Invariance in a class of operations related to weighted
quasi-geometric means

Jimmy Devillet and Janusz Matkowski

ABSTRACT. Let I C (0,00) be an interval that is closed with respect to the
multiplication. The operations C ,: I? — I of the form

Crg(@y)=(fog) ' (f(@)-9(v),

where f, g are bijections of I are considered. Their connections with general-
ized weighted quasi-geometric means is presented. It is shown that invariance
question within the class of this operations leads to means of iterative type
and to a problem on a composite functional equation. An application of the
invariance identity to determine effectively the limit of the sequence of iter-
ates of some generalized quasi-geometric mean-type mapping, and the form of
all continuous functions which are invariant with respect to this mapping are
given. The equality of two considered operations is also discussed.

1. Introduction

Let X be a set and let @: X2 — X be a bisymmetric operation. In [7], given
bijective functions f,g: X — X, the class of operations Dy ,: X% — X defined by

Dyglz,y) = (fog) '(f(x)®g(y), =zyeX,

where ”0” stands for the composition, was introduced and their relation with means
was investigated in the case where X C R is an open real interval and & is the
usual addition. In particular, given arbitrary bijective functions f,g,h: X — X
such that D¢ g4 and Dy, are reflexive, it was shown (see [7, Theorem 1]) that the
function Doy 4op is invariant with respect to the mapping (D¢, Dgp) : X2 — X2,
i.e. that

(1) Dyog,gon © (D9, Dg,n) = Dyog,gon-

In the present paper, given an interval I C (0,00) that is closed with respect
to the multiplication and bijective functions f,g: I — I, we consider the class of
operations Cy g : I? — I of the form

Crg(zy)=(fog)  (f(z) g(y)),
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where 7.7 (which will be sometimes omitted) stands for the usual multiplication.
(Of course Cy, 4 form a subclass of the operations Dy q.)

The similarity of Cf 4 to the generalized weighted quasi-geometric means in-
troduced in Section 2, motivates our considerations in Section 3, where we examine
conditions under which Cy 4 is a bivariable mean. The reflexivity property of every
mean leads to the iterative functional equation

flg@)=f(x)-g(x), wxel,
where I = (1,00) (or I = [1,00)) and the functions f and g are unknown. Un-
der some natural conditions, Theorem 3, the main result of this section, says in
particular that C 4 is a bivariable mean in (1,00), if and only if,

k 1

where the infinite product [[;-,g" of iterates of g~
compact subsets of (1, 00); moreover Cy 4 = C,, where

Cy (z,y) = <H g"““) (H 97" (x) -g(y)>7 T,y > 1,
k=0 k=0

which justify the names: iterative type mean for Cy, and iterative generator of this
mean for g.

If C;y = Cy and Cyp, = Cp, then, in view of [7, Theorem 1], the function
Cfog,goh is invariant with respect to the mean type mapping (Cy,Cp).

On the other hand C, (and Cp) is a very special case of generalized weighted
quasi-geometric mean Gy : I? — I, of the form

Gou (@y) = (- 0) " (@) ¥ (), wmyel

where @, : I — (0,00) are continuous, of same type monotonicity, and such that
¢ - 1 is strictly monotonic in the interval I (see Section 2). Moreover, since gen-
eralized weighted quasi-geometric means can be considered as generalized strict
weighted quasi-arithmetic means (see Section 2), if G, and Gy, are two gen-
eralized weighted quasi-geometric means, then Gy.y 4.4, the mean of the same
type, is a unique mean that is invariant with respect to the mean-type mapping
(G, Gy ) : I* — I? (see [6]). This leads to natural and equivalent questions: is
Cfog,gon @ mean; is the operation Cog g0n a generalized weighted quasi-geometric
mean; or simply can the three operations Cy 4, Cy 5 and Cfog gon be means simul-
taneously? In Section 4 we prove that it can happen iff

oo 00 o) —Jj
g=]]r»" fH( h”) ,
0

i=0 =0 \i=

converges uniformly on

and h satisfies ”strongly” composite functional equation
o) o] —j+1 o) o) —k
§=0 \i=0 k=0 \i=0

where 4,7,k stand for the indices of iterates of the suitable functions (Theorem
4). We propose as an open problem to find the continuous solutions A : (1,00) —
(1,00) . In illustrative Example 2 (with i (z) = 2w and w € (0,1)) we get Cy (z,y) =
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2y C (z,y) = 2y, and Crog gon = G2 where G (z,y) = VZY is
the geometric mean, which shows Cfo4 4on need not be a mean.

