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Summary
This study aims to clarify the definition of the quadruple inequality, first in metric spaces,
and then in vector spaces and inner product spaces. We also explore some special cases and
present related corollaries. In particular, we examine an inequality that connects four points
and results in six pairwise distances. Additionally, we investigate the relationships among the
four inequalities, including those involving the Cauchy-Schwarz and triangle inequalities.
Keywords : Quadruple inequality- Cauchy-Schwarz inequality-triangle inequality- Metric
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Résumé

Cette étude vise a clarifier la définition de I'inégalité quadruple, d’abord dans les espaces
métriques, puis dans les espaces vectoriels et les espaces a produit scalaire. Nous explorons
également certains cas particuliers et présentons des corollaires associés. En particulier, nous
examinons une inégalité reliant quatre points et donnant lieu a six distances paires. De plus,
nous étudions les relations entre les quatre inégalités, y compris celles impliquant les inégalités
de Cauchy-Schwarz et du triangle.

Mot-clés : Inégalité quadruple - Inégalité de Cauchy-Schwarz - Inégalité triangulaire - Espace
métrique.
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General Introduction

The aim of our study is clarifying the quadruple inequalities: between Cauchy -Schwarz and

triangle.

The inequality is a comparison between two expressions. It is very useful in mathematics,

physics, chemistry, ....

In mathematics, inequalities have a storied history; where we know that Egyptian and
Mesopotamia used them in the measure land and in the build. Around 30 BC, the philosopher
Fuclid used geoMetric inequalities to prove his geoMetric theories, which was written in 250
AD. After that, the italian Niccol Fontana Tartaglia (1499-1557) and the french Frangois Viéte

(1540-1603) generalise the use of algebraic methods to solve them during the renaissance.

Inequalities have a many mathematical studies like Pierre de Fermat, René Descartes, and
Johann bernoulli in the 17th, 18th centuries. These mathematicians help us in current studies.
Then in 1800s, inequalities was generalize by a many of mathematicians; most notably: Joseph-
Louis Lagrange, Hermann Amandus Schwarz and Augustin- louis Cauchy . Their studies are
still use today. And one of them is the quadruple inequalities: between Cauchy -Schwarz and
triangle, it studied by Christof Schotz. Which allows the application of triangular inequality

when we have four points in CAT(0) spaces. see [4]

In this work, we define the important notation and concepts in our study. Then, we rep-
resent the relationship between the Cauchy -Schwarz inequality and triangle. Finally, we give

the important corollaries and applied that in Euclidean Metric space: R2.



General Notations

Let E,V be two set, and A, B are a sub-set of E.

Notation : Definition

AcX o VeeAreX.

A° : the complement of the set A.
0 the empty set.

C the set of complex numbers.
R : the set of real numbers.

N the set of natural numbers.
i.e : it means.

ANB = {x € A such that z € B} .
AUB = {re€AorzeB}.

XxY = {(z,y;zeXyeY}.
inf(A) = {Ve>0,3r € A,z <inf(A)+¢e} .



Chapter 1

Definition and Notations

In this chapter, we recall a many mathematical consepts. we begin by the Metric space,
the normed space and inner product space. After that, we present trianglar inequality and
quadruple inequalities witch are the important tools in our study. Finally, we represent the

relation between them. The main works used in this part of our work are [2], [18] and [13].

1.1 Metric Space

In all this work, we define E a set which

1.1.1 Definitions

Definition 1.1 (see [18]). Let d be a map from E x E in Ry verifies:
1. Symmetric: d(z,y) = d(y,x);
2. Positivity: d(z,y) > 0 if x #y, and d(x,z) = 0;
3. triangular inequality: d(z,z) < d(x,y) + d(y, 2).

(each side of a triangle is at most equal to the sum of the other two).

Remark 1.1. The inequality is immediately deduced:
d(x,z) > |d(z,y) — d(y, 2)| .

(each side of a triangle is at least equal to the difference of the other two).



Chapterl. Definition and Notations

This also implies that if x1.xs, ..., x, are n arbitrary points of E we have:
d(xy,x,) < d(w1,20) + d(29,23) + ... + d(Tp_1,2n).

Definition 1.2 (see [18]). Let (E,d) be a Metric space, a € E, and r > 0.

1. We call open ball of center a and radius r the whole:

B(a,r) =z € E;d(a,x) <r.

2. We call closed ball of center a and radius v the whole:

B'(a,r) =z € E;d(a,z) <.

3. We call sphere of center a and radius r the set:

S(a,r) =z € E;d(a,z) =1.

1.1.2 Topology of Metric Spaces

Proposition 1.1 (see [13]). Let (E,d) be a Metric space.
1. The set E is the union of open balls.

2. Letae€ E andr > 0. Let v € B(a,r) and p =71 —d(a,x), then p > 0 and we have

B(z,p) C B(a,r).

3. Let a,b € E and r1,r9 > 0. For any x € B(a,r1) N B(b,ry), there exists p > 0 such as
B(‘Tap) - B(&,Tl) N B(bv 7"2)-

So the intersection of two open balls is union of open balls.
Proof. 1. Let a € E and r > 0, then we have a € B(a, ), so E is the union of open balls.

2. Let y € B(x, p), then we have

d(l’,y) <p=r-— d((l,Z‘),
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Hence

d(a,z) +d(xz,y) <r.

According to the triangular inequality, we have

d(a,y) < d(a,z)+ d(z,y).

Therefore, we have d(a,y) < r. That is, we have y € B(z,r), so B(x, p) C B(z,r).

3. Let p =inf{r, —d(a,x),rs — d(b,z)}, then p > 0 and it follows from 2 that we have

B(x,p) C B(a,r1) N B(b,r3)

]

Let U be a subset of E, then U is an open for topology 7; if, and only, if for all x € U,
there exists r > 0 such that B(z,r) C U.

Proposition 1.2 (see [13]). Let (E,d) be a Metric space. Then it is separated.

d
Proof. Let be x,y € E such that = # y, then we have d(x,y) > 0. Let r = (x,y)’ then we
have B(z,r) N B(y,r) = 0.
Therefore, (E,d) is separated. O

Converging sequence

Proposition 1.3 (see [13]). Let (z,)n>0 be a sequence in topological space (E,d).
We call that the sequence (z,),>0 is convergent if it admits a limit.

In other word, (x,)n>0 s converging sequence if

lim z,=10<Ve>0,dN €N, tel que Vn > N,d(z,,l) < e.

n—>-4oo

1.2 Normed Space

1.2.1 Vector Space

Definition 1.3. Let V' be a set on which two operations (vector addition and scalar multipli-
cation) are defined. If the following axioms are satisfied for every w,v, and w in V and every

scalar (real number) ¢ and d, then V' is called a vector space.
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o Addition:

(1) u+visinV.

(2) u+v=uv+u.

(3) u+ (v+w)=(u+v)+w.

(4) V has a zero vector 0 such that for every u in'V, u+ 0 = u.

(5) For every w in V', there is a vector in V denoted by —u. such that u+ (—u) = 0.
e Scalar multiplication:
(6) cuisinV.
(7) c(u+v) =cu—+ cv.
(8) (c+ d)u = cu+ du.
(9) c(du) = (cd)u.
(10) 1(u) = u.

