Copulas Related to Piecewise Monotone Functions of the
Interval and Associated Processes

Guilherme Pumi®* and Silvia R.C. Lopes?®

Abstract

In this work we derive the copulas related to vectors coming from the so-called chaotic
stochastic processes. These are defined by the iteration of certain piecewise monotone func-
tions of the interval [0, 1] to some initial random variable. We study some of its properties
and present some examples. Since often these type of copulas do not have closed formulas,
we provide a general method of approximation which converges uniformly to the true cop-
ula. Our results cover a wide class of processes, including the so-called Manneville-Pomeau
processes. The general theory is applied to the parametric estimation in certain chaotic
processes and we also present a Monte Carlo study.

Keywords. Chaotic Processes, Copulas, Interval Maps, Invariant Measures, Parametric
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1 Introduction

Let T' : [0,1] — [0,1] be a smooth function of the interval [0,1] and suppose there exists an
absolutely continuous T-invariant probability measure, say, pur. Let Uy be distributed as prp.
We can define a stochastic process by setting X; := cp(Tt(Ug)), t € IN, for a given upr-integrable
function ¢ : [0, 1] — R. This type of stochastic process has been applied in a variety of problems
from rock drilling (see Lasota and Mackey, 1994 and references therein) to intermittency in
human cardiac rate (see Zebrowsky, 2001). Realizations of this type of process usually present
complex dynamics, chaotic behavior and instability with respect to the initial point Xj.

In this work we study the copulas related to random vectors obtained from these type of
stochastic process. More specifically, we are interested in the case where the transformation T
is a piecewise monotone function of the interval and ¢ is a strictly monotone function. Our
results cover a wide class of stochastic process, such as the so-called Manneville-Pomeau process
(studied in Lopes and Pumi, 2013) and the process related to the tent transformation (see
Example 6.2) among many others (see, for instance, Lasota and Mackey, 1994).

The present work greatly generalizes the results in Lopes and Pumi (2013), where the au-
thors derive and study the copulas related to Manneville-Pomeau processes, by considering T
belonging to a certain general class of piecewise smooth transformations which can have either
increasing, decreasing, or monotone full branches. We consider the important bidimensional
case as well as the multidimensional case. As the problem of existence of an invariant mea-
sure for a given transformation is usually a difficult one, often the copulas derived do not have
closed formulas. In that case, we have to rely on approximations to study these copulas. In
this direction, we develop a somewhat general approximation to the copulas which is shown to
converge uniformly to the theoretical one. The problem of random variate generation of the
copulas presented here is also addressed. As an application of the general theory, the problem of
parametric estimation in certain chaotic process is discussed and an estimation procedure moti-
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vated by the results obtained in this paper is proposed. To assess the finite sample performance
of the proposed estimator, a Monte Carlo study is performed. Examples are also provided.

The paper is organized as follows: in the next section, we briefly review some concepts
and results on copulas and introduce the class of stochastic processes we will be interested
in this work. Section 3 is devoted to determine the copulas related to any pair (X, Xiip)
coming from the aforementioned processes and to explore some consequences. In section 4,
some multidimensional extensions are shown. In Section 5 we develop a general approximation
to the copulas derived in Section 3 and prove its uniform convergence to the true copula. Random
variate generation is also addressed. Section 6 brings two examples. In Section 7 we apply the
general theory of Section 3 to the problem of parametric estimation in certain chaotic processes.
A Monte Carlo study is also performed. The conclusions are reserved to Section 8.

2 Preliminaries

We begin by establishing the necessary mathematical framework. We say that amap T : I — I,
where I := [0,1], is of class CT® if it is a one-to-one function of class C'T (the class of C1
functions whose derivative is a-Holder continuous), for o € (0,1). A map 7' : I — I, is said to
be finitely piecewise C1T< if there exists a partition {Iz}{_, of I such that the restriction of T
to the interior of each I}, is a C} T function. Each Ij, will be called a node of T. If, in addition,
the restriction of T' to the interior of each I is monotone (increasing or decreasing), then we

call T a finitely piecewise monotone (increasing or decreasing) C-F® function.

For consistency, when we call for a partition relative to a map 7', we shall always mean the
mazimal partition {I}, in the sense that if {I;;} is another partition such that 7" restricted to
the interior of each I, is a CHte function, then, for each k, there exists j such that I, CI j- We
shall refer as the net relative to the nodes of a (finitely piecewise C1T%) map T, the collection
of all endpoints of each Ij in the maximal partition {I;}. Notice that the net of the nodes of T’
are discontinuity points of T, except, perhaps, the points 0 and 1. For the sake of simplicity, but
without loss of generality, we shall assume that I = [a;_1,ax) and that T is right continuous,
except at 1 where we assume that T is left continuous.

Given an arbitrary function 7' : I — I one can ask whether there exists a smooth T-invariant
probability measure. The problem of establishing the existence of such measure is often a hard
one. The literature on the subject is relatively extense and has a long history. Rényi (1957) shows
that, for transformation of the form T, (z) = az (mod 1), a unique absolutely continuous invariant
probability measure always exists. Remember that a map T : I — [ is said to be uniformly
expanding in I if |[T'(x)| > k > 1, for all z € I, whenever T” is defined. Lasota and Yorke (1973)
show that for piecewise smooth uniformly expanding function there always exists an absolutely
continuous invariant measure. Under more stringent, but easily verifiable conditions, Pianigiani
(1980) show that this measure is unique and it is a probability measure. However, many non-
expanding functions are known to possess such a measure. Sufficient conditions for this to
happen for non-expanding functions can be found, for instance, in Bowen (1979), Pianigiani
(1980) and Pianigiani (1981). We shall denote the space of all transformations 7" : I — I for
which an absolutely continuous invariant probability measure exists by .. More specifically,
let us define the following spaces:

Tt = {T € .7 and T is finitely piecewise monotone C.F function};

74 := {T € # and T is finitely piecewise decreasing C{-1* function};

Tt = {T € .7 and T is finitely piecewise increasing C{-T function}.

