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Abstract

A strategic game with a finite number of players where initial coefficients
(costs) of linear payoff functions are subject to perturbations is considered.
We define robust solution as a feasible solution which for a given set of
realizations of uncertain parameters guarantees the minimum value of the
worst-case relative regret among all feasible solutions. For different (either
Pareto or Nash) equilibria principles considered, appropriate definitions of
the worst-case relative regret are specified. It is shown that these definitions
are closely related to the concept of accuracy function being recently inten-
sively studied in the literature. We also present the concept of robustness
tolerances of a single cost vector associated with a strategy choice of a player.
The tolerance is defined as the maximum level of perturbation of the cost
vector which does not destroy the game solution robustness. We present for-
mulae allowing the calculation of the robustness tolerance with respect to a
chosen equilibrium obtained for some initial costs. The results are illustrated
with several numerical examples.

Keywords: Nash equilibrium, Pareto equilibrium, robust measure, worst-
case relative regret, accuracy functions.



1 Introduction

While solving practical optimization problems, it is necessary to take into
account various kinds of uncertainty due to lack of input data, inadequacy
of mathematical models to real processes, rounding off, calculating errors
etc. It is known that in many cases initial data as a link between a reality
and a model can not be defined explicitly. The initial data is defined with
a certain error, generally depend on many parameters and require to be
specified during the problem solving process. In practice any problem can
not be properly posed and solved without at least implicit use of the results
of stability analysis and related issues of parametric analysis. Therefore
widespread use of discrete optimization models in the last decades inspired
many specialists to investigate various aspects of ill-posed problems theory
and, in particular, the stability issues.

The implications of enhanced optimization methods have in some areas
been lead to the situation that optimal or near-optimal solutions have be-
come "too good”. For example, in design of a communication network a
network configuration can now be made so good (with respect to the original
objective optimization) that there is hardly any possibility left in the network
to accommodate for potential disruptions and possible contingency in terms
of e.g. routing delays. Similar problems are faced nowadays in many other
areas where deterministic models do not properly reflect possible uncertainty
of input parameters. In practice, it usually leads to undesirable situations
where optimality (sometimes even feasibility) of solutions is very sensitive to
some possible realizations of problem parameters. Thus, chasing for solution
optimality, we lose its robustness and vice versa.

As a consequence, two lines of research within the operations research
and mathematical optimization community have been initiated:

e Post-optimal and parametric analysis investigate how an optimal so-
lution found behave in response to initial data (problem parameters)
changes. A general sensitivity and stability analysis methodology is
used based on analyzing the properties of the point-to-set mapping
which specifies the optimality principle of the problem. Such research
methods have been studied in great detail and covered e.g. in the lit-
erature on optimization problems with a continuous set of feasible so-
lutions. Numerous articles are devoted to analysis of conditions when
a problem solution possesses a certain property of invariance to the
problem parameters perturbations (see, e.g. [11, 34, 39, 40]).

e Robust Optimization — instead of producing an optimal solution for a
normal situation, which is described by deterministic models but rarely
occurs in practice, and where recovery to optimality can be compli-



cated, the aim is to produce solutions that optimize an additionally
constructed objective. The objective must assure that the optimal so-
lution will remain feasible under worst case realization of uncertain
problem input parameters. Worst-case optimization is also known as
robust optimization, and optimal solutions of worst case optimization
are often referred to as robust solutions (see e.g. [16]).

The main drawback of all classical single objective models is that they do
not take into account the real multiple criteria nature of real-life problems. It
is well-known that under multiobjective framework a solution which is opti-
mal with respect to one single objective might be arbitrarily bad with respect
to the others and thus will be unacceptable for a decision maker. Thus, many
problems arising in optimization, management and decision making should
be ultimately considered under multicriteria framework due to existing of
several conflicting goals or interests. Therefore recent interest of applied
mathematicians and operations research scientists in multicriteria optimiza-
tion problems keeps very high. It is confirmed by the intensive publishing
activity (see e.g. monographs [9, 24, 38| and bibliography [10]).

The main difficulty while studying stability of discrete optimization prob-
lems is discrete models complexity, because even small changes of initial data
make a model behave in an unpredictable manner. There are a lot of papers
(see e.g. [5, 12, 13, 17, 35, 36, 37]) devoted to analysis of scalar and vec-
tor (multicriteria) discrete optimization problems sensitivity to parameters
perturbations.

The present work continues investigations of different aspects of sensitiv-
ity analysis for different types of discrete optimization problems with various
partial criteria and optimality principles (see e.g. [6, 7, 8, 21, 23, 28, 29]).
We consider a multiobjective Boolean linear programming problem which
is simply reformulated under game theoretic framework. The game theory
terminology is used in order to make basic concepts and definitions stated in
a clearer and intuitively more understandable form. A strategic game with
a finite number of players in which initial coefficients (costs) of linear payoff
functions are subject to perturbations is considered in the present work. We
define robust solution as a feasible solution which for a given set of realiza-
tions of uncertain parameters guarantees the minimum value of the worst-
case relative regret among all feasible solutions. For two different equilibria
principles considered, Pareto and Nash equilibria, appropriate definitions of
the worst-case relative regret are specified. We show that these definitions
are closely related to the concept of accuracy function which has been re-
cently intensively studied in the literature (see e.g. [18, 21, 29]). We also
present the concept of robustness tolerance of a single cost vector associated
with a strategy choice of a player, which is defined as the maximum level
of perturbation of the cost vector which does not destroy the game solution
robustness. In this paper we present formulae which allow calculating the



robustness tolerances with respect to an equilibrium (in Pareto, lexicographic
or Nash senses) obtained for some initial costs. We illustrate the results with
several numerical examples.