Example 1.1. 1. n-tuple space: R™ with: vector addition: (uy,us, ..., u,) + (v1, V2, ..., V) =
(u1 + V1, U9 + V2, .ooy Up + ?)n).

scalar multiplication: k(uy, ug, ..., u,) = (kuy, kus, ..., kuy,).

2. Matriz space: V- = My,x, (the set of all m x n matrices with real values).

Ez: (m = n = 2) vector addition:

U1l U2 n V11 V12 U1 + V11 Uiz + V12

Uz U2 Va1 V22 Uz + V21 Uz + Vog.

scalar multiplication:
Ui U2 kuyy kugs

U1 U2 kuay  Kugs.

3. n-th degree polynomial space: V = P,(z) (the set of all real polynomials of degree n or
less).

Vector addition:

p(x) + q(x) = (ag + bo) + (a1 + b))z + ... + (a, + by)z".
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Scalar multiplication:

kp(z) = kag + ka1x + ... + ka,z".

4. Function space: c¢(—o0,+00) (the set of all real-valued continuous functions defined on

the entire real line).

(f +9)(x) = f(z) + g(z).
(kf)(x) = kf(x).

1.2.2 Normed Space

Definition 1.4 (see [18]). A norm on a K- vector space E is a map:

I E — Ry

ro—=
verifies the following properties:
(N1) For all x € E non null, we have || x ||# 0;
(N2) For all x € E and all X € K, we have || Az ||= |A| || = ||;
(N3) For all z,y € E, we have || x +y ||<|[ = || + || v |- (convezxity inequality).

The space E, provided with a norm ||||, is called mormed space or mormed vector space
( or K-normed vector space, if we want to specify the (corps) K). We often denote such a

space (E,|||]). We deduce from the property (N2) that we have || 0 ||= 0.
Proposition 1.4 (see [18]). Let (E,||||) be a normed space.

1. The above property (N2) is equivalent to the following weakened form.:
(N2’) For all x € E and all A € K, we have || Az ||< |A] || z ||.

2. We can replace the property (N3) above by the following property :
(N3’) For all x,y € E and all t € [0, 1], we have:

e+ A=ty lI<tfz+0 =)yl

3. For all x,y € E, we have the inequality ||| z || — ||y ||| <[z —y ||
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4. The inequality (N3) generalizes to n points. For all xq,xs,...,x, € E, we have:

n
D
i=1

n
<> il
i=1

Proof. 1. It’s clear that (N2)= (N2’).Reciprocally, we suppose (N2’) verified.
Let z € E and A € K.

IfA=0,so0
0 < [ Az
< e fI=0.
If A # 0, so we have
ALz || = (AT AT (M) |
= [ Az
< P

We deduce (N2).

2. We suppose (N3) verified. So for all z,y € E and all ¢ € [0, 1], we have:

[tz + A=ty < f[tel+[ A -0)y]
= tlzl+0=0 1yl

Reciprocally, we suppose (N3’) verified. Let z,y € F, taking t = %, we get:

lz+yll = [15C22) +5Qy) 1< 31122 [ +5 [ 2y
2zl +320yl
= [zl+lyl-
3. We have
lzl = ly+(z—y)|
< lyl+lz=yl
SO
[zl =lyl<lz—yll.
Also, we have
lyll =Nzl < [ly—z]
= llz—yl.
Consequently, we have
[zl =Nyl <llz—yl
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. the last propriety is trivial. We verify that by induction on n.

Topology of Normed Space

We have already introduced open balls in normed spaces.

Definition 1.5. Let (E,||||) be a normed space. A subset G C E is called open (in (E, ||||)) if
for all x € G there exists an € > 0 such that B(x,e) C G. A subset F' C E is called closed if

F¢:= X F is open. The interior of A C E is the union of all open subsets contained in A, i.e.,
intA:=A° :=Ugcac open G-

The closure of A C E is the intersection of all closed supersets of A, i.e.,
clA:=A:=Npcar cosed F-

The following properties now follow straight from the definitions and de Morgan’s laws.
Proposition 1.5. Let (E,||||) be a normed space.

1. The open balls in E are open.

2. 0 and E are open.

3. If Uy, ..., U, are open, then N;_,Uy is open.

4. If (Uj)jes is a family of open sets, then Ujc;U; is open.

5. 0 and E are closed.

6. If Ay, ..., A, are closed, then U;_, Ay is closed.

7. If (Aj)jes is a family of closed sets, then Njcs A, is closed.

8. Let A C E. Then the interior of A is open, the closure of A is closed, andintA C A C clA.
Moreover, A is open if, and only, if A =intA, and A is closed if, and only, if A = clA.

The definition of closed sets and the closure is inconvenient for practical purposes. The following

result connects these notions with the convergence of sequences.

Proposition 1.6. Let (E, ||||) be a normed space and A C E. Then x € clA if, and only, if

there exists a sequence (Tp)nen in A such that x, — x in E.
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1
Proof. Let x € clA. We claim that then for all n € N one has B (a:, —) NA = (). In fact, assume
n

1 1\°
for contradiction that there exists an ny € N such that B (x, —) NA=(. ThenB (m, —) is
o o

1
closed and contains A. Hence clA C B (x, —) , and hence x € A, which is a contradiction. So
o

1
ther exists a sequence (x,,),en in A such that z,, € B (:c, —) foralln € N. Then z,, — zin E.
n

Conversely, suppose that (x,),en is a sequence in A that converges to z € E. We need to
show that € clA. Let F be closed such that A C F. It suffices to show = € F as then by
generalisation x is in the intersection of all closed supersets of A.

Assume for contradiction that x € F°. As F° is open, there exists an € > 0 such that B(z,d) C
F¢. But there exists an nyg € N such that for all n > ng one has x,, € B(z,e) C F°. This is a
contradiction since B (z,e) N F =, but x,,, € B (x,e) N F. We have proved that z € clA. [

We obtain the following consequence.

Corollary 1.1. Let (E,||||) be a normed space and A C E. Then A is closed if, and only, if it
contains the limit of every convergent sequence of elements in A,

i.e., if (Tp)nen is a sequence in A such that x,, — x in E, then x € A.

1.3 Distance associated by a norm

Let (E,||||) be a normed space. For all z,y € E, we put d(z,y) =|| x — y ||. It is easy to verify
that d is a distance on FE, called the distance associated by a norm . The corresponding
topology will be called normal topology . Except mention of contrary, we provide all normed
spaces to the normed topology. The distance d norm associated by the norm has the following

properties:
(a) d(x + z,y + 2) =d(x,y) for each x,y,z € E.

(b) d(Az, \y) = |A|d(z,y) for all z € E, and all A € K.
Conversely, if E' be a K-vector space provided with a distance d having the properties (a)

and (b) above, so d is defined from a norm; It suffices to put || = ||= d(z,0), for all z € E.
Proposition 1.7 (see [18]). Let (E,||||) be a normed space. Then we have

1. The function:
ExE — FE

(z,y) +— z+y

10
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is lipschitzien, so uniformly continuous.

