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KYBERNETIKA — VOLUME 50 (2014), NUMBER 5, PAGES 725-743

MULTIVARIATE COPULAS: TRANSFORMATIONS,
SYMMETRY, ORDER AND MEASURES OF CONCORDANCE

SEBASTIAN FuUCHS

The present paper introduces a group of transformations on the collection of all multivariate
copulas. The group contains a subgroup which is of particular interest since its elements
preserve symmetry, the concordance order between two copulas and the value of every measure
of concordance.

Keywords: multivariate copulas, transformations, symmetry, order, measures of concor-
dance

Classification: 60E05, 62E10, 62H20, 20C99

1. INTRODUCTION

The present paper provides the construction of a group of transformations on the col-
lection of all d-dimensional copulas. This group consists of 2¢d! elements and it is of
interest since many of its elements

e preserve symmetry of a copula, or
e preserve concordance order between two copulas, or
e preserve the value of every measure of concordance of a copula.

In fact, we show that a given transformation has one of these properties if and only
if it has each of these properties, and that the collection of all transformations having
these properties is a subgroup which consists of 2d! elements. We also show that the
transformations preserving ordinary order between copulas form a subgroup as well,
and that the group contains a transformation which turns every copula into its survival
copula.

We thus extend parts of the results of Fuchs and Schmidt [3] who considered the case
d = 2 and used the group table and the lattice of subgroups. The case of general d
considered here requires a different reasoning and more abstract arguments.

The group of transformations of d-dimensional copulas considered here can be shown
to be isomorphic to the group of symmetries on the d-dimensional hypercube considered
by Taylor [5] [6l [7] with regard to measures of concordance. Using the group of transfor-
mations is perhaps more abstract than using the group of symmetries, but it avoids the
use of results from measure and probability theory.
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726 S. FUCHS

This paper is organized as follows: We first introduce some elementary transforma-
tions of copulas (Section [2), and then construct the smallest group containing these
transformations (Section [3). We next show that the group contains a transformation
which turns every copula into its survival copula (Section , and further identify the
subgroups of transformations preserving symmetry and order properties of copulas (Sec-
tion[f]) and the value of every measure of concordance of a copula (Section[6). We finally
sketch a probabilistic look at the results of this paper (Section E[)

Let T:= [0,1] and let d be an integer > 2 which will be kept fixed throughout this
paper.

2. ELEMENTARY TRANSFORMATIONS ON COPULAS

We are interested in the collection of all copulas and study transformations that map
the set of copulas into itself. For the sake of a concise definition of a copula we consider,
for L C {1,...,d}, the map n; : I1¢ x I¢ — I? given by

fw orefy,.anL
(nL(u’V))l T { lelL

vy
Le{l,...,d}, and put m,; := my;y fori € {1,...,d}.

A copula is a function C : I¢ — I satisfying the following conditions:

(i) The inequality

S (DO (uv) 2 0

LC{1,....d}

holds for all u,v € I such that u < v.
(ii) The identity
C(ni(uv 0)) =0
holds for all u € I¢ and all i € {1,...,d}.
(iii) The identity
C(n:(1,u)) = u;
holds for all u € I¢ and all i € {1,...,d}.

We denote by M the collection of all functions I? — R and by C the collection of all
copulas. Then M is an ordered vector space under the coordinatewise defined linear
operations and order relation, and C is a convex subset of M. A map ¢ : C — M is said
to be a transformation.

Let @ denote the collection of all transformations C — C and define the composition
0:®x ® — & by letting (p1 0 ¢2)(C) := 1(p2(C)). The composition is associative.
The transformation ¢ € ® given by ¢(C) := C satisfies to p = ¢ = @ o for every p €
and is called the identity on C. A transformation ¢ € ® is said to be an involution if
po @ =1. Moreover, let ®* C ® be the set of all elements of ® for which there exists an
inverse element in ®. We thus obtain the following result:
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Lemma 2.1. (®,0) is a semigroup with neutral element ¢. Moreover, (®*,0) is a sub-
group of ® that contains all involutions.

The term subgroup in Lemma [2.1| means that (®*, o) is a subsemigroup of (®, o) and
a group.

We now introduce two elementary transformations, transpositions and partial reflec-
tions, on which we will focus our attention in the subsequent sections.

For i,j € {1,...,d} with i # j we define the map m; ; : C — M by letting
(m:,5(C)) () := C (g 53, (0, w5 € + use;))
and, for k € {1,...,d}, the map vy : C — M by letting
(1(0)) (w) 1= C(my(w, 1)) — C(my(u, 1~ w)
m;,; is called a transposition, and vy, is called a partial reflection.