The paper is organized as follows. In section 2 we formulate the problem
in details and define two basic optimality (equilibria) principles. In section
3 we give a short excursus into the topic of robust optimization and define
appropriate robustness measures for various optimality principles considered.
Section 4 is devoted to the concept of accuracy function as a tool of post-
optimal analysis which is used to describe the behavior of optimal solution
under uncertainty of initial problem data. We specify analytical expression
to calculating accuracy function for the chosen optimality principle. We also
show that accuracy functions can straightforward be used to analyze solution
robustness. In section 5, we focus on analyzing the case when only one vector
cost is uncertain. We present formulae which allow calculating the robustness
tolerances. The theoretical results presented in section 5 are illustrated with
numerical examples given in section 6. Some concluding remarks and open
problems are summarized in section 7.

2 Problem formulation

We consider a strategic game with m > 2 players. Let X; be a finite set
of (pure) strategies of the player i € N, := {1,2,...,m}. We assume that
| X;| = 2 for all i € N,, indicating each player has a choice of 2 antagonistic
strategies to play. For simplicity, we define X; := {0, 1} for all i € N,,, that
is the choice of each strategy is encoded by means of Boolean variables z;.
The set of all feasible solutions X can be generally defined as a subset of the
Cartesian product over all players of their sets of strategies

xXc ] xi={o,13m
1E€ENm

Observe that now - formally - X is a subset of the set of all ordered m-tuples.

We also assume that there exists at least one player 7 who selects non-zero

strategy to play, namely, for whom z; = 1. Thus, 0, := (0,0, ...,0)" & X.
A vector of payoff functions (payoff profile)

p(C, x) = (p1(07 [L’), "'apM(C> x))T

consists of individual payoff functions p;(C, x) for each player i € N,,, which
are defined as linear functions on the set of solutions X:

pi(C,x) := Cix.
Here C; is i-th row of matrix C = [¢;] € R, z = (z1,22, ..., Tp)"
v € X i€ N,

Y



Note that for each player i € N,,, the individual payoff p;(C, z) depends
on solution z, that is on the strategy chosen by player i as well as the strate-
gies chosen by all the other players. Thus, a set of payoff profiles PP(C, X)
is the following

PP(C,X):={p(C,z): z € X}.

The game in the normal form consists in the following: the players, using
some relations of preference and trying to minimize the individual payoff
functions, select their strategies x; once from the sets X; and as a result,
the solution x € X is formed. After that, each player i obtains a payoff
pi(C,x). The game terminates at this stage. We will call any such game
a game with the matrix C. This is a non-iterative game of m players with
complete information, that is in other words all players have information
about preferences of other players before selecting strategies. In other words,
the matrix C' is known to all players before the actual game starts. It is
clear that trying to minimize own payoff, each player would prefer strategy
0 to strategy 1, however playing 0 can be prohibited due to the choice of the
strategies by other players. Therefore, the choice of which strategy to play is
restricted by the strategy choice made by the other players. If the strategy
choice made by the other players does not restrict the choice of the players,
the (s)he will ultimately select strategy 0 in pursuit of payoff minimization.
Thus, each player must correlate own strategy selection with the choice of
the other players, in order to reach feasibility, as well as all players are eager
to reach some chosen equilibria solutions (either Pareto or Nash).

Below we formulate two classical definitions of equilibria situations. The
first equilibrium concept is the well-known Nash equilibrium, which was orig-
inally introduced in [30] and [31].

Define z; = 1 if ; = 0, and z; = 0 otherwise. For any given solution
x* € X, aset of solutions accessible by changing the strategy of player ¢ only
is defined as:

Wile®) = Xix [ o =A@}, 25 a1, (25,235,735, 20, )
JENm\{i}

Thus, if (xF, 25, ..., ZF, ..., x}) is feasible, then W;(z*) N X, the set of feasible

solutions accessible by changing the strategy of player 7, contains two solu-

tions, otherwise a single solution (27,23, ..., 2}, ..., z} ) belongs to W;(2*) N X

only.

A solution x* € X is called Nash equilibrium in the strategic game
with matrix C' if for every player ¢ € N,, the following inequality holds
pi(C,x*) < pi(C,x) for all z € Wi(xz*) N X. In other words, the concept
of Nash equilibrium describes a situation in the game, where no player can
improve their payoffs by changing own strategies only.

On the other hand, players could be oriented on rather a common benefit

4



than own personal profit, so then the concept of Nash equilibrium transforms
into the well-know concept of the Pareto efficiency or Pareto equilibrium [33].

A solution z* € X is called Pareto equilibrium in the strategic game
with matrix C'if there exists no solution x € X such that p;(C, x) < p;(C, x¥)
for all i € N,,, and p;(C,z) < p;(C,z*) for some j € N,,. In other words,
the concept of Pareto equilibrium describes a situation in the game, where
players can improve own payoffs only at the expense of some other players
payoffs.

These two equilibrium cases characterize two polar solutions: either all
players behave independently and orient on their own profit only in the case of
Nash equilibrium or all players concentrate on mutual interest and common
behavior as in the case of Pareto equilibrium. For the game with matrix
C, we denote P™(C) and N™(C) the set of Pareto and Nash equilibria,
respectively.

