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ON THE LOCAL AND GLOBAL COMPARISON OF GENERALIZED BAJRAKTAREVIC MEANS
ZSOLT PALES AND AMR ZAKARIA

ABSTRACT. Given two continuous functions f,g : I — R such that g is positive and f/g is strictly monotone, a
measurable space (T',A), a measurable family of d-variable means m : I% x T — I, and a probability measure 4 on
the measurable sets A, the d-variable mean My g ., : I¢ — I is defined by

o Sy f(mla, . @a,t)) dp(t) o N .
Mfyg,m;u(l') = <g) <ng(m(x1,...,xd,t)) du(t)) (fl?*( Tyeeey d) el )

The aim of this paper is to study the local and global comparison problem of these means, i.e., to find conditions for
the generating functions (f, g) and (h, k), for the families of means m and n, and for the measures p, v such that the
comparison inequality

My,g,m;n(®) < Mhp k00 () (z € Id)
be satisfied.

1. INTRODUCTION

In a recent paper [20], Losonczi and Pales investigated a general class of two-variable means given by
the formula

i) -1 fo (tzy 4+ (1 —t)xq) dpu(t) (21.22) € )

g fo (txy + (1 —t)xo) dp(t)

where f,g : I — R are continuous functions such that g is positive and f/g is strictly monotone and
 is a probability measure on the Borel measurable subsets of [0, 1]. This definition includes many
former classical and important settings. In [20] local and global comparison theorems (that provided
necessary and in some cases also sufficient conditions) have been established for the comparison of two
two-variable means from this general class.

The purpose of this note is to extend the results of [20] in several ways. In our approach we will use
Chebyshev systems, measurable families of means and measures for the definition of a general class of
d-variable means.

Throughout this paper, the symbols N, R, and R, will stand for the sets of natural, real, and positive
real numbers, respectively, and / will always denote a nonempty open real interval. The classes of
continuous strictly monotone and continuous positive real-valued functions defined on / will be denoted
by CM(7) and CP(I), respectively.

In the sequel, a function M : I? — [ is called a d-variable mean on I if the following so-called mean
value property

min(zy,...,x4) < M(z) < max(zy,...,2q) (x = (21,...,2q4) € 1Y) (1)

vag;u(xla Ty) 1= (

holds. Also, if both of the inequalities in (1) are strict for all z;,...,24 € I with x; # z; for some
1 # 7, then we say that M is a strict mean on I. The arithmetic and geometric means are well known
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instances for strict means on R, . More generally, if p is a real number, then the d-variable Holder mean
H,:R% — Ris defined as

1
e R S A
b L e f

( d ) lp#o (z:(xla"-vxd)ERi)'

VASRERET, ifp=20

Obviously, H, and Hj equal the arithmetic and geometric mean, respectively. It is easy to see that Holder
means are strict means. The d-variable minimum and maximum functions are instances for non-strict
means.

A classical generalization of Holder means is the notion of d-variable quasi-arithmetic mean (cf.
[12]), which is introduced as follows: For f € CM([) define

L fl@)++ fla
Ap(z) = f 1<f( ) y I d)> (z = (z1,...,2q4) € I?). (2)
More generally, if S; denotes the (d — 1)-dimensional simplex given by
Sq=A{(t1,....ta) | t1,.. .. ta >0, 1 + -+t =1}, 3)

then we can also define
Af("l‘.7t) = f_l(t1f<'r1>++tdf(xd)) (m:(mla7'rd)€]d7t:(t177td)esd)7 (4)

which is called the weighted d-variable quasi-arithmetic mean on 1.

In this paper, we consider a much more general class of means. For their definition, we recall the
notion of Chebyshev system. Let f, g : I — R be continuous function. We say that the pair (f, g) forms
a (two-dimensional) Chebyshev system on [ if, for any distinct elements x, y of /, the determinant

flz) fly)
g(x) g(y)

is different from zero. If, for x < y, this determinant is positive, then (f, g) is called a positive system,
otherwise we call (f,g) a negative system. Due to the connectedness of the triangle {(z,y) | = <
y, x,y € I}, it follows that every Chebyshev system is either positive or negative. Obviously, if (f, g) is
a positive Chebyshev system, then (g, f) is a negative one.

The most standard positive Chebyshev system on R is given by f(z) = 1 and g(x) = x. More
generally, if f, g : I — R are continuous functions with g € CP(I), f/g € CM(I), then (f,g) is a
Chebyshev system. Indeed, we have

_ |f@) fy)| _
Df,g(m,y) Tlg(z) gly)| T g(x)g(y) (m - @) (z,y €I). )

From, here it is obvious that D (x,y) vanishes if and only if = y. Moreover, if f/g is decreasing
(resp. increasing), then, for x < y, we have that D (x,y) > 0 (resp. Dy (z,y) < 0), i.e., (f,g)isa
positive (resp. negative) Chebyshev system. By symmetry, analogous properties can be established if f
is positive and g/ f strictly monotone.

For the sake of convenience and brevity, now we make the following hypotheses. We say that m :
1% x T — I is a measurable family of d-variable means on I if

Diglx,y) = (x,y € 1)

flx) )

(H1) I is a nonvoid open real interval,

(H2) (T,A) is a measurable space, where A is the o-algebra of measurable sets of T,
(H3) forallt € T, m(-,t) is a d-variable mean on I,

(H4) for all z € I¢, the function m(z, -) is measurable over T’

If, instead of (H2) and H(4), we have that
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(H2+) T is a topological space and A equals the o-algebra B(T") of the Borel sets of T,
(H4+) for all z € I, the function m(z, -) is continuous over T,

then m : I¢ x T — I will be called a continuous family of d-variable means on I.
For a measurable family of d-variable means m : [ 4« T — I, we introduce the notations:

m(z) := inf m(z, t) and  m(x) :=supm(z,t) (z € IY).
teT teT
Obviously, by property (H3), for all z € I¢, we have that min(z) < m(z) < m(z) < max(z). Provided

that T is a compact and connected topological space and m : I x T — I is a continuous family of
d-variable means on /, we have that

m(z), m(x)] = {m(z,t) [te T}  (z€l) (6)

For the construction of a mean in terms of a Chebyshev system, a measurable family of means, and a
probability measure, we need the following basic lemma.

Lemma 1. Let m : I¢ x T — I be a measurable family of d-variable means, let ;. be a probability
measure on (T, A) and let (f,g) be a Chebyshev system on I. Then, for all x € 14, there exists a unique
element y € (m(x), m(z)] such that

| Dratmta, ). aue) =0 @

Furthermore, if (f, g) is a positive Chebyshev system, then, for all u € I,

VIIA
<

<
/®f7g(m(z,t),u) du(t) = 0 ifand only if
T

In addition, if g is positive and f | g is strictly monotone, then

) (i) (fo(m<z,t>> du(t)) | )

g Jra(m(z, 1)) du(t)

Proof. Without loosing the generality, we may assume that (f, ¢) is a positive Chebyshev system through-
out this proof.
For fixed z € I, consider now the following function

h(u) = / Dy o (m(z, 1), u) du(t) = g(u) / f(m(e. 1) du(t) — f(u) / g(m(z.0)du(t)  (ue D).

By the continuity of f and g, we have that h is continuous on [. If mi(z) < u, then, for all t € T we
have that m(z,t) < wu, hence Dy (m(z,t),u) > 0. This implies that h(u) is positive for all u € [
with m(z) < w. Similarly, for all uw € [ with u < m(x), we have that i(u) < 0. Therefore, by the
intermediate value property of continuous functions, » must have a zero between m(x) and 7 (z).