It turns out that transpositions and partial reflections map the collection of all copulas
into itself.

Lemma 2.2. Every transposition and every partial reflection is in ®. Moreover, trans-
positions and partial reflections are involutions and hence in ®*.

Proof. Consider C € C. It is evident that m; ;(C) is a copula for every 4, j € {1,...,d}
with i # j. Now, let k € {1,...,d}. We prove that v4(C) is a copula as well. To this
end, consider first u, v € I¢ such that u < v. We then obtain

M (w, (1 —vi)er) < me(v, (1—ux)er)

and hence
> (DT () (. (u.v))
LC{1,...,d}
=Y o e(mmpev), 1) = O (m(npav), 1= av))]
LC{1,...d}
= = Y CuHO(nnpav) - v)
LC{1,...,d}
- (_1)d—\L|C(nLU{k}(u,Zvlel+(1—uk)ek))
LC{1,...,d}\{k} leL
_ { Z}\{ }(_l)d—LU{k}l O(nLU{k} (]_17 lzvl e + (1 — ’Uk) ek))
LC{1,....d}\{k €L

Z (71)d*\LU{k}‘ C’(nLU{k}(u,’r]k(V,(l —uk)ek)))
LC{L,..d}\{k}
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+ Y DT (n (a1 - o) er),v))
LC{1 . d}\{k}

> OO (g (el (1= v en) (v (1 - wi)en))
LC{1,...,d}\{k}

Y T (n (- o) er) m (v, (1w er)))
LC{1L,...d}\{k}

Z (‘Udfw O(nL (nk (u, (1 —wg) ek)ﬂ?k (v, (1 —uyg) ek)))
LC{1,....d}
> 0

which proves (i). The proofs of (ii) and (iii) are straightforward.
Furthermore, it is evident that every transposition is an involution. Consider again
ke{l,...,d} and C € C. Since C is a copula, we obtain

(v (ve(©))) (w)
= (el ))(nk 1) = (1(C)) (e (w1 — )
= C(m(m(u, ) C (mi(m(w,1),1 = mi (0, 1)) )
C( k(nkUI*u71)>+ ("7k Ne(u, 1 — )1*%(1171*11)))
C(ny(0,1)) = C(nx(u,0)) — C(ny, (1)) + C(u)
C(u).

Therefore, every partial reflection is an involution. O

Lemma[2.2]states that every transposition and every partial reflection is in ®*. Thus,
there exists a smallest subgroup of ® containing all transpositions, a smallest subgroup
of ® containing all partial reflections, and a smallest subgroup of ® containing all trans-
positions and all partial reflections.

3. THE GROUP I'

In this section we construct the smallest subgroup of ® that contains all transpositions,
the smallest subgroup of ® that contains all partial reflections and the smallest subgroup
of ® that contains all transpositions and all partial reflections.

For the composition of m € N transformations ¢; € ®, 1 € {1,...,m}, we write
m L =0
191 e {gom o O,  p1 otherwise
and, for L = {1,...,m} and a set of pairwise commuting ¢; € @, € {1,...,m}, we put
O wi = O @1

leL
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Recall that the center of a group is the set of elements that commute with every element
of the group, and the center is a subgroup.

Let us first consider the smallest subgroup of ® that contains all transpositions. A
transformation is called a permutation if it can be expressed as a finite composition of
transpositions. Let I'™ be the set of all permutations.

Theorem 3.1. I'™ is the smallest subgroup of ® containing all transpositions. More-
over, |I'™| = d!. If d = 2, then this subgroup is commutative; if d > 3, then its center is
trivial.

Proof. First of all, since every composition of two permutations is a permutation,
Lemma [2.1] implies that I'"™ is a subsemigroup of ® with neutral element ¢. Now, let
m € I'". Then 7 can be expressed as a finite composition of transpositions. Let 7* be
the composition of the same transpositions arranged in reverse order, then 7* € I'™ and
Lemma [2.2] yields

Tom* =v=7%om.

Thus, I'™ is a subgroup of ®. A permutation is a transformation that rearranges the
arguments of a copula. Since there exist d! possibilities to rearrange d arguments, we
hence obtain the cardinality of I'".