Certainly 7'N 7+ = () and 7TY 7+ € 7*. Also notice that if T € 7%, T has only full branches in
the sense that T : I, — [0,1) is onto. When T' € 7% and has s > 1 nodes, for t = 1,--- ,s, we
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shall define
K] :={k: T!;, is increasing} ~ and Ky :={k: T%|, is decreasing}, (2.1)

where, as usual, T% = T o T*~1 denotes the k-fold composition. Clearly, K]N K} = 0, K] = 0,
if T €74 and K} =0,if T € 77.

In this paper we are interested in studying the copulas related to the following class of
stochastic process.

Definition 2.1. Let T' € 7% and let uy be a T-invariant probability measure. Let Uy be a
random variable distributed according to pr and ¢ : I — R be a function in £'(ur). The
stochastic process given by

X, = (poTH(Up), forallteN, (2.2)

is called a ‘Zﬁ—induced process (or ’Ij process, for short).

By taking, in Definition 2.1, T'€ 7" or T' € 7+ instead, we define a 7] -induced process and a
‘ng-induced process, respectively, or, for short, 7] and 73 process. The processes just defined are
stationary since up is T-invariant and absolutely continuous. the relationshipe betweem=n X,
and Up is sometimes called mutual complete dependence as, for instance, in Siburg and Stoimev
(2010).

Regarding copulas, a n-dimensional copula is a distribution function whose marginals are
uniformly distributed on I and whose support is the n-dimensional cube I™. The usefulness of
copulas lies on its ability to model dependence independently of the marginals and vice-versa.
The literature on the subject has grown enormously, especially in the last decade, due to the
discover of several applications of copulas on many areas such as finance, actuarial science,
time series, hydrology, among others. For instance, an interesting application of copulas in
finances can be found in Wang et al. (2009), where the authors present one-factor models to
pricing credit default index swap tranches and collateralized debt obligations, based on heavy
tailed copulas especially designed to allow a continuous time tail-fatness control. We refer the
reader to Cherubini et al. (2004), McNeil et al. (2005) and references therein for applications
in finances, Frees and Valdez (1998) for a review on the use of copula on actuarial sciences,
Chen and Fan (2006) for an interesting copula based on a unidimensional time series model and
Salvadori et al, (2007) for applications of copulas in hydrology.

Among others, the invariance by almost everywhere increasing function and the simple func-
tional form the copula takes when the transformation is decreasing almost everywhere are some
of the properties we shall use very often in what follows. In the next theorem, we summarize
these properties. The proof can be found in Nelsen (2006). In this work the measure implicit to
phrases like “almost everywhere” and “almost sure” will be the appropriate Lebesgue measure.

Theorem 2.1. Let C be any copula and let f1,--- , f be almost everywhere increasing functions.
Then Cg(x,),ee fo(x,) (U1, s un) = Cxy o x, (U1, un). Moreover, if f and g are two almost
everywhere decreasing functions instead, then Cr(x) g(v)(u,v) =u+v -1+ Cxy(1 —u,1 —v).

The next theorem, the so-called Sklar’s theorem, is the key result for copulas. See Schweizer
and Sklar (2005) for a sketch of the proof in the n-dimensional case, Durante et al. (2012, 2013)
for alternative proofs and Nelsen (2006) for a more detailed proof in the bidimensional case.

Theorem 2.2 (Sklar’s Theorem). Let Xi,---,X,, be random variables with joint distribution
function H and marginals Fy,--- |, F,, respectively. Then, there exists a copula C' such that,

H(zy,- @) = C(Fi(21), -, Fulwy)), forall (1, -+ ,z,) € R™
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If the F;’s are continuous, then C' is unique. Otherwise, C is uniquely determined on Ran(Fy) X
- x Ran(F,), where Ran(F') denotes the range of the function F. The converse also holds.
Furthermore,

Clug, - ,up) = H(Fl(_l)(ul),'~ ,Fr(fl)(un))7 for all (uy,--- ,u,) €I,

where for a function F, F=Y) denotes its pseudo-inverse given by F(=V(z) := inf {u € Ran(F) :

For more details on the theory of copulas we refer the reader to Joe (1997) and Nelsen
(2006). Copulas are also in close connection to probabilistic metric spaces. See Schweizer and
Sklar (2005) for details on this matter.

3 Bidimensional case

In this section we shall investigate the bidimensional copulas associated to ‘T@T , ‘1:; and ‘I&
processes where ¢ will be taken to be an almost surely monotone function. As we will see later,
the multidimensional case is very similar to the bidimensional case, so we shall give special
attention to the latter.

