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EXTREME DISTRIBUTION FUNCTIONS OF COPULAS

MANUEL UBEDA-FLORES

In this paper we study some properties of the distribution function of the random
variable C'(X,Y") when the copula of the random pair (X,Y") is M (respectively, W) — the
copula for which each of X and Y is almost surely an increasing (respectively, decreasing)
function of the other —, and C' is any copula. We also study the distribution functions of
M(X,Y) and W(X,Y) given that the joint distribution function of the random variables
X and Y is any copula.
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1. INTRODUCTION

Let H; and H» be two bivariate distribution functions with common continuous one-
dimensional margins F' and G — the distribution functions considered are taken to
be right-continuous. Let (X,Y") be a random pair — all the random variables consid-
ered are defined on the same probability space (2, F, P) — whose joint distribution
function is Hs, and let (H;|H2)(X,Y) denote the random variable Hy(X,Y’). The
H, distribution function of Hy, which we denote by (H;|Hz), is given by

(Hi|Ho)(t) = Pr[(Hi|H2)(X,Y) <]
= pm({(z,y) € R* | Hi(z,y) < t}), te[0,1],

where 177, denotes the measure on R? induced by Ho [7, 12]. In this paper we study
some properties of the distribution function of the random variable H; (X,Y’) when
each variable of the random pair (X,Y") is almost surely an increasing (respectively,
decreasing) function of the other.

Since our methods involve the concept of a copula, we review this notion and
some of its properties. A (bivariate) copula is the restriction to [0,1]? of a con-
tinuous (bivariate) distribution function whose margins are uniform on [0,1]. The
importance of copulas stems largely from the observation that the joint distribution
H of the random pair (X,Y’) with respective margins F and G can be expressed
by H(x,y) = C(F(z),G(y)), for all (z,y) € [~00,00]?, where C is a copula that is
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uniquely determined on Range F'xRange G (Sklar’s Theorem) [17, 18]. Let II denote
the copula for independent random variables, i. e., II(u, v) = uv for all (u,v) € [0, 1]2.
For a complete survey on copulas, see [11].

By Sklar’s Theorem, if Cy and Cy are two copulas and (U, V) is a pair of uniform
[0, 1] random variables with copula Cy, and (C}|C3)(U, V') denotes the random vari-
able Cy (U, V') — written (C4|Cs) when the meaning is clear —, then the C5 distribution
function of C1 is given by

(C1]Co)(t) = Pr[{C1|Co)(U, V) <]
= NCQ({(uav) € [07 1]2 | Cl(u7v) < t})v te [Oa 1]

Every copula C of the random pair (X,Y) satisfies the following inequalities:

max(u+v—1,0) = W(u,v) <C(u,v) < M(u,v)
= min(u,v), V (u,v) € [0,1]%

M (respectively, W) is the copula for which each of X and Y is almost surely an
increasing (respectively, decreasing) function of the other.

In the sequel, we shall use the following notation: For any pair of random vari-
ables X and Y with respective distribution functions F' and G, “<,;” denotes the
stochastic inequality, i.e., X <4 Y if, and only if, F > G; and X 2y denotes the
equality in distribution.

Distribution functions of copulas are employed — among other purposes — to
construct orderings on the set of copulas (see [12]). If C, C; and Cy are copulas,
two of those orderings are: (a) Cy is C-larger than Cy if (C1|C) >4 (C2|C); and
(b) Cy is C-larger in measure than Cs if (C|Cy) >4 (C|Cs). As a consequence, two
equivalences are given, namely: (¢) C is C-equivalent to Cy (written Cy =¢ Cb) if
(C1]C) 4 (C2|C); and (d) Cy is C-equivalent in measure to Cq if (C|Cy) 4 (C|Cy).