2. The following function is continuous.

KxE — E

Nz) — Az

3. The following function is lipschitzien, so uniformly continuous.

E — Ry

v — |z

4. The translation, and the homotheties of non-null ratio are homeomorphisms of E. In
the other words, for all a € E and all non-null X € K, the following function are

homeomorphisms of E.
E — FE

r — T+a

and
F — F

r — Az

Corollary 1.2 (see [13]). Let (E,||||) a K-normed vector space, (n)n>0,(Yn)n>0 two converg-
ing sequences in E and (X)p,>o be converging sequence in K. Then (T, + Yn)n>0, (AnZn)n>0
and (|| zn ||)n>0 are convergent in their respective spaces, and we have lim, o Ty + yn =
limy, oo Ty + limy, oo Y, limy, oo Ay, = (limy, o0 Ap)(limy, sy oo @y,) et limy, (oo ||

T [|= iy, s oo 2 |-

Definition 1.6 (see [13]). Tow norms ||| and ||| on a vector space E are called equivalents

if there exists a, B €]0,400] such that for all x € E, we have o || z ||<| z 'S S| = || .

We will see that tow norms on E are equivalents if, and only, if they defined the same

topology on E.

Remark 1.2. Let E be vector space and ||||,||||' two norms on E.If there exists a sequence
(Tn)n>0 in E such that the sequence (|| T, ||)n>0 s bounded and the sequence (|| ., ||")n>0 isn’t

bounded so two norms ||| and ||||" aren’t equivalents.

11
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Cauchy sequence

Definition 1.7 (see [13]). Let (E,d) be a Metric space.
The sequence (x,,)n>0 in (E,d) is Cauchy sequence if for all € > 0 there exists no € N such that

for all n > ng,m > ng, we have d(Ty,,x,) < €.

It amounts to the same thing to say that for all € > 0, there exists ny € N such that for all

n € N and for all p € N, we have d(xn4p, Ts) < €.

Proposition 1.8 (see [13]). Let (E,d) be a Metric space.

1. All converging sequence in E is Cauchy .
2. All Cauchy sequence in E is bounded.
3. All sub-sequence of Cauchy sequence is Cauchy .

Proposition 1.9. Let (E,d) be a Metric space and (x,)n>0 be Cauchy sequence in E.

The sequence (xy,)n>0 is convergent if, and only, if it has a convergent subsequence. In other
words, a Cauchy sequence in E with an adherence value is convergent. The adherence value

is then unique. This is the limit of the sequel.

Complete space

Definition 1.8 (see [13]). Let (E,d) be a Metric space.
1. We say that (E,d) is complete if every Cauchy sequence in (E,d) is convergent.

2. A subset A of (E,d) is said to be complete if A with the induced distance is a complete

Metric space.

The fundamental importance of complete Metric spaces is in the fact that, to demonstrate that

a sequence is convergent in an abstract space, it isn’t necessary to know in advance the value of

the limit.

Example 1.2. Let (E,d) be a discrete Metric space, so (E,d) is complete because we have

d(x,y) =0 if  # y, so all Cauchy sequence in E is stationary, then convergent.

12
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Banach space

Definition 1.9 (see [13]). A Banach space be a normed space (E, ||||), witch is complete for

the distance associated to the norm.

Remark 1.3 (see [13]). Let E be a vector space and ||||,||||' two equivalent norms on E. So

(E, || s a Banach space if, and only, if (E,||||") be a Banach space.

1.4 Inner Product Space

In the following all vector spaces are assumed to be over the real or complex field.

Definition 1.10. Let V be a complex or real vector space. The function (.,.) : V. xV — C (or

R) is an inner product if it satisfies the following properties for all vectors x,y,z € V and all

scalars o, B € C (or R).
1. (z,z) e R>0 and (z,z2) =0 =2 =0,
2. (w+y,2) = (r,2) + (y,2),

3. {az,y) = alzx,y),

4. (x,y) = (y,x), (for a real vector space (x,y) = (y,x)).

Definition 1.11. A vector space with a particular inner product defined on it is called an inner
product space, sometimes a real or complex inner product space depending on the field over

which the vector space is defined.

Example 1.3. A first example is the real or complex (standard) Euclidean inner product over
R"™ or C":

ry €R": (z,y) =y w =)z
i=1

Ty €C: (z,y) =y e =) a7,
=1

We show the properties for the complex case, z,y € C" and o € C (Note that this constitutes

a proof that the Euclidean inner product is indeed an inner product).

1. (z,z) =272 = Zx,fl = Z |z;|* > 0 Moreover, (v,z) = |7;> =0 z; =0fori=1,..n < x =

i=1 i=1
2 (z+y2) =2T@+y =D (@ty)E=) (@F+yZ) =) (7)) + Y (4Z%) =
i=1

=1 =1 =1
(z,2) +(y, 2).

13
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n

3. {ax,y) = yT(QZU) = Z(O‘xi)yz’ = azxiyi = a(z,y).

i=1

4 (yo)=aTy=> yTi=)» xg = (1.y).
=1 =1

Example 1.4. Consider Py, with a standard basis B = {1,t}. We will show that the following

defines a valid inner product on this space:

(p, @) = [a]n[pls.

* Let p(t) = ag + ast be arbitrary. Since (p,p) = [pl&[pls = ad + a2, this quantity is clearly

greater than or equal to zero. It is zero iff both ay and ay are 0, in which case p is the

zero polynomial (which is the 0 of the vector space).

e Let p(t) = ag + art, q(t) = by + bit, z(t) = co + c1t be arbitrary vectors. Then

(p+2,q = [bo,bi] (a0 + o)
<a1+01)
o, 0] | ™ | + 100,00 [
= (p,q) +(2,9.

e Let p(t), q(t) arbitrary as before, and ¢ € R. Then

(cap)
<C’ > = [b0>b1]
D, q (car)
= C[bo,bl] a0
= c(p,q)-

e Let p(t), q(t) arbitrary as before, then (p,q) = (q,p) easily follows from the fact that for

two vectors a,b in R?, bTa = a’b.

Definition 1.12. Given an inner product on a vector space V', we say that two vectors v,u € V

are orthogonal if their inner product is zero.

14
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Important: if you change the inner product on a vector space, you may not preserve orthog-

onality!

For example, if V. = Py, and given p,q € V, if they are orthogonal in the inner product
defined in Example 1.4, it does not necessarily mean they are orthogonal in, say, the Ls[a, ]
inner product. Indeed, Py equipped with the Fxample 1.4 inner product is a different inner

product space than Py equipped with the Lyla,b] inner product.

1.5 Triangle inequality and its variation

The triangle inequality is one of the most important identities in calculus. If you haven’t seen
it in the past or don’t know the proof, then this is document is for you! I will be using it

throughout the course and it comes up enough that I think you guys should see the proof.

Recall: Given a real numberz we know intuitively that |x| is the size of z. More formally,

we can say that

|z| = Va2,

When we say that |z| < y we mean that the size of x is less than y independent of the sign of

z. So |z| < y is a shorter but equivalent way of saying
r<yand —z <y.

With that bit of notation out of the way we can now state the triangle inequality.

Theorem 1.1 (Triangle inequality). If a, b are real numbers then,
|a+ 0] < af + |0].
Proof. Since z < |z| for all x we have ab < |ab|. Thus we have
a® + 2ab + b* < |a|* + 2|al|b] + |b]>.
Since both sides are perfect squares the above is equivalent to,

(a+b)* < (la| + [b)*.

