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SIMPLEX-AVERAGED JENSEN INTERPOLATION,
CONVEX ORDER, AND DIVIDED DIFFERENCES

Julije Jaksetic* © and Josip Pecaric¢

We combine classical Jensen interpolation with simplex averaging in convex
order. Explicit subset reductions yield averaged measure chains, divided-
difference inequalities and cyclic node-reduction bounds through the Hermite—
Genocchi formula. For averaged Jensen gaps, we distinguish Dragomir’s
coordinate-extremum factors from the sharper, optimal upper constant 1.
The construction extends from uniform simplex weights to arbitrary positive
Dirichlet parameters.

1. INTRODUCTION

1.1 Scope and motivation

Refinements of Jensen’s inequality have a long history; for broad background on
convexity and Jensen-type inequalities we refer to [6, 24]. The classical interpolation
due to Pecarié [25] fits into an older Popoviciu-type line of Jensen refinements; see
Popoviciu’s foundational work [27], the treatment in [23, Ch. 1], and the related
Jensen analyses of Beesack and Pecari¢ [5]. In the monograph [26, pp. 173-176]
this interpolation appears as a chain of intermediate inequalities between the two
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extremes of Jensen’s inequality. In the setting of divided differences, Farwig and
Zwick [11], Zwick [32], and Lupag [20] obtained inequalities for n-convex functions
by exploiting the Hermite-Genocchi integral representation; see also de Boor’s
survey [8] and the recent divided-difference Jensen-type developments [2, 3]. The
strategy of integrating a pointwise divided-difference inequality over a structured
family of admissible weights also appears in the Jensen—Steffensen setting, where
the averaging domain is the polytope of valid Jensen—Steffensen weights rather than
the probability simplex; see [1].

In this paper we adopt the language of convex order (also called convex
stochastic order or convex ordering of probability measures) as a unifying and
transparent tool for formulating these results and their extensions. These three
terms refer to the same order; we use convex order throughout. This choice separates
the barycentric algebra from the analytic content of convexity, and it makes the
monotonicity structure of the interpolation chain visible at a glance. For background
on convex order, majorization, and stochastic comparison we refer to [21, 29, 30];
the bridge with classical majorization goes back to Hardy, Littlewood and Pdlya
[12].

A second theme of the paper is averaging over the simplex of all probability
weights. In the uniform case this is exactly the Dirichlet distribution Dir(1,...,1);
see [19, Ch. 49]. The constants that appear in averaged Jensen-gap comparisons
can then be interpreted as Dirichlet moments of coordinate extrema, a point of view
closely related to the classical “broken-stick” picture [13]. This naturally suggests
replacing the uniform simplex law by a general Dirichlet law Dir(ayp, ..., o).

1.2 Main contributions and principal results

The principal contribution is the combination of three established ingredients: Jensen
interpolation, averaging over probability weights, and the Hermite—Genocchi for-
mula. We do not claim the classical interpolation, convex-order characterization, or
Dirichlet moments as new results. The measure formulation makes their interaction
explicit and provides a common construction for the following consequences.

First, averaging Pecari¢’s interpolation measures produces the chain

- . ~ . 1 ¢

,Ufn jcx /~Ln71 jcx e jcx NO, /~LO = Vuynif ‘= n + 1 ;5m”
whose other endpoint is the law of T%(U) = >, U;x; for U ~ Dir(1,...,1). The
subset-reduction identity gives an explicit formula for every intermediate measure
(Theorem 2.2). For g = £, this becomes a hierarchy of symmetrised divided-
difference bounds; averaging the cyclic refinement similarly gives consecutive-block
bounds (Remark 2.4 and Corollary 2.5).

Second, we distinguish the averaged pointwise comparison of Jensen gaps
from the stronger comparison obtained by concavity in the weights. The former
yields the factors 1/(n + 1) and H,1, while the latter replaces the upper factor
by 1. This distinction clarifies what averaging Dragomir’s estimate does, and what
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it does not establish about sharpness. Third, the Dirichlet extension preserves
the convex-order chain and gives explicit subset coefficients for arbitrary positive
parameters (Theorem 3.8). It thus separates the geometry of the nodes from the
averaging law, within one construction rather than a series of unrelated inequalities.

1.3 Organisation of the paper

The remainder of this section collects the prerequisites: divided differences and the
Hermite-Genocchi formula (Subsection 1.4), the convex order and the measure-
theoretic reformulation of the Jensen interpolation functionals (Subsection 1.5), a
cyclic refinement of Jensen’s inequality due to Horvath, Khan and Pecari¢ together
with its later permutation-based extensions [15, 16, 18] (Subsection 1.6), and
Dragomir’s bounds for the normalised Jensen functional and their more recent
Jensen-gap descendants [9, 17] (Subsection 1.7).

Section 2 develops the simplex-integrated Jensen chain and its consequences for
divided differences and cyclic node reduction. Section 3 then isolates the Jensen gap
as a separate deficit functional, beginning with the uniform simplex law Dir(1,...,1)
and continuing to a general Dirichlet average. Finally, Section 4 summarizes the
construction and possible future directions; sharpness is discussed at the end of
Section 3.

1.4 Divided differences and the Hermite—Genocchi formula

Throughout, n > 1. We identify the coordinate simplex A,, C R™ with its m + 1
barycentric coordinates, the last coordinate being one minus the sum of the others.
We set Ag = {(1)} and interpret integration over it as evaluation at its single point.

Let I C R be an interval and let f : I — R. For pairwise distinct points
ag, .. .,an, € I the divided difference of order n is defined recursively (see [4, 8]) by

f[ai] :f(ai) (i:O,...,n),

and
flai,...,a,] — flao, ..., an—1]

f[ao,...,an]: .
an — Qg

If f € C™"(I), its divided differences of order at most n extend continuously to
repeated nodes. In particular,

f™(a)

f[a,...,a]:i. (0<m < mn).

