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THE EXISTENCE AND STRUCTURE OF APPROXIMATE
SOLUTIONS OF DYNAMIC DISCRETE TIME ZERO-SUM
GAMES

ALEXANDER J. ZASLAVSKI

ABSTRACT. In this paper we establish turnpike results for a class of dynamic
discrete-time two-player zero-sum games. These results describe the structure of
approximate solutions which is independent of the length of the interval, for all
sufficiently large intervals. We also show that for each initial state there exists a
pair of overtaking equilibria strategies over an infinite horizon.

1. INTRODUCTION

The study of the existence and the structure of (approximate) solutions of optimal
control problems defined on infinite intervals and on sufficiently large intervals has
recently been a rapidly growing area of research [4-7, 9-11, 13, 17-20, 27, 28, 30].
These problems arise in engineering [1, 31], in models of economic growth [8, 14, 16,
24, 25, 30], in infinite discrete models of solid-state physics related to dislocations in
one-dimensional crystals [3, 26] and in the theory of thermodynamical equilibrium
for materials [12, 15].

In this paper we study the existence and structure of solutions for a class of
dynamic discrete-time two-player zero-sum games and establish a turnpike result.
This result describes the structure of approximate solutions which is independent
of the length of the interval, for all sufficiently large intervals. We also show that
for each initial state there exists a pair of overtaking equilibria strategies over an
infinite horizon.

Denote by || - || the Euclidean norm in R™. Let X C R™ and Y C R™2 be
nonempty convex compact sets. Denote by M the set of all continuous functions
f: X xXxY xY — R! such that:

for each (y1,y2) € Y XY the function (z1,x2) — f(z1,z2,y1,92), (r1,22) € X x X
is convex;

for each (z1,x2) € X x X the function (y1,y2) — f(x1,22,91,v2), (y1,92) € Y XY
is concave.

For the set M we define a metric p: M x M — R! by

p(f)g) = SUP{|f(5U17$27ylay2) - g($17x27y17y2)| :
(11) fEl,fEQGX, ylvaEY}v f:geM

Clearly (M, p) is a complete metric space.
Given f € M and an integer n > 1 we consider a discrete-time two-player zero-
sum game over the interval [0,n]. For this game {{z;}?_,:2; € X,i=0,...n} is
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the set of strategies for the first player, {{y;}_y : ;i € Y, i =0,...n} is the set of
strategies for the second player, and the cost for the first player associated with the
strategies {x;}7_g, {yi}o is given by 32020 f(wi, zita, iy irn).

Let f € M, n > 1 be an integer and let M € [0,00). A pair of sequences
{Zi}y C X, {Bi}]-y C Y is called (f, M)-good if the following properties hold:

(i) for each sequence {z;}7, C X satisfying zg = Zo, xn = Zn,

n—1 n—1
(1.2) M+ (@i i, Ui Gir1) = > F(@i Tir1, Tio Pis1);
i=0 i=0

(ii) for each sequence {y;}_, C Y satisfying yo = ¥o, Yn = Un.,

n—1 n—1
(1.3) M+ f(@ By, Ui Tir1) = > F (@ Tirn, yi, vin1)-
i=0 1=0

If a pair of sequences {z;}7_, C X, {yi}l-y C Y is (f,0)-good then it is called
(f)-optimal.

In this paper we study the turnpike property of good pairs of sequences. To
have this property means, roughly speaking, that the good pairs of sequences are
determined mainly by the objective function, and are essentially independent of the
choice of interval and endpoint conditions, except in regions close to the endpoints.
Turnpike properties are well known in mathematical economics and optimal control
(see [14-16, 24, 27-31] and the references mentioned there).

Consider any f € M. We say that the function f has the turnpike property if
there exists a unique pair (zf,ys) € X x Y for which the following assertion holds:

For each € > 0 there exist an integer ny > 2 and a number § > 0 such that for each
integer n > 2ng and each (f,d)-good pair of sequences {z;} , C X, {yi}l-y C Y
the relations ||z; — z ||, ||lyi — yr|| < € holds for all integers i € [ng, n — no).

In [29] we showed that the turnpike property holds for a generic f € M. Namely,
in [29] we proved the existence of a set F C M which is a countable intersection of
open everywhere dense sets in M such that each f € F has the turnpike property.
Results of this kind for classes of single-player control systems have been established
in [27, 28, 30]. Thus, instead of considering the turnpike property for a single
objective function, we investigate it for a space of all such functions equipped with
some natural metric, and show that this property holds for most of these functions.

Note that the generic approach of [29] is not limited to the turnpike property,
but is also applicable to other problems in Mathematical Analysis [21-23].

In [29] and in the present paper we also study the existence of equilibria over
an infinite horizon and employ the following version of the overtaking optimality
criterion [8, 25, 30, 31].

Let f € M. A pair of sequences {Z;}°, C X, {g}2, C Y is called (f)-
overtaking optimal if the following properties hold:

for each sequence {x;}°, C X satisfying zo = Zg

T—1 T—1
(1.4) limsup[ Y f(Zi, i1, Ui Giv1) — 3 F (@i, Tigt, Ui Gir1)] < 0;
=0

T—o0 i—0
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for each sequence {y;}:2, C Y satisfying yo = %o
T—1 T-1

(1.5) lim sup [Z J(Zi, Tiv1, Yi, Yir1) — Z J(Zi, T, Ui Uirr) | < 0.
T=oo mico i=0

In [29] we showed that for a generic f € M and each (z,y) € X x Y there exists
an (f)-overtaking optimal pair of sequences {x;}2, C X, {y;};2, C Y such that
To =, Yo =Y.