3 Robust deviations and equilibria

One of the most interesting branches of combinatorial optimization and
mathematical programming that has emerged over the past 20 - 30 years
is robust optimization. Since the early 1970s there has been an increasing
interest in the use of robust optimization models. The theory of robust-
ness deals with uncertainty of problem parameters. The presence of such
parameters in optimization models is caused by inaccuracy of initial data,
non-adequacy of models to real processes, errors of numerical methods, errors
of rounding off and other factors. So it appears to be important to identify
classes of models and their solutions which play against the worst-case (in
some sense) realization of input parameters. It is commonly accepted fact
nowadays that any optimization problem arising in practice can hardly be
adequately formulated and solved without usage of results of the theory of
robustness.

Authors of most papers devoted to robust optimization attempt to answer
to the following closely related questions: How can one represent uncertainty?
What is a robust solution?” What could be a proper robustness measure? How
to calculate robust solutions? How to interpret worst case realization under
uncertainty? and many others. Different answers to these questions lead to
different research approaches and investigation directions. Bibliographical
analysis provides us with a list of contributors who proposed several main
avenues in the theory of robustness:

Minmax Regret Optimization
e.g. Averbakh [1], Kouvelis and Yu [16];

Robust Optimization with Ellipsoidal Uncertainty
Ben-Tal, Nemirovski [2];



Worst Case Optimization with Penalties
e.g. Mulvey et al. [27];

Flexible Robust Optimization
Bertsimas and Sim [3];

Absolute and Relative Robustness
e.g. Yaman et al. [42], Montemanni and Gambardella [25, 26], Kasper-
ski [14, 15] and Zielinski [43].

However all the robustness models listed above are primary dealing with the
definition of robustness in single objective optimization, without touching
at all the multiobjective specific. While moving from a single objective to
multiobjective case, the definition of robustness must be accurately tuned to
reflect properly the specific of chosen optimality principle.

To define uncertainty in the game theory model described in section 2, we
will assume that the set of game solutions X is fixed but the original payoff
matrix C° can change or it is given with errors. Let S(C?) be a set of all pos-
sible realizations of the matrix C°, called the scenarios. Let us also assume
that C € R for any C' € S(CY), thus we guarantee that p;(C,z) > 0 for
all x € X and 7 € N,,,. This is due to our assumption mentioned in previous
section that at least one player always chooses strategy 1 to play, so the game
solution x = 0, is not feasible. We will follow the approach that define ro-
bustness measure as a maximum relative error (worst-case relative regret) of
the solution considered over the set of all scenarios. Our aim is construct a
new objective that incorporates possible worst realization of uncertain pa-
rameters. In [16] one can find examples of different robustness measures and
wide discussion on related complexity issues. While dealing with multiob-
jective case, the definition of robustness measures must be adapted to reflect
the specific of the multiple objective optimality principle chosen.

For given x, & € X, fixed index (player) i € N,, and arbitrary C' € R
denote the relative deviation

Ca "Z’) B pi(07 [L’)

A(C 2, x) = nil (Coa)

. (1)

Definition 1 For any given solution ¥ € X, the worst-case relative regret
(or robust deviation in other terminology) of this solution on the set S(C°)
1s defined as follows:

in Pareto equilibrium case:

REGP(S(O),8) = o, meymp &G 2 0) - ()



in Nash equilibrium case:

0y A . A A
REGN(S(C®), %) = Cg&(xg@){gﬁi{ xeé/r:g:))(nx A;(C,z, x). (3)

The difference in REG y(S(C?) and REG p(S(C?) reflects the difference
in Pareto and Nash equilibria principles. While in Pareto case, the given
solution & must be compared with all other feasible solutions (including the
solution 7 itself to guarantee that REGN(S(C?),z) = 0 if 2 € P™(C?)), in
the Nash case it is sufficient to compare it with solutions = € W;(z) N X
only. Both REGy(S(C?) and REGp(S(C°) give quantitative expressions to
measure the relative distance how far the solution = from optimality under
the worst case scenario, i.e. the scenario which delivers maximum over the
set of all possible scenarios S(C?).

For the sake of brevity, we will use notation REGp n(S(C°),z*) when
saying something about robust deviations of both optimality principles at
once. In a trivial case, when only one (w.l.o.g. i-th) player could make the
game assessment and decides which strategies will be played by the other
players, all equilibrium situations transform into standard single objective
optimality case, so the single player robust deviation is expressed as

pi(C, Z) — min p;(C, x)
REG;(S(C"), %) := max maxA;(C,#, 2) = max _veX
CeS(CY) zeX CeS(C0) ng)rgpi(C, x)

(4)

which is identical to the well-known single objective robustness measure (see
e.g. [21]).

Definition 2 A feasible solution x* € X 1is called robust for the set of
scenarios S(C) if and only if it has minimal (among all feasible solutions)
robust deviation. This happens if the following inequalities hold

REGpNn(S(C°),2%) < REGpN(S(C°),x)  for every z € X. (5)

As we stated before, the main goal of robust optimization is to construct
a new objective function which will plays against the worst-case scenario.
The robust solution is that one which has the smallest among all solutions
robust deviation as the definition above stated. Now we would like to show
that the measures which are used to quantify the solution robustness can be
used (and was indeed mentioned in literature) also in framework of sensitivity
and post-optimal analysis. Developing in parallel for many years, those two
theories have very much in common, under the closer comparison.
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4 Relative errors and accuracy functions

In [19], [22] it was proposed to measure the quality of solutions by means of
the so-called accuracy function. In this paper we introduce similar function
by analogy with [29].