To prove the uniqueness, assume that y and z are distinct zeros of i between m(z) and 7 (z). Then
we have that

9(v) / F(m(e. 1) dut) — £(y) / g(m(z, 1)) du(t) = 0,
o(2) / f(m(e, 1) du(t) - £(2) / g(m(z, 1)) dp(t) = 0.

This means that the two unknowns & := [, f(m(z,t)) du(t) and n := [, g(m(z,t)) du(t) are solutions
of the following system of linear equations:
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Because y and z are distinct, the determinant of this system is nonzero, hence £ = 1 = 0. In this case,
h(u) = 0 for all u € I, which contradicts the property that h(u) > 0 for mi(z) < u. The contradiction
obtained shows that y = z, which proves the uniqueness of the solution y of equation (7). The uniqueness
also implies that h(u) > 0 for u > y and h(u) < 0 for u < y.

Finally, assume that g is positive and f/g is strictly monotone (then (f, ¢g) is a Chebyshev system). In
this case, the equation h(y) = 0 can be rewritten as

f) _ Jr £ du( )

9y)  [rg(m(z,t))du(t)
By applying the inverse function of f/g to this equation side by side, we obtain that y is of the form
(8). O

The above lemma allows us to define a d-variable mean My ., : [7 — I. Givenz € I% let
My g.m:. () denote the unique solution y of equation (7). In the particular case when g is positive and
f/g is strictly monotone, we have that

) — fT ( )dﬂ() rell
Mypmale) = (1) (Lﬂ( )wm) @er) ©)

This mean will be called a d-variable generalized Bajraktarevi¢ mean in the sequel. When g = 1, then

Mysmpl) = (17 ([ fm@)an) e

which will be termed a d-variable generalized quasi-arithmetic mean. T = {1,...,d}, p = w
(where 0, denotes the Dirac measure concentrated at ¢) and m(z,t) = x;, then

My gmn(@) = My () := (f) B (f(“””l) RE f(f”d)) (z=(01...,2) € 1),

g g(x1) + -+ g(zq)

which was introduced and studied by Bajraktarevi¢ [1], [2]. When g = 1, then M1 ... (x) = Af(x),
which is the d-variable quasi-arithmetic mean introduced in (2).
To define d-variable generalized Gini means, let p, ¢ € R and assume that I C R, . By taking

fx) = P, g(x) = 21 if p#q, (10)
f(x) = a"log(x),  g(x) =2 if p=gq,
we can define G, ; ., in the following manner:
_1
([ J (. )" dp() | 7 .
Jo (m(z )" autt) e d
Gpgmin(Z) = , xeld). 1)
Jz (m(z, 1)) log (m(z.t)du(t) ..
exp if p=gq.
\ fT ( ) d:u( )
In the particular case when 7" = {1,...,d}, p = w and m(z,t) = x,, the above formula reduces
to the so-called d-variable Gini mean G, , (cf. [11]):
1
o)+ a7 .
(—xéJr_‘_Hj) if p # g,
Gpq(x) = ! d (z=(z1...,749) € RL).

exp o log(xy) + - - - + ah) log(z4) =g
S SRR N ’
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Obviously, G, o = H,, i.e., Holder means are particular Gini means.

In what follows, we describe further interesting particular cases of formula (9). If T = {0,1, —1},
I'=Ry, = p_10_1 + piodo + p161 (Where pi_y, pio, p1 € Ry with pu_y + pio + p11 = 1), and m(z, t) =
H,(x) (where H, stands for the ¢-th Holder mean), then

N (M f (@) + piof (Hol@) + i f () ()
Mygmnl®@) = <g) (u_lgw_l(z)) T 109 (Hol@)) +u19(H1(93)))

In the next example we use the notations introduced in (3) and (4). If T' = Sy, A is the (d — 1)-
dimensional Lebesgue measure on Sy, and m(z,t) = A,(z,t), where ¢ € CM(I), then

f)‘l (fsd f(Ag(=,1)) dA(t))

My g mp(®) = Mygan(x) = (_ de g(Asp(z,t)) dA(t)

g
If 11 is the Lebesgue measure on [0, 1] and f, ¢ : I — R are continuously differentiable functions such
that ¢ > 0 and f’/¢’ is strictly monotone, and m(x,t) = tz; + (1 — t)xo, then, by the Fundamental
Theorem of Calculus, one can easily see that

rgmier-cre - {(7) GEIZED) 5% ampmen)

T lfﬂfl = X9

(z € RY).

= (ry,...,1q9) €1%.

which is called a Cauchy or difference mean in the literature. Their equality problem was solved by
Losonczi [17].

By taking f and g given in (10), the mean so obtained is the so-called Stolarsky mean, which was
introduced in the papers [26] and [13]. Their comparison problem was solved by Leach and Sholander
[14] on unbounded intervals and by Péles [22], [25] and by Czinder and Pales [9] on bounded intervals.

The aim of this paper is to study the global comparison problem

My gmipn(@) < My pnn(®)  (x €17 (12)

and also its local analogue. In terms of the Chebyshev systems ( f, g) and (h, k), the measurable families
of d-variable means m : I¢ x T — I and n : I¢ x S — I, and the measures /i, v, we give necessary
conditions (which, in general, are not sufficient) and also sufficient conditions (that are also necessary
in a certain sense) for (12) to hold. Our main results generalize that of the paper by Losonczi and Péles
[20] and also many former results obtained in various particular cases of this problem, cf. [7], [8], [10],
[18], [19], [21], [23].

2. INVARIANTS WITH RESPECT TO EQUALITY OF MEANS

In order to describe the regularity conditions related to the two generating functions f, g of the mean
My g.m:» we introduce some regularity classes. The class Cy(/) consists of all those pairs of continuous
functions f, g : I — R that form a Chebyshev system over /.

If £ > 1, then we say that the pair (f, ¢) is in the class C, (1) if f, g are k-times continuously differen-
tiable functions such that (f, g) € Cy(I) and the Wronski determinant

f'(x) f(x)
g'(x) g(z)
does not vanish on /. Provided that g is positive, then we have that

(3o~ 22452

— 0Dyy(r7) (el (13)
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hence condition 01D (x, x) # 0 implies that f/g is strictly monotone, whence it follows that (f, g) €
Co(I). Obviously, Co(1) 2 €1 (1) 2 Co(I) 2
It is easy to see that if (f, g), (f*,¢g*) € Co(I) and

=af” + By,
Foar o (1s)
g=7f"+0g",
where the constants «, 3,7, € R satisfy ad — 5y # 0, then
«
Draea) = |0 3| Drolen)  @ye. (16)
This implies that the identity
My gmip = M+ gemip (17)

also holds for any measurable family m : ¢ x T' — I and probability measure /.

If (15) holds for some constants «, 3,7,d € R, then we say that the pairs (f,g) and (f*, g*) are
equivalent. It is obvious that any necessary and/or sufficient condition for (12) has to be invariant with
respect to the equivalence of the generating functions.

The following result, which is based on [5, Theorem 3], allows us to assume more regularity on
Chebyshev systems.

Lemma 2. Let k € NU {0} and (f,g) € Cr(I). Then there exist v, 5,7,0 € R with ad — fy # 0 and
(f*,9%) € Cx(I) such that (15) holds and g* is positive and f*/g* is strictly monotone. Furthermore, if
k > 1, then the derivative of f*/g* does not vanish on I.

Proof. In the case k = 0, the statement is a direct consequence of the result [5, Theorem 3] obtained by
Bessenyei and Péles.