Recall that f is called n-conver if every divided difference of order n is
nonnegative. This viewpoint goes back to Popoviciu [27]; see also [26, 28] for general
convexity background and [11, 20, 32] for early divided-difference inequalities in
this framework.
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The connection between divided differences and integration over simplices is
provided by the following classical formula; see [4, Sec. 3.2, Theorem 3.3] and [8].

Theorem 1.1 (Hermite-Genocchi [4, Sec. 3.2, Theorem 3.3]; see also [8]). Assume
that f € C™(I) and let ag,...,a, € I (possibly repeated). Then

(1) f[a()?"-;an] :/ f(n) E Ujaj du0~~~dun_1,
A -
7=0

n

n—1 n—1
An:{(uo,...,un_l):ujzo, Zujgl}, unzl—Zuj.
7=0 7=0

1.5 Jensen interpolation and convex order

The classical Jensen inequality admits a family of intermediate refinements; for
general background see [6, 24]. The interpolation chain studied systematically by
Popoviciu and later extended by Pecari¢ [25] and Pecarié, Proschan and Tong [26]
is the specific discrete refinement that we recast below in the language of convex
order.

Convex order compares probability measures with a common barycenter
by integration against convex functions; see Definition 1.3 below. Its martingale
characterization is due to Strassen [30]; see also [21, 29]. It describes a mean-
preserving increase in spread.

All measures considered below are supported on the finite-dimensional convex
hull K = conv{zg,...,z,}. We equip its affine hull with its usual Euclidean
topology and use the induced Borel structure; barycenters are taken in this affine
hull. Functions integrated against these measures are assumed Borel measurable
and integrable.

Let C be a convex subset of a real vector space V and let g : C' — R be convex.
Fix points x = (g, ...,7,) € C"*! and weights p = (po, ..., pn) With p; > 0 and
St opi=1. For k=0,1,...,n define

1 k Ek Di. T
- > (zpij)g(fk : )
() 0cio S ian N im0 2j=0Pi;

A summand with Z?:o pi; = 0 is defined to be zero. In particular,

n

gon(%,P) =Y _pig(xi),  gnn(x,P) =g (me) :

i=0 i=0
For each k € {0,1,...,n} denote by
Iy :={IcC{0,1,....n}:|I[|=k+1}
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the family of all (k + 1)-subsets. For I € 7, set

Z' 1 DiZ;
- , S1> 07
Sy = E Di, by :== S1
i€l To, s =0,

(where the value of by is irrelevant if s; = 0, since it carries zero mass).
Each functional g;, can be represented as an integral against a finitely
supported probability measure. Define Ay on Z by

A=Y (871)5,.

I€Ty, k
Indeed,
1 n
Z Zzpl— sz#{lefk ZEI}— n Zpi(z>:1.
I€Ty, (’f) IeI,€ iel ( ) i—0 k) e

Let By : Zr, — C be the barycenter map By(I) = b; and define the push-
forward measure on C,

e = (Br) g A
Equivalently, uy is the finitely supported probability measure on C given by

(3) =y ol

1€y, (k)

Then, for every convex g : C — R,
(4) Jen(X,P) = /nguk-
In particular,

n n
Ho :Zpiémia Hn :6m7 m = Zpixi~
i=0 =0

Proposition 1.2 (Common barycenter of the interpolation chain). With m =
i o piti, one has

/td,uk(t):m (k=0,...,n).
C

Proof. Using (3), we obtain

/Ctduk(t) = (711) Z siby = Z ZPM%

k) I€T, IGIk i€l

Interchanging the order of summation gives

/ tdpu(t) szxz#{f €Ly:iely= }L > piws <n> = pizi=m.
c (k) k-) i=0 k i=0

O
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We record the formal definition for later use.

Definition 1.3 (Convex order). For probability measures v,7 on C with the same

barycenter, we write v <. 7 if
/ pdv < / @dn
c c

for every convex ¢ : C — R for which the integrals are finite.

The Jensen interpolation chain now takes a particularly clean form in this
language.

Theorem 1.4 (Jensen interpolation chain: measure form). With ui defined by (3),
the inequalities, required for every convex g : C' — R,

gn,n(X7 p) S gn—l,n(xa p) S o S gl,n(xv P) S gO,n(Xa p)
are equivalent to the convex-order chain
(5) Hn jcx Hn—1 jcx T jcx M1 jcx Ho-

Proof. For 1 < k <n and I € Z; with s; > 0, one has

z : SJ
SJ:,Z{JS], b]: 7()(].
]{?S[
JCI JCI
|J|=F [J|=F

Jensen’s inequality therefore gives s;g(by) < k™3, 7=k $79(bs). After sum-
ming over I, each J occurs n — k + 1 times. Since

n—k+1 1
VORI A
we obtain gx ., < gk—1,,. Zero-mass subsets contribute zero. By (4), validity for
every convex ¢ is exactly (5). This also gives a direct proof of the classical chain;

see [23, 25, 26] for its original functional formulation and [14] for a related integral
refinement. O

For real nodes, the next result gives a stronger domination by a convex
combination of the two endpoint measures. This additional Popoviciu bound uses
the order structure of the real line; see [26, p. 173] for its functional formulation.
We include a direct proof.

Lemma 1.5 (Popoviciu/Jensen interpolation as convex order). Assume that C C R
is an interval. Let g : C' — R be convex. For k=0,1,...,n set

n—=k k n—k— k
Vg - Mo-i-nM - ;p L+n
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Then the Popoviciu-Jensen interpolation inequality

k
(6) gk,n(xv p) < gO,n(Xa p) + E gn,n(xa p)

n

holds for every such g and is equivalent to the convezx-order domination
(7) e Sex Vi

Proof. The cases k = 0,n are identities, so assume 1 < k < n — 1. Affine functions
give equality by the common-barycenter property. It suffices to consider g(x) =
(z — t)4+: on the finite set of nodes and barycenters in the inequality, every convex
function agrees with a convex piecewise-linear interpolant, which is an affine function
plus a nonnegative combination of such functions. Here (r)+ := max{r, 0}.