Definition 3 In case of Pareto equilibria for x* € X and a given matriz
C € RT™™, the relative error of this solution is defined as:

) = in A, ).
ep(C,2") == max min A(C, 2", z) (6)
Similar in case of Nash equilibria for x* € X and a given matriz C' € R"™,
the relative error of this solution is defined as:

en(C,2") :=max max A;(C,z" z). (7)

1ENm zeW;(z*)NX

The difference in definitions of epn(C, z*), reflects the difference in the
corresponding definitions of equilibria situations. Notice that in single ob-
jective case (one player ¢ only) both ep(C, 2*) and ey (C, z*) transforms into
well-known (c.f. e.g. [20])

5@'(Cvx ) = I:?e%? Az(Cvx ,LL’) = mi)r(lpi(C’, fL’)
Te

(8)
So, the calculating of the relative error in single objective case is as hard as
solving the original problem.

Observe that for an arbitrary C' € R"™™ we have epn(C,z*) > 0. If
ep(C,x*) > 0 (en(C,x*) > 0), then z* & P™(C) (z* ¢ N™(C)) and this
positive value of the relative error may be treated as a measure of ineffi-
ciency of the strategy profile x* for the game with matrix C'. The equality
en(C,x*) = 0 automatically implies that z* € N™(C). So, for the solution
x* to belong to N™(C) it is necessary and sufficient to have ey (C,z*) = 0.

In the Pareto case the situation is a bit more complicated. The equal-
ity ep(C,2*) = 0 formulates in general only necessary condition for z* to
be Pareto equilibrium in the game with matrix C, i.e. ep(C,z*) = 0 does
not guarantee that * € P™(C'). Indeed, consider the following two examples.

; ? ) . Assume that X = {a!, 2%},

z' = (0,1)7, 22 = (1,0)T. Then PP(C, X) = {(2,1)7, (1,2)"}. If we consider
X

the matrix C' = ( ; } ) , then PP(C,X) = {(1,1)7,(1,2)"}. Evidently,

Example 1. Let m = 2 and C' = (
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2% € P2(C) and ep(C, x2) = 0, but 22 ¢ P%(C) and ep(C, 22) = 0.

However, later (in Proposition 1) we will show, that if equality e p(C”’, 2*) =
0 is valid for every matrix C’ in some open neighborhood of C' (i.e.there is
¢ > 0 such that ep(C’, 2*) = 0 for any C’, | C"—C'||< ¢, where || - || denotes
anorm in R”*™)_ then this equality provides also sufficient condition for the
solution x* to be Pareto equilibrium in the game with matrix C'.

From now we assume that some originally specified matrix C° = {cgj} €
R"*™ defines the original problem data. In the following we are interested
in the maximum value of the errors ep(C, x*) and 5 (C, z*) when the matrix
C' belongs to some specified set, the so-called set of perturbed matrices. We
are interested in relative perturbations of the elements of C°, and the quality
of a given solution z* is described by the so-called accuracy function. The
value of the accuracy function for a given 6 € [0, 1) is equal to the maximum
relative error of the solution x* under the assumption that the weights of
the elements are perturbed by no more than ¢ - 100% of their original values
specified by matrix C°. Notice that if we compare two different equilibria
for the game with matrix C' from the point of view of their accuracy on
data perturbation, then the smaller values of the accuracy function are more
preferable. Thus, accuracy function may be used to evaluate the quality of
the game solutions from the accuracy point of view.

For a given § € [0, 1), consider a set of perturbed matrices

05(C%) ={C e R ey — | <0-¢);, i € Ny, j € N (9)
Definition 4 For z* € X and 6 € [0, 1), the value of the accuracy function
in Pareto case is defined as:

Ap(C° z*,0) ;= max ep(C,z"). 10
PO, 8) = max =p(Ca) (10)
For z* € X and § € [0,1), the value of the accuracy function in Nash case
1s defined as:
An(C° z*,6) == max en(C, z*). 11
W(C%a",8) = _max e(C.a) (1)
Notice that these definitions imply equivalence between accuracy func-
tions and corresponding robust deviations, respectively. However, recall, that
the robust deviation measures were used as a tool of constructing a new ro-
bust optimization counterpart problem and to find a robust solution, whereas
accuracy functions are used as a tool of post-optimal analysis to express nu-
merically the quality of the given solution under possible perturbations of
initial data. Thus, we get

ARN(CO, l’*, 5) = REGRN(S(CO), ZL'*),

9



if the set of scenarios S(C?) is defined as the set of perturbed matrices ©4(C?)
according to (9). This means that the properties of accuracy functions can
be used in the solution robustness analysis. It is also easy to check that
Apn(C° x*,8) > 0 for each § € [0,1).

In single objective case (one player 7 makes a decision only), we have for
x* € X and 0 € [0, 1), the value of the accuracy function is defined as follows:

Ai CO, *,5 = Z‘C, ). 12
(00 = max | <i(C,) (12)
Moreover,
A,(C°, 2%, 8) = REG,(05(CY), 2¥),
where
@5(0?) = {CZ € Rixm . |Cij — C?j| S 0- C?j, ] € Nm} (13)
Denote

O5(C°) :={C e R™™: |c;; — ;| <6-c);, i € Ny, j € Ny} (14)

i)

Obviously, ©5(C?) C ©5(C?). The following statement is true.

Proposition 1 For z* € X and § € [0,1), we have z* € P™(C) for any
C € O5(C°) if and only if Ap(CY,z*,§) = 0.

Proof. Let 6 € [0,1). If 2* € P™(C) for any C € O5(C°), then -
directly from the definition of the relative error, we have ep(C,z*) = 0 for
any C' € O5(C?). Consider now the case C' € ©;(C°)\O5(C?). Even if z*
loses efficiency for such matrix C, then the relative error ep(C,z*) is still
equal to 0, because - due to continuity of payoffs as linear functions - for
any © € X there exists j € N, such that p;(C,z) = p;(C,z*). Thus,
ep(C,x*) = 0 which means that Ap(C°, z*,4) = 0.

