Acta Mathematica Academiae Paedagogicae Nyíregyháziensis 21 (2005), 107–112

www.emis.de/journals
ISSN 1786-0091

A GENERALIZED AMMAN’S FIXED POINT THEOREM AND ITS APPLICATION TO NASH EQULIBRIUM

ABDELKADER STOUTI

Abstract. In this paper, we first give a generalization of Amann’s fixed point theorem: if (X, ≤) is a nonempty partially ordered set with the property that every nonempty chain has a supremum and F : X → 2^X is a monotone setvalued map and there is a ∈ X such that for all b ∈ F (a) we have a ≤ b, then F has a least fixed point in the subset {x ∈ X : a ≤ x}. By using the duality principle, we obtain the existence of the greatest fixed point for monotone setvalued maps. As application we apply our results to show that the set of Nash equilibrium of a subcategory of D’Orey’s extended supermodular game has a least and a greatest elements.

1. Introduction and preliminaries

During the last century many authors studied the theory of supermodular game (for example see [2, 4, 5, 6, 7]). In 1996, D’Orey presented in [2] an extended supermodular game and proved the existence of a Nash equilibrium of its.

Let X be a nonempty set. We said that (X, ≤) is a partially ordered set if ≤ is a binary relation ≤ which is reflexive, antisymmetric, and transitive. Let x, y ∈ X. We write x < y if x ≤ y and x ≠ y. A nonempty subset C of X is called a chain if for every x, y ∈ C we have either x ≤ y or y ≤ x.

Let (X, ≤) be a nonempty partially ordered set and A a nonempty subset of X. An element b ∈ X is called an upper bound (lower bound) of A if a ≤ b (b ≤ a) for all a ∈ A. If b is an upper bound (lower bound) of A and b ∈ A, then b is a greatest element (least element) of A. The least upper bound (greatest lower bound) of A when it exist is called the supremum (infimum) of A and will be denoted sup_X (A) (inf_X (A)). A nonempty partially ordered set (X, ≤) is said to be a complete partially ordered set if every nonempty chain of X has a supremum in X. A map f : X → X is monotone if f(x) ≤ f(y) whenever x ≤ y. A point x of X is called a fixed point of f is f(x) = x. The set of all fixed points of f will be denoted by Fix(f).

In [3], Knaster started the study of the existence of fixed point for maps with values in nonempty partially ordered sets. Later on, H. Amann [8, Theorem 11.D] established the following: let (X, ≤) be a nonempty partially ordered set with the property that every nonempty chain has a supremum and f : X → X be a monotone

2000 Mathematics Subject Classification. 06B23, 54C60, 47H10.

Key words and phrases. Fixed points, set-valued map, supermodular game, Nash equilibrium. 107

map. Assume that there is a ∈ X such that a ≤ f(a). Then, the map f has a least fixed point in the subset {x ∈ X : a ≤ x}.

Let X be a nonempty set and 2^X be the set of all nonempty subsets of X. A set-valued map on X is any map F : X → 2^X . An element x of X is called a fixed point of F if x ∈ F (x). We denote by Fix(F ) the set of all fixed points of F . In this paper, we shall use the following definition of monotonicity for set-valued maps.

Definition 1.1. Let (X, ≤) be a nonempty partially ordered set. A set-valued map F : X → 2^X is said to be monotone if for any x, y ∈ X with x < y, then for every a ∈ F (x) and b ∈ F (y), we have a ≤ b.

In this work, we first prove the existence of the least fixed point for monotone set-valued maps by using the same hypothesis used by D’Orey in [2, Theorem 3]. In addition, we give a generalization of Amann’s fixed point theorem [8, Theorem 11.D] for monotone set-valued maps (see Theorems 2.1 and 2.4). We also establish that, if a partially ordered set (X, ≤) has a greatest element such that every nonempty chain has in X an infimum, then every monotone set-valued map has a greatest fixed point. As application we show that a subcategory of D’Orey’s extended supermodular game has a least and a greatest Nash equilibrium.

The remainder of this paper is organized as follows. In section 2, we present our generalization of Amann’s result (see Theorems 2.1 and 2.4). In section 3, we apply our result to show the existence of a least and greatest Nash equilibrium for a subcategory of D’Orey’s extended supermodular game (see Theorems 3.5).

2. A generalized Amman’s fixed point theorem

The key result of this section is the following:

Theorem 2.1. Let (X, ≤) be a nonempty complete partially ordered set with a least element and let F : X → 2^X be a monotone set-valued map. Then, F has a least fixed point in X.