Set z; = pi(x; —t), P =)",(z)+ and M =) .(—2;)4+. Then

(})orntxm) =2 = 3 (Zzi>+.

|T|=k+1 \i€l

If P,M > 0, the vector z is the convex combination of Pe; — Me; with weights
(2;/P)(—z;/M), where z; > 0, z; < 0, and e; are the standard coordinate vectors.
Convexity of ® and counting subsets containing ¢ but not j, or both, give

B(z) < (”; 1)P+ (Z_D(P—Mp.

The same estimate follows directly if P =0 or M = 0. Dividing by (}) proves (6),
since P = gon(x,p) and (P — M)4+ = gn.n(x,p). Finally, (4) and Definition 1.3
give the equivalence with (7). O

This convex-order formulation makes explicit that the underlying node-
reduction principle is Popoviciu-type; compare [23, 27].

The Popoviciu-Jensen interpolation admits a natural interpretation in terms
of the Jensen gap, which we now record.

Remark 1.6 (Jensen gap and contraction under node reduction). For a convex
function ¢ : C — R and a probability measure p on C with finite barycenter, define

the Jensen gap by
Jo (1) :=/ wdu—@(/ td#)-
C C

In particular, J,(p) > 0 for convex ¢ by Jensen’s inequality.
For the stronger contraction estimate below, assume that C' C R is an interval.
Fork=0,1,...,n, let u be as in (3). By Proposition 1.2, all these measures have

the same barycenter
n
m= Z Di;.
i=0
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Moreover, (6) is equivalent to

—k k
/ e duk < L/ pduo + —p(m) (Vo convez),
c n c n

and hence, after subtracting ¢(m) from both sides,

n—=k

To) < "= ) (Ve conve).

Thus reduction to (k+1)-subsets decreases the convex spread, measured by the Jensen
gap, with the uniform contraction factor (n —k)/n. This deficit-functional viewpoint
is close in spirit to later Jensen-gap refinements such as [9, 10, 17]. Moreover,
since p(m) < fc wdug by Jensen, (6) also implies py, <ex po for every k. The chain
(5), which remains valid for vector-valued nodes, also shows that node reduction acts
as a mean-preserving contraction in convexr order.

1.6 A cyclic refinement of Jensen’s inequality

In many applications one does not average over all (k+1)-subsets but only over the
n—+1 cyclically consecutive blocks. The following result of Horvath, Khan and Pecari¢
[18] provides such a refinement; see also [15, 16] for permutation-based extensions
and integral analogues. We state it here and give its measure interpretation, which
will be used in Section 2.

Throughout this subsection, indices are understood cyclically modulo n + 1.
For i € {0,...,n} and j € Z we write

i®j€{0,...,n} for the unique index such that i®j=i+j (modn+1).

Theorem 1.7 (Horvith-Khan—Pecari¢ [18]). Let C be a convex subset of a real
vector space and let f: C'— R be convex. Let vy,...,v, € C and let pg,...,pp >0
satisfy > opi = 1. Fiz k € {0,...,n} and let Mo, ..., Ny > 0 satisfy Z?:o Aj=1.
Fori=0,...,n set

k
Pii=) Xipisj-
j=0
(If P; = 0 we interpret the corresponding term P;f(---) as 0.) Then
n n Zkz A D Vieo n
f(;f%m) < gﬂf( = ;31 ) < ;pz’f(vi)-

The cyclic refinement also fits into the convex-order framework.

Remark 1.8 (Measure interpretation). Define

n n
o 1= Zpi Do, s m = Zpivi-
i=0 i=0
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For the fized coefficients (Ao, ..., ) in Theorem 1.7, set

k n
2 j—0 AiPiejVisj
y; = =2 5, (P, > 0), L ::ZPiéyi.
=0
If P, = 0, set y; = vg; the corresponding summand has zero mass. A direct

computation shows that py has the same barycenter as po:

n n k k n
/Ctdlu(t) =Y Py =YY Apiesvia; = p_ A D pivi = m.
i=0 j=0 =0

i=0 j=0

With this notation, Theorem 1.7 can be written succinctly as

/Cfdfsmg/cdeAS/cfd,uo (VY f convex),

that is,
Om Sex A Sex Mo

in the sense of Definition 1.3. For a proof and further cyclic refinements, see [18];
for higher-order cyclic variants obtained by approximation-theoretic methods, see

22].

1.7 Dragomir’s bounds for the Jensen gap under change of
weights

The results of the preceding subsections compare the Jensen gap for a fized proba-
bility vector across different levels of node reduction. A complementary question
is: how does the Jensen gap change when one replaces one probability vector by
another on the same set of nodes? The following result of Dragomir [9] gives a
sharp answer in terms of the pointwise ratio of the two weight vectors. It is also the
starting point for later Jensen-gap refinements such as [17]; for a complementary
refinement with f-divergence applications see [10].

Theorem 1.9 (Dragomir [9]). Let C be a convexr subset of a real vector space
and let ¢ : C — R be convex. Fix points xo,...,xn, € C and let p = (po,--.,Pn);

a=1(qo,.--,qn) be two probability vectors (i.e. pi,q;i >0, > pi =Y 1 o@ =1)
with q; > 0 for every i € {0,...,n}. Define the discrete probability measures

n n
M::Zpi(smw V::Zqi5$i7
=0 =0

and the corresponding Jensen gaps (cf. Remark 1.6)

n

Jo(p) = pip(wi) — w(Zm%) o o) =D aie(w) - w(Z qm) .

=0
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Then
(8) min 2% J (v) < Jo(p) < max big (v).
0<i<n q; * = v¢ = o0<i<ng; 7
Proof. See [9], Theorem 1 (stated there for n points indexed from 1). O

A natural and important special case arises when the reference measure is the
uniform (arithmetic-mean) distribution on the nodes.

Corollary 1.10 (Uniform reference measure). Let , g, ..., Ty, P, and u be as in
Theorem 1.9 and set

n

1 _ 1
Vanif ::mz&ci, x::n—klzmi'

1=0 =0
Then
. 1 - _
(n+ 1)Oglilgnpi PSP o(x;) — @(@)
< Jw(ﬂ)
1 n
< ; N — () ).
<0+ 1) g (g 2ot 002

In particular, the Jensen gap J, (i) is controlled by the arithmetic-mean Jensen gap
Jo(Vunit) up to the multiplicative factor (n + 1) maxo<i<n pi > 1.