It is known that if F'is a right-continuous distribution function such that F'(0~) =
0 and F(t) >t for all ¢ in [0, 1], then there exists a copula C' such that (C|C)(t) =
F(t) for all ¢ in [0,1] (see [13, 16]). We now wonder whether this result can be
generalized (in some sense) to other distribution functions of copulas. To be exact:
if Cy is a copula, and F' is a distribution function such that (M|Cy)(t) < F(t) <
(W]Co)(¢t) for all ¢ in [0,1], does there exist a copula C such that (C|Cy)(t) = F(¢)
for all ¢ in [0,1]? The answer is affirmative when Cy = M. We will also provide
some additional properties of the distributions (C|M) and (C|W) for any copula C.

2. THE M DISTRIBUTION FUNCTION OF A COPULA

The diagonal section d¢ of a copula C is the function given by dc(t) = C(t,t) for
all ¢t in [0,1]. A diagonal is a function §: [0, 1] — [0, 1] which satisfies the following
properties:

(i) 6(1) = 1,
(ii) o(t) <t for all ¢ in [0, 1],
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(i) 0 < &(t') — 0(¢) < 2(t' —¢t) for all t,¢' in [0,1] such that ¢ < ¢/ —i.e, § is
increasing and 2-Lipschitz.

The diagonal section of any copula is a diagonal; and for any diagonal 4, there
always exist copulas whose diagonal section is d [5] (see also [4, 14, 15]): for instance,
the Bertino copula Bs [6], which is given by

Bs(u,v) = min(u,v) —min(s — §(s) | min(u,v)
< s < max(u,v)), (u,v)€[0,1]%

The diagonal section d¢ of a copula C is the restriction to [0, 1] of the distribution
function of max(U, V'), whenever (U, V) is a random pair distributed as C. Let 5(071)
denote the cadlag inverse of d¢, i.e., 58_1)(25) = sup{u € [0,1]|d¢c(u) < t} for ¢ in
[0,1].

The following result gives a (partial) answer to the question posed at the end of
Section 1.

Theorem 1. Let F be a right-continuous distribution function such that F'(0~) =
0, F(t) >t for all t in [0, 1], and F'(t) > 1/2 for almost every ¢ in [0,1]. Then there
exists a copula C such that (C|M)(t) = F(t) for all ¢ in [0, 1].

Proof. We know that (5(071) is the restriction to the interval [0, 1] of a distribution
function with support on [0, 1] and such that (M|M)(t) < (C|M)(t) < (W|M)(t)
for all ¢ in [0, 1]. Since

(CIM)(t) = 65 (1), ¥t e o]

(see [12]), and ¢ is 2-Lipschitz, we have that 5(0_1) must be a strictly increasing
function (not necessarily continuous) whose derivative is greater or equal to 1/2 for
almost every point in [0, 1]. Since the Bertino copula Bs associated with § satisfies
(Bs|M)(t) = 8¢V (t) = F(t) for all t in [0,1] (see [12]), this completes the proof. [J

If ¢y and Cs are two copulas, then we say that C; = Co if (C1|M)(t) =
(C2|M)(t) for all t in [0,1]. The next example provides a class in this equivalence
relation which contains more than one copula.

Example 1. Let C be the copula given by C(u,v) = max(0,u + v — 1, min(u,v —
1/2)), (u,v) € [0,1]%. C is a shuffle of Min [9], whose mass is spread uniformly on
two line segments on [0,1]%: one joining the points (0,1/2) and (1/2,1), and the
second one joining the points (1/2,1/2) and (1,0). Then it is easy to verify that
(CIM)(t) = (W|M)(t) = (1 +1t)/2 for all ¢ in [0, 1].

As a consequence of Theorem 1, we have the following
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Corollary 2. Each equivalence class of the equivalence relation =,; on the set of
copulas contains a unique Bertino copula.

Consider Spearman’s footrule coefficient [19], whose population version for a ran-
dom pair (X,Y") with copula C, is given by

1,01
gpczl—3// | —v|dC (u,v)
0Jo

(see [11]). In terms of the M distribution function of the copula C, this measure
can be rewritten as

1
oo =46 / (CIM)(1) dt

(see [12]). Given two copulas C; and Cy, (C1|M) < (Ca|M) implies that o, <

wc,. However, the converse result is not true in general, as the following example
shows.