According to the results of [29] we know that for most functions f € M the
turnpike property holds and that (f)-overtaking optimal pairs of sequences exist.
Nevertheless it is very important to have conditions on f € M which imply the
turnpike property and guarantee the existence of (f)-overtaking optimal pairs of
sequences. These conditions will be found in the present paper.

The paper is organized as follows. In Section 2 we consider minimal pairs of se-
quences. In Section 3 we present our main (strict convexity-concavity) assumptions
of f € M and state Theorems 3.1 and 3.2 which establish the turnpike property
and the existence of (f)-overtaking optimal pairs of sequences respectively. Section
4 contains preliminary results. Auxiliary results for Theorem 3.1 are proved in Sec-
tion 5. Theorem 3.1 is proved in Section 6. Auxiliary results for Theorem 3.2 are
proved in Section 7. Section 8 contains the proof of Theorem 3.2.

2. MINIMAL PAIRS OF SEQUENCES

Let f € M. Define a function f: X x Y — R! by

(2'1) f(x7y):f($7x7y’y)7 xeX? yey
Then there exists a saddle point (zf,ys) € X x Y for f [2, 26] such that

(2.2) sup f(z,y) = f(xf,y5) = inf f(z,yy).
yeY zeX

Set,

(23) u(f) = flxr,ys).

A pair of sequences {z;}°, C X, {y;}2, C Y is called (f)-minimal if for each
integer n > 2 the pair of sequences {x;}!" o, {yi}I', is (f)-optimal.
The following results were established in [29].

Proposition 2.1 (29, Proposition 5.1.). Let n > 2 be an integer and
=z Yi=vyr t=0,...n
Then the pair of sequences {Z;}1'_, {Ui}i—y is (f)-optimal.
Proposition 2.2 (29, Proposition 5.2.). Let n > 2 be an integer and let
(Yo ) C X XY, k=12
be a sequence of (f)-optimal pairs. Assume that
(k) (k)

klg]gofcz = xy, klirgoyl =y, 1=0,1,2,... n.

Then the pair of sequences ({z;}7—y, {vi}iy) is (f)-optimal.
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Proposition 2.3 (29, Proposition 5.3.). Let x € X, y € Y. Then there exists an
(f)-minimal pair of sequences {x;}2y C X, {yi}2y C Y such that zo =z, yo = y.

Let n > 1 be an integer and let & = (£1,£2,£3,81) € X x X x Y x Y. Define

(24> AX(&vn) = {{xz}?:o CX: To = gla Tp = 52}7

(2.5) Ay (&n) ={{yitico CY: yo =283, yn = &},
n—1

(26)  FE((@0, iy 0 (Y0s - Ui Yn)) = Y (@ Tigr, Ui Y,
i=0

{zitino € Ax(§n), {vitizo € Av (&, n).

3. MAIN RESULTS

Let f € M. Then there exists (z¢,ys) € X x Y such that [2, 29]

(31> sup f(xfavayay) = f(vavayfvyf) = inf f(xvxvyf7yf)
yey reX

In this paper we suppose that the following assumptions hold:
(A1) for each € X \ {zs} and each 2’ € X

f(2_1(.7}f + $)72_1([Ef + x,)7yf7yf) < 2_1f($fa$fayfayf) + 2_1f(337$/7yf7yf);
(A2) for each y € Y\ {ys} and each ¢/ € Y

flap 27y +9),27 0 +yyp) > 27 g ap,yp,yp) + 27 f@r, 2r,9,9).

Choose a number

(32) -DO Z SUP{‘f(xlafEZayl,?JQ)‘ CX1,T2 S X7 Y1,Y2 S Y}
In this section we present our main results.

Theorem 3.1. Let € € (0,1). Then there exist a neighborhood U of f in M, an
integer ny > 4 and a number 6 € (0,€) such that for each g € U, each integer
n > 2n; and each (g,0)-good pair of sequences {x;}l—y C X, {yi}ly C Y the
relation

(3.3) s — xpll, ||y —yyll < e

holds for all integers i € [ni1,n — n1]. Moreover, if ||xo — x¢||, ||yo — yrl|| < 6 then
(3.3) holds for all integers i € [0,n — ni|, and if ||z, — x¢||, ||yn — ysl| < 0 then
(8.3) is valid for all integers i € [ny,n).

Theorem 3.2. For each © € X and each y € Y there exists an (f)-overtaking
optimal pair of sequences {x;}2, C X, {yi};2, C Y such that xo = x, yo = y.
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4. PRELIMINARY RESULTS

Let M, N be nonempty sets and let f: M x N — R'. Set

(4.1) f*(x) = sup f(z,y), z € M, f°(y)= inf f(z,y), y €N,
yeN xeM

4.2 v¢ = inf sup f(x,y), o%=sup inf f(z,v).

(4.2) i xeMyegf( y), vy yegmer( Y)

Clearly

(4.3) v <.

We have the following result (see [2, Chapter 6, Section 2, Proposition 1]).
Proposition 4.1. Let f : M x N — R,z € M,y € N. Then

(4.4) Sg}g f@y)=f(2,9) = inf f(z,9)

if and only if

4.5 v¢ =4, sup f(z,y) =0}, inf f(z,7) = 4.
(45) F=vl, s f(@) =, nf f(r5) =)

Let f: M x N — R If (Z,7) € M x N satisfies (4.4), then it is called a saddle
point (for f). We have the following result (see [2, Chapter 6, Section 2, Theorem

8)).