Given T € 77, we shall always fix an absolutely continuous T-invariant probability measure
and denote it by pu7. Now let ¢ € £'(ur) be an almost surely increasing function and consider

{X:}iew the T% process associated to T'. For all t € IN, let Fy(-) be the distribution function of
X:. By definition, for all x € I

Fy(z) :=PUy < z) = pr ([0, ]).
Observe that the T-invariance of up, implies that, for any t € IN, t > 0, and = € I,
Fy(z) :=P(T"(Uo) < z) = pr (T") ([0, 2])) = pr([0,2]) = Fo(z). (3.1)

Also, pur < X implies that pp is non-atomic and since T € C'T(I) implies the existence of a
continuous positive density for ur, F} is continuous, increasing and its inverse is well defined.

Remark 3.1. Notice that, if 7 € 7% has s nodes, for t > 0 T will have s’ nodes and the
restriction of T to each of its nodes (say {I, k}ztzl) is a one-to-one function, so that on each Iy
its inverse is locally well defined. Now, we can conveniently define the inverse of T* at y € (0, 1)
(y € {0,1} is trivial) as a piecewise function by setting 7z x(y) := (T%) 7|1, (y), so that

()~ ) = (M) u @), (M) . @) = (Tealy), - Test (1)

This is just a simple way of writing the inverse image of the singleton {y} by 7¢. With this
in mind, let y € (0,1) (y € {0,1} is trivial), ¢ > 0, X be a random variable taking values in
I and {atyk}ztzo be the net associated to the nodes of T¢. For T' € TT\J T+, the solution of the
inequality 7*(X) <y in X can be written as X € A1 (y)U -+ - U Ap st (y), where

[at k-1, Tek(y)], if T eTt,

3.2
(Tek(y),arkl, if TeTh, (3.2)

At,k(y) = {

will be a proper closed subinterval of [a;_1,ar ], for each k = 1,---,s'. Notice that A (y)
is just the inverse image of [0,%] by the transformation T restricted to its k-th node, that is,

Agr(y) = (T 1[0, y]) N 1.

The next result will be used several times during the work.
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Lemma 3.1. Let X be a random variable taking values in I and let T belong to either TT or
T4 and suppose that T has s nodes. Then, for anyt € N and x € I,

St

P(T'(X) < 2) =P(X € Uj_1 Ari(2)) = Y P(X € Ai(a)),
k=1

where the Ay ’s are given by (3.2).

Proof: The result follows from Remark 3.1 and from the fact that the A;;’s are (pairwise)
disjoint. [ |

The case where T'€ T\ (77\JT") is treated in the next lemma. As one could expect, it will
be a mix of the results in Lemma 3.1.

Lemma 3.2. Let X be a random variable taking values in I and distributed according to a
non-atomic distribution. Let T' belong to T\ (TTUJT") and suppose that T has s nodes. Then,
foranyt € N and z € I,

t
S

P(T'(X) < 2) = P(X € UiLi (4], (@)U 4} (@) ) = 3 (P(X € 4] (@) + P(X € AL, (2))),
k=1
where
1 L [at,k—la ﬁ,k(x)]v k € KT? 4+ ._ [ﬁ,k(x%at,k]a k S K¢a
Ap (@) = { 0, otherwitse, and Ay (x) = { 0, otherw;se. (3.3)

Proof: Let A}, and Ay, be as in expression (3.3). Since T € 74\ (T'UTY), K] € {1,--- ,s'}
and Ky C {1,---,s'} are non-empty. To prove the first equality, notice that

P(T'(X) < @) = P(X € (U, 1AL @) U (U, i AL @) ) = P(X € Uil (AL (@)U AL, (@) )
As for the second, one can write
P(T'(X) <2) = P(X € (U Ali®)UU, Al @)
P(X € (U, A1) +P(X € (U, gl @) -
~P(X € (Uyept AL NN (U i 4L, @) ) (3.4)

Now upon noticing that A ()N A} ;(z) = 0 and A;;(x)N Ay ;(x) = 0 whenever i # j and by
the definition of A;i and Aj ., it follows that

£

t
S

IP(X € UieKtTAI,i(x)) = IP(X € UZt:lAL(w)) = ZIP<X € AIk(“’))
k=1

and similarly P (X € (U jeKﬁAtj (z))) :Zztzl P(X e Aik(x)) At this point, upon substituting
these two equalities into (3.4), the lemma will be proved if we show that
P(X € (Ui AL @)N (U, i AL, @) ) = 0.
This follows upon observing that
P(X (U, AL@)N (Ui ALy () = P(X € ULy (4] ()N AL (2)) )
< P(Xe (Uilofar U (Ui {Tin(@)}) ) =0,

since, by assumption, X has a non-atomic distribution. This completes the proof. [ |
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Remark 3.2. Lemma 3.2 is the analogous of Lemma 3.1 in the case where T'e 7%\ (7' 7%), but
with an extra condition: we had to impose the condition of non-atomicity in the distribution
of X. The non-atomicity condition is necessary because the intersection in (3.4) may be non-
empty, in which case it will contain only a finite number of isolated points. However, in our
work we will always assume that the underline distribution is absolutely continuous, so the extra
imposed condition has no impact in the development of the work.

Proposition 3.1. Let T € T%, pur be a T-invariant probability measure and let Uy be distributed
as pr. Then, for anyt,h € N, h # 0, (T"(Up), T (Uy)) 4 (Uo, T"(Uy)) and Crt () Tt+h (Ug) =
CU07Th(U0)'

Proof: The first result follows from the fact that, for T € 7% and ¢ € L (ur), the T} process
associated is stationary. In particular, the result holds for ¢ taken to be the identity map. The
second result is a consequence of the process’ stationarity and of Sklar’s theorem. |

As for the copulas related to ‘ZZ} processes, for ¢ almost surely increasing, the following result
holds.