In section 5 we apply the invariance identity to determine effectively the limit
of the sequence of iterates of some generalized weighted quasi-geometric mean-type
mappings, as well as, to find the form of all continuous functions which are invariant
with respect to these mappings.

In section 6 the equality of two considered operations is discussed.

2. Generalized weighted quasi-geometric means

Let I C R be an interval. Recall that a function M: I? — R is said to be a
(bivariable) mean if it is internal, i.e.

min (z,y) < M (z,y) < max (v,y), z,y €1,

and a (bivariable) strict mean if it is a mean and these inequalities are sharp for

all x # y.
Recall some well known properties of means.

REMARK 1. The following three conditions are equivalent:
(i) a function M : I*> — R is a mean in an interval I;

(i) M (Jg) C J for every subinterval J C I;

(iti) M (J?) = J for every subinterval J C I.

REMARK 2. (i) If M is a mean in I, then M is reflexive, i.e.
M (z,x) = x, rxel,
(but the converse implication fails).

(ii) If a function M: I> — R is reflexive and (strictly) increasing in each
variable then it is a (strict) mean in I.

Among many classes of means, one of the most popular is the family of quasi-
arithmetic means, which have the following generalization.

If the functions ¢, : I — R are continuous and both strictly increasing or
both strictly decreasing then the function A, : I? — I defined by

Apyp(@,y) = (p+ 1) p(x) +¥(y)),

is a strict mean, called a generalized strict weighted quasi-arithmetic mean in I (see
[4]), where (with a little modified notation) the following result is proved:

THEOREM 1. Suppose that A,y and Ae v are generalized strict weighted quasi-
arithmetic means in I. Then Aew = A,y if and only if there exist a, 8,7 € R,
a # 0, such that

O(x) = ap(@) + B, U(w)=abl@)+y, wel

If the functions f, g : I — (0, 00) are continuous and both strictly increasing or
both strictly decreasing then, similarly as in the case A, one can show that the
function Gy, : I? — I defined by

Grglz.y) = (f9)7 (f(2)9(y)),

is a strict mean (Here ”-” stands for the usual multiplication of functions: (f - g) (z) :=
f(x) g (z) for every x € I, and we omit writing it later). In the sequel, G 4 is called
a generalized weighted quasi-geometric mean in I of generators f and g.

»
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The following remark, which is easy to verify, provides a one-to-one correspon-
dence between the class of generalized strict weighted quasi-arithmetic means and
the class of generalized weighted quasi-geometric means.

REMARK 3. For all continuous and of the same type strict monotonicity func-
tions f,g: I — (0,00),

Grg = Alogof,logogs

and, for all continuous and of the same type strict monotonicty functions p,v: I —
R,

Appp = Gexp og,exp ops-
Applying Theorem 1 we obtain the following

THEOREM 2. Suppose that Gy 4 and G ; are generalized weighted quasi-geometric
means in 1. Then

Grg=Grg
if, and only if, there exist a # 0,b,¢ > 0 such that

flx) =0b[f ()", g(z) =clg (z)]*, rel

PROOF. Setting ¢ = logof, 1 =logog, ® =logof, ¥ = logog, we see that
Grg =Gz it Ap v = A, y, and, in view of Theorem 1, iff there are o, 8,7 € R,
a # 0, such that

O(z) =ap(x) +8, V(2)=ap(x)+y, z€l,
that is, iff
logof(x) = alogof(x) + f3, logog(z) = alogog(x) + 7, rvel,
f@)=€’[f@)]*,  glz)=€[g(x)]", zel

Setting a = a,b = €, ¢ = €7, we obtain the result. (I

3. Operation Cf, and means

Let I C (0,00) be an interval that is closed with respect to the multiplication
and let f,g : I — I be bijective functions. Then, the two-variable function Cy g, :
I? — I given by

(2) Crg(x,y) = (fog)  (f(2)g(y), wyel,

is correctly defined.
In this section we examine when C¢ 4 is a mean.