Proposition 4.2. Let M C R™, N C R"™ be convexr compact sets and let f :
M x N — R' be a continuous function. Assume that for each y € N the function
x — f(z,y), © € M is conver and for each x € M the function y — f(x,y), y € N
is concave. Then there exists a saddle point for f.

Proposition 4.3 (29, Proposition 4.3.). Let M, N be nonempty sets, f : M x N —
RY and let

(4.6) —oo<v?:v$’c<+oo, xog € M, yo € N, Ay, Ag € [0,00),
(4.7) sup f(zo,y) < vf+ A1, inf f(z,y0) > v} — Ag.
yeN zeM
Then
(4.8) sup f(zo0,y) — A1 — Az < f(20,90) < inf f(x,y0) + A1 + As.
yeN zeM

Proposition 4.4 (29, Proposition 4.4.). Let M, N be nonempty sets and let f :
M x N — RY. Assume that (4.6) is valid, xo € M, yo € N, A1, As € [0, 00),

(4.9) sup f(zo,y) — Az < f(xo,y0) < inf f(z,y0) + Aq.
Then

sup f(z0,y) < vF+ A1+ Ao, inf fla,y0) > oh— Ay — A,
yeN zeM
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5. AUXILIARY RESULTS FOR THEOREM 3.1

We use all the definitions, notation and assumptions made in Section 3. In
particular we suppose that assumptions (A1) and (A2) hold.

Lemma 5.1. Let € € (0,1). Then there exists a number 6 € (0,€) such that for
each integer n > 2 and each (f,0)-good pair of sequences {x;}1 o C X, {yi};y CY
satisfying

(51) Tn,To = Tf, Yn>,Yo = Yrf
the following relations hold:
(5.2) i —zgll, llyi —ysll <€, i=0,...n.

Proof. By (A1), (A2) and continuity of f there exists a positive number v such that
the following properties hold:
(P1) for each « € X and each 2’ € X satisfying ||z — xf|| > €,

—f@ g+ a), 2 g +al) ypyp) 27 (g, wp g, up) 427 (2l ypyp) >
(P2) for each y € Y and each ¢/ € Y satisfying ||y — yf|| > €,

Flapap 2 yr +9), 270 + ) =27 (g, xp,ypyp) = 27 fap g, y,y) > 7
Choose a positive number § such that

(5.3) §<v/4, 6 <8 te

Assume that an integer n > 2, {x;}l"y C X, {yi}i-y C Y is an (f,d)-good pair
of sequences and that (5.1) is valid. Set

(5.4) L, =25, 3,68 =yr §=(&,8,8,8).

Consider the sets Ax(&,n), Ay (£,n) and the functions f&™ (see (2.4)-(2.6)). Tt
follows from (5.1) and Proposition 2.1 that

n—1
(5.5)  sup { > fap s uiui) : {uiig € Ay(&n)} =nf(zp,xr,y5,yy)
=0
n—1
= inf{Zf(pi,pm,yf,yf) t {pitico € Ax(ﬁ,n)}-
=0

By (5.1) and (5.4),
(5.6) {zi}io € Ax(§, )}, {witito € Ay (&,n).

Since ({zi}7—y, {vi}i) is an (f, d)-good pair of sequences we conclude that

n—1 n—1

sup { > f@i i, uiuign) - {uidig € AY(fan)} — 6 <> f@i, mig1, i vign)
i=0 i=0
n—1
(5.7) <inf { Z J(Pis Pit1, Yis Yit1) © {Pitio € AX(fan)} + 4.

=0
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It follows from (5.4)-(5.7) that

n—1 n—1
nf(@papynye) <Y f@nrinun ) < F(@i @i, Ui vigy) + 0
i=0 i=0
n—1
(5.8) < Y fp s v yin) + 20 < nf (e ap,yr, yp) + 20.
=0
By (5.8),
n—1
(59) ‘ Zf(mi)xi-‘rl?yi)yi"rl) - nf(l‘fuvayfu/yf) < 57
=0
n—1
(5.10) > @i mig,yp,yp) — nf (g, yp,yp) € [0,26),
i=0
n—1
=0
Set
(5.12) =2 i +tap), i =2y +yp), i =0,...,n.
By (5.5), (5.6) and (5.12),
n—1 n—1
(513) Zf(£27j1+17yfayf) > nf(wf7xf7yf7yf) > Zf(wf)xf7givgi+l)‘
i=0 1=0

In order to complete the proof of the lemma it is sufficient to show that (5.2) holds.
Assume the contrary. Then in view of (5.1) there is an integer k € [1,n — 1] such
that

(5.14) mae{lai — 1l Il — vy} > e

By (5.12) for all i =0,...,n — 1,

(515) f(i'ivi‘i+l7yf7yf) < 2_1f($iami+la yfvyf) + 2_1f($fa T, Yf, yf)7
(5.16) f@pzp, GinGiv1) = 27 f (@, 2p, yinyir) + 27 (@, 28, Y7, yr).

By (5.12), (5.14)-(5.16), (P1) and (P2),
2_1f(xk7xk+layfayf) + 2_1f($f7xf7yfayf) - f(i‘k)jk-‘rlayf?yf)

(B5.17)  +f(@p s G Ger1) — 27 F@p g Uk k1) — 27 f(@p, 2, yp, yp) > -
By (5.10), (5.11), (5.13) and (5.15)-(5.17),

n

-1
o< D R @ min v i) + 27 @ ap ypvp) — F(E F, vr, vp)
=0
e

—

+ [f(‘,rf7Ifa givgi-i-l) - 271f(1"f7xf7yi)yi+l) - 271f(xf7$f7yf7yf)]
=0
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i
L

= D f@pop G Givr) = f(@i Bis,yr, yy)

i
+2_1f($i7 Ti+1,YF, yf) - 2_1f(xf’ LfyYi, yi—l—l)] < J.