Corollary 3.1. Let T € T*, ur be a T-invariant probability measure and o € L' (ur) be an
almost everywhere increasing function. Let {X;}iew be the associated ‘Té process. Then, for any
t,h e N, h #0,

CXt;XtJrh (u7 U) = CXO,Xh (u7 U) = CUo,Th(Uo)(“a 1}),

everywhere in I2.

Proof: Direct consequence of Proposition 3.1 and Theorem 2.1. [ |

Remark 3.3. Notice that the result in Corollary 3.1 actually holds in a much more general
context when combined with Proposition 3.1, but for our purposes, we only need it as stated.

Now we turn our attention to determining the copula associated to any pair (X, X,) of
random variables, for any p,q € IN, obtained from a ‘T£ process with ¢ increasing almost every-

where. Let T € ‘Z} and assume that 7" has s > 1 nodes. Let pur be a T-invariant probability
measure and Fy be as before. In order to simplify the notation, let us define the functions
Tk + I = [Fo(ank-1), Folank)] by

Filx) = Fo(Tow(Fy (@) ), (3.5)

for h >0 and k € {1,---,s"}. For a given set S, we also define dg(u) as being 1, if u € S, and
0 otherwise. We start with the case T'€ 7\ (77U T*). We shall denote the copula related to a
given 'I£ process {X¢hew by C C}L(t,Xt+h and C%hXHh when T belongs to 77, T+ and
T\ (T TY), respectively.

Proposition 3.2. Let T € TN\(T'UT*), ur be a T-invariant probability measure and ¢ € L' (ur)
be an almost everywhere increasing function. Let {X;}iew be the associated ‘ILE process. 1If we
let {ah,k}ih:o be the net associated to the nodes of T", then

£, X¢4h’

C’f(hxﬂh(u,v) = Z [3%716(11) — Fo(ah,k_l)] + [min {u, Fhono (U)} — Fo(a;w()_l)] 5KZ (no) +
keng
+ [Foank) — Fni(v)] + max {0,u — Fp n, (v)}dK* (no), (3.6)
kEn‘oL ’

where ng 1= no(u; h) = {k Tu € [Fo(ah,k—ﬂ,Fo(ah,k))}; and, with K}TL and K,t as in (2.1),
nyi={1,---,ng— 1}NK} and nf§:={1,--- ,no—1}NK}. (3.7)
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Proof: We start by determining the copula associated to the pair (Uo,Th(Uo)). Let T €
TN\(TTUT*), ur be a T-invariant probability measure and ¢ € L' (ur) be an almost everywhere
increasing function. Also let {X;};env be the associated ‘1‘3 process and Hyj(+,-) denote the
distribution function of the pair (Uo, Th(Uo)). Notice that, by Lemma 3.2, we have

Hon(z,y) = PUy <2, T"Up) <y)=P(Us < z,Up € UZLAh,k(Z/))
= IP(U OxﬂUk 1Ahk( ))

S

= 3" [P(Uo € 4}, )N[0,2]) + P(Uo € 4f, ()N [0,])],
k=1

where A;L,k and Ai,kz are given in (3.3). Set ny :=ny(z;h) = {k: 2z € [apk-1,anx)} and let
nl={1,-- ,ng — l}ﬂK,TL and  ny:={l,-- n; — 1}ﬂK,t,

with K] and K} as in (2.1). Notice that njN\ny = 0 and njUnj = {1,--- ,n; — 1}. It follows
that

Sh

Hon(w,y) = 3 [P(Us€ AL m)N10,2]) + P(Up€ Af ,(y)N[0,2])

k=1
= 3 P(Uoe 4] N[0,7]) + P(Us€ AL, (1N ann, )61 (n1) +
anI —.qt
+ > P(Uoed;  (y)N[0,2]) + P(Us€ A, (y )mah,m,x])%(m)
kEn¢
1 =:Q}
= Z pr ([an k-1, Tne(y)]) + pr(QT) KT(n1)+
anI

+ Z o ([Thok(Y), ank—1]) + MT(Q¢)5Ki(n1),

kEnf
where
Q" = [anm 1, min {z, Trn ()}]  and Q= { [Thnﬁ’y) A NS
so that
Hon(z,y) = Z [Fo(Thk(y)) — Folank-1)] + Z [Folank) — Fo(Tnx()] +

kEnI ken%

+[Fo(min {2, Thn, () }) — Folan,n,—1)] 0per(n1) + max {0, Fo(x) = Fo(Thm, (y))}szi (n1).

Upon noticing that Fo(min {a;, Enl(y)}) = min {Fo(a:),Fo (ﬂz,m (y))}, by Sklar’s Theorem, it
follows that

C?]O Th(Uy )(’LL,’U) = Ho’h(Ffl(u),Fhfl(’lﬁ) = H07h(F071(U>7F071(’U))
= Z [ﬂh,k(v) — Fo(ah,k_l)} =+ [Hlin {u,ﬁhvno(v)} — FO(ah,no—l)} 5KI(’H,0) —+
keng
+ Z [Fo(ank) — Fni(v)] +max {0,u — Fp n, )}5Ki(n0)’
kené

where ng := nq (F(fl(u);h) and n) and n} are given by (3.7). Now by Proposition 3.1 and

Corollary 3.1, C’g(t’ Xpon = C}]O’Th (o) and the desired result follows. [ |
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Remark 3.4. Let {aj}ren be an arbitrary sequence of real numbers and let D C IN be a set of
indexes. As usual, if D = ), we shall set >, a = 0.