In order to prove that for § € [0,1), Ap(C° 2*,4) = 0 implies that 2* €
P™(C) for any C' € ©4(C?), suppose that Ap(C? x*,d) = 0, but there exists
a matrix ¢’ € ©4(C?), such that x* ¢ P™(C"). We will show that such
assumption must lead to a contradiction. Indeed, z* ¢ P™(C") means that
there exist « € X such that p;(C’,z*) > p;(C’,z) for all i € N, and there
exists j € N,, such that p;(C”,z*) > p;(C’, z). Let I C N,, be a set of indices
for which p;(C”, z*) = p;(C", ). Consider matrix C’ € RT*™ with elements

ci—¢, ifiel, ;=0
¢i=1 cyto, ifiel, xj=1; (15)
Ciis otherwise,

where ¢ > 0 is taken small enough to satisfy C' e ©5(C?). Now it is easy to
see that p;(C', x*) > p;(C’, x) for every i € N,,, i.e. ep(C’,x*) > 0, which

10



implies Ap(C°, 2*,§) > 0. Thus we have a contradiction which completes
the proof. [

The validity of Proposition 2 follows directly from the observation that
z* € N™(C) if and only if en(C,2*) = 0 for any C' € R}*™.

Proposition 2 For z* € X and 6 € [0

1), we have x* € N™(C) for any
C € ©5(C%) if and only if AxN(C°, z*,0) = 0.

For given z,z* € X, fixed index i € N,,, and C° € R"*™ denote
Coa* —x)+6 3 cjla; — )

= 0 ,.* - JENm
=.(C0, 2", 2, 5) - e | (16)

The following theorem gives a formulae for calculating value of the accu-
racy function.

Theorem 1 The following statements are true.

(i) For x* € X and § € [0,1), the accuracy function can be expressed by
the formula:
Ap(C° z*,8) = max min Z;(C°, 2%, z,0). (17)

z€X 1EN,

(ii) For a* € X and § € [0, 1), the accuracy function can be expressed by
the formula:

An(C% 2*,0) =max max Z(C° 2%, x,0). (18)

1ENm zeW;(z*)NX

Proof. We prove (i) first. We start with showing that Ap(CY z*,46) <
[p(C° 2*,5), where I'p(C° 2*,0) is a right-hand side of (17). Using the
property of max — min and min — max operators, we consequently, yield

Ap(C% 2*,6) = max ep(C,2*) = max max min A;(C, 2", 7) <
Ce0,(C) CE€O,(CY) zEX i€Nm

< max min max A;(C,z" )
z€X i€ENm CeB4(CY)

For some fixed game solution z € X and player ¢ € N,, the maximum
A;(Cyx*, z) over C € O5(CY) is attained at matrix C* with elements in the

i-th row defined as
. &= ifw; =1,
Cij = { ) ) ! (19)

0 0 -
iy +0 - ¢;; otherwise,

The elements of the other rows in matrix C* are the same as in the original
matrix C° Then C* € ©;5(C?), and

max min  max A;(C, 2", x) = max min A;(C*, 2", x) =
z€X i€Nm CeOs(CY) z€X 1€Nm,

11



e (L _ 0 .

glezg:écirélj%au(c ,xt,x,0) =Dp(C° 2", 0).
Thus, we have shown that Ap(C° z*,§) < T'p(C% z*,6) for all § € [0,1).
Now it remains to show that Ap(C? x*,§) > T'p(CY x*,§) for all § € [0,1).
For any fixed x € X, consider matrix C* with elements defined for all rows
(players) i € N,, according to (19).

Ap(C% 2%, 8) = max ep(C,2*) > max min A;(C*, 2%, 2) =
C€0,(C0) 2€X i€Nm

e (L _ 0 ,.x
r&%?}gﬁ“(c y L >I75) FP(C L 75)
So, we have that Ap(C° z*,§) > T'p(C° 2*,§) for all § € [0,1). Summariz-
ing, we have just proven that Ap(C° 2*,§) = I'p(C° 2*,§) for all § € [0, 1)
Now we prove (ii). Indeed, using the property of max operator, we deduce

An(C% 2*,8) = max en(C,z*) = max max max A;(C,x", x).
N( ) CeBs(CY) N( ) 1€ENm zeW;(z*)NX CeB4(CY) ( )

For any fixed z € X and row (player) i € N,,,, max A;(C,z*, x) is attained
Ce0;(C)

at matrix C* with elements defined according to (19). So, we get directly
An(CO 2%,8) = Tn(C° 2%, §) for all 6 € [0, 1), where Iy (C?, 2%, §) is a right-
hand side of (18). OJ

From Theorem 1 we get the following result giving us an expression for
accuracy function in single objective case

Corollary 1 Let the choice of strategies be made by player ¢ only. Then for
x* € X and § € (0,1), the accuracy function can be expressed by the formula:

A (C° 2%, 6) = max Z(C° 2%, x,0). (20)
Notice that similar result was specified in [18] for single objective generic
combinatorial optimization problem
Notice that analytical formula (18) specified in Theorem 1 can be com-
puted relatively easy. At the same time analytical formula (17) specified in
Theorem 1 is based on enumerating all feasible solutions, so in general it
is hard to be computed. Therefore, we provide some attainable lower and
upper bounds for the Pareto accuracy function which are computationally
more attractive. Next proposition gives an upper bound for the accuracy
function of x* € X in the case of Pareto optimality principle.