This contradicts (5.3). The contradiction we have reached proves (5.2). This com-

pletes the proof of Lemma. 5.1. U

Il
o

We can easily prove the following result.

Lemma 5.2. Let n > 2 be an integer, M be a positive number and let {x;}I o C
X, {yitly C Y be an (f, M)-good pair of sequences. Then the pair of sequences
{37 o C X, {7}y CY defined by

L=, Yyi=vyi, t=1,...n—1, ZTo,Tn=12f, ¥Yo,Yn = Y5
is (f, M + 8Dy)-good.

By using the uniform continuity of the function f : X x X xY x Y — R! we can
easily prove the following lemma.

Lemma 5.3. Let € be a positive number. Then there exists a number § > 0 such
that for each integer n > 2 and each sequences

{zitico, {Zitito € X, {witito, {Uitino C Y

which satisfy
(5-18) Mz —ajll, 1oy —yill <60, j=0,n, xj=Tj, yj=4j, j=1,..n—1
the following relation holds:

n—1

’ > @i win, vin yin1) — £ (@ i1, Ui )] < €

i=0

Lemma 5.3 implies the following result.

Lemma 5.4. Assume that € > 0. Then there exists a number § > 0 such that for

each integer n > 2, each (f,€)-good pair of sequences {x;}7_, C X, {yi}l-y C Y

and each pair of sequences {Z;}1 o C X, {Ui}1-y C Y the following assertion holds:
if (5.18) is walid then the pair of sequences ({Z;}}—q, {Ui}i—o) is (f,2€)-good.

Lemmas 5.4 and 5.1 imply the following auxiliary result.

Lemma 5.5. Let € € (0,1). Then there exists a number 6 € (0,€) such that for
each integer n > 2 and each (f,0)-good pair of sequences {x;}1 o C X, {yi}}y CY
which satisfies ||x; — x|, ||y; — ysll < 0, 7 = 0,n the following relations hold:
Hxi_‘er7 Hyz _ny <€ i=0,...n

Denote by Card(E) the cardinality of a set E.

Lemma 5.6. Let M be a positive number and let € € (0,1). Then there exists
an integer ng > 4 such that for each (f,M)-good pair of sequences {;};°, C
X, {yi}2y CY which satisfies

(519) Ly Lng = Xf, Yo, Yno = Yf
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there is j € {1,...n9g — 1} for which
(5.20) s —ayll, |y —yrll < e

Proof. By (A1), (A2) and continuity of f there exists a positive number 7 such that:
for each € X and each 2’ € X satisfying ||z — z¢|| > €,
(5.21)

—f@ Nap+a), 27 ap +a),ypyp) 427 g, ypyp) 27 a2l ypyp) 2
for each y € Y and each 3/ € Y satisfying ||y — yy|| > €,

(5.22)

flapap 27 yr +9), 270 +yp) =27 f(ep,xp,ypyp) — 27 flapepy, ) 27

Choose a natural number

(5.23) no > 8+ 2(y) ' M.
Set
(5.24) G.&=uf &&=y &={&}io

Assume that {z;}7°, C X, {y;}1°, C Y is an (f, M)-good pair of sequences and
that (5.19) holds. We show that there is an integer j € {1,...,n9 — 1} such that
(5.20) holds. Assume the contrary. Then

(5.25) max{llz; —xgll, ly; —ysll} > € 5 =1,...,n0 = L.
It follows from (5.19), (5.24) and Proposition 2.1 that
no—1
sup { Z f(xfa Tg, ui7ui+1) : {ul}?ﬁo € AY(fanO)} = nOf(xfa Tf,Yf, yf)
1=0
no—1
(5.26) = inf { Y f(ispiss,yr ) {pi}i € Ax(€mo) }.
i=0

By (5.19) and (5.24),

(5.27) {zi}i2 € Ax (& m0), {yi}ily € Ay (& no).
Since ({zi};2, {vi}i2y) is an (f, M)-good pair of sequences we conclude that

ng—1 no—1

Sup{ Z (@i, i1, wis i) © {ui}ig € Ay(&,no)}—MS Z f(@is Tig1, Yis Yit1)
i=0 1=0
no—1
(5.28) <inf { Y7 fpispien, g vis) - % € Ax(§mo) p + M.
i=0
It follows from (5.24), (5.26)-(5.28) that
no—1 no—1
nof(xzp,xp,ypyr) < Z f(xi,wip1,yp,yr) < Z f(@i, iv1, Vi Yig1) + M
=0 i=0
no—1

1=0
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By (5.29),
no—1
(530) ‘nOf(xfa Tr,Yf, yf) - Z f($i7$i+1a yiayiJrl) < M7
i=0
no—1
(531) Z f(xh LTi+1,Yf, yf) - nOf(J"fa T Yf, yf) € [07 2M]7
i=0
no—1
(5.32) > f@p v yin) —nof (@, xp,yp, yp) < [-2M,0].
i=0
Set
(5.33) i =2""(wi+ay), i =27 (i typ), i=0,1,...,no.
By (5.24), (5.26), (5.27) and (5.33),
no—1 no—1
(534) Z f(jzv jiJrla Yr, yf) > nOf(xf7 ZTr,Yfs yf) > Z f(va Zf, gia gi+1)-
i=0 1=0
In view of (5.33) for i =0,...,n9 — 1,
(535) f(j’m jiJrl? Ys, yf) < 2_1f(xi7 LTi+1,YF, yf) + 2_1f($f7 Tf,Yfs yf)v
(536) f(mf7 Zg, gia gi-{-l) Z 2_1f(xf7 Zf,Yi, Z/i—i—l) + 2_1f(xf7 Tf,Yf, yf)
By (5.35), (5.25), the choice of v (see (5.21) and (5.22)) and (5.33) for each i =
1,...,n9 — 1 at least one of the following inequalities holds:

271f<37z‘733i+1’yf7yf) + 271f(xf7xf7 yf)yf) - f(i'hi.i-‘rlv Yt yf) > e

f(va Zg, g’ia gi+1) - 2_1f(xf7 Zf,Yi, yi+1) - 2_1f($f, LfyYfs yf) > -
Combined with (5.35) and (5.36) this implies that for each i = 1,...,n9 — 1

2_1f(xia Ti+1,Yf, yf) + 2_1f($f) TryYf, yf) - f(:f‘,“ ‘%i-i-la Yr, yf)
+ f(‘rf’ Zf, gia gi+1) - 2_1f(‘7;f’ Zf,Yi, yi+1) - 2_1f(l‘fa T Yfs yf) > -
Together with (5.35), (5.36) and (5.34) this implies that
no—1

fY(nO - 1) S Z [2_1f<37z‘733i+17yf73/f) + 2_1f(xf7xf7 yf7yf) - f(i'hi.i-‘rlv Yt yf)
=0

+ f(xfa Tg, gi::’-ji—i—l) - 2_1f(xf7xf>yi7yi+1) - 2_1f(xf7$fvyf>yf)]

no—1

= > [f@p s i dir1) — f (@i Zi1,yp, vf)
i=0

+ 27 (i, w1,y yp) — 27 f (g, op, i Yi])
<nof(xp,xp,yryp) —nof (@p e,y yp) +2 o f(xp, xp,yp,yp) + M
— 27 o f(zg, xp yp,yp) + M < 2M,
v(ng — 1) <2M.
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This contradicts (5.23). The contradiction we have reached proves that there is an
integer j € {1,...,n9 — 1} such that (5.20) holds. Lemma 5.6 is proved. O

Lemmas 5.6 and 5.2 imply the following auxiliary result.

Lemma 5.7. Let ¢ € (0,1), M € (0,00). Then there exists an integer ng > 4
such that for each (f, M)-good pair of sequences {x;};°, C X, {yi}i2y C Y there is
j € {17 -y No — 1} fO’f’ which wa - x]”: Hyf - y]H < e

Lemma 5.8. Let e € (0,1), M € (0,00). Then there exists an integer ng > 4 and
a neighborhood U of f in M such that for each g € U and each (g, M)-good pair of
sequences {x;}1° C X, {yi}i2y C Y there is j € {1,...n9 — 1} for which

(5.37) g =il llys —yill <e

Proof. By Lemma 5.7 there is an integer ng > 4 such that for each (f, M + 8)-good
pair of sequences {z;};°, C X, {y;};2, C Y thereis j € {1,...n9 — 1} for which
(5.37) is valid. Set

(5.38) U={geM: p(fg)<(16n)"'}.

Assume that g € U and {z;};°, C X, {vi};°, C Y is a (g, M)-good pair of
sequences. By (5.38) the pair of sequences {x;};%, {vi}i2, is (f, M + 8)-good. It
follows from the definition of ng that there exists j € {1,...no— 1} for which (5.37)
is valid. The lemma is proved. O

6. PROOF OF THEOREM 3.1

By Lemma 5.5 there exists dg € (0, €) such that the following property holds:
(P3) for each integer n > 2 and each (f,d)-good pair of sequences {z;}!", C
X, {yi}l o C Y satisfying
”‘rj_fov ||y]'_yf”§50’ J=0,n

we have

(6.1) z; —xfll, lly; —yrll < e

forallt=0,...,n.

By Lemma 5.8 there exists an integer ng > 4 and a neighborhood U of f in M
such that the following property holds:

(P4) for each g € Uy and each (g, 8)-good pair of sequences {z;};°) C X, {v:};2,
C Y thereis j € {1,...n9 — 1} for which

|z — x|, |ly; — yrll < o

Fix an integer

(6.2) ny > 4ng
and a number

(6.3) §€(0,4716).
Define

(6.4) U=UnN{geM: plg, f) <16 en '}
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Assume that g € U, an integer n > 2ny and {z;}]—, C X, {yi}iy C YV is a
(g,9)-good pair of sequences. It follows from (6.2)-(6.4) and (P4) that there exists
a sequence of integers {t;}¥_; C [0,n] such that

(6.5) t1 < ng, tix1 —1; € [ng,?)no], 1=1,...k—1,

(6.6) n—ty <no, |z —xfll [y —yrll <o, i=1,.. .k

and, moreover, if ||[xo—x¢||, |[yo—y¢|| < 0 thenty =0, and if ||xy, —x ¢, ||yn—yfl|| <
d then tp = n. Clearly k > 2. Fix ¢ € {1,...k — 1}. To complete the proof of the
theorem it is sufficient to show that for each integer i € [t4,t,+1] the relation (6.1)
holds.

Define sequences {xz(q)}ﬁq:*bl_tq C X, {y§q)}§“:+()1‘tq CY by

(67) JEEq) = Tittys yz(q) = Yitty 1€ [O,tq+1 — tq]
It is easy to see that 2@ tat1~ta y-(q) fat17% g g (g, 8)-good pair of sequences.
7 =0 % =0
Together with (6.2)-(6.6) this implies that the pair {:L‘SQ)}fq:t]l_tq, {ygq)}fcj()l_tq is
(f,d0)-good. Tt follows from (6.5), (6.6) and (P3) that
e =gl 115 = yrll S e i=0,. . tpr —to.