Proof. Take ¢; = %—l—l for every ¢ in (8). Then p;/q; = (n + 1)p; and J,(Vunis)
1\ -
nt+l Ei:o o(wi) — (7).

Ol

2. SIMPLEX REDUCTION AND A SIMPLEX-INTEGRATED
JENSEN CHAIN

In this section we average the pointwise inequalities from the Jensen inter-
polation chain over the simplex A, of probability weights. This turns discrete
Jensen-type bounds into identities and estimates for divided differences through the
Hermite-Genocchi formula, in a form comparable with [2, 11, 20, 32]. It is also
the positive-weight counterpart of the Jensen—Steffensen approach in [1], where the
integration is carried out over the polytope of admissible Jensen—Steffensen weights
rather than over the full probability simplex.

For m > 1 denote the standard simplex

m—1 m—1
Am:: {(wo,...,wm,l):ijO, ijg].}7 wmzzl—ij,
7=0 7=0
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and let o, be the normalized Lebesgue probability measure on A,,,
dom(w) =m!dwg - - dwp,—1.

For m = 0, og is the unit mass on Ay.

The first step is a change-of-variables lemma that reduces an integral over
A, involving a barycentric evaluation on a subset of nodes to an integral over the
lower-dimensional simplex Ay.

Lemma 2.1 (Simplex reduction). Let C C V be convez, let xy,...,z, € C, and
firke€{0,....,n}. Let I = {ig <--- <ir} CA{O,...,n} and define, for u € A,,

sr(u) = wy,  br(u) = =0 Ui, T (s7(u) > 0).
j=0

sr(u)

Then for every Borel function h : C — R whose composition in the right-hand
integral below is integrable,

k
9) /A sf(u)h(bf(u))dan(u):fli /A WS v, | do(o).

Jj=0

Proof. The calculation below applied first to |h| justifies absolute integrability and
the use of Fubini’s theorem. The case k = n is immediate: then I = {0,...,n},
hence sy(u) =1 and b;(u) = Z?:o ujzj, so (9) is an identity.

Assume now that 0 < k < n — 1. Choose an index m € {0,...,n}\ I. By

relabeling the indices 0, ..., n (simultaneously relabeling z; and the coordinates w;),
we may assume that m =n and I ={0,1,...,k}. Write
k
> =0 UjTj

s:=sr(u) =ug + -+ Up, br(u) = (s > 0).

S

(The set {s = 0} contributes nothing since the integrand is multiplied by s.)
Fix nonnegative ug, ..., u; with s < 1. The remaining coordinates range over
the simplex

n—1

{(uk+1>~~aun71) tug >0, Z up < 1— 8}7
l=k+1

(1 _S)nfkrfl

m. Hence, by Fubini,
n—k—1)!

whose volume equals
/ S h(b[(U)) dug -+ - dtty,—1
Ap

k
1 > o UFT
- s(1— )" F1h | =202 qug - - dug.
|
(= k=D ... 20, s<1) s
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Now perform the change of variables

k—1
Uj = SV; (j:O,...,k‘), (Uo,...,kal)EAk, Uk:1—Z’Uj,
j=0

with s € [0,1]. Then

k k
Z] 0“1% Z

dug - - - duy, = s" dvg - - - dv_1 ds,

Therefore the integral factorizes as
_ 1 ' E+1 n—k—1 :
/Ansh(bl(u))du—(nkl)!/o s"TH1 — ) ds/Akh jz:(:)vjxj
The one-dimensional integral is a Beta integral:

E+1Dl(n—k-1)!
(n+1)!

1
/ s —s)"Flds =Bk +2,n — k) = (
0

Hence

/Ansh(bf(u))d = E:ii / ZUJJCJ

Multiplying both sides by n! and using doy(v) = k! dv gives (9). O

We now apply the simplex reduction to the entire Jensen interpolation chain,
obtaining a family of simplex-averaged probability measures that are monotone in
convex order.

Theorem 2.2 (A simplex-integrated Jensen chain in measure form). Let C C V
be convexr and let xg,...,x, € C. For each u € A,, set p(u) := (ug,...,u,) and
define, for k =0,...,n, the finitely supported probability measure on C

p(w) ==Y arlu )5171 (u)

I€T,, (k)
u) == Zui,
el
br(u) = Z;E;L):” (s7(u) > 0).

with the convention that terms with s;(u) = 0 contribute 0. Define the simplex-
averaged probability measures

b (A) == /A pi(u)(A) doy, (u), A C C Borel.
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Then the measures ji, have common barycenter

1 n
x::n+1;mi’

their endpoints are
i N DU Aty Tew) =3
= Vunif ‘= — T n = Ux)#0n, x\U) = Uiy
. Cntd i 8 * i=0
and they satisfy the convex-order chain
(10) fin Sex Hn—1 Sex *+* Sex Ho-
Moreover, for every convex g : C'— R for which the integrals are finite,
k
(11) / gdﬁk = / 9k,n (X,P(U)) dJn = n+1 Z / Z’Ujl’ij dak(v).
¢ An (ki1 Iez, ' Ar  \j=0
Proof. For each fixed u € A,,, Theorem 1.4 applied with weights p(u) yields
/ g dpn(u) < / gdpn_q(u) <--- < / g dpo(u) (Vg convex).
c c c
Integrating these inequalities over A,, gives (10) by Definition 1.3.