Proof. By [2, Theorem 3], the set-valued map F has at least a fixed point in X. Let A be the following subset of X defined by

A = {x ∈ X : there exists y ∈ X, y ∈ F (x) and x ≤ y ≤ z for all z ∈ Fix(F )} . Let l = inf_X (X).

Claim 1. We have: l ∈ A. Assume on the contrary that l ∉ A. As Fix(F ) ⊆ A, then l ∉ Fix(F ). So, l < z for all z ∈ Fix(F ). Let k ∈ F (l). Hence, by monotonicity of F, we get k ≤ z for all z ∈ Fix(F ). Thus, l ∈ A. That is a contradiction and our claim is proved.

Claim 2. (A, ≤) is a nonempty complete partially ordered set. Indeed, let C be a nonempty chain in A and let s = sup_X (C). By absurd, assume that s ∉ A. Then, x < s for all x ∈ C. Since C ⊆ A, hence for x ∈ C there is y_x ∈ X such that y_x ∈ F (x) and x ≤ y_x ≤ z for all z ∈ Fix(F ). (2.1) On the other hand, by (2.1), we get

x ≤ z for all z ∈ Fix(F ). (2.2) Then, every element z of Fix(F ) is an upper bound of C. Since s = sup_X (C), we have s ≤ z for all z ∈ Fix(F ). (2.3)

As s ∉ A and Fix(F ) ⊂ A, then s ∉ Fix(F ). From this and by (2.3), we obtain

s < z for all z ∈ Fix(F ). (2.4)

Let t be a given element of F (s). Then, by monotonicity of F and (2.4), we get

t ≤ z for all z ∈ Fix(F ). (2.5)

On the other hand we know that x < s for every x ∈ C. Using this and the monotonicity of F, we obtain

y_x ≤ t for all x ∈ C. (2.6)

Combining (2.1) and (2.6), we get

x ≤ t for all x ∈ C. (2.7)

From this and as x is a general element of C, we deduce that t is an upper bound of C. As s = sup_X (C), we get s ≤ t. By using (2.4) and the monotonicity of F, we obtain t ≤ z for all z ∈ Fix(F ). Therefore, we deduce that s ∈ A. That is a contradiction and our claim is proved.

Claim 3. The subset A has a maximal element. Indeed, by Claim 2, every nonempty chain of A has a supremum in A. Then, from Zorn’s Lemma, the set A has a maximal element, m, say.

Claim 4. The element m is a fixed point of F . On the contrary assume that m ∉ Fix(F ). So, m < z for all z ∈ Fix(F ). On the other hand, by Claim 3, we know that m ∈ A. Then, there is n ∈ F (m) with

m < n ≤ z for all z ∈ Fix(F ). (2.8)

As m is a maximal element of A and m < n, then we deduce that n ∉ A. So n ∉ Fix(F ). Hence, we get

m < n < z for all z ∈ Fix(F ). (2.9)

Now, let p be a given element of F (n). Then, by monotonicity of F and (2.9), we have n ≤ p ≤ z for all z ∈ Fix(F ). (2.10) From (2.10), we deduce that n ∈ A. That is a contradiction and our claim is proved.

Claim 5. The element m is the least fixed point of F . Indeed, by Claim 3, m ∈ A. Then, m is a lower bound of Fix(F ). On the other hand, from Claim 4, we know that m ∈ Fix(F ). Therefore, m is the least fixed point of F . □

Remark. In Theorem 2.1 we have proved the existence of the least fixed point under the same hypothesis used by D’Orey in [2, Theorem 3] to establish only the existence of a fixed point for monotone set-valued maps.

Definition 2.2. Let X be a nonempty set. Let F : X → 2^X be a set-valued map and A be a nonempty subset of X. The restriction of F on A is the set-valued map F_A : A → 2^X defined by F_A(x) = F (x), for every x ∈ A.

Let (X, ≤) be a nonempty partially ordered set and let F : X → 2^X be a setvalued map. Let A_a the following subset of X defined by A_a = {x ∈ X : a ≤ x} and let F_{Aa} be the restriction of F on A_a. The range of F_{Aa} is the subset of X defined by F_{Aa} (A_a) = ⋃ x∈A_a

F (x).

In what follows, we shall need the following lemma.

Lemma 2.3. Let (X, ≤) be a nonempty partially ordered set and let F : X → 2^X be a set-valued map. Let us suppose that A_a is defined as above. Then, (i) F_{Aa} (A_a) ⊂ A_a.