Together with (6.7) this implies that ||x; —xf||, ||yi —ysl| <€, i =tg4,...tg+1. This
completes the proof of the Theorem 3.1.

7. PRELIMINARY LEMMAS FOR THEOREM 3.2

Let f € M. x5 € X, yy € Y satisfy (3.1). We use all the definitions, notation
and assumptions made in Section 3. In particular we suppose that assumptions
(A1) and (A2) hold.

For each metric space K denote by C(K) the space of all continuous functions
on K with the topology of uniform convergence (||¢|| = sup{|¢(z)| : z € K},

¢ € C(K)).
Define functions f&) : X x X — R, f) .Y x Y — R! by

(7.1) F e, 29) = fz1, 22,95, 97), 21,22 € X,

(72> f(Y)(ylvyZ) = f(vavaylayQ)v Y1,Y2 evy.

Lemma 7.1. Let € € (0,1). Then there ezists a number 6 € (0,¢€) for which the
following assertion holds:
Assume that an integer n > 2,

(7.3) {zi}isg C X, xo,2n =xf
and for each {z;}1_ o C X satisfying

(74) Z0 = X0, Zn = Tn
the relation
n—1 n—1
(7.5) S @i mipn) <0 YNz 2i0) + 0
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holds. Then
(7.6) llv; —xf|| <€, i=0,...n.

Proof. By (A1) and continuity of f there exists s positive number ~ such that the
following property holds:
(P5) for each € X and each 2’ € X satisfying ||z — zf|| > €,
_f(2_1($f + ZL’), 2_1(.%']0 + .%'/), Ys, yf) + 2_1f($f7 T Yfy yf) + 2_1f($, 56/7 Ys, yf) > 7.
Choose a positive number § such that
(7.7) § < min{87 e, v/4}.

Assume that an integer n > 2, {z;}}'; C X, (7.3) is valid and for each sequence
{zi}iy C X satisfying (7.4), relation (7.5) holds. We show that (7.6) holds. Assume
the contrary. Then there is an integer j € {1,...,n — 1}. such that

(7.5) ey — gl > e

Since (7.5) holds with z; = z¢, 4 =0,...,n it follows from Proposition 2.1 that
n—1 n—1

(7.9) Z f@is v, yp,yp) S nf(xp ap,yr,yp) +0 < Zf(xiawi—i-layf,yf) + 0.
=0 =0

Set

(7.10) =2 +ap),i=0,...,n— 1.

By (7.1) and (7.10) for i =0,...,n — 1,

(7.11) FE (G, Tiv1) <270 @y, 2i00) + 27 O (g, 2y).

By (7.8), (7.9) and (P5),

(712)  f(Z), Zjn, 07, 0p) <27 f@g, e, yp,yp) + 27 f (@, 20,975, 58) — -
In view of (7.3), (7.9)-(7.12) and Proposition 2.1,
n—1
nf(xpxpypye) <> F(EFip up ur)
i=0
n—1
< 2_1Zf($iuxi+l7yf)yf) +2_1”f(33f7l’f,?/fyyf) -
=0
< nf(xp,xp,yp,yr) +0—17.
This contradicts (7.7). The contradiction we have reached proves that (7.6) holds.
Lemma 7.1 is proved. O

Analogously to Lemma 7.1 we can establish the following auxiliary result.

Lemma 7.2. Let e € (0,1). Then there exists a number 6 € (0,€) for which the
following assertion holds:
Assume that an integer n > 2,

{yi}?:o C Y7 Yo, Yn = Yf
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and for each {z;}i_o C Y satisfying

(713) 20 = Y0, <An = UYn

the relation
n—1 n—1

(7.14) > i yirn) =) Y (i ziga) =6
i=0 i=0

holds. Then

Let g € C(X x X), n > 1 be an integer and let M € [0,00). A sequence
{Z;}1y € X is called (g, X, M)-good if for each sequence {z;}7, C X satisfying
To = To, Tp, = T, the relation M + Z;:Ol g(Ti, xiy1) > Z?;ol 9(Zi, Tiy1) is valid.

Let g € C(Y xY), n > 1 be an integer and let M € [0,00). A sequence
{9}y C Y is called (g,Y, M)-good if for each sequence {yi}?zo C Y satisfying
Yo = G0, Yn = G the relation 32770 g(yi, yir1) < M + 3755 9(Gi, i) is valid.

Let ny > 0, ny > ny be integers, and let {gl}f"’m1 C C(X xX), M € [0,00).
A sequence {7;};2, C X is called ({gl}:‘inl,X M)-good if for each sequence

{xz}l n C X satisfying x,, = Tpy, Tny = Tny

no—1 no—1
M+ Z 9i(Ti, Tiv1) = Z 9i(Zi, Tiv1)-
1=n1 i=ny

Let n1 > 0, na > ny be integers, and let {g;};2 LcO(Y xY), M €[0,00). A se-
quence {g;};2, CY is called ({gz}zmml, Y, M)- good if for each sequence {y;};2, C
Y satisfying yn, = Yn,» Yny = Uns

no—1 no—1
Z 9i(Yi» Yit1) < Z 9i(Yi» Yi+1) + M.
1=n1 i=n1

By using Lemmas 7.1 and 5.3 we can easily deduce the following auxiliary result.

