aXJ+ z["+):€j |P1J|+Q4D:JEJ f < b;
Interval+Ellipsoidal+Polyhedral

Z_IaX P~ ljl vV jeJ;
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Table 4.2

Robust counterpart for the i-¢4 linear constraint with RHS uncertainty

Uncertainty set

Robust counterpart formulation

Box )3 3% + Yfiyj < bj
Ellipsoidal )X ST Qi;j < b,
Polyhedral )3 JaXt 1“131. < b,
Interval+Ellipsoidal )3 J.EIIJX ; +min(Q, 1)271. < bj
Interval+Polyhedral )X J% +min(r, 1)271. < bi

J

Interval+Ellipsoidal+Polyhedral )3 J.al;/.X.‘i' min(Q, T, 1)1)1. < bj

J
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Table 4.3
Robust counterpart formulation for the i-th linear constraint with LHS and RHS uncertainty
Uncertainty set Robust counterpart formulation
Box Zax WP:JEJ |X|+b] bj
L ’ 2 2 22
Ellipsoidal Z i 9 X {.Q ZJEJ ,/ +b ] ’b1
)3 ‘a")fjJr z,['< b;
Polyhedral ~
Z>a IXIVJEJ z;2 b,
Tnterval+ Ellipsoidal T at | T ey agl xm 2l v b Lk 21 + QY o g @zl blzk < by
nterval+ 1psoidal ,/ 1:/- J ,/6]1 1,‘/. J E‘Tl ij%ij i IO

Interval+Polyhedral

L jaxt {erJ' Z'/Ejjpl;/+ Pjo] < b;
Zj+p1j261jlle VJjET, z;tpg2b;
ZI.ZO, PJ;/'ZO’ piOZO

Interval+Ellipsoidal+Polyhedral

2 2
L japx* er+):j€.Tj Ll + 1Pyl +Q’vsz.Ti Wi ™ WjO}Sbj
Z_IaX P~ ljl VJE€JT, z;2|1b;+pntwgl
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Table 5.1

Objective function values for the worst-case scenario case

Uncertain parameter

Yield

Demand

Cost and price

Cost, price, yield and demand

Objective value

22665.00

23134.97

7113.92

6569.14
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Table 6.1

Summary on robust counterpart formulation for the i-th mixed integer linear constraint

Uncertainty Set Robust Counterpart Formulation
Box L mimXm ™ Lk bk "[ZmEMI. B | Xm | * L ger Pkl Vi !+ P,
- y +Y b + QY ~2 2+Z 232 2+‘2<
Ellipsoidal m%im*m ™ ¢k PikYk meM, Tim¥Xm ™ “ k€K PikVk " Pi = .
Zm UmXm ™ Zk bikyk * ZI’FS P;
szaijXml VmEMI
Polyhedral ~
>h

z2b, |y, | VKkEK,

[\
bR

i

Interval+ Ellipsoidal

2 GimXm t L by Vit ZmEMj Q' X ™ Zim |t ZmEKj byl vy =zl +pilt+z0+ szmEM

Interval+ Polyhedral

Y GimXmt L by Vit 7t szMj Wim ™ zkEKI, Wikt Wio < I

I\

Z.+ w.
i im

a, lx | VmEM,
1m m 1
zitwy 2b, 1y, | VKEK,

w2 D,
ZiTWio= P;

Interval+ Ellipsoidal+ Polyhedral

2
2 mXmt L byt 2l szMI. LG | + zkEKl. Pge ! + 1 gl + QVZmEMI Wim

z.2la, x_—q _—w, | Vm€EDM,
1 m m 1m m 1

Q>

2,2 1 by, —qy ~wy! VKEK,

z2 1P+ % 90!
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Worst-case scenario solution

Table 7.1

Deterministic

Price uncertainty

Processing Time uncertainty

Demand uncertainty

Objective value

1088.75

959.56

974.95

1032.71
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