Next we shall derive the copula associated to any pair (X, X,), for any p, ¢ € IN, of random
variables obtained from a 7 or 7 process with ¢ increasing almost everywhere. The results
follow from a specialization of Proposition 3.2.

Proposition 3.3. Let T € T'"UT*, ur be a T-invariant probability measure and o € L (ur)
be an almost everywhere increasing function. Let {Xi}iew be the associated 1] or T3 process.

If we let {ahk}zhzo be the met associated to the nodes of T" and ng := no(u;h) = {k : u €
[Fo(ah,k,l), Fo(ah,k))}, then the following is true:

(). If T € T1, then, for any t,h € N, h # 0 and (u,v) € I?,

no—1

C;Q,Xﬂ-h (’LL, U) = (Z ghvk(v) - Fo(ahyk—1)> (5]1\]*(’”[) - 1)+
k=1
+ min {u, Fhong (v)} — Fo(anng—1), (3.8)
where IN* := IN\{0}.

(ii). If T € T* instead, then, for any t,h € N, h # 0 and (u,v) € I?,

no—l

C}L(tvxt+h, (u,v) = (Z Folank) — ﬂhyk(v)> On(no — 1) + max {O, U— Fhone (v)} (3.9)
k=1

Proof: 1f T € 7', (i) follows from Proposition 3.2 by noticing that K; = 0 while if T € T+,
the opposite happens, namely, K} = () which implies (ii). [

Remark 3.5. For computational purposes, it can be advantageous to write copulas (3.6), (3.8)
and (3.9) explicitly as a function of p7. In this case, (3.6) becomes

C)i(,,,xwh(u»v) = Z MT([ah,k—hﬁ,k(Fo_l(v))]) +

keng

7 ([an,mg 1, min { B (), Ty (F5 (0)) }])6 1 (o) +

h

+ > nr ([T (F5 @) an] ) + oz ([Tono (B3 (0)) By " 0] ) ges (m0), - (3.10)

kEné’

where [a,b]T equals [a, b], if b > a, and @) otherwise. In their turn, copulas (3.8) and (3.9) become
respectively

ngfl
ngt,xt% (u,v) = Z MT([ah,k—l,ﬁ,k (Fo_l(v))])(Sm* (no — 1)+
k=1

g1z ([anmg -1 min {F5 (), T (F5 () 1]).

and

no—1

Cﬁ(tthﬁ—h, (uw) = Z MT([E,]@ (Fal(v)),ah,k])ém* (TLO — ].) + NT([%WO (Fofl(v)),Fofl(u)] +).

k=1

In the next lemma we show that the relation C, x,,, = Cx, x,, valid when ¢ is increasing,
still holds in the decreasing case.
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Lemma 3.3. Let T € T* and let { X, }1ew be the associated 'Iﬁ process for o € LY (ur) an almost
surely decreasing function. Then, the relation

Cx, Xy (W,v) =u+v =14 Cyy rry)(1 —u,1 —v) = Cx, x, (u,v), (3.11)
holds for all (u,v) € I*.
Proof: In Proposition 3.1, we have shown that Crp(yy re+n1g) = Cup rn(uy) (independently of

¢). Now, since the inverse of an almost everywhere decreasing function is still decreasing almost
everywhere, upon applying Theorem 2.1, it follows that

CXt,XtJrh (u, U) = Ctp—l(Tt(UO)L¢—1(Tt+h(UO))(U, 1}) =u+v—1+ CTt(UU)7Tt+h(UO)(1 —u, 1-— ’U),
which proves the first equality. As for the second, it suffices to notice that
CXO,Xh (u, U) = C(p(UO),@(T’L(UO))(u7 ’U) =u+v—1+ CUO,Th(Ug)(l —u,l — ’U)7

everywhere in I2, by Theorem 2.1, and the result follows by Proposition 3.1. [ |

In the next propositions we present the copulas related to ‘ZZ} processes in the case where
@ € L(uy) is an almost everywhere decreasing function. In this case, we use the same notation
for the copulas as before, but we add an asterisk in order to emphasize the difference on ¢. We
start by considering T'€ 74\ (77U T%).

Proposition 3.4. Let T € T\ (T'UT*") be a transformation with s > 1 nodes, ur be a T-
invariant probability measure and ¢ € L (ur) be an almost everywhere decreasing function. Let

{Xi}iew be the associated TS process. If we let {amk}zhzo be the net associated to the nodes of
T, then

Of(*hXHn (U7'U) = ut+v—1+ Z [ﬁ}“k(l — U) — FO(ah,k—l)} —+ Z [FO(a'h,k) — (gz}%k(l — ’U)] +

ang* keng*
+ [min {1 —u, Zyn: (1 —0)} — Foannz—1)] 5;@(”3) +
+ max {0,1 —u— Fppn: (1 ffu)}éKL(nS), (3.12)
h

where ng := ni(u; h) = {k Tu € [1 — Fy(ank), 1 — Fo(ah,k—l))};
ng* i={1,---,ny —1YNK}, and n§ ={1,---,n5 - 1INK}.
Proof: By Lemma 3.3, we have
T

Cx, xpn (V) =u+v—1 +ct

UO,T’L(UO)(I —u,1—v) (3.13)

so that the result follows by Proposition 3.2 (with ¢ as the identity map) upon substituting
(3.6) into (3.13). [

Proposition 3.5. Let T € T'UT*, ur be a T-invariant probability measure and o € L (ur)
be an almost everywhere decreasing function. Let {X;:}iew be the associated T or T process.