Example 2. Let C be the shuffle of Min given by C'(u,v) = min(u, v, max(1/3, u+
v —2/3)), (u,v) € [0,1]2. Its mass is spread uniformly on three line segments in
[0,1]%: one joining the points (0,0) and (1/3,1/3), another one joining the points
(1/3,2/3) and (2/3,1/3), and the third one joining the points (2/3,2/3) and (1,1).
Then we have (IT1|M)(t) = v/t for all ¢ in [0, 1], and (C|M)(t) = 2/3 if t € [1/3,2/3]
and (C|M)(t) =t otherwise. Thus, o1 =0 < 2/3 = ¢¢, but (TI|M)(1/3) ~ 0.577 <
0.67 ~ (C|M)(1/3).

The “M-larger” ordering has several applications. For example, if (U;, V;) are two
uniform [0, 1] random variables with copula C;, i = 1,2, then C; is M-larger than
Cy if, and only if, the order statistics of U; and V; are stochastically “inside” the
interval determined by the order statistics of Us and V5 [12]. The next result shows
the relationship between the M-larger and the M-larger in measure orderings. To
this end, we first note that, for any pair (U, V') of random variables with associated
copula C, the C' distribution function of M is given by

(M|C)(t) = Prmin(U, V) <t] =Pr[U <t]+Pr[U > ¢,V <]

1 180
t+/ Pr[V§t|U:u]du:t+/ — (u,t)du
‘ . Ou

t4t—C(t,t) = 2t — 6¢(t)

for every ¢ in [0, 1].

Proposition 3. Let C; and C5 be two copulas. Then (M|C1) <g (M|C5) if, and
Ol’lly lf, <Cl|M> Sst <CQ‘M>

Proof. Let ¢, and d¢, be the respective diagonal sections of C; and C3. Then
Cy is M-larger in measure than Cy if, and only if, 2t — 0¢, (t) < 2t — d¢, (t) for all ¢
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in [0,1], i.e., ¢, < d¢,, which is equivalent to 5(0_11) < (5(0_21), that is, (C1|M)(t) <
(Co|M)(t) for all ¢ in [0, 1]. O

As a consequence of Proposition 3, the M-equivalence in measure coincides with

the M-equivalence. We now show that the equality (M|C) < (C|M) only holds
when C'= M.

Proposition 4. Let C be a copula. Then (M|C) < (C|M) if, and only if, C' = M.

Proof. Suppose (M|C) £ (C|M), i.e., 2t — 6c(t) = 65 7 (¢) for all ¢ in [0, 1].
Thus, 5(0_1)(t) = sup{u € [0,1]|dc(u) < ¢} < 2¢ for all ¢ in [0,1], which implies
that do(t) > t/2 for all ¢ in [0,1]. Hence, 2t — 6271)@) > t/2 for all ¢ in [0, 1],
ie., (5271)(75) < 3t/2 for all ¢ in [0, 1], which implies that dc(t) > 2¢/3 for all ¢
in [0,1]. After n iterations, we have that dc(t) > nt/(n + 1) for all ¢ in [0, 1].
Therefore, if n tends to infinity, we have that dc(t) > ¢, and hence, dc(t) = t for
all ¢ in [0,1]. Thus, we obtain that C' = M; otherwise, if there exists a point (u,v)
in [0,1]? such that C(u,v) < M(u,v) with u < v (the case u > v is similar), then
C(u,u) < C(u,v) < M(u,v) = u, that is, there exists u in [0, 1] such that d¢(u) < u,
which is absurd. The converse is trivial, completing the proof. O

Let C; and Cy be two copulas. We say that C; is df-larger than Cy if (C1|Cy) >4
(C5|C3) [2, 12, 13]. The following example shows that the df-larger and the M-larger
orderings are not comparable.

Example 3.