Lemma 7.3. Let € € (0,1). Then there exists a number § > 0 such that for
each integer n > 2 and each (f),X,6)-good sequence {x;}7_, C X satisfying
llxo — z¢|], ||zn — ]| <0 the following relation holds: ||x; — x¢|| <€, i=0,...n

By using Lemmas 7.2 and 5.3 we can easily deduce the following auxiliary result.

Lemma 7.4. Let € € (0,1). Then there exists a number § > 0 such that for each
integer n > 2 and each (fO),Y,6)-good sequence {y;}7_y C Y satisfying ||yo —
Ysll, lyn — ygll < 0 the following relation holds: ||ly; —yf|| <€, i=0,...n

Lemma 7.5. Lete € (0,1) and M be a positive number. Then there exists an integer
ng > 4 such that for each (fX), X, M)-good sequence {zi}i2y C X satisfying

(7.16) Lo =Tf, Tny = Ty
there is j € {1,...ng — 1} for which
(717 lay—agll <.
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Proof. By (A1) there exists s positive number 7 such that the following property
holds:

(P6) for each € X and each 2’ € X satisfying ||z — zf|| > €,
—f@ Nap4a), 27 wp+ ') ypyp) + 27 fap apypy) 427 s ypyp) >
Choose a natural number

(7.18) ng > 8+ My~ L.

Assume that an (fX), X, M)-good sequence {z;}7%, C X satisfies (7.16). We
show that there is an integer j € {1,...,no — 1} such that (7.17) holds. Assume
the contrary. Then

(7.19) l|lx; —xf|| >€, i=1,...,n9 — 1.
Set
(7.20) T =27t + 27wy, i =0, no.

By (7.20) for i = 0,...,n0 — 1,

(721) f('ilv 'i'iJrl? Yf, yf) < 2_1f(xi7 Ti+1,Yf, yf) + 2_1f(xf7 Ty Yf, yf)
It follows from (7.19), (7.20) and (P6) that for i =1,...,n9—1

(7.22) FEi T ypyp) <27 (i ig, v, yp) + 27 f (@, 2 g, yp yp) — 7
By (7.16), (7.20), (7.22), (7.24) and Proposition 2.1

no—1

n()f(xfaxf7yf7yf) S Z f('%iw%i-i-hyfvyf)
=0
nog—1
271 Z f(xivmi-l-layf?yf)

1=0

IN

+2 g f(wp, 2 p,yp,yp) — (no — 1)y
27N M +nof(zs,xr,y5,y5))

+2 o f(zp 2 p,yp, yp) — (o — 1),
(ng—1)y < 27'M.

IN

This contradicts (7.18). The contradiction we have reached proves that there is an
integer j € {1,...,n9 — 1} such that (7.17) holds. Lemma 7.5 is proved. O

Analogously to Lemma 7.5 we can establish the following auxiliary result.

Lemma 7.6. Let € € (0,1) and M be a positive number. Then there erists an
integer ng > 4 such that for each (f),Y, M)-good sequence {yi}i2y C Y satisfying
Yo = Yf, Yno = Yy there is j € {1,...ng — 1} for which |ly; — ys|| < e.

We can easily prove the following result.
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Lemma 7.7.

1. Assume thatn > 2 is an integer, M is a positive number, a sequence {x;}1'_, C
X is (f(X),X, M)-good and Zo = xf, T, = xf, Ty =x;, i=1,...n—1. Then the
sequence {Z;}l  is (fX), X, M + 8Dy)-good.

2. Assume that n > 2 is an integer, M is a positive number, a sequence {y;}7_, C
Y is (f0),Y, M)-good and 5o = Yf, Yn = Yf, Ui = Yi, © = 1,...n—1. Then the
sequence {g; Y7y is (f),Y, M + 8Dg)-good.

Lemmas 7.5, 7.6 and 7.7 imply the following two results.

Lemma 7.8. Let ¢ € (0,1) and M be a positive number. Then there exists an
integer ng > 4 such that for each (f&), X, M)-good sequence {z;:};2y C X there is
Jje{l,...ng — 1} for which ||x; — xf|| < e.
Lemma 7.9. Let € € (0,1) and M be a positive number. Then there erists an
integer ng > 4 such that for each (f(y),Y, M)-good sequence {y;};°, C Y there is
Jj€A{l,...ng — 1} for which |ly; — yy|| < e.

By using Lemmas 7.8 and 7.9, analogously to the proof of Lemma 5.8, we can
establish the following two results.

Lemma 7.10. Let e € (0,1), M € (0,00). Then there exists an integer ng > 4 and
a neighborhood U of £ in C(X x X) such that for each {gi}?zoal C U and each
({gi}rost, X, M)-good sequence {x;}1%, C X there is j € {1,...ng — 1} for which
|lzf —ajl] <e

Lemma 7.11. Let e € (0,1), M € (0,00). Then there exists an integer no > 4 and
a neighborhood U of f) in C(Y x Y) such that for each {gi}?zoal C U and each
({gi}15t, Y, M)-good sequence {y;}1% C Y there is j € {1,...ng — 1} for which
lyy —yill < e

Lemma 7.12. Let € € (0,1). Then there exist a neighborhood U of fX) in C(X x
X), a number § € (0,¢) and an integer ny > 4 such that for each integer n > 2n;,
each {g;}'~y C U and each ({g;}}—y, X, )-good sequence {x;}, C X the relation

(7.23) llz; —xfl| <€

holds for all integers i € [ni,n — ni|. Moreover if ||xg — x¢|| < § then (7.23) holds
for all integers i € [0,n — nq], and if ||z, — xf|| < & then (7.28) is walid for all
integers i € [n1,n].