If we let {a;hk}zhzo be the net associated to the nodes of T" and nj := nj(u;h) = {k : u €
[1 — Folapk),1 — Fo(ahﬁ_l))}, then the following is true:

(). If T € T1, then, for any t,h € N, h # 0 and (u,v) € I?,

ng—1
CXx(Wv) = utv—1+ (Z Fnp(l—v) = Fo(ah,kl)) one(ng — 1) +
k=1

+ min {1 — u, Fpn: (1 — )} — Folanns—1)- (3.14)
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(ii). If T € T4, then, for any t,h € N, h # 0 and (u,v) € I?,

ng—1
C?;,th (u,v) = ut+v—1+ (Z Folank) — Fnr(l — v)) on=(ng — 1) +
k=1
+ max {0,1 —u— Fppn: (1 —v)}. (3.15)
Proof: Immediate from Proposition 3.4 and (3.13). ]

A question that naturally arises is what are the support of the copulas just derived? To
answer that, the following notation will be useful. Let T" € 7Ty 7* and Fy be the distribution
associated to a T-invariant probability measure. Assume that T has s > 1 nodes and let h be a
positive integer. We define, for all k € {1,--- , s"}, functions K}L’k,fﬁ%k : [Fo(ahk,l), Fo(a;hk)] —
I by setting

x — F a;,,,k_
52,1@(55) = F o 1)

_ Fo(ah, k) -
and & (2) = i
olank) — Folank—1) h,k( ) 7

o(ank) — Folank—1)

and E;:k, E}:k : [1 = Fo(ank),1 — Fo(ank—1)] — I by setting

+ Fo(ank—1) — 1 1 — Folapk) —x
0 () = — d and ¥ () = ! )
() Folank) — Folank—1) () Fyo(ank) — Folan,k—1)

Observe that ¢} , is just the linear function joining (Fy(apk—1),0) and (Fo(ank), 1), while @L %

)

joins (Fy(apk—1),1) and (Fy(apk),0). In the next proposition we provide a characterization for
the support of the copulas derived so far.

Proposition 3.6. Let T € T and pr be a T-invariant probability measure. For o1 € LY (ur)
an almost everywhere increasing function and w2 € LY(ur) an almost everywhere decreasing
function, let {X;hew and {Y;hew denote respectively the associated ‘2221 and ‘1;?2 process. Also
suppose that T has s > 1 nodes. Then, for any t,h € N and h > 0,

supp{C%, x,,,} = (kum{ (6, (w) s u € By })U (kum{ (w64, (w)  w € Rui}),

and

supp{CF, v, b= (U {0 50) e RHU (U {0 ) w e Rid),

keK keK

where Rh,k = [F(](ah7k_1), Fo(a}%k)} and R;’;k = [1 — Fo(ahﬁ), 1-— Fo(ah7k_1)] .

Proof: Let R = [u1,us2] x [v1,vs] be a rectangle in I?. First assume that 7' € 7], and let

ch( (R) denote the Cx,,

C, the C-volume is a (doubly stochastic) measure, we can assume without loss of generality that
u; € Ry, for ¢ = 1,2, so that ng = k for all terms in the expression of VCT (R). Hence the
X

X,4n-volume of R. Let k € {1,--- ,s"} be fixed and since for any copula

summands and constants on the copula cancel out so that we have

v

- (R) = min {ul, ﬁh,k(vl)} + min {uz,ﬁh,k(vg)} — min {ul, ﬂh,k(vg)} — min {UQ, ﬁh,k(vl)}

= Vi ([ur, u2) X [Fhi(v1), Fnk(v2)]),

where M (u,v) = min{u,v} is the Frechet upper bound copula, whose support is the main
diagonal in I%. Since [u1,uz] x [ﬁhk(vl),ﬁh,k(vg)] C R%Lk, it follows that Vi (R) > 0 if, and
’ X

only if, RN {(u,é}%k(u)) tu€ Ry} #0.
Now assume that T' € T;l and, considering a rectangle R as before and u; € Ry, let V, (R)
X

1
X

denote its Cx,, -volume. Again the summands and constants on the copula cancel out and

we have

Xitn

Vcﬁ( (R) = max {0, Uy — fhk(vl)} + max {O,uz — ﬁmk(vg)} — max {O,ul — fh,k(vg)} —



G. Pumi and S.R.C. Lopes 11

— max {07u2 — ﬁmk(vl)}
= Vw<[u1,u2] X [1 — ﬁh)k(vl), 1-— y;hk(’vgﬂ),

where W (u,v) = max{0,u + v — 1} is the Frechet lower bound copula, whose support is the
secondary diagonal in I2. Since [u1, us] X [1 — Fnp(v1),1 = Q%uk(vg)] C Rpx X Ry, it follows
that VC§(R) > 0 if, and only if, RN {(u,ﬁik(u)) tu € Rh,k} # 0.