Since each p(u) is a probability measure, so is fip. By Proposition 1.2, the
barycenter of ux(u) equals

Therefore

/Ctdﬁk(t) = /A Ty () dom (u) = Zn: (/A uidon(u)> ;= nil Zn:x =z,

n =0

by symmetry of o,,. The formula for /i, is immediate from fi,,(u) = 07, (). Similarly,

/ Zu” ) do, (u Za /uidan(u):nilzém(zﬁl),

An =0 An =0

SO ﬁO = Vunif -
To prove (11), note that by construction,

/ngﬁk :/An (/nguk(U)) doy(u) = /An e (X, P(w)) doy (u),
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using (4) pointwise in u. Expanding the definition (2) and applying Lemma 2.1
termwise gives

[ G p) donte = oy 37 [ a1 for ) o

Ay IEI
k
k+1

Z - / > v, | dog(v)
IGI;, 7=0

e [ S e, | duto)

k+1 Iez, YAk \j=0

which is (11). N

Example 2.3 (Three equally spaced nodes). Take n =2 and (o, x1,22) = (0,1,2).
Write Ula, b] for the uniform probability law on [a,b]. Formula (11) gives
fio =500 +01+02), = 3(U0,1]+U[0,2] +U[1,2]) = U[0,2].

The last endpoint is the law of Uy + 2Us, where (Uy, Uy, Us) ~ Dir(1,1,1). Changing
variables from (uy,us) to (t,us2), with t = uy + 2uq, and integrating the constant
simplex density 2 gives its density

£, 0<t<1,
pt) =2t 1<t<2,
0, otherwise.

Thus all three measures have mean 1, and the chain compares the triangular law,
the uniform interval law, and the uniform three-node law. For g(t) = t2,

- ! ? 7 4 _ 5
/gd,ugz/ t3dt+/ 22 —t)dt = —, /gd,ul ==, /gduozf.
0 1 6 3 3

This verifies the strict inequalities 7/6 < 4/3 < 5/3 directly. The averaged random-
weight Jensen gap is 5/3 —7/6 = 1/2, whereas Jg(vunit) = 5/3 —1 = 2/3, so their
ratio is 3/4. Taking f(t) = t*/12, for which f" = g, gives the same three values for
the divided-difference chain in Remark 2.4 below.

When the convex function is the n-th derivative of a sufficiently smooth
function, the Hermite—Genocchi formula identifies the simplex integrals as divided
differences, yielding the following monotonicity result.

Remark 2.4 (A chain for divided differences). Assume C' = [o, 8] C R and
f € C™(la, B]) with f™) convex. Applying Theorem 2.2 with g = f™) and using the
Hermite-Genocchi formula (1) for ¢ = f"=F) (s0 ¢F) = (")) yields

k
/ N v, | dow(v) = kL FO P [y, ]
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Hence (11) becomes

- !
/Cf( )d'uk: (n+1)

k+1

Z f(”_k)[xio, ceey Ly

0<io<---<ix<n
In particular, the chain (10) implies the monotonicity
B, < Bp-1<--- < By,

where

k! e
By = o+ Z I k)[a:io,...,a:ik] (k=0,...,n).
(k+1) 0<io<<ixr<n

Thus

1 n
M) (.
n! flrg, ..., zp] <0 < ] ;:()f (x;).

Compare this monotone chain with the earlier divided-difference bounds of (11, 20,
32/, with Wulbert’s average-value inequalities for convex functions [31], and with
the recent Jensen-type inequalities for divided differences in [2, 3].

The cyclic refinement of Theorem 1.7 can similarly be integrated over A,, to
produce bounds involving only cyclically consecutive blocks of nodes.

Corollary 2.5 (A cyclic node-reduction bound for divided differences). Assume
that [o, B] C R, xo,...,Tn € [, B] (possibly repeated), and that f € C™([e, B]) with
) convez on [o, B]. Fiz k € {0,...,n} and interpret indices cyclically modulo
n+1 (ie.i®j). Then

(12)

nl flzo,...,zn] <

n

AR 1
> s, wigns - Tiek] < > F ().
n+1 pard f [1’1, Tio1, 7xz€Bk] = n4+1 g f (xz)

Proof. For u € A,,, apply Theorem 1.7 with the nodes v; = z;, the weights p; = u;,
and the uniform cyclic coefficients

1

M= ==

This yields, for the convex function g = f(™,

g EAEDY Zziui o(bi(w)) < uig(wi),
0 =0 =0

Jj=

where .
Zj:o Uigj Liwj

51(0) (si(u) > 0).

k
si(u) = wigy,  bi(u) =
=0
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Integrating over A,, with respect to o, gives

£ 3 wjzj | doy(u) < -—— n bi(u)) do, (u)
L 2 [ )

(13)
) () do (u).
S/A ui f () dom (u)

n i=0

For the left-hand side, the Hermite-Genocchi formula (1) yields

/ f(”) iujxj dop(u) =n! flzo, ..., z,].
Ay, =0

For the middle term, Lemma 2.1 applied to the cyclic block I; = {i,i @
1,...,i®k} gives

k
k+1
si(w) fO(bi(w)) dop (u) = / fm Ve | dog(v).
An ( ) n _|_ 1 A Jz:;) J DJ
Hence
- Z/ u) £ by (u)) dory () = Z/ £ Zng;@] do(v).
Applying Hermite-Genocchi to ¢ = f("~*) at the nodes (i, Tig1, .. ., Tigr) yields
k
/ f(n) Z VjTigj dO’k(U) = k! f(n_k) [l‘i, Tidly-- - ,xi@k}.
Ak jZO

For the right-hand side, symmetry of o, gives

/ Z“f (z) do, (u )—Xn:f(n)(a:i)/ ui dop (u _n+12fn)

An =0 i=0 An

Substituting these evaluations into (13) gives (12). O

Remark 2.6 (Approximation and numerical analysis). Divided differences are the
coefficients of Newton interpolation and enter its remainder formula; see [4, 8].
Under the convexity assumption on f("), Remark 2.4 gives computable upper bounds
forn!fxo, ..., x,] using lower-order divided differences of derivatives, while Jensen’s
inequality gives the lower bound f(z). The cyclic bound uses only n + 1 blocks
at each level, in place of all (ZI}) subsets. These are potential tools for bounding
interpolation coefficients when derivative information is available; an error estimate
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must also account for the nodal product in the remainder. For n = 1, the averaged
endpoints give the classical Hermite—Hadamard bounds for the integral mean of
a convex function, and the averaged Jensen gap is its normalized trapezoidal-rule
deficit. In higher orders, the positive integral representation connects the construction
with the B-spline interpretation of divided differences described in [8].