LEMMA 1. If Cy 4 : I? — I defined by (2) is symmetric then g = cf for some
real constant ¢ € I, ¢ # 0; if moreover Cy 4 is a mean, then

Cf,g(x,y)zg(x,y), 3379‘51;
where G (z,y) 1= \/xy is the geometric mean.
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PrROOF. By (2), the symmetry of C 4, implies that f () ¢ (v) = f (y) g (x) for
all z,y € I, that is Jgf%z; = % for all z,y € I, whence 4 = ¢ for some positive
real constant ¢, which proves the first result. If Cy, is a mean, making use of
(2) and the reflexivity of Cf 4, we get f(cf (x)) = f(x) (cf (x)) for all z € T or,
equivalently, cf (c¢f (x)) = (cf (z)) (ef (z)) for all z € I, whence, in view of the
equality g = cf, we get g(g(z)) = (g9 (a:))2 for all z € I. Since g is bijective, it
follows that g (z) = 2 for all z € I. Now it is easy to get that f (z) = 22 for all
x € I. Consequently, making use of of (2), we obtain, for all z,y € I,

Chg(z,y) =\ Va2y? = oy =G (z,y),

which completes the proof. O

Since every mean is reflexive (Remark 2(i)), we first consider conditions for
reflexivity of C¢ 4. We begin with

LEMMA 2. Let I be a nontrivial interval that is closed with respect to the mul-
tiplication. Assume that f,g : I — I are bijective functions such that Cy 4 defined
by (2) is reflexive, i.e. that

(3) (fog) (f(@)g() =2, zel
If g has a fizpoint xy € I, then xg = 1; in particular 1 must belong to I;
if moreover g is continuous and I C [1,00), then I = [1,00); g is strictly

increasing and either
1<g(r)<z, z€(l,00),
or
g(x) >z, z € (1,00).
PRrROOF. From (3) we have
flg@)=f(z)g(z), el

Thus, if g (z¢) = xo for some x¢ € I, then f (xg) = f (zo) xo, so 9 = 1. Hence, if
I C [1,00) then, as I is nontrivial and closed with respect to the multiplication, it
must be of the form [1,00). Since g has no fixpoints in (1, 00), the continuity of g
implies it must be increasing and either 1 < g(z) < forall z € I, or g (z) > =
for all x € I. O

This lemma justifies the assumption that I = (1,00) in our considerations of
reflexivity of C 4.

PROPOSITION 1. Let g : (1,00) — (1,00) be injective continuous and such that
(4) 1<g(x) <z, x> 1
Then there is no continuous function f : (1,00) — (1,00) satisfying equation
(5) flg(x))=f(x)g(x),  xe(l,00);

in particular, there is no injective continuous function f : (1,00) — (1,00) such
that Cy 4 is reflexive in (1,00).
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PROOF. The continuity of g and condition (4) imply that
lim ¢" (z) =1, x> 1,
n—oo
where g™ denotes the nth iterate of g.

Assume that there is a continuous and strictly increasing function f : (1,00) —
(1, 00) satisfying (5). From (5), by induction we get

f(gn(z)):f(x)Hgk(:r), ze(1,00), neN.
k=1

Since f is nonnegative and increasing, it has a finite right-hand side limit at 1,
denoted by f (14). Letting here n — oo, we obtain

F+)=f(2) []d" @), z € (1,00),
k=1

that is a contradiction, as the left side is real constant and the right side is either
strictly increasing or oc. O

PROPOSITION 2. Let g : (1,00) — (1,00) be bijective, continuous and such that
(6) g(z) > =z, x> 1.

Then the following conditions are equivalent:
(1) there is a continuous function f : (1,00) — (1,00) such that Cy 4 is reflex-
we;
(ii) there is a continuous function f: (1,00) = (1,00) satisfying (5):
flg(@)=f(x)g(x), @& (l,00);

(i) there are a function f: (1,00) = (1,00) and ¢ > 1 such that

(7) f@y=c]lo @, ze(lo0),
k=0

where g~ denotes the kth iterate of the function g~".

PROOF. The implication (¢) = (i) is obvious.
Assume (ii). The assumptions on g imply that g~!, the inverse of g, is contin-
uous, strictly increasing, and, in view of (6),

1<gt(z) <m, x> 1.
Consequently,

lim ¢7" (z) =1, z>1,

n—oo

where g~ stands for the nth iterate of g=!.