Now suppose T'€ TH\(7"U7*) and let V3 (R) denote the Cx,,
X
fixed as before and let u; € Ry, 1, @ = 1,2. We can write

Vor (B) = Voq (R)dpr(no) + Vi (R)d et (no),

X,4p-volume of R. Let k be

so that the result follows from the previous cases and by observing that we can write I =
h
Ur=1 Rh.-

As for T € ‘2222, the result follows similarly as the previous case, by noticing that for a
rectangle R as before and u; € R;k, i=1,2,

V 4 (R) = VM([l — ’LL2,1 — ul] X [yh’k(l — UQ),yh’k(l — ’Ul)])

CY
and
VC# (R) = Vw([l —ug, 1 — ul] X [1 — thc(l — vg), 1— ﬁh,k(l — Ul)]),
and by applying standard arguments. This completes the proof. [ |

As an immediate consequence, we have

Corollary 3.2. Let T € 7% and pur be a T-invariant probability measure. For ¢ € LY(ur) an
almost everywhere monotone function, let { X }ew be the associated ‘ZZPi process. Then C%Q Xt+h}
1s singular with respect to the bidimensional Lebesque measure.

Proof: This follows by noticing that )\(supp{C;t Xt+h}) = 0, where X\ denotes the Lebesgue
measure on I2. n

A map T € 7% can have several different absolutely continuous T-invariant probability
measures. This implies that, for a single given T" € 7%, the associated 'Té process can have
several different copulas associated to it depending on the choice of the T-invariant probability
measure. This happens because Uy, which fundamentally defines the probability structure of
the process, also depends completely on the choice of the T-invariant probability measure. We
also remark that the formulas just presented are all derived from the relation CXO,Tn(UO)(% v) =

A0, w)n (T™) 71 ([0,0])).

4 Multidimensional Case

In this section we shall extend our results from the previous bidimensional set up to a mul-
tidimensional one. That is, in this section we are interested in deriving the copulas related
to n-dimensional vectors (Xi,,---, Xy, ) coming from a Tﬁ process for ¢ an almost everywhere
monotone function. It turns out that the bidimensional and the multidimensional case have
more in common than one could expect and much of the work will be built over the results of
last section.

First, let us establish some useful notation. Let a,b € IN with a < b. We shall write a:b :=
{a,--+ b}, xgp := (x4, -+ ,xp) and, for a function f, we shall write f(z4.p) 1= (f(:):a), e ,f(xb)).
Again we shall denote the distribution of Uy by Fy. The next proposition will be useful to simplify
the proofs of the main results of this section and in establishing notation.
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Proposition 4.1. Let T € T\ (T"JT*) and suppose T has s > 1 nodes. Denote by {at,k}ztzo
the net associated to the nodes of T¢. Let t,hy,--- h, € N, 0 < hy < --+ < hy,, set t = (t,t +
hi,--- ,t+ hy) and let Hy denote the distribution function of (T*(Uy), T " (Uy),--- , T " (Uy)).
Then, for all (xq,--- ,x,) € 1",

Hy(wo,+an) = Y P(Ug € Al (z1)N[0,z0]) + > P(Us € Af, (z1:)N[0,20]),  (4.1)

keK] kEKy,
where [ - N )
~ A, k—1:0p, p(T10) |, f k€K, |
Aj k(@) = , (4.2)
0, otherwise,
and [ L ) ] .
~ b T1:n ), Oh, k| ka €K )
A lar) =4 T " (4.3)
0, otherwise,
with,
by (@) = min {cl(@iihn, K)} and by y(@1n) = min {e;(@i; hn, k) } (4.4)
where ' -
. _ Qh,, k-1, if B;(xiihn, k) =0,
i (@i fin, k) = { B (xi; hn, k), otherwise,
L. _ ap,, ks Zf Bj(zlahﬂak) :®7
i (@i fin, k) = { B} (w45 hn, k), otherwise,
Bl (i; hn, k) = i {Thi (i) : Thyj(@i) > an, k-1 and an, j < an, x},
j=
and
Bj(:ri;hn,k) inax {’E (@)  Tny (@) < ap, k and ap, j > ahmk_l}.
j=
Proof: In view of Theorem 2.1, given ¢, hy,--- ,hy, € N, 0 < hy < --- < hy, it suffices to prove

the result for the vector (T%(Up), T (Up), -, Tt~ (Uy)). Let Hy denote the distribution
function of (T*(Up), T (Uy), -+ , T (Up)) and let o, € (0,1)" . Also, for the sake of
simplicity, let V; := T*(Up). We have

Hyi(xo, - xn) = P(T"(Up) < o, Tt+h1(U ) <@y, T (U)) < )
=P(Y; <3, T (V) < w1, , T (V) (Uo) < 21,)
:Pﬁeemaﬂneu LA U AL (), Y € URZ (4], p(@)U AL () )
=P (¥, € [0zl U (4], 4 (w)U 4F, (1))
=P (Uo € [0,20]N 1 U (4], w(@)U Af, (@) ) (45)
= ]P(Uo € 0, 20N U2 4], k(ﬂfz)) +]P(U0 € [0, 20]N iy Zh:ilAii,k(x’i)>_

— P(Uo € 0.2l Ui (4, 1@ 4f, 4 (@0) ) (4.6)

where A} , and Aj; , are given in (3.3). The last term in (4.6) is equal to zero since the
non-atomicity of the distribution of Uy implies