(a) Consider the copulas IT and the shuffle of Min given by C(u,v) =

= min(u, v, max(0,u—0.3,v—0.612, u+v—0.912)), (u,v) € [0,1]?, whose mass
is spread on three line segments in [0, 1]2: one joining the points (0,0.612) and
(0.3,0.912), the second one joining the points (0.3,0) and (0.912,0.612), and
the third one joining the points (0.912,0.912) and (1,1). For every ¢ in [0, 1],
we have (I[|II)(¢) = ¢t — tInt, (I|M)(t) = V1, (C|C)(t) = max(t, min(2t,t +
0.3,0.912)), and (C|M)(t) = max(¢, min(t+0.3, (t+0.912)/2)) for all ¢ in [0, 1].
Then, it is easy to check that (II|IT) <, (C|C); however, we have (II|M)(0) =
0<0.3=(C|M)(0) and (II|M)(0.912) ~ 0.955 > 0.912 = (C|M)(0.912).

(b) Consider now the copulas IT and A = (M + W)/2 — recall that the convex
linear combination of two copulas is again a copula. The mass distribution
of A is spread uniformly on two line segments in [0,1]%: one connecting the
points (0,0) to (1,1), and the second one connecting (0,1) to (1,0). Then,
for every t in [0,1], we have (A|A)(t) = min(3t, (2 + ¢)/3) and (A|M)(t) =
min(2t, (2¢ + 1)/3). Thus, it is easy to verify that (IT|M) <, (A|M); but
(T7JI1)(0.25) ~ 0.5966 < 0.75 = (A|A)(0.25) and (II]I1)(0.75) ~ 0.9658 >
0.9167 = (A]A)(0.75).
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3. THE W DISTRIBUTION FUNCTION OF A COPULA

The opposite diagonal section we of a copula C is the function given by we(t) =
C(t,1 —1t) for all ¢ in [0,1]. An opposite diagonal is a function w: [0,1] — [0, 1]
which satisfies the following properties:

(i) w(1) =0,
(i) w(t) < min(¢,1 —¢) for all ¢ in [0, 1],
(iil) w(®) —w(t) < —t for all t,t’ in [0,1] such that ¢ < ¢ —i.e., w is 1-Lipschitz.

The opposite diagonal section of any copula is an opposite diagonal; and for any
opposite diagonal w, there exist copulas whose opposite diagonal section is w: for
instance, the copula J, given by

-1 1—
Jw(u,v):max<07u+v_17u+v + w(w) + wl v))

2

for all (u,v) in [0,1]? (see [3]).

The following result provides a probabilistic interpretation of the opposite diag-
onal section of a copula (in the sequel, we will denote the distribution function of a
random variable X either by df(X) or a letter such as F').

Proposition 5. Let (U,V) be a pair of random variables with associated copula
C. Then

- (Prmin(U,1 - V) <t < max(U,1 - V)]).

DN | =

wo(t) =
Proof. The copula C' associated with the random pair (U,1 — V) is given by
C'(u,v) = u— C(u,1 —v) for every (u,v) in [0,1]? (see [11]). Then we have that

df(min(U,1 - V))(t) = Primin(U,1 -V) <{]
= PrlU <t]+Pr[l -V <t]-Pr[U <t,1 -V <{
=t+t-C'(t,t)=t+Ct,1—t) =t +wc(t),

and

df(max(U,1 —V))(t) = Primax(U,1 -V) <t]=Pr[U <t,1 -V <{]
=C'(t,t)=t—C(t,1 —t) =t —wc(t).

whence the result easily follows. O

Let (U, V) be a random pair with copula C. The W distribution function of C is
given by

(C|W)(t) = Pr[C(U,V) < {] = Pr[C(U,1 - U) < t] = Prlwe(U) < 1

= M{u € [0,1] |we(u) < t}),
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where A denotes the Lebesgue measure in R.

Distribution functions of copulas are also employed in constructing new measures
of association. Thus, for instance, given a copula C, it seems reasonable to obtain
a measure x¢ — in the same sense than Spearman’s footrule coefficient ¢ — based
on the W distribution function of C', and given by the linear expression

1
Yo = a/o (CIW)(t) dt + b

where a and b are two real numbers. If we consider yyw = —1 and x1 = 0 for this
measure — for the Spearman’s footrule coefficient we have @y = 1, o7 = 0, and
ow = —1/2 —, since (II|W)(t) = 1 — y/max(0,1 — 4¢) and (M|W)(t) = min(2¢,1)

for all ¢ in [0, 1], then we obtain

xo =5— 6/0 (CIW)(1) dt.