3. DIRICHLET AVERAGES, JENSEN GAPS, AND SHARPNESS

We first evaluate the minimum and maximum coordinate moments for the
uniform law and average Dragomir’s comparison. We then use concavity in the
weights to improve its upper bound, translate the estimates into divided differences,
and extend both the reduction formula and the chain to general Dirichlet parameters.
The final remarks discuss limiting regimes and sharpness.

The normalized simplex law is o, = Dir(1,...,1) [19, Ch. 49]. Its coordinate
extrema are order statistics [7]; the harmonic-number formula for the maximum
belongs to the classical broken-stick literature [13]. Combined with Dragomir’s
theorem [9], their moments give the factors 1/(n + 1) and H,,+1 below.

For u = (ug,...,u,) € A,, write
Umin ‘= min u;, Umax = MaxX U;.
0<i<n 0<i<n

Lemma 3.1 (Uniform Dirichlet minimum). If U ~ Dir(1,...,1), then

1

E(Umin) = m

Proof. Using the tail formula E[Y] = fooo o, (Y > t)dt for the nonnegative random
variable Y = Upin, we compute o, (tmin > t). The event {up, > ¢} means u; > ¢
for every i = 0,...,n. Setting u; = ¢t + r; yields r; > 0 with > ;r; =1 — (n+ 1)t,
which is the simplex of total mass 1 — (n + 1)¢. Its n-dimensional volume scales as
(1 = (n+ 1)t)™ relative to A, so

n 1
On(tmin > 1) = (1= (n+1)t)", 0<t<—.
Substituting s = 1 — (n 4 1)t yields
1/(n+1) . Lo )
IE(Umin):/0 (1—(n+1)) dt:n+1/0 E ds:m,

Lemma 3.2 (Uniform Dirichlet maximum). If U ~ Dir(1,...,1), then

Hpp
E(Umax) = ’I’L:— 17

where Hy, := ZT:l % is the m-th harmonic number.
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Proof. We use E[Upax] = fol On(Umax > t)dt. For each index set J C {0,...,n}
with [J| = j, the event {u; > t Vi € J} has probability (1 — jt) by the same
scaling argument as in Lemma 3.1. By inclusion—exclusion,

n+1
on(u = _yper (M —Jt)
n( max > t) ;( 1) ( ] ) (1 ]t)Jr

Integrating termwise,

1/ 1 1t 1
1—'t”dt:f,/ s"ds = ——,
/0 (1=3t) JJo jn+1)

1w o /m1\1

_ _1\Jit+1 -
E(Umax) e g (-1) ( i >j'
Jj=1

SO

To evaluate the alternating sum, start from the identity
n+1
, +1\ .
1—(1—2)™! = _1J+1<”, )ﬂ.
(1—x) 2( ) j
=
Dividing by z and integrating over [0, 1] gives
n+1 1 n 1
; 1\ 1 1—(1—az)n*!
Z(_l)]+1(n+ ):/ %dﬂ?: Z/ (1—33)md33:Hn+17
= J J 0 z m=—0"0
which proves the claim. O

Theorem 3.3 (Uniform Dirichlet averaged Dragomir comparison). Let C C V be
convezx and let xg,...,x, € C. Let U ~ Dir(1,...,1) and set

wo(U) =S Uidur,  vnis = n%l S 6.
i i=0

Then, for every convex ¢ : C' — R,

1 ~ ~
Jgp(l’unif) S ]EJLp(ﬂO(U)) - / @d,uo - / Spd,un S Hn+1 Jcp(Vunif)~
n+1 C C

Proof. Corollary 1.10 applied with the random weights p = U = (Uy, ..., U,) gives,
almost surely,

(n+1)UminJ<p(Vunif) < J@(NO(U)) S (n+1)UmaxJ4p(Vunif)~

Taking expectations and using Lemma 3.1 and Lemma 3.2 yields

1
n+1 J@(Vunif) S EJ@(,U/O(U)) S Hn+1 Jtp(yunif)~
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The identity in the middle follows from Theorem 2.2: since fig = vynir and
tin, = (Tx)#0p, one has

EJy(ko(U)) = n—lkl > () —/An @(_X;Uﬂi) doy(u) = /deﬁo —/deﬁn»

=0

O

Proposition 3.4 (Concavity of the averaged Jensen gap). With the notation of
Theorem 3.3, one also has

(14) ]EJL,@(MO(U)) S J@(Vunif)~
More generally, the map

F(u):=J, <Z uﬁxz) = Zulgo(xl) — w(Z uzml> (ueA,)
i=0 i=0 i=0

s concave on A,,.

Proof. The first term in F’ is affine in u, while the second term is convex in u because
 is convex and the map u — Z?:o u;x; is affine. Hence F' is concave on A\,,.

If U ~ Dir(1,...,1), then E(U;) = n%rl for every i. Therefore Jensen’s
inequality for the concave function F' gives

1 1
Yy =J unif )
n+1 n—|—1) “0(1/ )

which is (14). O

(V) = EF(U) < F(EV) = F

Remark 3.5 (Explicit form and divided-difference consequences). Since fig = Vunit
and fi, = (Tx)#an:

BIinl(0)) = =g Y ele) — [

i=0 A

n
@ Z ujz; | doy(u).
n j=0

When C = [a, 8] C R and ¢ = f™ is the convex n-th derivative of some f €
C"([e, B]), the Hermite—Genocchi formula gives

/A ) iujxj dop(u) =n! flzo, ..., z,].

Jj=0
Consequently,
1 n
Z £ () — Jpm) (Vanit) < 1! flzo, .., 0]
n+1 =
<— z": F () — S o (Vunif)-
“n+1 n+1°7

=0
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The lower estimate uses Proposition 3.4, whereas Theorem 3.3 also yields the weaker
but structurally informative alternative

n

> F™ (@) = Hygr Jpon (vanie) < 0! flzo, - 7).
=0

1
n+1

In this way the averaged Jensen deficit becomes a direct companion to the recent
divided-difference Jensen inequalities in [2, 3] and to average-value inequalities for
conver functions such as Wulbert’s result [31].