Proposition 3 Forz* € X and 6 € [0,1),

26 1446
0 * < . 3 . 0 *
Ap(C® 2", 0) < T3 +—1_5 i?&fiAl(C ,x*,0). (21)
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Proof. Let & denote standard conjunction operator between two Boolean
vectors, which is performed componentwise, that is every component of the
resulting vector is a conjunction of corresponding Boolean components of the
two operating vectors. Using (17), we get

CO(z*—z)+6 3 c?j \x;‘ —x;
JENmM

Ap(C% x*,§) = max min

2€X i€Nm (1-6)CPx

— max min (146)C2z* —(1-6)C22—26C0 (z* &)
2EX iE€N, (1-0)CP=

< max min (140)Coz* —(1-6)C0x

~ 2€X €N, (1-6)CPz

— max min (1+0)Coz* +(140)COz—(146)CPz—(1-5)Cx
zeX i€Ny, (1-9)C7=

= 2 4 1 max min A;(C°, 2%, )
zeX 1€ENy,

< 24 150 min max A;(CO, 2%, )
1€ENy, zeX

=2 4 140 Zrél]%}l A (C° 2%, 0). O

Now it becomes clear that calculating the upper bound specified by
Proposition 3 is as hard as calculating m times A;(C°, z*,0), whose calculat-
ing according to Corollary 1 turns into solving the original single objective
problem.

Observe that similar upper bound were obtained in the case of single
objective combinatorial optimization problem in [20], and earlier in [32, 41]
for linear programs. The following corollary is straightforward consequence
from Propositions 1 and 3, and it specifies the upper bound for the accuracy
function of the originally Pareto equilibrium z* € P™(C?).

Corollary 2 For z* € P™(C°) and 6 € [0,1),
26

— (22)

Ap(C° 2%, 8) <

Corollary 3 Forz* € N™(C°) and § € [0,1), the equality Ax(C°, z*,6) =0
holds.

Now consider the case when z* is an equilibrium in the original game

with matrix C° implying Ap x(C?, z*,0) = 0. It is of special interest to know
the extreme values of ¢ for which Apx(C?, z*,0) = 0, because these values

13



determine maximum norms of perturbations which preserve the property of
the given solution to be an equilibrium. These values are close analogues
of the so-called stability radius introduced earlier for single and multiple
objective combinatorial optimization problems (see e.g. [6]). Formally, the
accuracy radii Rp n(C? x*) are defined in the following way:

Rpn(C°,2*) := sup {5 €[0,1): Apn(CP,z*,6) = o}. (23)

If these radii are equal to zero, then this means that there exist arbitrary small
perturbations of the original game matrix C° such that the initial equilibrium
x* loses its property of being equilibrium under very small perturbations.
Otherwise, the solution z* remains equilibrium for any game with matrix
C € 04(C%, 6 < Rpy(C°z*). The next theorem is a straightforward
consequence of Theorem 1

Theorem 2 The following statements are true.

(i) For z* € P™(C"), the Pareto accuracy radius can be expressed by the
formula:

C(x — a*
Rp(C° x*) :min{l, min max ’(Ox z) - } (24)
veX\{o*}i€Nm Y ci|wj — %]
JENm

(1i) For x* € N™(C"), the Nash accuracy radius can be expressed by the
formula:

Oz — o+
Ry(CP,2*) = min{l, min  min ’(f =) } =1, (25
€N zeW; (@) X\{2} Y ci|wy — 2]
JENm

i.e. x* € N™(C°) is accurate (i.e. Ry(CY z*)>0).

5 Robustness Tolerances

Robustness tolerances were first mentioned in [21] for single objective lin-
ear generic combinatorial optimization problem. Our approach develops the
idea of [21] by extending it to the multiobjective case under game theoretic
formulation. In this section we consider the case when only one column
in matrix C is uncertain, while all the other columns are kept unchanged.
It corresponds to the situation in the game, when all players are uncertain
about their own costs associated with the strategy choice of a given player.
Assume j be the uncertain column in the original matrix C°, so we denote

14



the original matrix C[j], where notation [j] is used to indicate that column
Jj is uncertain. Then for a fixed 6 € [0,1) we have

05(C°lj]) == {C e R ™ . (\Cij—cgj\ <ol i€ Nm) &(Cik — & ke N\{j},ie Nm> }
(26)
For 2* € X and § € [0, 1), the definition of the accuracy function in this
case transforms into the following:

A O[], 2%, 6) == ], x* 2
pN(C7[J], 2%, 0) C[j]efggaéo[j])fpw(c[]],x ); (27)

where ep n(Cj], 2*) are defined according to (6) and (7).

Moreover,

Apn(C°j],27,0) = REGpn(05(C°[j]), ),

It is easy to see that the analytic formulae (17) specified by Theorem 1 can
be rewritten as follows For 2* € X and § € [0,1),

Ap(C°4],2*,0) = max min Z;(C°[j], 2%, z, ) =

rzeX 1€ENy,

CP(z* —x) + ocj |z — 5] _

max min

; 0 0 .
z€X 1€Nm C’L Xr — 602].:(:‘7
. CY(a* —x) + oc)x) . O —x) 4 0c);(1 — x3)
max { max min 5 , max min 5 5 }
2€X:w;=0i€Nm Clz reX:rj=11€Nm Cir —ocy;

It will be convenient now to state the last formula for calculating accuracy
functions by splitting it into two cases. when x} = 0 and z7 = 1. So, for
z* € X and 6 € [0,1), we have