The coeflicient xc can be also written as

1 1,1
XC:6/ C(t,l—t)dt—lz?)// |1 —u—v|dC(u,v) — 1.
0 0o

This coefficient — which first appeared in this last form in [1] — satisfies x5 = 1/2.
Observe also that the population version ¢ of the known Gini’s rank correlation
coefficient 8, 10, 11] of a copula C' can be written as v¢ = 2(vc + xc)/3-

Unlike the relationship between the M-larger and the M-larger in measure or-
derings, there is no analogue to Proposition 3 for the W-larger and the W-larger in
measure orderings, as the next example shows. The example also provides a class
in the equivalence relation =y — recall that if C; and C5 are two copulas, then
Cy =w Cq if (C1]W)(t) = (Co|W)(t) for all ¢ in [0,1] — which contains more than
one copula. First note that, if (U,V) is a random pair with copula C, then the C
distribution function of W is given by

(W|C)(t) = PrU+V —1<t] =Prt[U <t] + Pr[U >,V < 1+t — U]

1
= t—l—/ PrlV<1+t—u|U=u]du
t

1
t—i—/t %(u,l—i—t—u)du
for every ¢ in [0, 1].

Example 4. Let C be the shuffle of Min given by C(u,v) = min(u, v, max(1/2, u+
v —1)), (u,v) € [0,1]%. Its mass is spread uniformly on two line segments in [0, 1]2:
one joining the points (0,0) and (1/2,1/2), and the second one joining the points
(1/2,1) and (1,1/2). Then it is easy to verify that (C|W)(t) = (M|W)(t) =
min(2¢,1) for all ¢ in [0,1]. But, on the other hand, we have (W|C)(t) = 1/2
if t € [0,1/2) and (W|C)(t) = 1 if t € [1/2,1], and (W|M)(t) = (1 + t)/2.
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Hence, (W|C)(1/4) = 1/2 < 5/8 = (W|M)(1/4) and (W|C)(3/4) = 1 > 7/8 =
(W[M)(3/4).

To see the “utility” of the C distribution function of W, where C is the copula
of the random pair (U,V), we provide the following result, which describes the
relationship between this distribution function and the distribution function of the
random variable U + V. In what follows, we will use some notation. Let f be a real
function defined on [a,b] (or on a dense subset of [a,d], including a¢ and b) having
only removable or jump discontinuities. Then ¥ f and £~ f are the functions defined
on [a,b] via £F f(z) = f(z) and £~ f(x) = f(x™), where f(27) (vespectively, f(z7))
denotes the limit — if it exists — by the right (respectively, left) of f in x. Let C
denote the survival copula of C, i.e., C’(u, v)=u+v—1+C(1 —u,1—v) for every
(u,v) € [0,1]? (see [11]).

Proposition 6. Let (U,V) be a pair of random variables with associated copula
C. Then we have
(11— (W|C)A —t), iftelo,1]
df(U+V)(t) =
(W|C)(t - 1), if t €[1,2].
Proof. Let ¢ € [0,1]. Then we have
AU +V)(E) = po({(wv) € 0,12 [u+ov < t})

= ue({(u) € [0, 1P| (1 —u)+ (1—v) ~1>1-1})
= uc({(1 —u/;1 =) € [0,1]* v/ +v —1>1—1t})
= pe({(W/,v") € 0,1 v +v' —1>1—1t})

= ue({( v € (0,17 [ W' o) > 1 t})

= 1— e o) € 0,12 [ W, o) < 1— 1))
— 1— e (W]E) (L - 1))
= (- (WG - 1)),

where we have done the transformations v’ = 1 — u, v/ = 1 — v. On the other hand,
for every ¢ € [1,2], we have

WIC)(t) = pe({(u,v) € 0,12 [utv—1 < t})
= pce({(u,v) € 0,1 |u+v <t +1})
=df(U+V)(t+1),
which completes the proof. (|
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