3.1 Dirichlet distribution and simplex reduction

Let a € (0,00)" ", say a = (ao, ..., q,). Write

For singleton parameter vectors, Dir(«;) denotes the unit mass on Ag. For n > 1,
we denote by o, = Dir(aq, ..., a,) the Dirichlet probability measure on A,,, with
density

n

I'(ay) i—1
dog(u) = =———— | | u""  dug- - dup_1.
[Tio T'(ev) g ’

Dirichlet laws form the natural parametric family of probability measures on the

simplex [19, Ch. 49]; see also [7] for their connection with order-statistics techniques.

Their first moments satisfy
a; Oéz'(OZ-s- - Oéi)
E, (U)=—, Var,, (U;) = 4.
=2 0 = S

For I = {ig < --- <ir} € I set

k
ar = (Qigy -5 Q4 )s ~Nr = E Q.
j=0

The following reduction formula is the Dirichlet analogue of Lemma 2.1.

Lemma 3.6 (Dirichlet simplex reduction). Let C C V be convez, let xg, ..., x, € C,
and fir k € {0,...,n}. Let I = {ig <--- < i} C{0,...,n} and define, for u € A,

sp(u) = Zu by(u) == =0 Ui, (s7(u) > 0).

sr(u)

Then for every Borel function h : C — R whose composition in the right-hand
integral below is integrable,

oy

k
(15) /A 51(u) hbr (w) dog (u) = 2L /A WS v, | o, ().
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Proof. The calculation below applied first to |h| justifies absolute integrability and
the use of Fubini’s theorem. The case k = n is immediate, since then I = {0,...,n},
Y1 = a4, and 04, = 04.

Assume 0 < k < n — 1. By relabeling we may suppose that I = {0,1,...,k}.
Write

S::U0+"'+Uk7 ’Y:Z'Y[:Oé0+"'+0ék, ﬂ;:a_,’_—f}/_

Set ¢q = I'(a4)/[li— (). For fixed (ug,...,ux) with u; > 0 and s < 1,
the remaining coordinates range over an (n — k — 1)-simplex of total mass 1 — s.
Substituting uy = (1 — s)w, for £ =k +1,...,n yields the Jacobian (1 — s)"~*~1

and therefore . .
H u?é_l =(1—s)f~ =R H w;f“_l.
r=k+1 t=k+1
Hence the integration over the remaining coordinates contributes the factor

B—1 HZ:kJrl [(eu)
L(B)

Next substitute u; = sv; for j = 0,...,k, with (vo,...,v4—1) € Ag, vp =1 —
Zf;ol vj, and s € [0,1]. Then

(1)

aj;—1
Uj .

k k
-1 _
dug - -~ duy, = s* dvg - - - dvg_1 ds, H u;” = g7~ (k+1)
Jj=0 =

j=0

Therefore

/ sh(by(v)) dog(u)
An

H?:k:«‘rl F(Oé() /1 ~ 1 b k ai—1
=cq L 20 [ §7(1—s)P ds/ h VT v? " dv.
°E o L e 1L

The one-dimensional integral is a Beta integral:

Iy +DTB) _ 7 F()LB)

1
/ s7(1—s)""ds =B(y+1,8) =
0

Plap+1)  agl(ay)
After cancellation, the prefactor becomes
T
o+ [Tz T(ey)
which is precisely ;—i times the normalizing constant of o,, = Dir(a;,,...,a;, ).
This gives (15). O

Remark 3.7 (Recovery of the Lebesgue reduction). If o; = 1 for every i, then
O =0n, 71 =k+1, and 0o, = 0. Hence (15) reduces to Lemma 2.1.
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3.2 Dirichlet-averaged extensions

Averaging preserves convex order for any probability law on the simplex. The
common barycenter depends on its mean, and the averaged Dragomir factors depend
on its coordinate-ratio extrema. The explicit subset formula below additionally
uses the Dirichlet reduction in Lemma 3.6. Since Dirichlet laws form the natural
parametric family on the simplex [19, Ch. 49|, the general extension takes the
following form.

Theorem 3.8 (Dirichlet-averaged Jensen chain). Let C' C V' be conver and fix

20y, € C. Let o= (g, ..., ap) € (0,00)" Tt and write
oy "
i )
= (i=0,... =3 .
q; o (7' ) 9 n)) Q4 gt Q;

Let o, be the Dirichlet probability measure on A,, and define, for k=0,...,n,
,E;CD‘)(A) = / pi(u)(A) dog(u), A C C Borel.
Ap

Then the measures ﬁgf) are probability measures with common barycenter

n
My = E qiTi,
=0

their endpoints are
A =ve =Y 4:6s, A = (Ti) g0,

and they satisfy the convex-order chain
ﬁ%a) jcx ﬁia_)l jcx jcx ﬁga).
Moreover, for every convex g : C — R for which the integrals are finite,
1 ¥ k
~ T
c k) I={io<--<iz}elp T 7B \j=0
Proof. For each fixed u € A,,, the pointwise chain
/’Ln(u) ex Mnfl(u) Sex 7 Dex MO(U)

is given by Theorem 1.4. Integrating against the probability measure o, gives the
asserted convex-order chain.
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Since each pg(u) is a probability measure, so is ﬁ,(f). As in the proof of

Theorem 2.2, Proposition 1.2 shows that the barycenter of uy(u) equals Tx(u) =
oo uixi. Therefore

n

/ctdﬁl(va)(t) =2 (/A i d"a(u)) Ti =) i = ma,
n =0

=0

because E,_ (U;) = a;/ay for U ~ Dir(a).
Expanding the definition of g (u) and applying Lemma 3.6 termwise yields

/ngﬁff):/A (/ng/ik(u)> doa(u)

(i) 3 /Asm)g(b](u)) doa(u)

k) I={ig<-<ir}€Ty

k
1
= ﬁ Z -~ g Zvjxij doe, (v),
k I:{i0<"'<ik}€l-k + JA j=0
which is (16).