Assume that there is a continuous function f such that equality (5) holds.
Replacing z by ¢! (x) in (5) we get

f (gil (lL’)) - ) HAS (1700)7

whence, by induction,

flg™" (@) =
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Since ¢ := f (14) > 1 exists, letting here n — oo, we obtain

f (x)

:7H,;“;09_k(33)7 z € (1,00),

Cc

whence

f(x):CHgik(m)ﬂ I’E(I,OO),
k=0

k converges, and its product is a continuous

where the infinite product [[p—, g~
function, which proves that (iii) holds.
Assume (iii). If f: (1,00) — (1, 00) is of the form (7) then, for every constant

¢>1and z € (1,00) we have

flg@) = e[]o " @) =cg(@) [[o7" ()
k=0 k=1
= (c [Io " (@)) g(z) = <c IIs7*" (@) g(z)
k=1 k=0
= f(@)g(2).
which implies that Cy 4 is reflexive, so (i) holds. O

Now we prove the main result of this section.

THEOREM 3. Let f,g: (1,00) — (1,00) be continuous, strictly increasing and
onto. The following conditions are equivalent:

(i) the function Cy 4 is a bivariable strict mean in (1,00);

(1) the function Cy 4 is reflexive;

(iii) the infinite product [[re, g~ " of iterates of g=' converges uniformly on
compact subsets of (1,00) and,

oo

(8) f=1lo"
k=0

moreover Cy 4 = Cg4, where Cy : (1,00)2 — (1, 00) defined by

(9) Cq (w,y) = (H g"““) (H g " (w)g(y)> . Ty >1,
k=0 k=0

is a strictly increasing bivariable mean in (1,00).

PrROOF. It is obvious that (i) implies (ii). Assume that (ii) holds. Then,
applying Propositions 1 and 2 and taking into account that ¢ := f (14) = 1 (by the
bijectivity of f) we get the first part of (iii); in particular the uniform convergence
on compact subsets of the infinite product of iterates follows from (7) and the Dini
theorem. The "moreover” result follows immediately from (8) and the definition of
Cf,g. Thus (ii) implies (iii).

To prove (i) assuming (iii), note that the function C, defined by (9) is reflexive
and strictly increasing in each variable so, by Remark 2(ii), it is a strict mean. O

From the above theorem we obtain the following



8 JIMMY DEVILLET AND JANUSZ MATKOWSKI

COROLLARY 1. Let a continuous strictly increasing function r : (1,00) —
(1,00) be such that
l<r(@ <z, xz>1,
and the infinite product

oo
I
k=0

converges to a finite continuous function. Then the function C, : (1,00)% — (1,00)
defined by

[e’s} -1 [e%s}
Cr(z,y) := (H rk1> <H rk (x)r~! (y)> , r,y>1

k=0 k=0

is a bivariable strict mean in (1,00).

PROOF. It is enough to apply the previous result with g := =1, f:= HZOZO rk
and observe that C, = Cy 4. O

It seems to be interesting that the mean C, is generated with the aid of the
iterates of the function r satisfying the assumptions of Corollary 1.

The mean C, is constructed with the aid of the iterates of r, for convenience,
we introduce the following

DEFINITION 1. Ifr: (1,00) — (1,00) satisfies the assumptions of Corollary 1,
then the function C, is called a product iterative mean of generator r.

EXAMPLE 1. Applying the definition of C,. for the generatorr : (1,00) — (1,00)
given by r(x) = x*, where w € (0,1) s fized, we get weighted geometric mean
Cr (z,y) = 2%y~ for all x,y € (1,00).

REMARK 4. In Theorem 2 we assume that I = (1,00). One could also get the
suitable results if I is one the following intervals [1,00),(0,1),(0,1], and (0, 00).

4. Invariant operation with respect to iterative mean-type mapping
need not be a mean

In this section we focus our attention on the question whether the invariant
function Cfog gon occurring in the following counterpart of (1):

Cfog,gon © (Cf.g,Cg,n) = Cfog,goh
is a mean, if the coordinates of the mapping (Cy 4, Cy ) defined by (2) are means.
If Cyy = Cy and Cyp, = Cp, then, in view of [7, Theorem 1], the function
Cfog,goh is invariant with respect to the mean type mapping (Cy,Cp).