(ii) if F is monotone, then F_{Aa} is also monotone;

(iii) if (X, ≤) is a complete partially ordered set, so (A_a, ≤) is also a complete partially ordered set;

(iv) Fix(F_{Aa} ) = Fix(F ) ∩ A_a.

Proof. Let (X, ≤) be a nonempty partially ordered set and let F : X → 2^X be a set-valued map. Let A_a = {x ∈ X : a ≤ x}.

(i) Let x ∈ A_a. If x = a, then by our hypothesis, we have F (a) ⊂ A_a. Otherwise, assume that a < x and let b ∈ F (a) and y ∈ F (x). Then, by monotonicity of F, we get b ≤ y. On the other hand, by our hypothesis, we know that a ≤ b. So, we obtain a ≤ y. Thus, F (x) ⊂ A_a for every x ∈ A_a. Therefore, F_{Aa} (A_a) ⊂ A_a.

(ii) Let x, y ∈ A_a such that x < y. Now, let a ∈ F_{Aa} (x) and b ∈ F_{Aa} (y). Since F_{Aa} (x) = F (x), F_{Aa} (y) = F (y) and F is monotone, so a ≤ b. Thus, F_{Aa} is a set-valued monotone map.

(iii) Let C be a nonempty fuzzy chain of A_a and let s = sup_X (C). Let c ∈ C be a given element. Then, c ≤ s. As C ⊆ A_a, so a ≤ c. Hence, we get a ≤ s. Thus, s ∈ A_a.

(iv) Let x ∈ Fix(F_{Aa} ). Then, x ∈ A_a and x ∈ F_{Aa} (x). On the other hand, by our definition, F_{Aa} (x) = F (x). Hence, x ∈ F (x). So, x ∈ A_a and x ∈ Fix(F ). Conversely, if x ∈ Fix(F ) ∩ A_a, then x ∈ A_a and x ∈ F (x). Hence, x ∈ F_{Aa} (x). Thus, x ∈ Fix(F_{Aa} ). □

Next, we shall show the main result in this section.

Theorem 2.4. Let (X, ≤) be a nonempty complete partially ordered set and let F : X → 2^X be a monotone set-valued map. Assume that there is a ∈ X such that for all b ∈ F (a), we have a ≤ b. Then, F has a least fixed point in the subset {x ∈ X : a ≤ x}.

Proof. Let (X, ≤) be a nonempty complete partially ordered set. Let F : X → 2^X be a monotone set-valued map. Let a ∈ X such that for every b ∈ F (a), we have a ≤ b. Recall that A_a = {x ∈ X : a ≤ x}. Then, by Lemma 2.3, (A_a, ≤) is a nonempty complete partially ordered set and F_{Aa} is a monotone set-valued map. On the other hand, we have F_{Aa} (a) = F (a). Then, all hypotheses of Theorem 2.1 are fulfilled for the monotone set-valued map F_{Aa} : A_a → 2^{Aa} . Hence, from Theorem 2.1, F_{Aa} has a least fixed point in A_a. Since by Lemma 2.3, Fix(F_{Aa} ) = Fix(F )∩A_a, therefore F has a least fixed point in A_a. □

As a consequence of Theorem 2.4, we reobtain Amann’s result [8, Theorem 11.D].

Corollary 2.5. Let (X, ≤) be a nonempty complete partially ordered set and f : X → X be a monotone map. Assume that there is a ∈ X such that a ≤ f(a). Then, f has a least fixed point in the subset {x ∈ X : a ≤ x}.

By using Theorem 2.4 and the duality principle, we obtain:

Theorem 2.6. Let (X, ≤) be a nonempty partially ordered set with the property that every nonempty chain of X has an infimum. Let F : X → 2^X be a monotone set-valued map. Assume that there is a ∈ X such that for every b ∈ F (a), we have b ≤ a. Then, F has a greatest fixed point in the subset {x ∈ X : x ≤ a}.

Corollary 2.7. Let (X, ≤) be a nonempty partially ordered set with a greatest element and in which every nonempty chain has an infimum. Let F : X → 2^X be a monotone set-valued map. Then, F has a greatest fixed point.

3. Least and greatest Nash equilibrium for an extended supermodular game

In this section, we first present a subcategory of D’Orey’s extended supermodular game [2]. Secondly, we apply Theorem 2.1 and Corollary 2.7 to show that the set of all Nash equilibrium of this game has a least and a greatest elements. First, we recall the following definitions.