For k = 0, the only sets are the singletons I = {i}, for which v; = a; and the
integral over A reduces to evaluation at x;. Hence

n

~(a) Q5
o = — 0y, = Va.
For k = n, one has ﬁS{") = (Tx)#0q by the identity pi,(u) = 7, (). O

Theorem 3.9 (Dirichlet-averaged Dragomir comparison). Let C C V' be convex,
fixxg,...,xn € C, and let a; > 0 fori=20,...,n. Set

n o n
T
Ay = § e79) qi ' = —, Vo 1= § %5951
1=0 =0

ay
Use the averaged measures of Theorem 3.8. Let U ~ Dir(ao, ..., a,) and define
- U Ui
wo(U) = Z; Ui dy,, c_(a):=E [ogliléln ql} ) ct(a) :=E [Orgiaéxn ql} .
=

Then, for every convex ¢ : C — R,

(17) e (@) Jplra) < EILuo@) = [ odif? = [ odilt) < cyfa) Tl
Moreover,

(18) EJy(110(U)) < Jp(va).
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For the uniform choice o = (1,...,1), one recovers
(0) = — (@)= H
c-(0) = —— cy(a) = Hyyq.

Proof. Apply Theorem 1.9 to the random probability vector p = U and the deter-
ministic reference vector q = (qo, - . ., ¢n). Almost surely,

— < U < -
Or<nzl£n q; J ( a) S Jg;(lto( )) 012?<Xn q; J ( )

Taking expectations yields the inequalities in (17). The identity in the middle

follows exactly as in Theorem 3.3, using /7(() @) _ = v, and u(a) (Tx) 400

For the upper comparison (18), use the concave map

ZW ) (Zu x>

from Proposition 3.4. Since E(U;) = ¢;, Jensen’s inequality gives
EJ(10(U)) = EF(U) < F(EU) = J,(va)-
Finally, if « = (1,...,1), then ¢; = n%i_l and

1
n+1

¢ (@) = (n+ DE(Umin) = (@) = (n+ DE(Umax) = Hn1,

by Lemma 3.1 and Lemma 3.2. O

Remark 3.10 (Symmetric Dirichlet family and limiting regimes). In the symmetric
case g =+ =y, = & > 0, one has Vo = Vynir and

c—(a) = (n+ 1)Eq(Unin), cr(a) = (n+ 1Eq(Umnax),

where U ~ Dir(a, ..., «) and E, denotes expectation with respect to this law. The
uniform case o = 1 recovers

1
c-(1) = i (1) = Hp 1,
by Lemma 3.1 and Lemma 3.2. Since
n

Varlli) = e (s Da s 1)

the symmetric Dirichlet family concentrates at the barycenter (1/(n+1),...,1/(n+1))
as a — 00, $0 that Upin, Unax — 1/(n+ 1) in probability and hence

c—(a) — 1, cy(a) = 1.
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By contrast, as o — 07 the symmetric Dirichlet law concentrates near the vertices
of A, so one obtains the extremal regime

c_(a) =0, cr(a) = n+1.

Indeed, ), U? = (a+1)/((n+1)a+1) = 1, and o UZ2 < Upax <1, 80 EUpax — 1
and BUpin < E(1 — Upax)/n — 0. Thus the harmonic-number upper factor is
the special value attached to the Lebesgque case Dir(1,...,1). More generally, the
symmetric Dirichlet family interpolates between a vertex-dominated and a barycenter-
dominated averaging regime; compare [T, 13, 19].

Remark 3.11 (Sharpness discussion). The factor c4(«) in Theorem 3.9 records the
average of Dragomir’s pointwise upper factor; it is not an optimal averaged constant.
The upper constant 1 in (18) is optimal even for a fized positive parameter vector
and any fixed nonconstant real node configuration, when all convex functions are
admitted. Indeed, set b = max; x;, ¢; = a;/at, Q = Zzi:b qi, and

(t—b+e)t

we(t) = I — (r)+ = max{r, 0}.

For sufficiently small e > 0, all nodes below b and the mean my, lie below b — ¢, so
Jo.(Va) = Q. Since T (U) < b almost surely and 0 < ¢.(Tx(U)) < 1, dominated
convergence gives

B1,(00) | EeuTll)
JWE(Va) Q

— 1.

The lower factor c_(«) is also optimal if arbitrary vector-valued nodes are
allowed. On the standard simplex, take its vertices x; = e; and p(t) = —min,(¢;/q;).
Then J,(va) =1 and J,(po(U)) = min;(U;/q;), attaining the lower bound. This
does not determine the best lower factor for a fized real node configuration.

For the quadratic test function ¢(t) = t> on R, the covariance identity

Ty 4i0ij — 4iq;
Cov(U;,Uj) = T

instead gives the exact identity

B (1o(U) = oy Tolva).

For a« = (1,...,1) this factor is (n + 1)/(n + 2), as illustrated for n = 2 in
Example 2.8. Thus the quadratic factor is exact for this test function but is not the
optimal upper factor over all convex functions.
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4. CONCLUDING REMARKS

The main conceptual contribution is a common construction that combines
classical Jensen interpolation with averaging over weights and the Hermite—Genocchi
representation. Convex order records the monotonicity of the entire family, the
reduction identities identify its intermediate measures, and the divided-difference
formulas make this structure available in approximation-theoretic notation. The
Dirichlet version changes the averaging law while preserving this organization.
The construction is also the positive-weight /simplex counterpart of the polytope-
integration method in the Jensen—Steffensen setting [1].

Natural further questions concern optimal lower Jensen-gap constants for
fixed real node configurations and Dirichlet laws, equality in the intermediate
averaged comparisons, and the dependence of these comparisons on the concentration
parameter. The cyclic formulas also suggest studying when a small family of node
blocks gives useful interpolation bounds. These questions concern the strength and
efficient use of the combined framework, beyond the classical ingredients from which
it is built.
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