Assume now that k& > 1. Then, (f, g) € C(I) means that f and g are k-times continuously differen-
tiable and 0Dy 4(x, x) does not vanish for z € /. Using what we have established in the case & = 0,
there exist constants «, 3,7,0 € R with ad — 5y # 0 and (f*, g*) € Co(I) such that (15) holds and g*
is positive and f*/g* is strictly monotone. The condition ad — Sy # 0 and (15) imply that there exist
a,b,c,d € R with ad — bc # 0 such that

[T=af +bg,
g =cf +dg.
Hence f* and g* are also k-times continuously differentiable. This immediately implies that

b
d

which shows that 0D ¢« ,«(x, z) does not vanish for x € I. Therefore, (f*, g*) € Cj(I) holds, too.
Applying the identity (14) for f* and ¢* instead of f and g, we can also see that the derivative of f*/g*
does not vanish on /. U

algf*,g* (ZL’, l’) =

0Dy e e,

For the computation of the first- and second-order partial derivatives of the mean Mjy .., at the
diagonal of 19, we will establish a result below. For brevity, we introduce the following notation: If
p € IYand 6 > 0 then let B(p,d) stand for the ball {x € I¢: |x — p| < &}. Furthermore, if j is a
probability measure on the measurable space (7, A) and ¢ > 1, then the space of measurable functions
¢ : T"— R such that |p|? is u-integrable will be denoted by L9(7T', A, i) or shortly by L9.

If ©,7 : T — R are measurable functions such that ¢ is p-integrable (for instance, ¢, 1) € L?), then
we set

<%@p=£@@%0w@-



COMPARISON OF GENERALIZED BAJRAKTAREVIC MEANS 7

More generally, if ¢, : I? x T — R, and for some x € 4, the map t — ¢(z,t)1(x,t) is u-integrable,
then we write

(. 0)ula) = [ oa vt du(o)
T
Given a number ¢ > 1, a function ¢ : I¢ x T — R is said to be of Li-type at p € I%, if p(p,-) is
measurable, furthermore, there exist > 0 and a function a € L7 such that

lp(z,t)] <a(t) (€T, xe Bp,J)).

Let (I x T') denote the class of measurable families of d-variable means m : I¢ x T'— [ with the
following two additional properties:

(H5) For every t € T, the function m(-,t) is continuously partially differentiable over I such that, for
allp € 1,7 € {1,...,d}, the function 9;m is of L*-type at p.
Analogously, we define Co(I? x T') to be the following subclass of G, (14 x T'):
(H6) For every t € T, the function m(-,t) is twice continuously partially differentiable over I¢ such
that, forallp € I?and 7,5 € {1,...,d}, the function 9;m is of L-type and 9;0;m is of L'-type
at p.

Lemma 3. Let k € {1,2} and let ¢ : I — R be a k-times continuously differentiable function and
m € Cp(I¢ x T). Then the function ® : I¢ — R defined by

o(o) = [ plm(z. ) du) (1)
is k-times continuously differentiable on 1. Furthermore, fori € {1,..., d},
00(p) = [ ¢mip,0) dmip.)dutt) (oI (19)
and, fori,j € {1,...,d},
0050(p) = [ [ (mlp.1)) O, 1) Om(p.) + (. 0) 30ymip. O] dute) (o€ 1) (20)

provided that k = 2.

Proof. If m is measurable family of d-variable means, then, by the continuity of ¢ and the mean value
property of m, it easily follows that ® is well-defined for all z € I¢. Due to the continuity of ¢’ and
the assumption m € @€;(I¢ x T'), it easily follows that the integral on the right hand side of (19) is
well-defined. Furthermore, if ¢ is continuous and m € Cy([/ d T), then also the right hand side of (20)
exists.

First we elaborate the case k = 1. We need to show that, for every p € I¢, the function ® is partially
differentiable at p with formula (19) and that the partial derivatives are continuous at p.

Before proceeding to the proof, we shall establish, for every p € I¢, the following equality

lim [ sup |/ (m(,t)) dim(x,t) — @' (m(p.t)) dim(p, t)| dp(t) = 0. 1)
- 7 z€B(p,0)

First choose 0y > 0 so that o := min{py,...,ps} — do and § := max{pi,...,pa} + do be elements
of I. Let K be the supremum of |¢’| over the compact interval [«, 5]. The continuity of ¢ implies
that K is finite. By the mean value property of m, for every t € T and x € B(p,dy), we have that
a < m(z,t) < (. Hence, for every t € T and € B(p, &), the inequality |¢'(m(z,t))| < K holds.
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Using the assumption that 9;m is of L!-type at p, we can find 0 < §; < J, and a function a € L' such
that
om0 <alt) (e T,z € Bp,5)).

Let 0, > 0 be an arbitrary sequence converging to 0 with 4,, < d; for all n € N. By the Lagrange
Mean Value Theorem, for every x € B(p, d,,) and for every ¢ € T', there exists A € [0, 1] such that

d
m(z, t) — m(p,t)| < _|0mA + (1= Np,t)||x; — p;| < dd,alt).
i=1
Using the continuity of ¢’ at m(p, t), it immediately follows that the sequence of measurable functions
Uy : T — R defined by

Un(t) = L o' (m(z, 1)) = ¢'(m(p, 1)) < 2K

converges to zero for every t € T'. By the continuity of the partial derivative 0;m(-,t) at p, we also have
that the sequence of measurable functions y,, : 7' — R defined by

alt) == sup [0z, t) — dm(p, )| < 2a(t)
z€B(p,on)

converges to zero for every ¢ € T". Using the above estimations, we can now obtain that

sup |/ (m(, 1)) Om(x, t) — &' (m(p, 1)) Dim(p, t)|

zEB(p,on
< sup |¢'(m(z,t)|[om(z,t) — Om(p,t)| + sup [ (m(z,1)) — ¢ (m(p,t))||0m(p, )|
z€B(p,0n) z€B(p,0n)

< Kxn(t) + n(t)a(t).
The expression on the right hand side of this inequality converges to zero for each ¢ € T, and these

functions are dominated by the integrable function 4 K'a. Hence, by Lebesgue’s Dominated Convergence
Theorem, it follows that

lim [ sup |¢'(m(z,t)) Oz, t) — @' (m(p,t)) im(p,t)| = 0.

n—o0 z€B(p,0n)
T

Because the sequence (J,,) converging to 0 was arbitrary, it follows that (21) holds.
Let p € I9 be fixed and let e; denote the ith vector of the standard basis on R™. For the proof that the
ith partial derivative of ® at p is given by (19), consider the following estimation for s € (I —p;), s # 0:

O(p+se;) —2(p) /Tgpf(m(p, t)) Oim(p,t) du(t)

S

Ai(s) 1=

1( [ ctntp -+ ses 1)t - / o(m(p. 1)) du(t)) - / ¢ (m(p, 1)) dm(p. 1) du(?)

S

< %/T‘Sp(m(p%- sei, 1)) — o(m(p,t)) — s¢'(m(p, t)) &;m(p, t)‘ du(t).

(22)
Applying the Lagrange Mean Value Theorem for the function

ki(s) := o(m(p + se;, 1)) — s¢'(m(p, 1)) Oym(p, 1),
for every t € T', we can find an element o, between 0 and s such that x;(s) — r¢(0) = x;(0¢)s, that is
p(m(p + se;, 1)) — p(m(p, 1)) — s¢'(m(p,t)) dm(p,1)
= (' (m(p + gie;, 1)) Om(p + 0ves, t) — ' (m(p, 1)) dim(p, 1))s.
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Using this formula, inequality (22) and the equality (21), for s € I — p;, it follows that

s—0 0

lim sup A;(s) < lim SUP/ ‘gp’(m(p + i€, t)) Oym(p + ore;, t) — @' (m(p, 1)) Iim(p, t)‘ dp(t)
T

< lim up | (m(z, 1)) dim(z, t) — &' (m(p, 1)) dm(p, t)| dp(t) = 0.
zeB(p,|s
T

Thus, we have proved that A;(s) tends to zero as s — 0. This completes the proof of the partial
differentiability of ® with respect to the ¢th variable at p and also the validity of formula (19).