Proof. By Lemma 7.3 there exists dy € (0, €) such that the following property holds:

(P7) for each integer n > 2 and each (fX), X, 8)-good sequence {z;}? , C X
satisfying ||zo — z¢||, ||zn — 2 ¢|| < 0o relation (7.23) is valid for ¢ =0, ...n.

By Lemma 7.10 there exist an integer ng > 4 and a neighborhood Uy of f(X) in
C(X x X) such that the following property holds:

(P8) for each {g;}%5" C Up and each ({g;}1%", X, 8)-good sequence {x;}I_, C X
there is j € {1,...ng — 1} for which ||z; — zf|| < do.

Choose an integer nq > 4ng and a number § € (0,4718y). Define

U=UnN{geCX xX):|lg—fN < (16n,)"16}.
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Assume that an integer n > 2ny, {g;}7~y C U and a sequence {z;}I_, C X is
({Qz’}?:_(]l, X, 0)-good. Arguing as in the proof of Theorem 3.1 we complete the proof
of Lemma 7.12. O

Analogously to Lemma 7.12 we can prove the following

Lemma 7.13. Let € € (0,1). Then there exist a neighborhood U of f) in C(Y x
Y), a number § € (0,€) and an integer nqy > 4 such that for each integer n > 2n;,
each {g;}'~y C U and each ({g;}!},Y,d)-good sequence {y;} C Y the relation
(7.24) lyi —yyll < e

holds for all integers i € [n1,n —ni1]. Moreover if ||yo — ys|| < & then (7.24) holds
for all integers i € [0,n — ni], and if ||yn — y¢|| < 0 then (7.24) is valid for all
integers i € [n1,n].

8. PROOF OF THEOREMS 3.2

Let x € X and y € Y. By Proposition 2.3 there is an (f)-minimal pair of
sequences {Z;}32, C X, {y;}72, C Y for which
(8.1) To=2, Yo=Y
We will show that the pair of sequences ({7 }72, {;}72) is (f)-overtaking optimal.
Theorem 3.1 implies that

(8.2) Tj =Ty, Yj—>yfasj— oo.
Let {z;}?2, C X and zp = x. We will show that

-1 T—1
(8.3) lijrfl sup [Z F@5, B, 0, Bin) — Y F@g, w41, gjv@j-ﬁ-l)] <0.
—oo - =0

Assume the contrary. Then there exists a number 'y > 0 and a strictly increasing
sequence of natural numbers {7},}7°; such that for all integers k > 1

T—1 T—1
(84) > F@ T, U5 Uin) — D F(@5, %540, 5, U541) > o
=0 =0

We will show that
T; — T asj — oo.
For j =0,1,... define a function g; : X x X — R' by

(8.5) 9j(u17U2) = f(U17U2737j7?]j+1)7 u,ur € X.
By (8.2),
(8.6) lim [|g; — ]| =0.

J—00

Since the pair of sequences ({7;}32, {#;}32¢) is (f)-minimal there exists a constant
co > 0 such that for each integer T' > 1

T-1 T-1

@ B0, U5, Gien) <IEOY  Fug, w0, 3, ) |

=0 j=0
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(8.7) {uj}?:o C X, ug = Z} + ¢p.

Equations (8.4), (8.5) and (8.7) imply that the following property holds:

(P9) For each A > 0 there exists an integer j(A) > 1 such that for each pair of
integers n1 > j(A), ng > ny the sequence {z;}72, is ({gj}?igll,X, A)-good.

By (P9) and Theorem 3.1
(88) glggo Tj=2xf.
There exists a number ¢y > 0 such that for each z1, 22, 21, z2 € X and each
&1, &, &1, & € Y which satisfy

(8.9) 12 = 2ll, 11§ = &l < 260, G =1,2

the following relation holds:

(8.10) |f(21, 22,61, &) — f(21, 22,61, &2)] < 87T,

By (8.8) and (8.2) there exists an integer jo > 8 such that for all integers 7 > jo

(s.11) oy — 2yl < 27%0, 13 — 2]l < 27V,

There exists an integer s > 1 such that

(8.12) T, > jo.

Define a sequence {z }?;0 C X by

(8.13) rv;=x5,j=0,...Ts =1, oy =2r,.

Since the pair of sequences ({Z;}52, {9;}520) is (f)-minimal we conclude that
To—1 To—1

(8.14) D F@ 80,0500 — > F@ 20,05, 95) < 0.
=0 j=0

On the other hand it follows from (8.4), (8.11)-(8.13) and the definition of ¢, (see
(8.9), (8.10)) that

Ts—1 Ts—1
> @5 20,05 0501) — Y F@ 50,05 T
j=0 7=0
T,-1 T,-1
= F@ T 0 Gir) — Y F@g, 41, 05 Ui
Jj=0 Jj=0

+ fer,—1, 21, U101, 91.) — f(27, 1, 27, YT —1, UT)
>Lo+ f(zr,—1, 27, Y10~ 1, 91.) — f(TT0—1, TT0, YT -1, UT)
>Ty — 87T

This is contradictory to (8.14). The obtained contradiction proves that (8.3) holds.

Analogously we can show that for each sequence {y; 2o CY satisfying yg = vy

T-1 T-1

lim sup [Z [GRIERTRTISED) f(i'jvi'j—l-l,?jjagj—&-l)} <0.
T—o0 j=0 j=0
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This implies that the pair of sequences ({Z;}72, {;}72¢) is (f)-overtaking optimal.
This completes the proof of Theorem 3.2.
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