For d = 2, we have I'" = {4, 7 2} which shows that the elements of I'™ commute.
Assume now that d > 3. To prove that the center of I'" is trivial, consider m € I'"\{:}
and a copula C' € C. Since 7 # ¢, there exist k,l € {1,...,d} with k # [ such that the
kth coordinate of C is the Ith coordinate of 7(C). Moreover, for j € {1,...,d}, consider
the function D; : I¢ — R given by

d d d
i=1 i=1,i#j i=1
For every j € {1,...,d} Dj is a copula; indeed for every u,v € I¢ such that u < v we
obtain
d d
> 0D =1+ TT 0w w)] [T —w) 20
LC{1,...,d} i=1,i#j i=1

which proves (i); condition (ii) is obvious and (iii) follows from d > 3. Then we obtain
m(Dy) = Dy
and for some m € {1,...,d}\{k, !} (which exists since d > 3) we further obtain
(T © 7 0 71 ) (Di) = (Tt © ) (D) = i (Dy) = Dy # Dy = m(Dy).
This yields 7 o 7y, # 7 © . Thus, {¢} is the center of I'". O

Now, let us consider the smallest subgroup of ® that contains all partial reflections.
A transformation is called a reflection if it can be expressed as a finite composition of
partial reflections. Let I'V be the set of all reflections.
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Lemma 3.2. The identity vy o v} = v o vy holds for all k,1 € {1,...,d}.

Proof. Letk,le{l,...,d},k#1, and C €C. Then

(v (1 (C))) (u)
= (@) (M(u,1)) = (n(C)) (M(u,1 — u))

i
= O(nl(nk(u 1) ) C(’?l Nk (u, 1), 1*7714(11»1)))
—C(m(nkul—u ) C’(fql nx(u,1 —u), 1—nk(u,1—u))>
= C’(n{w}(u, 1)) (n{k l}(u legp + (1 —w) eg)) - C’(n{m}(u, (1 —ug)ex + 191))
+C (g (0,1 —u))

and hence vy o vy = vy o v. Since every partial reflection is an involution (Lemma [2.2))
this proves the assertion. O

Thus, a reflection can be expressed as a finite composition of partial reflections that
includes every partial reflection at most once.

Example 3.3. The function D : 19 — R given by

d d
u) = Hul —|—Hu?(1 — u;)
i=1 i=1

is a copula (see Dolati & Ubeda-Flores [2, Example 4.2]) which satisfies 7(D) = D for
all 7 € I'™ and (D) # (D) for all ,7 € T'” such that © # .

Theorem 3.4. T'V is the smallest subgroup of ® containing all partial reflections. More-
over, |I'V| = 2¢. This subgroup is commutative and each of its elements is an involution.

Proof. Since every composition of two reflections is a reflection, Lemma implies
that I'V is a subsemigroup of ® with neutral element .. Moreover, since partial reflec-
tions commute and are involutions, it follows that in fact all reflections commute and
are involutions. In particular, I' is a subgroup of ®.

Since every reflection can be expressed as a composition of partial reflections that in-
cludes every partial reflection at most once, the cardinality of TV is at most 2¢. That
IT”| = 2¢ then follows from Example since the application of the reflections in I'” to
D produces 2¢ distinct copulas. O

Finally, let us consider the smallest subgroup of ® that contains all transpositions
and all partial reflections. A transformation is called a symmetry if it can be expressed
as a composition of a permutation and a reflection. Let I' be the set of all symmetries.

We need the following lemma which includes results for the composition of a trans-
position and a partial reflection which is again a transformation in .
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Lemma 3.5. Let i,5 € {1,...,d} withi # j and k € {1,...,d}\{¢,j}. Then

(1) mjovj=viom;
(2) mijovi=vjom;
(3) Ti,5 O Vi = VE O Ty 5.

In particular, m; ; commutes neither with v; nor with v;.

Proof. Let C € C. Then, we obtain

(mij (i (C)) () = (15(C)) (M (0, uje; + uiey))
= C(n](n{”}(u uj € + u; €j), )
- C’(nj (Mg (W uj e +uie;), 1 —ng 5 (wuje +u; ej)))
= C(nyjy(wujei+1e))) — C(nyjy(u,uje+ (1—u;)e;))
= (mi3(C)) (m:(w, 1)) = (7:5(C)) (m;(u, 1 — u))
= (vi(mi3(0))) ().

This proves (1). Analogously, we obtain (2). Moreover

(3.4 (i (C))) (w)
= (Vk(C)) ('I’]{i’j}(u, U €e; +U1 ej))

= C(nk (n{z ]}(u Uj € + u; eg )
1-—

—C<77k(77{m}(u uje; + u;e;), "7{13}(11 uje; +u; e]))>
= C’(n{” k}(u uje; +u;e; + 1ek)) (n{ZJ k}(u uje; +uje;+ (1— uk)ek))
= (€)1, 1) = (72 (C)) (41— w)
= (v(mi (C)))(u).

This proves (3). O

The following lemma comprises results for the composition of a permutation and a
reflection, and it also shows, that the intersection of the subgroups I' and T'” is trivial.