Definition 3.1. Let (X, ≤) be a partially ordered set and x ∈ X.

(i) The down set x ↓ is defined by x ↓= {y ∈ X : y ≤ x}. (ii) The up set x ↑ is defined by x ↑= {y ∈ X : x ≤ y}.

Definition 3.2 ([2, Definition 4]). Let (X, ≤) be a partially ordered set and x, y ∈ X.

(i) The element x meets y if x ↓ ∩y ↓≠ ∅. (ii) The element x joins y if x ↑ ∩y ↑≠ ∅.

(iii) x, y ∈ X are in a regular position, xRP y, if x and y meet and join. (iv) If every pairs of X are in a regular position, (X, ≤) is said to be a quasilattice.

Definition 3.3 ([2, Definition 5]). Let (X, ≤) be a nonempty partially ordered set and f : X → IR be a real function defined over X. The function f is said to be supermodular if ∀x, y ∈ X : xRP y,

∃a ∈ x ↓ ∩y ↓, ∃b ∈ x ↑ ∩y ↑: f(a) + f(b) ≥ f(x) + f(y).

f is strictly supermodular if the inequality in the previous definition is strict when x and y are in a regular position and unrelated by the ≤ relation.

Definition 3.4 ([2, Definition 6]). Let X and T be two partially ordered sets and f : X × T → IR be a real function defined over X × T . Then f has (strictly) increasing differences in (x, t) if f(x, t) − f(x, t^′ ) is (strictly) increasing in x for all t^′ ≤ t (t^′ ≤ t, t ≠ t^′ ).

Next, we define a subcategory H of D’Orey’s extended supermodular game (see [2]):

it is a symmetric game with two players, where X, is the strategy common to both players is a quasi-lattice with a least and a greatest element and in which every nonempty chain has a supremum and an infimum. Each player’s payoff is a best reply function, f, defined over X × X, that is strictly supermodular and has strictly differences. By using the properties of X and f, we deduce that this game can be considered as an extension of the supermodular game studied by Vives [8].

Now, let F : X → P(X) be the set-valued map defined by setting:

∀x^′ ∈ X, F (x^′ ) = argmax_{x∈X} f(x, x^′ ) = {y ∈ X : f(y, x^′ ) = max_{x∈X} f(x, x^′ )}.

A Nash equilibrium for the game H is an element x_0 ∈ X such that

x_0 ∈ argmax_{x∈X} f(x, x_0).

Next, we shall prove the main result in this section.

Theorem 3.5. The set of Nash equilibrium of the extended supermodular game H is nonempty and has a least and a greatest elements.

Proof. By using [2, Theorem 4], we deduce that the set-valued map F is monotone. Then, from Theorem 2.1 and Corollary 2.7, we deduce that the set Fix(F ) is nonempty and has a least and a greatest elements. On the other hand, we know that Fix(F ) = {x_0 ∈ X : x_0 ∈ argmax_{x∈X} f(x, x_0)}.

Therefore, the set of Nash equilibrium for the extended supermodular game H has a least and a greatest elements. □

References

[1] H. Amman. Order structures and fixed points. Technical report, Ruhr-Universität, Bochum, 1977. Mimeographed lecture notes.

[2] V. d’Orey. Fixed point theorems for correspondences with values in a partially ordered set and extended supermodular games. J. Math. Econ., 25(3):345–354, 1996.

[3] B. Knaster. Un théoréme sur les fonctions d’ensembles. Annales Soc. Polonaise, 6:133–134, 1928.

[4] P. Milgrom and J. Roberts. Rationalizability, learning, and equilibrium in games with strategic complementarities. Econometrica, 58(6):1255–1277, 1990.

[5] D. M. Topkis. Minimizing a submodular function on a lattice. Oper. Res., 26:305–321, 1978. [6] D. M. Topkis. Equilibrium points in nonzero-sum n-person submodular games. SIAM J. Control Optimization, 17:773–787, 1979.

[7] X. Vives. Nash equilibrium with strategic complementarities. J. Math. Econ., 19(3):305–321, 1990.

[8] E. Zeidler. Nonlinear functional analysis and its applications. I: Fixed-Point Theorems.

Springer-Verlag, 1985.

Received October 28, 2004.

Unite de Recherche, Mathematiques et Applications, Faculty of Sciences and Techniques, University Cadi Ayyad, PO. Box 523, 2300 Beni-Mellal, Morocco E-mail address: stouti@math.net