. CY(x*—x) . C?(w* _m)"‘éc(i)j . *
max max min —* o , mMax Imin RS if [lf] = 0,
A (CO[ ] o 5) o x€X:x;=0i€Nnm il z€X:2;=11€Nm, i L—0C;;
P LT ,0)= . CP(z"—a)+dc); . C(z*—2) ek
max max 1min — s max 1min TO2—36c0. if LU] =1.
z€X:w;=0i€Nnm i% zeX:wj=14iEN, “iT7%;
(28)

Similarly, we get the expression for the accuracy function in the case of Nash
optimality

CO(z*—x CO(x* —x)+6c0. ) .
max max{ max L (CO ), max W if xj =0,
A CO . * 5 o 1ENm, Z‘EW@(SE*)OX:Z‘J'ZO it Z‘EW@(Z‘*)QX:Z‘J'Z:L i £0C;

N( []]’ T, ) - C?(w*—m)—l—éc?j CO(x*—x) -
max max max ——— 2, max G050 if 27 =1.
1€ENmM €W (z*)NX ;=0 i ® TEW; (z*)NX ;=1 ~i T %%

(29)
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Notice also that if 2* € P™(C?), then (28) transforms into

. C?(w*—x)—l—&c?j
max 40, max min e
z€X:2;=19€Nm, i LOC;

C’?(x*—x)—i—&c?j . «
T, 0 if .CL’j = 1,

}ﬁ@:@
Ap(C°l5),2*,8) = , (30)
max max min

ze€X:x;j=01€N,

and if z* € N™(C?), then (29) transforms into

CY(x*—2)+6c%. ) .
max max {0, max —r o ¢ L a; =0,
011 % i€ENm zeW,(z*)NX:z;=1 i TT0C;
AN(C [j]vx 75): C9(z* —z)+3c2,
P (z¥—x Ci . .
max max max ——,— -, 0p ity =1
i€ENm, TEW;(x*)NX:x;=0 i *

(31)
Now we are interested in the maximal level of perturbation not violating
robustness of a given optimal solution.

Definition 5 For a given z* € P™(C) (x* € N™(C)) the robustness tol-
erances in Pareto and Nash cases are defined as follows:

;NKﬂM¢ﬁy:$m{5EHLU:ARNKﬂM¢ﬁﬁ)§ARNKWM¢L®VIGX}.
(32)

Notice that the same definition can be formulated in terms of relative
regrets as follows

}NKﬁM¢ﬁ%:$m{6emJ):REGmﬂ@xC%ﬂLﬁ)gREGmﬂ@AC%m¢QVxeX}.

The superscript r is used to emphasize that we are dealing with robust tol-
erances, which differ from usual tolerances (similar notation is also used in
21)).

Since for all 0 < 6 < Rpn(C°[j], 2*), we have that Ap x(C°[j],2*,08) = 0,
it implies that t}, y(C°[j],2*) > Rpn(C°[j], z*). Finding analytical expres-
sions for t v (C°[j], 2*), which could be computationally tractable is a hard
task. To compute robustness tolerances one should exploit some good search
strategy such as branch and bound, or use some heuristic and ad-hoc strate-
gies examining more carefully problem topology. We restrict our analysis
by specifying t”RN(CO[j],x*) in the case when the original problem con-
tains a single equilibrium only. So, let us assume that P™(CY) = {z*}.
Then it implies that for all + € X and all indices i € N,, the inequalities
Clx —a') > Cx* — '), C¥(x* — ') <0 hold for any 2/ € X. Using this
observation we deduce the following.

Consider now the case 27 = 1. For any fixed x € X, assuming that
xj = 1, then we get

0 A 0 0 /
0r - - Gz —a') +dcy Pz — )
Ap(C°[jl,z,6) = maxq max min T , max min —g———p o >

2'€X:a,=0i€Nm CYx 'eX:al=1i€Nm C72’ — 0C;;
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7

CP(a* —a') + dc)); ‘
max min

Co(x* — x’)} _

max{ max min

@/ €X:a)=0iENm Coa! 'weXal=1ieNn CPa’ — dc);
. COP(a* —a') + o) ora
max4{ max min 5 ,0¢ = Ap(CY[j], 2", 9).
v'€X:2l=01€Nm Cz x’

For any fixed z € X, assuming that z; = 0, then we get

0 / 0 ! 0

Or - . C(x—2) . Cl(x—2) +dc;
Ap(C7[j],x,0) =max{ max min ———pF——>, max min 5 5 >
o'eX!=0ieN,  Cix vexwi=1ieNm  CPr' —0c;);

. Oz —a') +6d); . Oz —a') + ¢
max {0, max min } >  max min >

veXal=1ieNn  CPa’ — dc); veXal=1ieNn  CPa’ — oc);
. Oz —2') +dc); . Cx—2') +dc);
max min Ty s—2 > max min 5
aeXal=0i€Nn  CPa’ —ocy; '€ X2/ =01E€Nm CYx
Thus, we will have Ap(C°[j],2*,6) < Ap(C°[j],x,d) for all x € X and
6 € [0,1). Thus, we have just proven that if 2% = 1, then t5(C°[j], z*) = 1.

Now consider the case 7 = 0. For any fixed x € X, assuming that x; = 0,
then we get

> AP(CO[j]v I*, 5)

or - . C%z — ) ) C’?(:E—x’)+5c?j
Ap(C°[j],x,0) =max{ max min ———s——>, max min 5 5 >
veXal=0ieN,  CPr'  wexXwi=1ieNm  CPr’ —dcy;

. CY(a* — ) + 8¢
max {0, max min 5 0
veXal=1i€Nm  CPa’ —0cy;

}:AP(CO[j],x*,é).