On the other hand C, (and C,) is a very special case of generalized weighted
quasi-geometric mean G, 4 : I2 — I,

Gow (z,y) = () " (@) ¥ (), zyel,

where ¢,1 : I — (0,00). Indeed, with ¢ = [[;2, ¢~ % and ¢ = g we have G, 4 = C,
(and with ¢ = [y, k™" and v = h we have Gy, , = C;,). Moreover, according to
[5] and Remark 3, if G, 4 and Gy, 4 are two generalized weighted quasi-geometric
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means, then Gy y~, the mean of the same type, is a unique mean that is invariant
with respect to the mean-type mapping (G 4, Gy ) : 12 — T2

In this context the question arises whether the invariant function Cyog gon co-
incides with the invariant mean Gy 4,7 In view of Remark 3 and ([5]), the an-
swer is positive, if Cfoq gon is @ mean, i.e. if there is a suitable bijective function
u: (1,00) = (1,00) such that Crog, gon = Cy.

We prove

THEOREM 4. Assume that f,g,h : (1,00) — (1,00) are continuous, strictly
increasing, and onto. Then Cy g4, Cqp, and Cyog gon are means in (1,00), iff

10) oI f=H<Hh‘i> |
i=0 Jj=0 \i=0

and h satisfies the composite functional equation

) 1 (Hh )ﬂﬂ 1 (Hh m) N

7=0 k=0

where i, 7, k stand for the indices of iterates of the suitable functions.

PRrROOF. Assume that Cy g4, Cy 1 and Cjog gon are means in (1,00). In view of
Theorem 3, we have Cy j, = Ch, Cfg = Cy, Ctog,goh = Cgoh, and

(12) g=[[r" r=]lg?  fog=]Jlon)"
i=0 §=0 k=0

It follows that (10) holds true, and the third of equalities (12) implies that h satisfies
the composite functional equation,

f{e) ) (1)) )

which simplifies to (11). The converse implication is obvious. ]

Thus our question leads to rather complicate composite functional equation
(11). We pose the following

PROBLEM 1. Determine strictly increasing bijective functions h : (1,00) —
(1,00) satisfying equation (11).

Let us consider the following

EXAMPLE 2. Tuke w € (0,1), and define h : (1,00) — (1,00) by h(z) = xw.
From Theorem 3 with g and f replaced respectively, by h and g, we get

:ﬁh—k Ha: —gTw z € (1,00),
k=0

and, for all x,y > 1,

Ch(z,y) = <Hh"““> (Hh""(m)h(y)>
k=0 k=0

1—
(artoyd) " = gyt
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Similarly, as g=* (z) = 7%, we get
J@=Jlg"@=T]=""" =ev, we(o00),
k=0 k=0

and, for all z,y > 1,

Cy (z,y) = (H

k=0

— _'I;Eyl—w
Moreover, since (f o g) (z) = o W) , (goh)(z)= m<1—i">’v, we get, for all z,y >
1,

Croggon (@,y) = ((fog)o(geh)™ (fog)(@)-(g0h)(y))
)w2(1_w)2 w(l—w)

1 1
— (xw(l—w)y(l—w)w — (xy) ,

whence
Ofog,goh — gQw(lfw)7
where G (x,y) = /Ty (x,y > 1) is the geometric mean.
For every w € (0,1) we have G o (Cy,Cr) = G, and G is a unique (Cg4,Cp)-
invariant mean. The function Cog gon 15 also invariant for every w € (0,1), but
Cfog,gon is not a mean for any w € (0,1).

In the context of the above discussion let us consider the following

REMARK 5. Under conditions of Theorem 4, the bijective functions f,g,h :
(1,00) = (1,00) are increasing. Consequently, they are almost everywhere differen-
tiable and f (1+) = g (1+) = h(1+) = 1. Assume additionally that f (1) =g (1) =
h(1) =1 and that f,g,h are differentiable at the point 1. If the functions Cj g4,
Cyn and Ciog gon were means in [1,00) then, by their reflexivity, we would have

Flg@)=f(2)g(). gh(2)=g@ h@), f(g* () =[(g()g(h()),

for all x > 1, where g2 is the second iterate of g. Differentiating both sides of each
of these equalities at © = 1 and then setting

a:= f'(1), b:=g (1), c:=h(1),
we would get
ab=a+0b, bc=b+c, ab®c = ab + be.