15
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By taking square roots of both sides we the triangle inequality,

|+ 0] < fa] +b].

O
Sometimes the following corollary is useful.
Reverse triangle inequality
Corollary 1.3. If a, b are real numbers then,
ol = fal| < la 5]
Proof. Note that by the triangle inequality we have,
la] = [(a=b)+b] < |a—b[+]b]
bf = [(b—a)+al < [b—al+]a]
Or equivalently by rearranging,
laf = [b] < a — 8] and [6] — |a| < |a — b].
By the remark above this is equivalent to the reverse triangle inequality,
[l = fal] < la— b
O

1.6 Cauchy -Schwarz inequality and its signification

The Cauchy -Schwarz inequality is an elementary inequality and at the same time a powerful

inequality, which can be stated as follows:

Theorem 1.2. Let (ay,as, ..., a,) and by, bs, ..., b,) be two sequences of real numbers, then

(ga?) (2:; b?) > (2:; aibi)Q. (1.1)

16
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with equality if, and only, if the sequences (a1, as, ..., a,) and by, by, ..., b,) are proportional, i.e.,

there is a constant X such that a;, = \by, for each k € {1,2,...,n}.

As is known to us, this classical inequality plays an important role in different branches of
modern mathematics including Hilbert spaces theory, probability and statistics, classical real
and complex analysis, numerical analysis, qualitative theory of differential equations and their
applications (see [1-12]). In this paper we show some different proofs of the Cauchy -Schwarz

inequality.

Some different proofs of the Cauchy -Schwarz inequality

Proof. Expanding out the brackets and collecting together identical terms we have

Zn: Xn:(aibj — ajbi)Q = Zn: (]J? Zn: b? + Zn: b? Zn: CLJZ -2 Zn: aibi Zn: bjaj
=1 7j=1 1=1 =1 7j=1

i=1 j=1 ] j i J=1

(5 (59) 2 ()

because the left-hand side of the equation is a sum of the squares of real numbers it is greater

(£ ()= ()

than or equal to zero, thus

O
Proof. Consider the following quadratic polynomial
i=1 i=1 i=1 i=1
Since f(x) > 0 for any = € R, it follows that the discriminant of f(x) is negative, i.e.,
(San) - (30¢) () <o
i=1 i=1 i=1
The inequality (1.2) is proved. O

17
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Proof. When Z a? =0 or Z b7 =0, (1.2) is an identity. We can now assume that

i=1 i=1

b; .
=Y for (i=1,2,...,n),

An: 2 07Bn: b2 vai:La i
;az 7 2_; P # V)

then . ;
doai=) =1
i=1 i=1

The inequality (1.2) is equivalent to
Ty + Tayo + ..+ LYy < 1,

that is
2@y + Toyp + oA oY) ST TS+ Tn Y Y Y

Or equivalently
(71 — y1)2 + (w2 — 92)2 + ot (zn — yn)2 >0,

which is evidently true. The desired conclusion follows. [

Proof. Let A= +/a?+ a3+ ..+ a2, B=/b? + b3+ ...+ 2.

By the arithmetic-geometric means inequality, we have

" a;b; "1 /a? b2
1Y < - o o — 1
1AB‘£2<A2+BQ) :

=1

1=

so that

> aib; < AB = \/a% +a3+ ... +a3,\/b% + 024 .. b2

(&) =(54) (52)

Proof. Construct the vectors o« = (aq,as,...,a,), 8 = (b1, b, ....,b,). Then for arbitrary real

Thus

]

numbers ¢, one has the following identities for scalar product:

(a+Bt).(a+pt) =  aa+2(a.p)t+ (8.8)t
<~ |a|® + 2(a.B)t + | B[}
= la+tB> > 0.

18
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Thus
(a.8)? = lal’|B]* < 0.

Using the expressions

. ﬁ = a11)1 + a262 + ...+ Clnbm ’05’2 Zazu ’5’2 Zb

Proof. Construct the vectors o = (ay, as, ..., a,), f = (b1, be, ..., by). From the formula for scalar

we obtain

]

product:
a.f = |af[B|cos(a, B),

we deduce that

af < ol

a.B = aiby + asby + ... + apb,, |af? = Zal, 182 = Zb
we get the desired inequality (1.2). O

Proof. Since the function f(x) = 2? is convex on (—o0,+00), it follows from the Jensen’s
inequality that
(P11 + pota + o + Potin)® < P13y + P2y + o+ P (1.2)

where z; € R, p; > 00 =1,2,....,n), p1 + p2+ ... + p, = L.
2

b4+ b3+ ...+ b2

Case I If b; #0 fori=1,2,...,n, we apply z; = % and p; = to the inequality

1.2 to obtain that

arby + agby + ... + anb, 2<< a2 +ad2+ .. +a?
b+ 03+ ...+ 02 T bR+ D2

I

that is
(arby + agby 4 ... + anby)? < (a2 + a2+ ...+ a?) (V2 + 03 + ... + b2).

19



Chapterl. Definition and Notations

Case II If there exists b;, = b;, = ... = b;, = 0, one has

n 2 2
(San) < (X e
1=1 (FL AT P LS AN

§ 2 E 2
SRS 10151, 1<I<n

IN
S
¥
~
-

0
IN
3

IA
R
.[ s

)

e
~_—
R
.[ s

o>

&
~

This completes the proof of inequality (1.1).

Proof. Define a sequence {S,} by
Sn = (a1by + aghy + ...+ apbp)® — (a2 + a2 + ...+ a2)(P? + b2 + ...+ b?).

Then

Spi1— Sy = (arby 4+ agby + ... + api1by1)’ — (@3 4+ a3+ ..+ a2 ) (B2 + 03+ ..+ B2,,)
— (ayby + agby + ...+ apby)* + (a2 + a2 + ..+ a2) D2+ D3+ ...+ 1?),

which can be simplified to
Sn+1— Sp = — [(albn-i-l - blan+l)2 + (agbni1 — b2an+l)2 + oo+ (anbpa — bnan+l)2:| )

SO

We thus have

which implies the inequality (1.2).
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Chapter 2

Quadruple inequality

Introduction

In this chapter, we represent the important theorems, which give us a mean for the relationship
between the Cauchy -Schwarz and triangular inequalities. In this chapter, we use [7], [15], [8],

[1], [10], [30].

2.1 Relating Cauchy -Schwarz and Triangle Inequality
The Cauchy -Schwarz inequality states that in any inner product space (V{.,.)).
(u, v) < [lullf|o]- (2.1)

for all u,v € V', where ||u|| = /(u,u).

Indeed, by using the inequality (2.1).
For all u € V' we have

(u,u) < lul®

So,
[ull = V/{u, u). (2.2)
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Chapter2. Quadruple inequality

And, for all w € V so —u € V we have

(—u,u) = —(u,u)
< =[]

= —lul®

Then, (u,u) > |Jul|*>. So,
[ull = v/ (u, u). (2.3)

By using (2.2) and (2.3), then

[ull = v/ {u, ).

In any Metric space (F,d) the triangle inequality
D,Z<p,y+Yy, =z (2.4)

is true for all p,y, z € E, where we use the short notation p; z := d(p; z).