Finally, we show that the function 9;® is continuous at every p € I%. Let (z,,) be an arbitrary sequence
in B(p, dp) converging to p and denote d,, := |x,, — p|. Then (9,,) is a null sequence and we have that

08(z,) ~ D0(B)] < [ [ (@, 0) Bl 1) — ¢ (m(p. 1) B, 1)| dp(t)

S/ sup | (m(u, 1)) dm(u, t) — ¢ (m(p, 1)) Om(p, t)| dpu(t).

o uEB(p,én)

Due to the equality (21), the right hand side in the above inequality tends to zero as n — oo, whence it
follows that (0;®(zx,,)) converges to J;®(p), which proves the continuity of 0, at p.

Analogously, using a similar argument as in the proof of (21), for the case £ = 2, the reader can show
that the following two equalities hold:

(lsim sup |¢"(m(z,t)) Oym(z,t) Oym(z,t) — " (m(p,t)) dm(p, t) d;m(p,t)| du(t) = 0, (23)
_>OT z€B(p,d)

(lsin(l) sup |¢'(m(z, 1)) i0m(z,t) — ¢ (m(p,t)) ;0;m(p, t)| du(t) = 0. (24)
- J zeB(p,d)

Letp € 1% be fixed. To prove equality (20) which establishes the formula for the jth partial derivative of
0;® at p, consider the following estimation for r € (I — p;), r # 0:
Ag(r)
0, ®(p + re;) — 0;%(p)
r

= [ n(p.) 2m(p.0) ) + . ) 0, (.1 du(t)‘

1<A¢/(m(p+rej,t)) aim(p_l'rejat) dlu(t) -

r

o (m(p. 1)) Bim(p. 1) du(t))

T

—/Tw”(m(p,t))@m( 1) im(p, ) + &' (m(p, 1)) 0:0;m(p, t) du(t)‘

S% /T &' (m(p + re;, t)) Om(p + rej, t) — ' (m(p,t)) Om(p,t)

—r¢"(m(p,t)) im(p, t) O;m(p,t) — r¢'(m(p,t)) ;0;m(p, t)‘ dpu(t).
(25)
Applying, for every ¢ € T', the Lagrange Mean Value Theorem for the function
Oi(r):= ' (m(p + re;, 1) 0im(p + re;, t) — (" (m(p, 1)) dm(p, t)9m(p,t) + ¢ (m(p, t))9:9;m(p, 1)),
we can find an element p; between 0 and r such that

0i(r) = 0,(0) = 6, (pr)r- (26)
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Now, by using equality (26), inequality (25) and equalities (23) and (24), respectively, with an analogous
argument that we applied in the case & = 1, we get that A;;(r) tends to zero as r — 0, proving the partial
differentiability of 0;® at p with respect to the jth variable and formula (20). On the other hand, again
by a similar train of thoughts, it easily follows from (23) and (24) that the function 0,;0;® is continuous
on /. This completes the proof of the lemma. U

Theorem 4. Let (f,g) € C(I), let m € C(I¢ x T) be a measurable family of means, and let |1 be a
probability measure on the measurable space (T, A). Then My 4 ., is continuously differentiable on 1 d

and, foralli € {1,... d}andx € I,
OiMygmpu(x,...,x) = (0m,1),(x, ..., x). (27)
If, in addition, (f,g) € Co(I), let m € Co(I? x T'), then My 4., is twice continuously differentiable on
I and, foralli,j € {1,...,d}and x € I,
0;,0; My gmpu(, ..., x)
% + (0;0,m, 1), (x, ... ). %)

Proof. Let k € {1,2} and assume that (f, g) € Cr(I), m € Cx(I¢ x T). In view of Lemma 2, we may
assume that g is positive, f /g is strictly monotone with a non-vanishing first-order derivative. Then f, ¢
and the inverse of f/g are k-times continuously differentiable and, by Lemma 3, we also have that the
mappings

= ((Osm, 0;m),, — (Bim, 1),(0m, 1),) (@, ..., )

T /Tf(m(z,t)) du(t) and T~ /Tg(m(m,t)) du(t)

are k-times continuously differentiable on I, On the other hand, we now also have formula (9) for the
d-variable mean My g ,,,.,,. Thus, using the standard calculus rules, it follows that My .., is k-times
continuously differentiable on /¢

To prove the first formula stated in (27), let us consider the case k£ = 1. Differentiating the identity (7)
with respect to the variable x; once, we get

/T (01D g (M@, 1), My g,m30(®))05m(@, 1) + 02D g (1, ), Mg g, (%)) 0: My g, ()] dpa(t) = 0.
Now taking = € [ and substituting x = (z, .. ., x), the above equation simplifies to
01Dy q(x,x) / om(x, ...z, t)du(t) + 02Dy gz, )0, My gmpu(z, ..., x) =0.
T

Observe that 0, Dy (x,x) = —0sDy,(z,z) # 0 for all z € I, hence the former equation yields the
desired equality (27).

Now consider the case k& = 2. Differentiating the identity that we obtained in the first lines of the
proof with respect to the variable z;, we obtain

[ 12D, (m(e. ). My @)0im(z. D05m(a.

+010;Dy g (m(z, 1), Mf,g,m;u(m)) (ajMf,g,m;u(z)aim(za t) + aiMf,g,m;u(z)ajm(z> t))

+ a§®f7g(m(z> t)s My gmu(%))0j M g iy (2) 0 My gy (%)

+ al@ﬁg(m(za t), Mf,g,m;u(x))ﬁjﬁim(xv t) + 82@f7g(m(:1:, t), Mf,g,m;u(z'))8j8iMf,g7m;u($)} du(t) =0,

respectively. Using the identities 2D (z,2) = =Dy, (x,2), 03Dy, (x,2) = —02Dy,(x, z), and
0102D 4(z, ) = 0 (that are consequences of the asymmetry property Dy (z,y) = =Dy (y, z)), and
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substituting z = (z, ..., x), we get that

Dy (z, ) / om(x,...,z,t)0;m(x,...,x,t)du(t) + 01Dy 4(z, ) / 0;0m(z,. .., x,t)du(t)
T T
— 01Dy (2, 2)0; My g (T, ., 0)0i Mt g (T, ..o 1) — 1Dy (2, 2)0;0: My g me(, . . ., 1) = 0.

Dividing both sides of this equation by 0Dy (x, x) # 0 and using (27), for the second-order partial
derivative 0;0; M,y m.(, . . ., ), we obtain the formula stated in (28). O

One of the most important particular case of the above theorem is when the d-variable family of means
is a family of weighted d-variable arithmetic means.

Corollary 5. Let (f,g) € C1(I), let u be a probability measure on the measurable space (T, A) and let
m € C1(I? x T) be a measurable family of d-variable means given by

m(z,t) == A\ (t)zy + -+ -+ Ng(t)xq (x = (z1,...,2q) €I, t €T),

where A1, ..., \q : T — [0,1] are measurable functions with \y + --- + X\g = 1. Then My g ., is
continuously differentiable on 1% and, foralli € {1,...,d} and x € I,
8Z-Mf7g7m;“(x, N ,JJ) = <)\27 1>,u 29)

If, in addition, (f,g) € Co(I), let m € Co(I? X T'), then My ;. is twice continuously differentiable on
I¢and, foralli,j € {1,...,d}yand x € I,

0hDyy(x,x)
Proof. Observe that we have 0;m(z,t) = X;(t) and 0,0;m(z,t) = 0. By the boundedness of the mea-

surable function, it follows that d;m is L'- and L*-type, and 9;0;m is L'-type at every point of I°.
Therefore, Theorem 4 applies, and formulas (27) and (28) reduce to (29) and (30), respectively. [

aiajvagvm;u(xv s ,SL’) = (O‘iv )‘j>u - <)‘i7 1>u<)‘j7 1>u) (30)

The particular case when 7" = [0, 1], d = 2, A\;(t) = t and Ay = 1 —t was considered by Losonczi and
Pdles in the paper [20], where also the related local and global comparison problems were investigated.
The above Theorem 4 and Corollary 5 generalize the result of [20, Lemma 4].