Lemma 3.6. (1) For every m € I'™ and every v € I'” there exists some 7 € I'" and
some v € I'V such that
Tov=UOoT.
(2) For every m € I'™ and every v € I'V there exists some 7 € I'™ and some v € I'” such
that

~

vomr=mTovU

(3) T™AT” = {1}
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Proof. Assertions (1) and (2) immediately follow from Lemma We now prove
(3). It is obvious that ¢« € ™ NT". Assume that there exists some v € I'" N I'¥ such
that v # ¢ and consider the copula D discussed in Example Since v € T'™ we
have v(D) = D, and since v € T and v # ¢ we have v(D) # (D) = D. Thus,
" nrv ={.}. O

Lemma [3.6| yields

r

{@E@’(p:ﬂ'oy for some 7 € I'™ and some VEF”}

{@€¢|<p:l/O7T for some m € I'" and some VEF”}

and the representation of a symmetry in terms of a permutation and a reflection is
unique which is again a consequence of Lemma [3.6

Lemma 3.7. (1) For every v € T there exist unique 7 € I'™ and v € T'V such that
Yy=mouv.

(2) For every v € I there exist unique 7 € I'™ and v € TV such that v = v or.

The reflection which can be expressed as a composition of partial reflections that
includes every partial reflection exactly once is called total reflection. We denote the
total reflection by 7 which differs from the notation used in Fuchs & Schmidt [3]. The
total reflection is an involution and we have

d
T = O IZB
1=1
Moreover, set
"= {7}

Theorem 3.8. ' is the smallest subgroup of & containing all transpositions and all
partial reflections. Moreover, |I'| = d!2? and the center of I" is I'".

Proof. First of all, consider 7,5 € I'. Then Lemma [3.7 provides the existence of
unique 7,7 € I'" and 7,0 € T such that ¥ = T oV and ¥ = 7 o . With regard to
Lemma [3.6] there exists some 7 € I'™ and some v € I'Y such that D o7 = 7o v. This
yields

Noy=TovoToU=Tomovor.

Since 7om € '™ and vov € I'V we obtain o7 € I, and thus, Lemma[2.1] implies that T
is a subsemigroup of ® with neutral element ¢. Furthermore, let 7* € I'" be the inverse
element of 7 and let 7* € IT'” be the inverse element of 7. Set ¥* := v*o7*. Then 7* € T’
and we obtain

NoA*=Tovol o =1 =0 "o ooV =7"07.

Thus, T is a subgroup of ® and since I NT" = {1} we obtain || = [T - [['V| = d! 2%
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We now prove that the center Z(T') of " is I'". For the case d = 2 the proof is given
in Fuchs & Schmidt [3]. Further, let d > 3. First of all, Lemma [3.5| implies

d

;0T =m0 v = O VjOT; joV; 0V = O V]OV;j0V;0T; j = TOT;
=1 le{ladi\{i) LE{L,d}\ {35}

for all 4,5 € {1,...,d} with ¢ # j, and hence mo7 = 7 o7 for every m € I'". Since

7 commutes with every reflection we obtain I'" C Z(T"). Moreover, since the center of
'™ is trivial, we have Z(I') NT'™ = {¢}, and thus, the subgroup Z(T') lies in the largest
subgroup A C T of I" which satisfies ANT™ = {s}. We now prove that I'” is the largest
subgroup satisfying this property. Note that I'V NT'™ = {.} and assume that there exists
a subgroup A C T' which satisfies TV C A and ANT™ = {¢}. Then, there exists a y € A
such that v = 7 o v with unique 7 € T™\{¢} and v € T¥. Let v* € A be the inverse
element of v. Since A is a subgroup we obtain

T=movovr =vqov*eA

which contradicts to ANT™ = {¢}. Thus, Z(I') CT'V. Now, let v € I'\I'". Then there
exists some K C {1,...,d} with 1 < |K| < d — 1 such that v = Q;cx . Moreover,
choose p € K and ¢ € {1,...,d}\K. Lemma then yields

TpgoV = Tpgo O v
IEK

= mpeo O wmoy
leK\{p}

= O wmomgovy
leK\{p}

= O wvovygomy,.
leK\{p}

Further, consider the copula D discussed in Example [3:3] We then obtain

( O wmoygo 7Tp7q)(D)

leK\{p}

= ( O Vlqu)(D)

leK\{p}
-
= (Voﬂp,q)(D)-

This yields 7, 4 0 v # v om, 4, and thus, Z(T') =T7. O

(771741 o V) (D)

The construction of the group I' extends that given in Fuchs & Schmidt [3] for the
case d = 2.