Definition 2.1. Let (E,d) be a Metric space. Consider the inequality be:

fa) = f@p) — f(Z ) + f(ZD) < L pf' (y2)- (2.5)

fory,z,q,p € E, a differentiable function f : [0,00) — R with derivative f', and a constant
Lf S [0,00)

We call (2.5) a quadruple inequality, since it creates a relationship between the six distances

among four points. See figure 3.2.

Figure 2.1: Four points and their six distances.
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Chapter2. Quadruple inequality

Proposition 2.1. For z,y,p,q € E, and for fi(x) =z , f{(z) =1 and Ly = 2 we obtain:

Y,4—Y,p—%q+7Z]p<2qp. (2.6)

<

Proof. For all y,p,q € E, we have:

:
[
IN
=
:
_l’_
=
:

And for all z,p,q € E, we have:

So,

that implies,

O
Remark 2.1. e 1. The triangle inequality (2.4) implies (2.6). Indeed:
For all y,p,q € E, we have:
Va<y.p+pq (2.7)
For all y,p,q € E, we have:
YP=Y,q+qp (2.8)
For all z,p,q € E, we have:
ZPp<Zq+qp (2.9)

We add (2.7), (2.8) and (2.9) side by side, we get

Y,q+y,p+zp < Yp+pq+Y,q+q¢p+%Zq4+qp
Y.9—Y,p—Zq+Zp < Y, q—Y,p+2p,q+q.p
< -y p+y,p+Dp,q+2p,q—p,q
by using the triangly inequality
< 2p,q.

2. The triangle inequality, (2.6) implies (2.4) by setting z = q.
Indeed:
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Chapter2. Quadruple inequality

By setting z = q, we have

S0

then

since the distance is Symmetric, we have

N —UD — 5 +5D <24, U,z (2.10)

Indeed:
for fo(z) = 2? | fi(x) =22 and Ly = 1, we substituted in (2.5), we have

If we assume that the Metric space (F, d) is induced by an inner product space (V(.,.)),i.e.,.E =
V and d(q,p) = |lqg — p||, then (2.10) becomes

2(g —p,z—y) <2llg—plllz -yl
Definition 2.2 ( Convex Map). Let f be a function. We call that f is convex if and only if

VA€E0, 1 f(Az+ (1= XNy) < Af(2) + (1= A)f(y).

Lemma 2.1. Let f be a derivable function, so:
* f convex < f' non decreasing.
* f concave & f' decreasing.

Definition 2.3 ( Set S). Let f :]0, +00[— R, and let S be the set of f verified:
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Chapter2. Quadruple inequality

1. f non decreasing and derivable.
2. f convez.

3. [ concave.

In the following, the function f € S.

Theorem 2.1. Let f € S. Assume f is not constant. Then the quadruple constant of f fulfills
Lf S [1, 2].

Proof. The poof of the previous theorem is in [4]. See page 821. [

Remark 2.2. Note that Ly, =1 and f = fy in (2.5) yields the Cauchy -Schwarz inequality.
Hence, we can interpret the quadruple constant Ly as a factor describing the distortion of the

Cauchy -Schwarz inequality induced by applying f instead of fs.

Definition 2.4 ( The set Sy). Let f :]0, +oo[— R, and let Sy be the set of functions in S with
7(0) = 0.

Theorem 2.2. Let (V,(.,.)) be an inner product space with induced Metric d. Lety,z,q,p € V.
Let f € Sy. Then

fwa) - o) f(Z9 + fZD) < f@Dp) + [(7.2). (2.11)

Proof. The poof of the previous theorem is in [4]. See page 821. [
Remark 2.3. This can be viewed as a generalization of the parallelogram law in inner product
spaces, ||u+v|]? + [|u —v||* < 2||ul|? + 2||v||* for u,v € V, as it implies

fUllw+oll) + F(lw = ll) < 2f(lull) + 2/ (l0]])- (2.12)

for f€.5.

Corollary 2.1 (In inner product spaces). Let (V, (-, - )) be an inner product space with induced

norm ||.||. Let u,v € V.

(i) Let f € Sy. Then
FUull) = floll) < flu = ol f(lu+ ol). (2.13)

(11) Let o € [1,2]. Then

lull = floll* < 02" lu — vlflu + o[>~ (2.14)
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(1) Let f € Sy. Then

fUlw+oll) + FF(llw =ll) < 2f (lul]) + 2/ ([l0]]). (2.15)

(ii) Let o € [1,2]. Then
[+ 0| + flu = vf|* < 2fjul]* + 2{[o][*. (2.16)

Proof. For the first two parts, set y = 0, 2 = u+ v, ¢ = u, p = v; for the last two parts, set

y=0,2=v,q¢q=u+wv, p=u Then apply Theorem 2.3, Theorem 2.2, and Proposition
2.2. Il

2.2 Parametrization

Proposition 2.2 (4-point parametrization). (i) Let (E,d) be a Metric space and y, z,q,p €
E. Seta:=7z,p, c:=7,p, b:=q,p, s := cos(ypq), r := cos(zpq), t := cos(ypz), with all

angles measured as in an isometric 3-point embedding in the Fuclidean plane. Then,
T2 =a’+ 2 —2ac, T, g =c+b*—2sch, Z,q° =a’+0b*— 2rab.

Furthermore, a,b,c € [0, +00), r,s,t € [—1,1], and

b2 — rab — scb + Va? — 2rab + b>v/c2 — 2scb + 12,
—rab < * —tac— schb+ Va? — 2tac + 2/ 2 — 2sch + b2, (2.17)
—scb < a® —rab — tac + Va2 — 2rab + b2\/a? — 2tac + 2.

—tac

IN

(ii) For all a,b,c € [0,+00), r,s,t € [—1,1] that fulfill (2.17), there is a Metric space (E,d)
with a quadruple of points y,z,q,p € E such that

a:=2z,p, C:=Y,p, b:=qp
U 22 =a’—2tac+c? G, = —2scb + b Z,¢° = a® — 2rab + b2
Proof. (i) The inequalities (2.17) are due to the triangle inequality,
Y,Z2=Y,q+ 7z, 2,49, 2+Y,q, U,4=Y,2+Z2,q
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Indeed,

=
IS

N
IA
T

and, we have
.22 = (zp—7,D)?
zZ. 0+ 7. D" — 2y, p.

Ast = y,: sotz,p u,p =¥, p° i.e: tac = ¢* and the previous equality become 7,z% =

a?® 4+ ¢ — 2tac. Then

a? 4+ —2tac < A+ b%—2scb+ a® + b% — 2rab + 2v/c2 + b2 — 2scbv/a? + b2 — 2rab
a?> + 2 —2tac < &+ 2% — 2s¢b + a? — 2rab + 2v/c® + b2 — 2scbva? + b2 — 2rab
—2tac < 2b% — 2s¢b — 2rab + 2v/c2 + b2 — 2scbv/a? + b2 — 2rab

—tac < b — sch —rab+ /2 + b2 — 2scbv/a? + b2 — 2rab.

We can proved the other inequality by the same way.

(ii) Define a four point set F with elements named y, z,q,p. Define d : E x E — [0,400)
with the equations given in the lemma, extended by symmetry and d(z,z) = 0 for all
x € E. By construction, d is a semi metric [8] (vanishing distance for non-identical points

allowed) so that identifying points with distance 0 yields a Metric space.