Since this system has no solution satisfying the conditions a > 1,b > 1,¢ > 1, the
functions f,g,h do not exist.

5. Example of application of invariance identity

In this section we show that knowing the invariant mean with respect to a given
continuous and strict mean-type mapping we can determine effectively the limit of
the sequence of its iterates, as well as, to find the form of all continuous functions
which are invariant with respect to this mapping.
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THEOREM 5. Let f,g: (0,00) — (0,00) be continuous strictly increasing func-
tions such that the function 5 1s strictly increasing. Then

(i) the functions M, N : (0,00)> = (0,00) given by
e g (1), e g1 (1)
My =1 (205 @). Newn = (L2070)

are generalized weighted quasi-geometric means, as M = G ¢ B and N = Gg £
g’ ’g

(ii) the quasi-geometric mean Gy : (0, 00)? = (0,00) given by

Gy (wy) =17 (VI@ T )
is invariant with respect to the mean-type mapping (M, N), i.e.
Gyo(M,N) = Gy;
(iii) the sequence (M, N)" : n € N) of iterates of the mean-type mapping (M, N) :
(0,00)> = (0,00)* converges uniformly on compact subsets of (0,00)* and
lim (M,N)" = (Gy,Gy);

n—oo

(iv) a continuous function ® : (0,00)> — R is invariant with respect to the
mean-type mapping (M, N), i.e. ® satisfies the equation

® (M (z,y),N (z,y)) = ®(z,y), x,y>0,
if and only if there is a continuous single variable function ¢ : (0,00) — R such
that
@(m,y):go(Gf(x,y)), x,y > 0.

PRrOOF. (i) By assumption, M and N are both reflexive and strictly increasing
in each variable so, by Remark 2(ii), they are strict means. The remaining result
is easy to verify.

(ii) By the definitions of Gy, M and N, we have, for all z,y > 0,

Gro(M,N)(z,y) = Gy((M(z,y),N (2,9)))

(b G ] b o)

1 (VI@FW) =Gy (),

which proves (ii).

Since M and N are strict and continuous means, (iii) follows from (ii) and the
result of [2] (see also [3]).

(iv) Assume that ® : (0,00)> — R is invariant with respect to the mean-type
mapping (M, N), so

®(z,y) =2 (M (z,y),N(z,y)) = (2o (M,N)) (z,y), z,y>0.
Hence, by induction,
O (z,y) = (o (M,N)" (2,9)), neN xzy>0
Hence, in view of (iii), by the continuity of ®, we have, for all z,y > 0,
@(ey) = lm (®0(M.N)" (2,9)) = (0 (Cr.Cp) (2.9)

= @(Gy(z,y),Gy(2,9) = ¢ (G (x,9)),
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where ¢ : (0,00) — R is defined by
p(x): = (z,z), x>0.

To prove the converse implication, take an arbitrary function ¢ : (0,00) — R and
define @ : (0,00)> — R by

D (z,y) = ¢ (Gy (2,y)).

Then, for arbitrary z,y > 0, using the definition of ® and (ii) we get

(@0 (M,N))(2,y) = ¢ (Gy (M (2,y) N (z,9))) = ¢ (G (2,y)) = © (2,y),
which proves (v). O

REMARK 6. Let f,g,h : I — (0,00) be continuous and all strictly increasing
or all strictly decreasing. Using a similar argument to the proof of Theorem 5, we
can show that a continuous function ® : I? — R is invariant with respect to the

mean-type mapping (Gy.4,Ggn) : I? = I if and only if there is a continuous single
variable function ¢ : I — R such that ® (z,y) = ¢ (Grg.gn (z,y)) for all x,y € 1.