In addition to the subgroups I'", I' and I'" considered before, we define the set

rmr ::{’}/EF|’}/:7TO(pfOI'SOme7T€F7r andsomeg&EFT}
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which is of decisive importance in Sections[5]and [6] Since I'" is the center of ', we have
I'™m = {’y el | v = ¢ o for some ¢ € I'" and some 7 € I‘”}, and this implies that
I'™7 is a subgroup of I

As a counterpart to the total reflection 7, we denote by

d—1
)= 01 T,i4+1
i

the total permutation, and consider the sets

'Y = {yeT|y= QO forsomem e {1,...,d}}
=1
" = {yeT|vy=gov for some ¢ € T'¥ and some v € T"}
' = {yeT|v=¢; o0y, for some ¢; € I'¥ and some @y € T'7}.

Lemma 3.9. I'Y, T'¥ and I'¥'" are subgroups of T.

Proof. It follows from szl ) =1 that T'¥ is a subgroup of I'. Since

for all m € {1,...,d}, and thus
a—p a—p
ne'Go=Goon

for all p,q € {1,...,d} such that p < g, we also obtain that ['¥" is a subgroup of T
That '™ is a subgroup of T follows from the fact that I'" is the center of T. O

Moreover, [™7 N T% =T%7 TT™ATYT =T% T% " NTY =" and TY N7 = {1}.

r
/ AN
P D
/ AN / AN
I I v
AN / AN /
I I
AN /
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The following lemma, which will be needed in Section [6] below, discusses the trans-
formations in I with regard to convexity, and its proof is straightforward.

Lemma 3.10. Let C, D € C and a € (0,1). Then the identity
Y(aC + (1 —a)D) = ay(C) + (1 —a)v(D)
holds for every v € T'.

The group I is a representation of the hyperoctahedral group. This group also has a
different representation which has been used by Taylor [5] [6] [7]; see Section
4. THE TOTAL REFLECTION OF A COPULA
In this section we define and give an explicit representation of the survival copula of a

copula.

For a copula C € C the total reflection
7(C)

is a copula and is called the survival copula with respect to C. The following theorem
provides an explicit representation of a reflection of a copula, and it illustrates that
the preceding definition of the survival copula is in accordance with that of Durante &
Sempi [I].

Theorem 4.1. Let v € T such that v = O;cx v for some K C {1,...,d} and let
C € C. Then

(v(C) ) = Y (~)FH ¢y (e (w1 - w),1)).

LCK

In particular,

(rO)w = > ()" c(n(1-u1)).

LC{1,...,d}

Proof. We prove the assertion by induction. Therefore, let ¢ € {1,...,d}. Then

(v:(©)) (w) C(ni(u,1)) = C(n;(u,1 - u))
Z (_1)1—|L| C’(qu (ni(u, 1—u), 1))

LC{i}

Now, let k € {2,...,d} and M C {1,...,d} such that |M| = k and assume that the
assertion is fulfilled for all L C M with 1 < |L| < k — 1. Without loss of generality, we
may assume that M = {1,...,k}. Then we obtain

(0. @)W
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B <(le{1 k—1} yl)(yk(C)))(U)
= Y U (O) (np (g ey (1 = w), 1))
LC{1,....k—1}
d
= Z (_l)k—l—lL\ (yk(C))(Zul e + Z (1—w)e —|—Zlel>
LC{1,..,k—1} I=k le{l,....k—1}\L leL

d
= Z (—1)k_1_|l" C( Z u; e + Z (1—ul)el + Z 161)

LC{1,..k—1} I=k+1 1e{1,..k—1}\L 1eLU{k}
d
- Z (—1)k—t-IEd C( Z u e + Z (1_Ul)el+zlel>
LC{1,...k—1} I=k+1 le{1,...k\L leL
d
= Z (71)k7‘LU{k}I C( Z ur ey + Z (1 — ul) e + Z 1 el)
LC{1,....k—1} I=k+1 1e{1,....k}\(LU{k}) leLU{k}
d
+ Z (—1)k_‘L| C( Z u; e + Z (1—ul)el+21el>
LC{1,....k—1} I=k+1 le{1,....k}\L leL
d
= Z (—1)k_|L‘ C( Z u e; + Z (1—ul)el+21el)
LC{1,...k} I=k+1 le{1,....k}\L leL
= Z (‘Dkim C(nL(n{1 ..... k}(U, 1-u), 1))
LC{1,...,k}
This completes the proof. O

We now introduce two main copulas:
Example 4.2. (1) Fréchet-Hoeffding bound: The function M : I¢ — R given by
M(u) ;= min{u; |i € {1,...,d}}

is a copula (see Nelsen [4, p.47]) and satisfies (M) = M for every v € T™". In
particular, 7(M) = M. Moreover, every copula C' € C satisfies C < M.