O
va* +c* = 2tac va®+ b2 = 2rab
Y Ve b 2sch q
Figure 2.2: A 4-point parametrization. We denote <x := arccos(z)
With this parametrization and
a® — c — (a* = 2rab + b*) + (* — 2scb + b*) = 2b(ra—sc). (2.18)

(2.10) can be expressed as

b(ra—sc) < bva? — 2tac + 2, (2.19)
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and (3) becomes
fa) — fle) — fu(a® = 2rab+ b?) + fo(c* — 2sch + b*) < Lybf'(a® — 2tac + c?), (2.20)

where we use the shorthand f\ (z) := f(y/z). Thus, Theorem 1 is equivalent to showing that
(2.19) implies (2.20) for all a,b,c € [0, +00), r,s,t € [—1,1] that fulfill (2.17). We will prove a

stronger but simpler looking result in section A :

Theorem 2.3. Let (E,d) be a Metric space. Lety,z,q,p € E. Assume

Let f : [0,00) — R be differentiable. Assume is non-decreasing, conver and has a concave

derivative f'. Then

f@q) = f@p) — f(Z0) + f(ZD) < L pf (V%)

Definition 2.5 ( The set S%). Let C*([0,+00)) denote the space of k-times continuously differ-
entiable functions [0,4+00) — R, where derivatives at 0 are taken as right derivatives. Denote
So:={f € S: f(0) =0}. Denote S* := SN C*|0,+00)) and S§ := Sy N C*([0, +0)) for
ke NUoo.

Since,
Theorem 2.4. Let a,b,c > 0, r,s € [—1,1], and f € S3, where a,b,c,r,s are defined in
parametrization. Then

fa) — flc) — fula® — 2rab + b*) + fo (¢ — 2scb + b?) < 2bf'(max(ra—sc, la—c|)).  (2.21)

Proof. The poof of the previous theorem is in [4]. See page 826. 0

Theorem 2.5. Let f € S. Let (E,d) be a Metric space. Let y,z,q,p € E. Assume, there is
L € [2,00) such that

U0 -Up — 50 + 5D < LgpyiE. (2:22)

Then
fw.a) = fly,p) = f(z,0) + f(z,p) < LTS (y, 2). (2.23)
Proof. The poof of the previous theorem is in [4]. See page 827. O
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Proof. Let (2.10) hold, then using the proposition assume 2.2, we have:
fy.q) = f(y.p) = f(z,0) + f(z,p) < 2d(p, q) f'(d(y, 2)).
Using the parametrization, this translates into:
fla) — f(c) — fu(a® = 2rab + b*) + fr.(c* — 2scb + b*) < 2bf! (a® — 2tac + c?).

This equivalent formulation reduces the proof of theorem 1 to proving this inequality for all

values of a, b, c,r, s,t that satisfy the Metric constraints.

Since theorem 2.4. This result is stronger than theorem 2.3 because it allows the right-hand

side to depend on different values of f’ rather than just 7, z.

Lemma 2.2 (Elimination of r ). Let f € Sp.

(i) For all a,b,c € [0,4+00), s € [-1, min(1, o _ 1)], we have
c

f(a) — f(c) — f(la —b]) + fo(c® — 2s¢b + b*) < 2bS'(a — sc). (2.24)

(ii) For all a,b,c € [0,400) with a > ¢, we have
fla) = f(c) = fu((a—b)* —4bc) + f(b+c) < 2bf' (a — c). (2.25)

According to lemma 2.2, we show that the problem reduces to considering only the param-

eters a, b, ¢, s simplifying the proof.

We define the function:
Fi(a,b,c,s,7) = f(a)—f(c)—fn(a® — 2rab+ b*)+fo (¢ — 2scb + b%)—2b (max (ra — sc, |a — c|)) .

The strategy is:
1. Show f is convex in r.

2. Check the inequality at the extreme value of r, since a convex function attains its maxi-

mum at the boundary.
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3. Use explicit computations of F} for special values of r, s to confirm that the inequality

holds.
The proof is completed by checking cases for different values of a, b, c:
- If a > ¢, a direct bound follows from lemma 2.2.
- If a < ¢, the inequality follows from another case in lemma 2.2.

Thus, theorem 2.4 is proven.

Now, we apply theorem 2.4 back to theorem 2.3:

1. The assumption d(y, q)? — d(y,p)* — d(z,q)* + d(z,p)?* < 2d(q, p)d(y, z) allows us to set:

L=2.

2. Theorem 2.4 gives an inequality with a more flexible bound.
3. The key idea is that since the bound in theorem 2.4 never exceeds 2d(q, p)d(y, z), theorem
2.3 follows as a special case.
O
As a, b, c be a lengths so they are greater then 0. and as s,r be a cos of angles so they are

in [—1;1].
From Theorem 2.4, we obtain a slightly stronger result than Theorem 1 by relaxing (5):

Theorem 2.6. Let f € S. Let (E,d) be a Metric space. Let y,z,q,p € E. Assume, there is
L € [2,+00) such that
U0 ~Vp —%4q + %P < Lg Py = (2.26)

Then
f(yv(J) - f(yvp> - f(Z7Q) + f(zap) < LWf/(yv Z) (227)

Proof. Proof that Theorem 2.4 implies Theorem 2.6. Let f € S3. Using (2.18), the Metric

version of (2.21) is
fTO—f@D) - FZ )+ f(ZD) = fa)—flc)— fu(a® — 2rab+ b))+ fr (¢ — 2s5cb + b?). (2.28)

By using the theorem (2.4):

fa) = fmp) — f(0) + f(ZD) < 2bf (max(ra—sc, [a—])).
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Assume that (2.18) holds. then

a? — ¢ — (a* — 2rab + b*) + (¢ — 2scb + b?) |a—c|)>

F@D) P~ f D+ (7)< 2bf (max ( -

So
@) — fy:p) — f(z79) + f(ZD)

(2.29)

—D —2 —-—2 —-—2
_ Y,q" —Y,pm — 2,94 +va — PR
<2g,pf (maX< D ,|z,p—y,p|>>-

Assume that (2.26) holds, and by using the triangle inequality. the previous inequality become:
— S— — — Y Lyz ___
f(y7Q)_f(y7p)_f(27Q)+f(Z7p) §2qapf max T?yaz .

By using Lemma 2.5 (ii) and £ > 1, we obtain (2.27).

2.3 Nondecreasing, convex functions with concave deriva-
tive

The following lemma illustrates that all functions f € S® are between a nondecreasing linear

function and a parabola that opens upward. It can be shown via Taylor approximations.

Definition 2.6 (Nondecreasing Function). Let f € S3. Let z,y € [0,+00). Then f is nonde-

creasing function if

r<y= f(z) < f(y)

Lemma 2.3 (Polynomial bounds). Let f € S3. Let x,y € [0,+00). Then

(i)
Fl) +9f'@) < flo ) < F(2) +yf (@) + 5927 (@),

(i)
fl@) < flle+y) < fl2) +yf (@)

In the next lemma, we provide useful bounds for the proof of the main results.

Lemma 2.4 (Difference bound). Let f € S.
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(i) Let x,y € [0,+00). Assume x >y. Then

L@ ) < ) - 1) < - nr (T3,
(11) Let z,y € [0,+00). Then
fle+y) = f(lz = yl) < 2min(z, y) f'(max(z, y)).