The following lemma, which is an extension of [20, Lemma 3], will play an important role in estab-
lishing the necessary conditions for the (global) comparison of means. We recall that a sequence () of
probability measures on 7 is said to converge weakly to a measure v if, for all bounded Borel measurable
functions ¢ : T' — R, we have

lim [ o(t)du(t) = / o(t) du(t).
k—oo Jp T

Lemma 6. Let (f, g) € C1(I) and let (vy,) be a sequence of probability measures on T weakly converging

to a measure v, let () be a null sequence of positive numbers in [0,1] and let ty € T. Set py, =

(1 — %), + Yk for k € N. Then

lim - [vagvaJ/k (z) - m(Z,tO)] = fT Dpy(m(z, 1), m(z, b)) dv(t)

I, 31
ke, 2D 1, (m(x, to), m(@, to)) (zel’) (1)

Proof. Letx € I¢ be a fixed vector. By the assumptions of the lemma, we have that 1, converges to &,
weakly. More generally, for an arbitrary bounded sequence of Borel measurable functions ¢y, : T' — R,
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which converges uniformly to ¢q : 7' — R as £ — oo, we get

/T or dpun(t) = / rd((1 = )81y + ) ()
= (I =) /T Qrddy, (t) + Vi /T o dvg(t) + vk /T(SDk — o) dvg(t) (32)

. / oy () = polt):

First, we are going to show that the sequence uy, := My ; ., (T) converges to m(z,ty). We have that
min(z) < u, < max(z) for all £ € N. Hence it is sufficient to prove that every convergent subsequence
of (uy) converges to the same limit point. To show this, let (u,) be any convergent subsequence of
(ug) such that u,, — wug as j — oo. Then, the sequence of Borel measurable functions ¢;(t) :=
Dy 4(m(z,t), uy,) tends uniformly to the limit function yy(t) := Dy 4(m(x,t),uo). Thus, in view of
formula (32), we get

lim / Dy o (m(@. ), us,) dps, (1) = Dy (m(@, o), uo).
T

Jj—00

On the other hand, for all j, we have that

ADf7g(m(z, t), ukj) d,ukj (t) = 0,

which implies that D ,(m(zx, o), uo) is zero, i.e., uy = m(x, to). Hence u, — m(x,ty) as k — oo.
Moreover, as k — oo, we similarly obtain

% / Dy (m(z, 1), m(z, 1)) djus(2)
= i / Df,g(m(z> t)’ m(z, tO)) d((l - 'Vk)ato + ’Vkl/k)(t) (33)
Ye JT

:/TDﬁg(m(x,t),m(z,to))duk(t) —>/TDf,g(m(z,t),m(z,to))du(t).

Taking ®y(u) := [, Dyq(m(z,t),u) du(t) and applying the Lagrange mean value theorem for the
differentiable function @y, for every k£ € N, we can find a number 7, between uy, and m(z, to) such that

Oy (m(@, to)) — Pu(ur) = P (ne) (m(x, to) — i) (34)
Since ¥ (uy) = 0, therefore it follows that

~ @, to)) = Bylm) - -—(m(a o) ~ ). 65)
Thus,
~ [ Dyomtat.m(z 1) i

f(m(z, 1)) f'(ne) 1
Jlatmia:ty ] 0 3,10 = M)
Then, obviously, 7. converges to m(x, ty). By taking the limit of both sides of (36) as k¥ — oo and using
(33) and (32), we get
/Df,g(m(x,t), m(z, o)) dv(t)
T

o1
= al@fvg(m(xv to)v m(.’L‘, to)) ’ kh_)rgo ;k [vagvm#‘k ("1‘.) - m(z, to)]

(36)

(37)
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By dividing both sides by 0, D ,(m(z, to), m(zx, o)), we get

1 Jy Dpolmlz. 1), mie, 1)) du(t)
lim = [Mys o () — m(z, t)] = “L—212 AR . (38)
Pl f}/k[ 1.9, uuk( ) ( 0)] 81®f7g(m(z, t0)7 m(x7 to))
This completes the proof of the lemma. UJ

3. NECESSARY CONDITIONS, SUFFICIENT CONDITIONS FOR LOCAL COMPARISON OF MEANS

Our first result offers a necessary as well as a sufficient condition for the local comparison of means.
Given two d-variable means M, N : I? — I, we say that M is locally smaller than N at x € I if there
exists a neighborhood U C [ of x( such that

M(z) < N(z) (39)

holds for all z € U?. The case d = 1 being trivial, we always assume that d > 2 holds in the subsequent
considerations.

Theorem 7. Let M, N : I¢ — I be d-variable means such that M is locally smaller than N at a point

xg € I. Assume that M and N are partially differentiable at the diagonal point (xy, . . ., xzo) € 1% Then,
forx =xgandforalli e {1,... d},

oM (x,...,x) =N (z,..., x). (40)

If, in addition, M and N are twice differentiable at (xy, . .., xy) € 1% then the symmetric (d—1)x (d—1)-
matrix

(8i8jN(x0, e ,l’o) — 8i8jM(m0, e ,J}O))d_l (41)

ij=1
is positive semidefinite.
On the other hand, if, for some xy € I, the equality (40) holds for all i € {1,...,d} and for all x in
a neighborhood of x, furthermore, M and N are twice continuously differentiable at (xy, . . ., xo) and
the symmetric (d — 1) x (d — 1)-matrix given by (41) is positive definite, then M is locally smaller than
N at x.

Proof. Assume that M is locally smaller than N at o € I, i.e., (39) holds for all z € U? in a
neighborhood U C I of zy. Assume that M and N are partially differentiable at the diagonal point
(zo,...,x0) € I%. Define the function D : U¢ — R by
D(z) = N(z) — M(x) (z € UY).

Then D is nonnegative by inequality (39) and attains its minimum (which equals zero) atz = (xo, . . ., zg).
Therefore 0;D(xy, ...,xo) = 0foralli € {1,...,d}, which yields (40).

If, in addition, M and N are twice differentiable at (z,...,z0) € I% Then D"(zy,...,z0) =
(&@»D(zo, ey xo)) jj:l is a positive semidefinite symmetric d X d-matrix. By the well-known necessary
and sufficient conditions of positive semidefiniteness (cf. [6]), this implies that the symmetric (d — 1) X

. -1 . oo . .
(d — 1)-matrix (8;0;D(xo, . .. ,mo))ijil is also positive semidefinite.

Now let zy € I and assume that there exists a neighborhood U C I of z such that the means M and N
are twice differentiable on U, their second-order partial derivatives are continuous at £y = (o, . .., Tg),

the equality (40) holds for all z € U and for all i € {1,...,d}, and the symmetric (d — 1) x (d — 1)-
matrix-valued function A(z) := (0,-8]-D(z))j;l is positive definite at z.