(2) Product copula: The function IT : I — R given by

is a copula (see Nelsen [4], p.47]) and satisfies y(II) = II for every v € T.
The following corollary is an immediate consequence of Theorem [£.1]

Corollary 4.3. Every v € T¥\I' satisfies (v(M))(1/2) = 0 and (v(I1))(1/2) = 1/2%.
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5. SUBGROUPS OF I WHICH PRESERVE CERTAIN PROPERTIES
OF COPULAS

In this section we focus on subgroups of I' which preserve certain properties of copulas.

A copula C € C is said to be symmetric if it satisfies
C(n{i,i+1}(u7 uit1 € +uieir1)) = Cl(u)
forallu € I and all i € {1,...,d — 1}. Thus, a copula C € C is symmetric if and only
if 7(C) =C for all m € I'".

A transformation v € I is said to be symmetry preserving if, for any symmetric
C € C, v(C) is symmetric.

Theorem 5.1. A transformation v € I' is symmetry preserving if and only if v € T'™7.

Proof. It is obvious that every element of I'™ is symmetry preserving. Moreover, let
7 € T™"\I'™ and C € C be symmetric. Then there exists a unique 7 € I'™ such that
~ = mo 7 and hence

1(7(C)) = (momoT)(C) = (romom)(C) =7(C) = (1o7)(C) = (To7)(C) =7(C)

for all # € I'". Thus, every element of I'™7 is symmetry preserving.

Now, let ¥ € T\I'™". Then Lemma provides the existence of unique 7 € I'"
and 7 € TY\I'" such that ¥ = Vo7 and U = Qi v for some K C {1,...,d} with
1 < |K| <d-—1. First of all, for every symmetric C' € C we obtain

FC) = (/V\O %)(C) =7(C) = (lg{ul)(C).
Moreover, choose p € K and q € {1,...,d}\K. Lemma [3.5] then yields
(ﬂ—p,q oﬁ)(C) = (Wp,q o O Vl)(c)
€K
= (Wp,q o O wmo Vp) (©)

leK\{p}

- (IGIQ{P} S ® Vp) ©)

O woygo 7Tp,q)(c)
leK\{p}

= ( O Vlqu)(C)

leK\{p}

for every symmetric C' € C. Further, consider the copula D discussed in Example (3.3
We then obtain

(o)D)= (O wiov)(D)# (O w)D)=FD).

IeK\{p} IEK

Thus, the elements of I'™7 are the only symmetry preserving symmetries. O

I
—~

A transformation v € I is said to be order preserving if, for any C,D € C, C < D
implies y(C) < v(D).
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Theorem 5.2. (1) Let d = 2. Then a transformation v € I is order preserving if and
only if y € I'™7.

(2) Let d > 3. Then a transformation v € I is order preserving if and only if v € T'".

Proof. First of all, assertion (1) follows immediately from Fuchs & Schmidt [3].

Now, we want to prove (2). It is obvious that every element of I'" is order preserving.
Moreover, let v € T\I'™". Then Lemma provides the existence of unique m € I'™
and v € I'Y\I'" such that v = v ox. The copulas M and II satisty v(II) = II and
Y(M) = wom)(M)=v(M) as well as IT < M. However, Corollary [4.3| provides

((M)(1/2) = (L(M))(1/2) =0 < o7 =TI(1/2) = (4(T)(1/2).
Thus, the elements of I'\I'™" are not order preserving.

Furthermore, let d be odd and v € T™7\I'". Then there exists a unique 7 € I'™ such
that v = 7 o 7. Consider now the function D : I — R given by

d d
= Hul + Hul(l — Uu;).
i=1 1=1

D is a copula (see Dolati & Ubeda-Flores [2, Example 4.5]) that is symmetric and

satisfies
d d
i=1 i=1

We then have ITI < D but v(D) = (rom)(D) = 7(D) < II = y(II). Thus, the elements
of I'™ are the only order preserving symmetries.