Proof. (i) For the lower bound, as f’ is concave,

f(x) = f(y)

Jy £'(u)du
> (z—y)fo (L=0)f'(y) +tf (x)dt

T —

= ) + 1@

For the upper bound, concavity of f’ implies the existence of an affine linear function h

with h(u) > f'(u) for all u € [0, +00) and

h <x;y) — 7 (%) . (2.30)

Thus,

(ii) Follows directly from the upper bound in (i)

The following lemma is a consequence of f’ being concave.
Lemma 2.5 ( Concave derivative ). Let f € S.

(1) Let z,y € [0,+00). Then

Platn) < 7@+ £ <20 (752,

(i1) Let a,x € [0,+00). Then
f'lax) = af'(x) fora <1,

f'(azx) < af'(z) fora>1.
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(iii) Let x,y € [0,+00). Assume y > x. Then
zf'(y) < yf'(z).

In the proof of Theorem 2.3, we will first show the result for f € S® and then approximate
the remaining functions in S via smooth functions. The following lemma shows that this is

possible.

Lemma 2.6 ( Smooth approximation ). Let f € S. Then there is a sequence (f)nen C S
such that f(x) = lim, e fn(x) and f'(z) = lim, o f) ().

Proof. We will smooth f’ by convolution with a mollifier. The convolution is executed in the
group of positive real numbers under multiplication endowed with its Haar measure (A) =

1
/ —dx for A C (0,400) measurable.
AT

For n € N, let ¢, € C*((0,400)) be a sequence of nonnegative functions with support in

lexp(5}), exp(;)] and

T

/OO onl®) 4 g, (2.31)

Let f € S with derivative f'. For n € N, x € [0, +00), we define

fo(z) = f(0) + /OI /000 <pnT(Z>]”' (%) dzdy. (2.32)

Then, for y € [0, +00),

fuly) = /0 > wnz@ 7 @) dz = /R e ) (2.33)

Thus, s — f/(ye®) is the convolution of t — ¢, (e") with t — f’(e). Using standard results on

convolutions, the mollified function has following properties:
(i) f! is infinitely differentiable on (0, +00), because ¢, is,
(ii) f! is nonnegative, nondecreasing, and concave, because f’ is and ¢, is nonnegative,
(iii) Tim. f1 = f'(x). because f’ is continuous.

Furthermore, f,, is convex, as ff; is nondecreasing and h_}ralo fn = f(x) by dominated conver-
n

gence. Thus, (f,)nen C S°°, and the sequence has the desired point-wise limits. [
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Theorem 2.7. Let (E,d) be a Metric space. Lety,z,q,p € E. Assume

UG —UD — %4 + %D < 20,DY, %

Let f € S. Then
f@o - fwp) - [(Za) + [(ZD) < 201 (¥,7). (2.34)
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Chapter 3
Application

In this chapter, we represent the important corollaries of the relationship between the Cauchy
-Schwarz inequality and triangular inequality. After that we give an example in Euclidean

space. we use [25], [14], [24], [1].

3.1 Corollaries

With Theorem 2.3 and Theorem 2.2, we have shown new fundamental inequalities in Metric
spaces and inner product spaces that are related to the Cauchy —Schwarz and the Triangle

inequalities. In this section, we discuss some corollaries of these results.

3.1.1 Symmetries

Figure 6 illustrates the symmetries in quadruple inequalities. Sides of the same color contribute
essentially in the same way in the inequality. In (2.5), the diagonals of Figure 3.1 come up
in non-exchangeable terms. But they can be swapped in the assumption (2.10). Thus, if the

conditions of Theorem 2.3 are fulfilled, we have, for f € S,

f@0) - f@p) - f(Z9) + f(ZDp) < 2min(q,pf (,2), 7, 2 (T D). (3.1)
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Chapter3. Application

Figure 3.1: Four points as a quadrilateral. The sides of the quadrilateral show up on the left
of the quadruple inequalities (the terms of opposite sides have the same sign); the diagonals

form the right-hand side.

Furthermore, swapping y and z or ¢ and p does not influence the right-hand side but changes

the sign on the left-hand side. Thus, assuming

U, D — %4 +7%,p°| <2¢,py, 2.

we get

f @) — f@p) — [f(Za) + ff(ZD) < 2min(@pf (7:2), U, 21 (@ D).

Further bounds of the right-hand side are shown in the next subsection.

3.1.2 Bounds for the right-hand side

Corollary 3.1. Let f € Sy. Let (E,d) be a Metric space. Lety,z,q,p € E. Assume

U0 YD —%5q 5D <20P UE
Then the value
fwa) - fyp) - f(Z9 + f(ZD)
is bounded from above by all of the following values:
(1) 2min(g, py, z) f'(max(q, py, 2)),
(it) 20 7°7. 2 f(@ P "7, 2"). for all B € [0,1],

(iir) 2(8q,p+ (1 = B)y,2) f'(1 = B)g,p + By, z). for all 5 € [0, 1],

() 2/T. 0y, 2f' (VT D),

() @P+T2)f %)

)

(3.4)

(3.5)
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(viit) 2f (@, D) + 2f(y,Z).
Proof. We first apply Theorem 2.3 twice, to (y, 2, ¢, p) and to (g, p,y, z), to obtain
|f@ @) — f(@.p) — f(Z70) + f(ZD)| < 2min(7,py, 2) f'(max(7, Y, 7)) (3.6)

This shows (i). Let a,b € [0,+00) and 3 € [0, 1]. Next we use Lemma 2.5 (ii) and the weighted

arithmetic-geoMetric mean inequality,

min(a, b) f'(max(a,b)) < a’b'=Pf (a'=Pb?)
< (Ba+ (1 =p8)b)f'((1 = Ba+ Bb).

Applying these inequalities to 3.6 shows (ii) and (iii), and their special cases (iv) and (v), where

B = 3. By Lemma 2.4 (i) with y = 0, we have

af'(x) < 2f(2). (3.7)
for all x € [0, +00). Thus,

min(a, b) f'(max(a,b)) < Vabf'(vab)
< 2f(Vab),

which yields (vi). The remaining parts (vii) and (viii), can be obtained using 3.7 and Jensen’s

inequality:

IN

a+b a+b
min(a, b) f'(max(a, b)) _2|— f,< —Zi_ >

2f(a—2kb)

< fla) + f(b).

VAN

3.1.3 Corollaries for special cases

We apply Theorem 2.3, Theorem 2.2, and Proposition 2.2 for a triple of points (a quadruple of
points with two identical points) and for parallelograms in inner product spaces to demonstrate

the main results.
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Corollary 3.2. Let (E,d) be a Metric space. Lety,q,p € E.

(i) Let f € Sy. Then
@9 = f@p) + f@Pp) <201 (70 (3.8)

(i1) Let o € [1,2]. Then

U0 — Ut + 0" < a2 py, g (3.9)

Proof. By the triangle inequality, |7,q — @, p| < ¥, p. After squaring this inequality, we obtain
(5) with z = ¢, which is

2 _

UG —U,p + 4P < 23,0y, (3.10)

Thus, Theorem 2.3 implies (3.8) and Proposition 2.2 implies 3.9. O

Remark 3.1. Recall the parallelogram law: Let (V,(-, -)) be an inner product space with
induced norm ||.||. Let u,v € V. Then

lu+ vl + flu = ol* < 2fjull® + 2||v]* (3.11)

which is also true with equality. Thus, we can say that Corollary 2.1 generalizes the parallelogram

law.