For any fixed z € X, assuming that x; = 1, then we get

o O —a') + 6c; . Oz —a")
Ap(C°[jl,z,6) = max4q max min 5 , Mmax min —g———7p o >
'€ X2/ =01E€Nm CYa’ a'eXi=1i€Nm C7z" — oy

. Oz —a') + o)
max{ max min ,O} > max{

0( % / 0
. CP(a" —a') + ¢
0 max min ,0%.
x’EX:x;-:0 1ENm Cz vl

:(:’EX::(,‘;:1 1€ENm CZOZIZ'/

So, Ap(C[j],z*,0) < Ap(C°[j], x,9) if and only if

. K]
max min T 20
m’EX:m}:l 1EN, CZ €T

. CY(z* —a!) 4 ¢} C(x — a') + ¢,
max {0, max min 5 5 } < max{ }
ZBIEXZB3:1 ieN77L CZ LU/ - 502]

The last inequality holds for

5§min{1, 5 },
Y
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i.e.

V(Co2) — (Clar)?

oy }’

)

£p(COlj), 2*) = min {1,

where 2 := arg max min CP2/, and let ¢+ = arg min C%. Summarizing,
x’EX:xg-zl 1ENm, 1ENm,

we can formulate the following main result in this section.

Theorem 3 Assume that P™(C°) = {x*}. Then the robustness tolerance
can be computed according to the following expressions:

if 27 =1, then
tp(COlj],27) = 1

if xj =0 then

£p(CO), 2*) = min {1, - 3

where T := arg x/er)%i;}’jzl Zrenjbrnll CO%', i = arg Zrenjbrnll CP%.
Similar result can be obtained in the case of Nash optimality
Corollary 4 Assume that x* € N™(C°). Then
tn(CO[j],2") = 1.

Indeed, the robustness tolerance in this case can be computed in a similar
way: if 27 = 1, then t}(C°[j],2*) = 1, and if 27 = 0 then

1, if 7 & X
T (CO4]. ) — U520z )2
2N CRVIED) min{l, “ )0 (=) }, otherwise,
CZ]
where & := (27,25,...,7; = 1,...,2}), i = argmax C%%. Since when

i€Npm,
x; =0, we have that

\/(COz)2 — (CPa)?

&
v

>1

)

the result which says that the Nash equilibrium is always robustness tolerant
is true. Notice also that here we do not need assumption about optimum
uniqueness, which was crucial in the case of Pareto optimality.
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6 Numerical examples

In this section we would like to illustrate how the accuracy function calcu-
lation can be used to rank alternatives from the robustness point of view in
Pareto case. Consider the following examples.

Example 1 Let m =4, and

2 2 15 2
05 1 2 1
0 _

"= 2 1 1 2

1 3 3 3
Assume also that X = {xt 2% 23, 2}, 2! = (0,1,1,0)T, 2* = (1,0,1,0)7,
= (0,1,0,1)7, 2 = (0,0,1,1)". Then (%' = (3.5,3,2,6)T, (%42 =
(3.5,2.5,3,4)7, %3 = (4,2,3,6)7, C%* = (3.5,3,3,6)" and P3(C°) =

{a', 2% 2%}, Using formula (24), we calculate R*(C°,z') = &, R*(C°, %) =
Lt and R*(C° 2%) = . The accuracy functions of all feasible solutions are
depicted in Fig. 1, and zoomed in Fig. 2. It happens that for ezample both x'
and 2%, behaves better under small §, since they have higher accuracy radius
values than x®. However while § is increased, Ap(C°, 22, 8) is dominated
not only by Ap(C° 2%, 0) but also by Ap(C°, x1,8) despite on the fact that
xt ¢ PY(C).

Example 2 Let m = 4, and original matriz C° be the same as in the previ-
ous example. Assume also that X = {x', 2% 2% 2}, 2! = (0,1,1,0)T, 2% =
(1,1,1,1)7, 2% = (0,1,1,1)7, 2* = (0,0,1,1)T. Then C%* = (3.5,3,2,6)7,
CO2 = (7.5,4.5,6,10)T, C%3 — (5.5,4,4,9)T, C%* = (3.5,3,3,6)" and
P3(C% = {z'}, and R*(C°,a') = +. The accuracy functions together with
corresponding upper bounds specified by (21) and (22) are depicted in Fig.
8 In this example, it happens that Ap(C° ', 8) dominates all others for all

§ €[0,1), thus x* can be considered as a very robust Pareto optimum.

7 Conclusions

The examples in previous section suggest that small changes or inaccuracies
in estimating payoff function coefficients may have significant influence on the
set of Pareto equilibria. Moreover, some situations being initially equilibria,
cannot be considered ’robust’, because very small changes of data destroy
their properties of being equilibria.

The simplest measure of the 'robustness’ of the equilibrium is its accuracy
radius. But frequently these radii are not sufficient to rank the equilibria.
Therefore, calculating accuracy radii only cannot be sufficient to make a con-
clusion about robustness, so it is necessary to calculate complementary more
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general characteristics of situations like accuracy functions whose definitions
are directly connected with given optimality principle.

The other big challenge in robust and sensitivity analysis is to construct
efficient algorithms to calculate the analytical expressions. To the best of
our knowledge there are not so many results (see e.g. [8], [17]) known in that
area, and moreover some of those results which have been already known,
put more questions than answers. It seems that calculating exact values is an
extremely difficult task in general, so one could concentrates either on finding
"easy” computable classes of problems or developing general metaheuristic
approaches.
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