Finally, let d be even and v € T™7\I'". Then there exists a unique = € I'™ such that
v=7om. Forje{l,...,d}, consider the copula

d d d
.Dj(ll) = Huz—i- H (1—’11/2) Hui
i=1 i=1,i#j] =1

discussed in the proof of Theorem Then, there exists some k € {1,...,d} such that
w(D;) = Dy, and Dy, satisfies

d d
(I/l Dk Hul H 1 —w) Hui
i=1,i#k i=1
for all I # k and v;(Dy) = Dj. Furthermore,
d d d
w) = [Ju+ 0" [ Q= w) []w
i=1 i=1,i#k i=1

We then have II < D, but v(D,;) = (7 o w)(D;) = 7(Dg) < II = ~v(II). Thus, the
elements of I'™ are the only order preserving symmetries. |
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For C, D € C we write C < Dif C' < D and 7(C) < 7(D). Then < is an order relation
and is called concordance order. Obviously, every copula C' € C satisfies C' < M.

A transformation v € T is said to be concordance order preserving if, for any C, D € C,
C = D implies v(C) < ~(D).

Theorem 5.3. A transformation v € I' is concordance order preserving if and only if
yel™T.

Proof. It is obvious that every element of I'™7 is concordance order preserving. Now,
let v € T\I'"". Then Lemmaprovides the existence of unique 7 € I'™ and v € I'\I'"
such that v = v o . The copulas M and II satisfy y(II) = IT and v(M) = (vom)(M) =
v(M) as well as IT < M. However, Corollary [4.3| provides

1
(v(M))(1/2) = (v(M))(1/2) = 0 < 55 = 11(1/2) = (y(I1))(1/2).
Thus, the elements of I'™" are the only concordance order preserving symmetries. [

Remark 5.4. For the case d = 2 pointwise order is the same as concordance order.
Thus, the subgroup of all order preserving symmetries and the subgroup of all concor-
dance order preserving symmetries coincide as stated in Theorems [5.2] and

6. MEASURES OF CONCORDANCE

In this section, we study the group I' with respect to measures of concordance.

There is a rich literature on measures of concordance for multivariate copulas. For
example, Taylor [0l [6] [7] and Dolati & Ubeda-Flores [2] proposed definitions of a measure
of concordance which are closely related. Taylor’s definition involves the group (f‘, ©) of
transformations on the unit hypercube (see Section , and that of Dolati and Ubeda—
Flores employs the partial reflections of a copula.

In the spirit of Taylor [5, 6, 7] and Dolati & Ubeda-Flores [2], we propose here a
quite general definition of a measure of concordance for multivariate copulas, which is
based on the group (T, 0):

A function k : C — [—1,1] is said to be a measure of concordance of degree d if it has
the following properties:

(i) k(M) =1.

(ii) The identity x(7(C)) = x(C) holds for every C' € C and every m € I'".
(iii) The identity «(7(C)) = (C) holds for every C € C.

(iv) The identity

holds for every C € C.
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Property (iv) implies that «(IT) = 0.

Except for these basic properties of a measure of concordance, many authors require
additional properties. Among those, monotonicity and continuity are the most promi-
nent ones. Some authors like Taylor [5, 6, 7] and Dolati & Ubeda-Flores [2] also consider
consistency of measures of concordance for copulas of different dimensions. For the pur-
pose of the following discussion of measures of concordance, however, we do not need
any of these additional properties, and this is why we omit them here although they
might be most useful in a different context.

The previous definition of a measure of concordance is in accordance with that given
in Fuchs & Schmidt [3] for d = 2: In that case, we have v5 = 7 o vy, which yields

0 = &(C)+r(1(C)) + K(12(C)) + K(T(C))
= K(C) + £ () + K(r(1(C))) + w(7(C))
#(C) + £(11(C) + £(11(C)) + #(C)

and hence k(v1(C)) = —k(C) for all C € C.

The map 3 : C — [—1,1] given by
BO) = g (247 001/2) + (r(O)(/2)] 1)

is called Blomquist’s beta. This is the definition proposed by Ubeda-Flores [8]. The
following result is essentially due to Taylor [5].

Lemma 6.1. Blomqvist’s beta is a measure of concordance.

Proof. Tt is obvious that g fulfills properties (i),(ii) and (iii). We now prove (iv).
To this end, consider C' € C and put D := 1/2¢ Y ., v(C). Since C is convex
we have D € C. Moreover, with regard to Lemma D satisfies v;(D) = D for all
i €{l,...,d} which yields D(1/2) = (v;(D))(1/2) = D(n;(1/2,1))— D(1/2), and thus,
2D(1/2) = D(n;(1/2,1)) for all i € {1,...,d}. Induction then yields 29D(1/2) = 1

and hence
> (we)a/2) =1

verv
We further obtain

> 000) = X gy (27 [e) a2 + (Govienasz)] 1)

vel'v vel'v

ﬁ (2 [ )2+ Y (ron(@)a/2)] -2)

vel'v vel'”

- 2d—11—1 (2(171 (1+1) 72d)
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= 0.
This proves the assertion. O

A transformation v € T' is said to be concordance preserving if it satisfies k(v(C)) =
k(C) for every measure of concordance x and every C € C.