A similar argument to the proof of Theorem 5, shows the following

COROLLARY 2. Let f,g : R — R be continuous strictly increasing functions
such that the function f — g is strictlay increasing. Then
(i) The functions M, N : R? — R given by

M (z,y):==f""(g9(y) —g(z) + f(x)),  N(z,y):=f""(9(z) —gly) + f (v))

are generalized weighted strict quasi-arithmetic means, as M = Ay_g, 4 and N =

Ag,f-g;

(ii) the quasi-arithmetic mean Ay : R? — R given by

f(z)+f(y)>

Af(l“,y)=f1< 5

is invariant with respect to the mean-type mapping (M, N) , i.e.
Afo(M,N) = Ay;

(iii) the sequence (M, N)" : n € N) of iterates of the mean-type mapping (M, N) :
R? — R? converges uniformly on compact subsets of R? and

lim (M, N)n = (Af,Af);

n—oo

(iv) a continuous function ® : R? — R is invariant with respect to the mean-
type mapping (M, N), i.e. ® salisfies the equation

® (M (z,y),N(z,y)) = ®(z,y), z,y€R,
if and only if there is a continuous single variable function ¢ : R — R such that

®(z,y) = (A4f (z,y)), z,y€R.
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6. Equality of two considered operations

Let I C (0,00) be an interval that is closed with respect to the addition and
multiplication. In this section, given two operations Cy 4 and Cy 4 (resp. Dy 4 and
Dy ;), we determine the conditions under which they are equal.

ProrosiTION 3. Let f,g,¢,¢: I — I be bijective and continuous functions.
Then we have Cy g = Cy y iff g =1 and f = ag, for some a € I, a # 0.

ProOF. (Necessity) Suppose that
Cf79($7y)zc¢7w(x7y) x,ye],
that is,
(fog) ' (f(2)g() = (¢o) " (¢(@)¥(y) myel
Setting o := (fog)o(po) ™', Bi=foop !, y:=go~!, u=¢(x), and v = P (y)

we get

a(uv) = B (v) we b (I),vew ).
The latter equation is Pexider’s functional equation and has the following solutions
(see, e.g., [1])

Blu) =au® and ~(v)=bv® uep(l),vey(I),
for some a,b,c € I, a,b,c # 0. From these equations we get
f(x) = ad(x)® and g(y) =bb(y)® z,y€l,

for some a,b,c € I, a,b,c # 0. Thus, on the one hand, we get

(fo9) ™ (F@)g(y) = o7 <<2¢ (6t m)?)) ) ryel,

for some b,c € I, b,c # 0, and on the other hand, we get

(Bo) " (d(x)h(y) = v (97 (d(2)0(y)) wzyel

Hence, we get

! ((2¢> ((as(x)Cw(y)C)i))

which implies that b = ¢ = 1. Thus, for all z € I, we get g(x) = (z) and
f(x) = ag(z), for some a € I, a # 0.
(Sufficiency) Obvious. O

o=

) =¢7 (07 (e(x)e(y) @y el

ProrosITION 4. Let f,g, f,g:_[ — I be bijective and continuous functions.
Then we have Dy g = Dy o iff f = f +a, for somea €I, and g = g.

ProOF. (Necessity) Suppose that
Dﬁg(l‘,y):Dﬁg(.ﬁ,y), 'r7y€I7
that is,
(Fog) ' (f@ +9W) = (foq) (F@+3(y), zyel

Setting @ == (fog)o (fog) ', Bi=fo(f) L vi=go(@ " u= fx), and
v = gly) we get

afu+v)=pu) +7(v), wef(),vegd).
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The latter equation is Pexider’s functional equation and has the following solutions
(see, e.g., [1])
B(u)=au+b and y(v)=av+ec, ue f(I),veg(),
for some a,b,c € I, a # 0. From these equations we get
fla)=af(x)+b and g(y)=agly) +c, zyel,
for some a,b,c € I, a # 0. Thus, on the one hand, we get
-1, =
- () (@) +aly)+5) —c
(fog) ' (fl@)+a(y) = (a)" () ) , myel,

a

for some a,c € I, a # 0, and on the other hand, we get

(Foa) (F@)+3w) =@ ' (N7 (F@) +3w)). ayel.
Hence, we get

() (f@) +a(y) + &) —c

a

- - -1,z _
9" = (9" ((f) (f(x)+g(y))), zy €1,
which implies that a = 1 and ¢ = 0. Thus, for all z € I, we get f(z) = f(x) + b,
for some b € I, and g(z) = g(z).

(Sufficiency) Obvious. O
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