By Sylvester’s criterion, A(z) is positivé definite if and only if all of its leading principal minors
are positive. By the continuity of the second-order partial derivatives, A is continuous at x,, hence
its leading principal minors are also continuous at z,. Therefore, there is a neighborhood V' C I? of
x( where these leading principal minors are positive and hence, at the points of V, A is also positive
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definite. By shrinking the neighborhood U of z; if necessary, we may assume that U is an interval and
U¢ C V. Hence A(z) is positive definite for all z € U“.

In order to show that the inequality (39) holds for all z € U4, letx = (z1,...,24) € U? be fixed and
apply the Taylor Mean Value Theorem to the function

(ur, .. ug1) = D(ug, ..., ug-1,%q) ((ur, ..., ug—1) € UY)
at the base point (74, . ..,74) € UL, In view of this theorem, there exists § € [0, 1], such that
D($17 - ld—1, xd)
d—1
:D(l'd, <o Ldy :Ed) + Z aiD(xdv <o Ldy l’d)(flfz - :Ed)
i—1 42)
| L d
+ 5 828JD(9$1 + (1 — G)xd, ey Hl’d_l -+ (1 - G)xd, Z’d)( — .Td)( - Z’d)

i=1 1

<.
Il

We have that D(xy, ..., x4, 24) = M(xq,...,2q,24) — N(zq,...,2Tq,q5) = x4 — xq = 0, equation (40)
applied for x = x4 implies that 0, D(zy, . .., x4, z4) = 0 forall i € {1,...,d — 1}. Finally, A is positive
definite at the point (0z; + (1 — 0)xg, ..., 0141 + (1 — 0)z4,14) € U? hence the last term on the right
hand side of (42) is nonnegative. Thus (42) shows that D(z1,...,z4_1,24) > 0, which implies that M
is smaller than NV on U< O

Remark 8. We note that, for the sufficiency part of the theorem, the standard 2nd-order sufficient con-
dition for the local minimum cannot be applied. The reason is that the matrix

(005N o) — 0, (z). ., -

can never be positive definite. Indeed, if M is locally smaller than N at z(, then M is locally smaller
than NV at every x in a neighborhood U of x, and hence (40) holds for all x € U and i € {1,...,d}.
Differentiating (40) with respect to x at xy, we obtain, for all s € {1,...,d}, that

ZaaNzo ZaaMxo

This shows that the sum of the columns of the matrix in (43) is the zero vector. Therefore, the determinant
of this matrix is zero, showing that this matrix is not positive definite.

Corollary 9. Let (f,g),(h,k) € Ci(I), let m € C(I¢ x T) and n € C,(I? x S) be measurable
families of means, and let |1 and v be probability measures on the measurable spaces (T, A) and (S, B),
respectively. Suppose that My ;... is locally smaller than My . ., at vo € 1. Then, there exists a
neighborhood U C [ of xq such that for x € U and forall i € {1,...,d},

<8im,1)u(x,...,x) = <(9Zn,1>l,(x,,x) (44)
If, in addition, (f,g), (h, k) € Co(I), m € Co(I? x T'), andn € Cy(1¢ x S), then the (d — 1) x (d — 1)-
matrix whose (i, j)th entry is given by
R Dy (0, 7o)
01Dy (o, 20)
afgfvg(x(b $0)
al@f,g(xm zo)

((&n, 8jn>,, — (&n, 1>,,<8jn, 1)1,) (x()) —+ <8i8jn, 1>V($0)
(45)

— ((&m, 8jm>u — (@m, 1>u<8jm, 1>#) (IEO) — <8i8jm, 1>“($0)

fori,j €{1,...,d— 1} is positive semidefinite.
On the other hand, if (f, g), (h, k) € Co(I), m € Co(I? x T), n € Cao(I¢ x S), and (44) holds for all
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i € {1,...,d} and for all x in a neighborhood of xy and the (d — 1) x (d — 1)-matrix whose (i, j)th
entry is given by (45) is positive definite, then My ; 1., is locally smaller than My, ., at xo € 1.

Proof. It (f,9), (h,k) € Ci(I), m € C,(I? x T), and n € C(I¢ x S), then Theorem 4 implies that
My g and My, i ., are k-times continuously differentiable on I in the cases k € {1,2}.

Assume that My g .., is locally smaller than M}, j, .., at zo € I. Then, by Theorem 7, there exists a
neighborhood U C T of zg such that for x € U and for alli € {1, ...,d},

OiMygmpu(x,...,x) = O;Mpgnu(z, ..., x).

Applying formula (27) of Theorem 4, the necessity of condition (44) follows.

In addition, if the second-order regularity assumptions are satisfied, then, by Theorem 7, the (d — 1) x

(d — 1)-matrix whose (4, j)th entry is given by

(0;0; My e i (20, - - -, 20) — 003 Mg (o, - . ,930))?;1
fori,j € {1,...,d — 1} is positive semidefinite. Now the application of formula (28) of Theorem 4
yields the necessity of condition (45).

Now, under the second-order regularity assumptions suppose that (44) holds for all i € {1,...,d} and
for all x in a neighborhood of z( and the (d — 1) x (d — 1)-matrix whose (i, j)th entry is given by (45)
is positive definite. Since My ., and M, ;. ,.., are twice continuously differentiable and by Theorem 7,
we have My ; ., is locally smaller than M, ;. ..., at xy € I. O

In the special setting when 7" = [0, 1], d = 2, m is given by m(z,t) := tz; + (1 — t)z2, the above
Corollary 9 simplifies to the result of [20, Theorem 5]. Now we consider the particular case when the
families of means m and n as well as the measures ;4 and v coincide.

Corollary 10. Let (f,g), (h, k) € Co([I), let m € Cy(I? x T') be a measurable family of means, and let
i be a probability measure on the measurable space (T, A). Let xo € I and assume that there exists
i € {1,...,d — 1} such that, the map t — O0;m(xo,t) is not u-almost everywhere constant on T. If
My, g m: 15 locally smaller than My, j, ., at xo € I, then

93D 1,4(0, 7o) < 9D i(20, T0)

N Dy g(wo, 0) = A Dpx(zo, 20)
On the other hand, if the functions

t»—)@lm(zo,t) - <8Zm,1>u(z'0) (Z € {1,,d— 1})

are ji-linearly independent and (46) holds with strict inequality, then My ,,,., is locally smaller than
Mh,k,m;u atxg € 1.

(46)

Proof. Assume that My g ., is locally smaller than M} . ., at ©9 € I. Then, by Corollary 9, the
(d — 1) x (d — 1)-matrix whose (i, 7)th entry is given by

0Dy (o, w0) 3Dy g(x0, o)
((@-m,@jm)u - (Q-m, 1>u(8jm, 1>u)($0) . (alﬂh,k(il?o,l"o) B a1®f,g($o,$o)

fori,j € {1,...,d — 1} is positive semidefinite at xy € I. This implies that all the diagonal elements of

(47)

this matrix are nonnegative, i.e., forall: € {1,...,d — 1},
82®h k(l’o .To) 82® (JIO JIO)
Oy, Oim), — (Bim, 1),(8im, 1)) (zg) - | A=k 700 21 2S00 20 > 0. 48
((9m.Bum, = Om. 1) 0o, 1)) - ( Grpeeseete] — Sl @8)

If, for some i € {1,...,d — 1}, the map t — 0;m(xo, t) is not p-almost everywhere constant, then
p({t | im(zo, t) # (9im, 1),(20)}) > 0,
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whence
((&m, om), — (Oym, 1) ,(Om, 1>u) (o) = /T (aim(:ro,t) — (Oym, 1)M(z0))2 du(t) > 0. (49)

Inequality (49), combined with (48), implies that
Dy (20, 7o) . 01D 1,4 (20, o)
01D (o, o) 0Dy (w0, 7o)