3.2 Quadruple inequality in Euclidean space: R?

Example 3.1. Let p=(0,0), ¢ = (1,—-1), y = (—1,-1), 2 = (0,1). We have:

77p=v0-12+0+12=v1+1=v2

Zg=v1-02+(-1-12=v1+4=15.

7=+ (1+1)2+(-1+1)2=Vi+0=2

ZPp=v/0—-02+0—-12=V/0+1=1
72=V0+1)2+(1+1)? =VI+d=V5
aP=vV0—-12+0+12=vI+1=v2
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The points p,q,y, z € R? verify the Cauchy - Swartz inequality 2.10 for f(x) = z%. because:

TP TP -nP AT = 2-V2 V5 +12= -2

< G PpUE=2%vV2% V5 =2V10.

And it verify the inequality 2.5. because:

—2 < 2.L; xV/10.

for all Ly € [0, +o00].

Figure 3.2: Example of quadruple inequality in R?

3.3 Statistics

[see [4]] Quadruple inequalities, such as (2.5), can be used to establish convergence rates for
certain types of means in metric spaces. A key example is the Fréchet mean (or barycenter),
which is defined as the minimizer of the expected squared distance to random variable Y in a

metric space (E,d). If (Y) has a finite second moment, the Fréchet mean is given by:

m = argmin E[Y, ¢ ].
gminE[Y, ]

Similarly, the Fréchet median minimizes the expected distance:

m = arg min E[Y, ¢,
gminE[Y, g]

and more generally, the f-Fréchet mean is defined for a loss function f : [0,00) — R as:

m := arg min E[f (Y, q)],

qeQ
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Given a sequence of independent random variables Y7, Ys, ... with the same distribution as Y, a

fundamental statistical problem is to bound the distance between the sample f-Fréchet mean:

n

1
My 1= argmin—z f(Yi,q),

9€Q N 4
=1

and its population counterpart m. Quadruple inequalities, particularly (2.5), provide a way to

derive such bounds without requiring the metric space to have finite diameter.

This approach is especially useful for robust statistics, where loss function like:

* The Huber loss: fg 4,
* The Pseudo-Huber loss: f,m.s,

* The Log-cosh loss: x —— In(cosh(x)),

are employed. These functions intrepolate between the behaviour of the classical mean for
f(x) = 2% and the median for f(r) = x, making them valuable in application like robust
estimation and image processing.

By leveraging theorem 2.3 with inequality (2.5), one can obtain convergence rates for d(m,,, m)

in settings where alternative inequalities (e.g., [15]) would not apply.

3.3.1 Numerical Study

In this part, we cheek the quadruple inequality (2.5):

We put

f=f:[0,400) — R

r — T

fi=fa:[0,400) — R

T —s 3

f=/f3:]0,400) — R

r — 2

fi=fa:]0,400) — R

x +—— log(cosh(x))

Firstly, we prove that f € Sp:
For f: fi(z) =z, so fi(x) = 1.
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* f1 nondecreasing, because:
Ve,y € [0,400) 12 <y= f(z) =2 < f(y) =v.
* f1 convex, because :
Va,y € [0,400),Vt € (0,1): filte + (1 —t)y) =te+ (1 —t)y <tfi(x)+ (1 —1)fi(y).

* f1 concave, because:
a)- Va,x € [0, +00)
filax) =1>af(z) =a for a < 1.
And
filar) =1<afi(z)=a for a > 1.

b)- Vz,y € [0,+00), y > x
zfily) =z <y =yfi(z).

* We have f1(0) = 0.

For £« fo(a) = o so0 fi(r) = SV

* f, nondecreasing, because:
y 3
Vo € [0,+00) : fy(x) = 5\/5 > 0.

* fy convex, by using lemma 2.1 we have

Va € [0, +o00) : fi7(z) = % >0
so, f5 nondecreasing, then f, convex.
* f5 concave, by using lemma 2.1 we have
vz € [0, +00) : fi¥(z) = — 5 <0

8vx3

2 .
S0, f2( ) decreasing, then f} concave.
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* We have f5(0) = 0.
For f: f3(x) = 2% so fi(x) = 2x.

* f3 nondecreasing, because:

Vz € [0,400) : fo(x) = 22 > 0.

* f3 convex, by using lemma 2.1 we have
Va € [0,400) : f{P(z) =2 > 0.

so, fi nondecreasing, then f5 convex.
* f4 concave, because:

a)- Va,z € [0,+00)
fi(ax) = 2ax > afi(x) = 2ax for a < 1.

And
f3(az) = 2ax < afi(x) = 2ax for a > 1.

b)_ \V/,I,y S [07 +OO)7 Y Z x
zfy(y) = 2zy < yfa(x) = 2xy.

* We have f3(0) = 0.
For f: fi4(z) = log(cosh(z)) so fi(x) = tanh(x).

* f4 nondecreasing, because:

Vo € [0,400) : fi(z) = tanh(x) > 0.

* f4 convex, by using lemma 2.1 we have

1
vV € |0, ()= —— >0,
© € [0,+00) : fi™(x) coshQ(:zr) -

so, f; nondecreasing, then f; convex.
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* f5 concave, by using lemma 2.1 we have
V€ [0,400) : )= 222 <.

2 .
S0, fi ) decreasing, then f; concave.

* We have f,(0) = 0.

And, we put
LHS = f(y;9) — f(7:p) — f(z70) + [(ZD).

RHS = LfW* f/(y,_z)
1. For Ly = 2 we have

* f:= fi1 we have

* f:= fy we have

y,qg —y,zag —z,qg +z,p3 <3¢0,Pp VU, =z

* f:= f3 we have

* f:= f; we have

log(cosh(7;q)) — log(cosh(7,p)) — log(cosh(z7q)) + log(cosh(z;p)) < 27, p tanh(7, z).

Then,

S

LHS RHS e
- —0.650281539 2.828427125 —0.220909243
3 1197067231 6.344227581 —0.188686048

V1

z? —2 4% +/10 %_0

2% /2 % oxp 2v5 — 22
log(cosh(z)) | —0.24927923913 | = VZrexp2VE = 2V2 o pais | 000170241
exp 25 +1
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2. For Ly = 1 we have

* f:= f1 we have

=
|
w
_l’_
}“‘
IA
R
s

* f:= fy we have

[M][eV)

* f:= f3 we have

* f:= f; we have

log(cosh(y,q)) — log(cosh(y,p)) — log(cosh(Z;q)) + log(cosh(z;p)) < g, ptanh(7, 2).

Then,
f LHS RHS L
© —0.650281539 1.414213563 —0.459818485
" ~1.197067231 3.171113791 —0.377372096
V10
1'2 -2 2 % \V 10 T
3 % exp 2v/5 — 242
log(cosh(z)) | —0.24927923913 VZRexD2VE = 2V2 ) aeonr | 180340482
exp 2v5 + 1
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