Theorem 6.2. A transformation v € I is concordance preserving if and only if v € T'™7.

Proof. It is obvious that every element of I'™7 is concordance preserving. Now,
consider v € I'\I'™" and note that

B(M) =1.

We want to prove that B(y(M)) # 1. First of all, Lemma 3.7 provides the existence of
unique 7 € I'™ and v € TY\I'" such that v = v o m. Moreover, since 7 is in the center of
I' we have

(Toy)(M) = (yor)(M) =~(M) = (vor)(M)=v(M)

and Corollary [£.3] provides
((Tom)(M))(1/2) = (+(M))(1/2) = (v(M))(1/2) = 0.

We further obtain

BHON) = s (27 [GON)A/2) + ((rom () (1/2)] 1)

B 1
T a1l 7°
Thus, the elements of I'™>" are the only concordance preserving symmetries. |

Theorem emphasizes once more the particular role of the transformations which
belong to the subgroup I'™"7: They are the only concordance preserving symmetries and,
as noted in Section[5] the only symmetry and concordance order preserving symmetries.

7. ANOTHER POINT OF VIEW

Until now, we have deliberately avoided the use of results or even notions from measure
and probability theory. In the present section we sketch, without going too far into the
details, a measure theoretic and probabilistic approach which provides some additional
insights into the properties of the group of transformations.

First of all, we note that the hyperoctahedral group has another representation which
is geometric and quite popular: Consider the collection of all transformations 1 — I¢
equipped with the composition ¢ and the identity . Then, proceeding as in Section
one can show that there is a smallest group (I, ¢) containing the transformations Mgt
19— 1% and 7, : 19 — I¢ with 4,5,k € {1,...,d} and i # j, given by
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i) = nyy(ause +u;e))
() = mp(u,1-u).

The groups (T',0) and (f, o) are related to each other by the following result:

Theorem 7.1. There exists a unique isomorphism 7T': (T, 0) — (I, ) satisfying T'(m; ;)
=m;; and T(vy) = iy, for all 4,4,k € {1,...,d} such that i # j.

To simplify the notation, we put 4 := T'(y) for every v € T.

Since the transformations in I are continuous and hence measureable, they can be
used to transform probability measures on the Borel o—field B(I?) or random vectors
from some probability space into the measureable space (19, B(1%)).

Let us first consider transformations of probability measures. A probability mea-
sure Q : B(I?) — 1 is said to be a copula measure if the identity Q[x¢_,B;] = A[B;]
holds for every collection of Borel sets {B;}icq1,....qy € B(I) satisfying B; = I for all
i €{l,...,d}\{j}; here A denotes the Lebesgue measure on B(I). Let Q denote the col-
lection of all copula measures on B(I?). The following result, which relies on the measure
extension theorem, is a refinement of the correspondence theorem relating distribution
functions on R? to probability measures on B(R?):

Theorem 7.2. There exists a one-to—one correspondence between C and Q. Moreover,
every corresponding pair of a copula C' € C and a copula measure (Q € O satisfies
C(u) = Q[[0, u]] for all u € 1.

It can also be shown that the collection Q is stable under transformations of the
group I':

Theorem 7.3. Let Q € Q be a copula measure. Then, for every 5 € I, the image
measure Q)5 of () under 7 satisfies Q5 € Q.

Let us now consider transformations of random vectors. The following result, which
relies on Theorems and asserts that, for every v € T, the transformation ~(C)
of a copula C' € C is precisely the distribution function of the transformation 7o U of a
random vector U with distribution function C:

Theorem 7.4. Let C € C be a copula with copula measure @ € Q. Then (14, B(1%), Q)
is a probability space and the identity map U : (I¢, B(1¢), Q) — (14, B(1¢)) is a random
vector which satisfies Q[{U < u}] = C(u) for all u € I¢. Moreover, the identity

(7(0))(w) = Q{7 o U < u}]
holds for all u € I and all v € T".

By Theorem [3.8] we know that v(C) is a copula. This fact could also be established
by using first Theorem [7.3] to prove that Qs is a copula measure, then Theorem [7.2] to
prove that the map

u— QYo U <u}] = Qs0u[[0,u]] = (Qu)5[[0, u]] = Q5[0 ul]
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is a copula, and finally the identity of Theorem to prove that v(C) is a copula.

In conclusion, the investigation of the group I' acting on C could also be based on the
group I' acting on I, but as shown above, this approach requires several results from
measure and probability theory.
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