> 0,

i.e, the inequality (46) holds.
Now assume that the functions

t —= Om(xo,t) — (Oim, 1) ,(x0) (tef{l,...,d—1}) (50)
are p-linearly independent and (46) holds with strict inequality. It is clear that the (d—1) x (d—1)-matrix
whose (i, 7)th entry is given by

((@im, 0ym),.—(9ym, 1),.(9m, 1),,) (o)

= /T (Oim(@o, t) — (D, 1),(w0)) (9jm(@o, t) — (jm, 1) (o)) du(t)

fori,j € {1,...,d — 1} is a so-called Gram matrix which is always positive semmidefinite (see [6]).
Since the functions (50) are u-linearly independent it follows that the Gram matrix with entries given by
(51) is positive definite. This result, combined with the strict inequality (46), implies that the (d — 1) x
(d — 1)-matrix whose (4, j)th entry is given by (47) is positive definite at o € I. Hence, by Corollary 9,
My, g m.. 1s locally smaller than M, j; .., at 9 € 1. O

61y

Now we formulate a particular case concerning generalized Gini means when the partial derivatives
can be calculated more explicitly. Indeed, if, for given p,q € R, the functions f and g are given by
equations (10), then

T
®fvg($a y) = Apv‘l(x7 y) = yp+q5p,q (5) (1'7 (/S R+)> (52)
where g
ifp #q
Opq(t) :=¢q P—4 (t e Ry). (53)

tPInt ifp=gq
Then, one can easily get that ¢, (1) = 1 and d, (1) = p + ¢ — 1, whence
N, (z,2) =2t and  O7A,(z,2) = (p+q — 1)aPTI2

Therefore,

iDyg(x, )  0FAp4(z,7)  (p+gq—1)aPte

IDyylx,x) A, (v, 2) apta-l
Corollary 11. Assume that I C R,. Let p,q,7,s € R, let m € Cy(I? x T) and n € Co(I? x S) be
measurable families of means, and let | and v be probability measures on the measurable spaces (T, A)
and (S, B), respectively. Suppose that Gy g ., is locally smaller than G, s, at vy € I. Then, there

exists a neighborhood U C I of xq such that for x € U, for alli € {1,...,d}, (44) holds. In addition,
the (d — 1) x (d — 1)-matrix whose (i, j)th entry is given by

((0im, Oy — (Bim, 1), (05, 1),) (o) (p + g — 1)

Zo

1
=(p+q—1) (x € Ry). (54)

Xz

+ (8i8jn, 1>V(.’L'0)
1 (55)
— ((@im, 8ym),, — (9m, 1),(05m, 1)) (o) (r + 5 — 1) — — (0:9;m, 1) .(20)

Zo
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fori g €{1,...,d— 1} is positive semidefinite.

On the other hand, if (44) holds for all i € {1, ..., d} and for all x in a neighborhood of xo and the
(d — 1) x (d — 1)-matrix whose (i, j)th entry is given by (55) is positive definite, then G, 4 1., is locally
smaller than G, s .., at xo € 1.

Proof. The proof is a direct consequence of Corollary 9 and formula (54). 0

Corollary 12. Assume that I C R,. Let p,q,r,s € R, let m € Cy(I¢ x T) be a measurable family of
means, and let 1. be a probability measure on the measurable space (T, A). Let xy € I and assume that

there exists i € {1,...,d — 1} such that, the map t — 0;m(xo, 1) is not u-almost everywhere constant
onT. If Gy, g .y is locally smaller than G, s 1., at o € I, then
ptqg<r+s. (56)

On the other hand, if xq € I, the functions
t»—)@lm(zo,t) - <8Zm,1>u(z'0) (Z € {1,,d— 1})

are pi-linearly independent and (56) holds with strict inequality, then G, ., is locally smaller than
Grsmyp at xo € 1.

Proof. Applying Corollary 10 and using formula (54), the result follows immediately. 0

4. NECESSARY AND SUFFICIENT CONDITIONS FOR GLOBAL COMPARISON OF MEANS

In the rest of the paper, we consider the case when 1 = v and m = n. In what follows, we give
a condition containing two independent variables for (12) which does not involve the measure . and
assumes first-order continuous differentiability of the Chebyshev system. In the special setting when
T = [0,1], d = 2, m is given by m(z,t) := tz; + (1 — t)xo, the following theorem simplifies to the
result of [20, Theorem 6].

Theorem 13. Let (f,g), (h, k) € Ci(I) be Chebyshev systems, let T' be a compact and connected topo-
logical space and let m : I¢ x T — R be a continuous family of d-variable means. Define the set U,,
by
Up = {(u,0) | 3z € I" - u,v € [m(z), m(2)]} = U [m(z), m(2))*. (57)
zeld
The following three assertions are equivalent:
(i) for all Borel probability measures | on T,
My, gmiu(®) < M e msp(T) (x € IY); (58)
(ii) there exists a nullsequence (v;) of positive numbers in [0, 1] such that, for all to,t € T and for all
jeN,
Mf,g,m;(l—“/j)5t0+’7j5t ("l‘.> < Mh7k7m§(1_7j)5t0+7j5t ("l‘.> ("l‘. S Id>; (59)
(iii) for all (u,v) € U,
Dy g(u,v) < Dy, (u, v)
0 Dyg(v,v) = 01 Dpi(v,v)
Proof. The implication (i)==>(ii) is obvious.

To prove (ii)==(iii), let (u,v) € U,,. Then there exists z € I such that u,v € [m(z),m(zx)]. Due
to the compactness and connectedness of 7', we have that (6) holds. Therefore, there exits tg,t € T

(60)
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such that w = m(z,t) and v = m(z,ty). Applying Lemma 6 twice with the measure sequence ji; :=
(1 — 7;)6, + v;0; and using inequality (58), we get

Dyg(u,v) Dyg(m(x,t), m(z, to)) .1
’ — ) e llm — M mi; r)—m x,t
OD 1(0,0) ~ Do m(oto), i, ) A 7y (M (@) = (@ o)

) 1 th(m(x,t),m(z,to)) @hk(u,v)
< lim — My g () —m(z, t)| = ’ = : )
< Jim - My (@) = mi@, )] = 55 G ) (@, )]~ BiDpalv, )

which proves (60).

For the proof of (iii)==(i), let x € I¢ be arbitrarily fixed. In view of the inclusion My jomiu(T) €
[m(z), m(z)] and the equality (6), there exits ¢, € 7" such that

m(x, 1) == Mp g m:u(T).
Taking any ¢ € T and applying inequality (60) for u := m(z,t) and v := m(x,t;), we get
Dyy(ml@,t).m(@ 1) _ Dus(m(z. ). m(z, 1))
Dy (m(x,to), m(x, to)) — ADpr(m(z,to), m(z,ty))
Integrating this inequality with respect to the variable ¢t € T', we get
fT Dyyg (m(:z:, t), Mh,k,m;u(m)) dp(t) < fT Dhx (m(.’l:, t), Mh,k,m;u(x)) du(t)
0Dy, (Mh,kvm;u(z)a Mh7k,m;u(z)) ~ 0iDpi (thk,mw(m% Mh,kvm;u(m)) .
By the definition of the value M, j. ..., (@), the numerator of the right hand side of this inequality is zero,
whence we obtain
fT Dyyg (m(z, t), Mh,k,m;u(‘”)) dp(t) <0
0Dy, (Mh,kvm;u(z)a Mh7k,m;u(z)) -
If 1Dy y(x,z) < 0forall z € I, then

[ s (@ 8) Mig@) ) 2 0 ©)
T

and also (f, g) is a positive Chebyshev system, hence, by Lemma 1, the above inequality implies that
(58) holds. In the other possible case, i.e., when 01Dy (x, ) > 0 for all z € I, then inequality (62) is
reversed but (f, g) is a negative Chebyshev system, thus by Lemma 1 again, inequality (58) follows. [

(61)

Having a look at the proof, one can see that the compactness and connectedness of 7" was only used
to prove implication (ii)=—=>(iii).

Corollary 14. Assume that I C R, and p,q,r,s € R. Let T be a compact and connected topological
space and let m : [¢ x T — R be a continuous family of means. Define the constant m* € [1,+o0] by

; m(z)
m* 1= sup .
zeld m(.’l:)
The following three assertions are equivalent:
(i) for all Borel probability measures |1 on T,
Gpgmn(®) < Grsmip() (z € Id)§ (63)
(ii) there exists a null sequence (v;) of positive numbers in [0, 1] such that, for all to,t € T and for all
JjeN

Gp,q,m;(l—“/j)5t0+7j5t (IB) < GT,37m§(1—'Yj)5t0 +7;0¢ (IB) (m € Id); (64)

(iii)
5P,q(t) < 5r,8(t) (t S }(m*)_1> m’ Da (65)
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(iv) In the case m* = +o0,
min(p, ¢) < min(r, s) and max(p, q) < max(r, s), (66)
while in the case m* < 400,
5p,q((m*)_1) < 57«,3((77’&*)_1), dpq (m*) < Oy (m*), and p+q<r+s. (67)

Proof. Applying Theorem 13 and using notations introduced in (52) and (53) imply that conditions (63)
and (64) are equivalent to the inequality
A, 4(v,u) < A, (v, u)
hA,  (u,u) = A s(u,u)

((u,v) € Un),

where the set U,, is defined in (57). This inequality can be rewritten as

wsp,q<%> < msr,s<%> ((u,v) € Uy). (68)
Observe that
J(m*) " m*] € {% (u,0) € Um} c [(m?)~,m"]. (69)

Indeed, if t € }(m*)_l, m* [ and ¢ > 1, then t < m*, hence there exits x € I? such that t < Zgg Then,
with v = m(x), u = tm(z), we have that t = ¥ and u,v € [m(x), m(z)]. Therefore ¢ is of the form %
for some (u,v) € U,,. A similar argument yields for ¢ < 1 a similar representation. This proves the first
inclusion.

For the second inclusion, observe that if (u,v) € U, then, for some z € I 4 we have u,v €

[m(x), m(x)]. Hence

~—

(x
(x

3|

(m) < ="4<-< <m*

m(z) _u

~—

S

Therefore, in view of the inclusions in (69), inequality (53) is equivalent to condition (65).
To show the equivalence of condition (iv) to the previous ones, we have to distinguish two cases. If
m* = +o0, then (m*)~! = 0, therefore (iii) can be rewritten as

Opq(t) < 0ns(t)  (t €]0,00[).
This inequality is known to be equivalent (cf. [10]) to the comparison inequality
GPJ](x> SGT,S(x) (d€N7m€:|O7OO[d)7

of Gini means (with arbitrary many variables over the interval |0, co[). In view of the result [10, Satz
5], the above inequality is characterized by the condition (66). Therefore (iii) is equivalent to (iv) in this
case.
Now consider the case m* < +oo. Then the inequality in (iii) is equivalent to the comparison inequal-
ity
Gpq(x) <G, 5(x) (deN, ze]1,m?,

of Gini means (with arbitrary many variables over the interval |1, m*[). Using the results of the papers
[15, Theorem 7] or [24], it follows that the above inequality is characterized by (67), which implies that
(iii) is equivalent to (iv) also in this case.

This completes the proof of the corollary. 0
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5. NECESSARY AND SUFFICIENT CONDITIONS FOR THE LOCAL AND GLOBAL COMPARISON OF
GENERALIZED QUASI-ARITHMETIC MEANS

In the next result we offer 6 equivalent conditions for the comparison of d-variable generalized quasi-
arithmetic means. The interesting feature of this result is the equivalence of the global and local compa-
rability.

Theorem 15. Let f,h : I — R be twice continuously differentiable functions with non-vanishing first
derivatives, and let m € Cy(1¢ x T') be a measurable family of d-variable means. Let jio be a probability
measure such that, for all xy € I, there exists i € {1,...,d — 1} such that t — O0;m(xo,t) is not
o-almost everywhere constant on . The following assertions are equivalent:

(i) for all Borel probability measures pon T,
My (@) € Myamu(@) (@ € 1%); (70)
(ii)
M1 mipno (2) < M 1m0 (2) (z € ]d)?
(iii) for all xy € I, there exists a neighborhood U C I of xq such that
My 1 mipe () < M, 1,mip (T) (z € Ud)§
(iv) forall x € I,

@) W)
Fla) = W) 70

(v) the function h o f=1 is convex (concave) on f(I) provided that f is increasing (decreasing);

(vi) for all (u,v) € I?,
fw) = f(v) _ hu) = h(v)
f'(w) W' (v)

Proof. The implications (i)==-(ii) and (ii)==-(iii) are trivial.

To prove (iii)==>(iv), will apply Corollary 10. Let zy € I be arbitrary. Then (iii) asserts that My ; ...,
is locally smaller than M}, j ..., at o and we also have an index ¢ € {1,...,d — 1} such that t
Oym(x,t) is not pp-almost everywhere constant on 7". Therefore, by Corollary 10, inequality (46)
follows with the functions g := k := 1. It is immediate to see that (46) implies (71) for z = x.

Now assume (iv) and that f is increasing (the nondecreasing case is analogous). Then g := ho f~!is

twice differentiable on f (7). By (71), the ratio ?—: is a nondecreasing function. Therefore, ¢’ = ?Z—jﬁj is
also nondecreasing, which proves that ¢” > 0. Hence g must be convex on f(7), i.e., (v) holds.

If (v) is valid and f is increasing, then the convexity of g := h o f~! implies that

9(y) + 9 () (r —y) < g(x)

for all z,y € f(I). With the substitution x = f(u), y = f(v), where u,v € I, the above inequality
reduces to (72), proving (vi).

Finally, assume that (vi) holds. Observe that then (60) is valid for all (u,v) € U, with the functions
g := k := 1. Thus, the condition (iii) of Theorem 13 is satisfied, whence it follows that the mean
M1 m:po 18 (globally) smaller than M}, 1 .., ON 1% i.e., (70) holds. O

IA

IA

(72)

As an immediate consequence, we obtain the characterization of the comparison among generalized
Holder means.

Corollary 16. Let I C R, p,q € R, and let m € Co(I¢ x T) be a measurable family of d-variable
means. Let 11y be a probability measure such that, for all xo € I, there existsi € {1,...,d—1} such that
t — Oym(xo,t) is not pp-almost everywhere constant on T. The following assertions are equivalent:
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(i) for all Borel probability measures | on T,
Gpvoymw(m) < Gq,O,m;u(m) (:r € [d);
(ii)
G%O,m;uo <x> S Gq,O,m;uo (x) (m E ]d)7
(iii) for all xg € I, there exists a neighborhood U C I of xy such that
Gp707m§)u'0 (x) S Gq,O,m;,uo (x> (m e Ud)7
(iv) p <q.

Proof. By taking f(z) := a? if p # 0 and f(x) := log(x) if p = 0 and h(z) := 27 if ¢ # 0 and
h(z) := log(x) if ¢ = 0 and applying Theorem 15 the result follows immediately because conditions (i),
(i1) and (iii) are equivalent to the same conditions of Theorem 15, and p < ¢ is equivalent to condition
(iv) of Theorem 15. l
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