]P(Uo € [07mO]ﬂ?:lUZ’Zl(Azi,k(xi)ﬂAii,k(xi))) <
< ]P(Uo € [0,z0)N [(U5Zo{an, U (U Zh:1{77zmk(ﬂ7)})]>

< P(Uo € [(UiZo{on, s U (UL Th k(2)))]) = 0.
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Considering K,Tln and K,ﬁn given by (2.1), let bzn,k(afl:n)a bzn,k(l’lin)? ﬁzmk(:ﬁlm) and Zlink(xln)
be as in the enunciate. Notice that jzlvllnk (21.,) and ﬁﬁn x(®1:n) are both proper closed subsets
of [an, k—1,an, k). Each b;mk(:vlm) actually is the smallest T3, j(x;) that lies on the k-th node
of T"» (which determines the thinner partition among all 77, so that g;lmk(mlm)’s are just
the intersection of all Ay, x(x;)’s with the k-th node of Th». In opposition, bin,k(xlin) is the
largest Tp, j(x;) that lies on the k-th node of Th= . Also notice that the ggmk(xlm)’s are pairwise

disjoint and so are the ﬁin x(®1:0)’s. Now, with this machinery, we can rewrite (4.6) as

Hy(xo, -+ ,an) = IP(UO €U per! A}, (@) [Oa%]) + IP(UO €U ert A (@) [0,330})

= > P(oe A ,(z)N0,2]) + > P(Uo € A} (z1:)N [0, 20)),

ke keKy,

which is the desired formula. [ ]

Proposition 4.2. Let T € T'YT* and suppose T has s > 1 nodes and denote by {at,k}ztzo the
net associated to the nodes of Tt. Let t,hy,--- ,h, € N, 0 < hy < --- < h,, and Hy denote the
distribution function of (T*(Up), Tt (Uy), -+ , T (Uy)). Then, for all (zo,--- ,x,) € I"*,

Shn

Ht(x(h c vxn) = ZIP(UO € Zhn,k(xlin)m [vao])a (47)
k=1

where [ - )} R
_ Ahp k=105, p(@1m)], T €T,
Ahn,k(xl:n) = { (48)

[btmk(xlzn)a ahn,k]7 ZfT S (Z‘i’
with bgmk(wl;n) and bin,k(*rl:n) given by (4.4).
Proof: With the notation of Proposition 4.1, the result follows by noticing that ﬁhmk is just

a combination of (4.2) and (4.3) and that if T € 77, then K; =0, while if T € 77, we have
K] =0. n

Proposition 4.3. Let T € T*, pur be a T-invariant probability measure and let Uy be distributed
as pr. Then, for any t,hy,--- ;hy €N, 0 < hy < -+ < Ay,

(TH(Uo), T (Uy), -+, T (Ug)) £ (Uo, T (Up), -+, T (U)). (4.9)

Furthermore, (T*(Up), T (Uy), - -+ , Tt (Uy)) and (Up, T (Uy), - -+ , T"(Up)) have the same
copula.

Proof: Let Hp denote the distribution of (U, T (Up), -+, T (Up)). Notice that it suffices
to prove that, for any (zg,--- ,z,) € I"", Hy is equal to (4.5). Indeed, we have

Hp(zo,++ ,2n) = P(Uy < 20, T" (Up) < 21, , T (Up) < a0)
= P(Uo€l0,a0l, Uoe Uiy (4], n (@)U AL, w(@1), - U €Ut (4], wn)U AL (an)) )
= P(Us € 0. 20N Ui (4], (20U A, 4(2)) ),
which is precisely (4.5). The other assertion follows from Sklar’s theorem in view of (4.9) and
from the fact that T¢(Up) < U, for all t € IN. n
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Upon specializing the results seen so far, we can now determine the copulas associated to
multidimensional vectors coming from a ‘22(,i process with ¢ increasing almost everywhere starting
with the case T'€ T+\ (77 T+), which essentially embodies the other two cases.

Theorem 4.1. Let T€ T\ (T'UTY), ur be a T-invariant probability measure and ¢ € L (ur)
be an almost everywhere increasing function. Let {X;}iew be the associated ‘Z} process. If we

let {ahn,k}z}:o be the net associated to the nodes of T", and Cy be the copula associated to
(Xt, Xethys o s Xegn, ), fort,hy, -+ yhy € N, 0 < hy < -+ < hy, then

Ce(uo, - yun) = Y [Fo(r} p(urm)) = Folan, k-1)]+ Y Folan, k) — Fo(ry, ,(u1n)) +

T 4
keng keng

+ [mln {’LLO, FO (TZWJLO (uln))} - FO(ahn,nofl):| 5Kln(n0) +

+ max {O’ uy — Fo (Ti,mno (uln))} 6K’J{ (ﬂ(]),
where ng = {k ug € (Fo(ahn,k 1), Fo(an,, k ]} with K}TL and K,t given in (2.1),

ng=A{1,---,ng—1JNK} , ng=A{L--- ,ng—1}NK} ,
with bzmk and bﬁn p given in (4.4),
TZL k(ul n) = bh k(F 1(u1n)) and r,ﬁmk(ulm) = btmk(FO_l(ulm)). (4.10)
Proof: 1In view of Proposition 4.3, we only need to show the result for the vector (Uo, T (Uy),
,Th“(UO)), where hy, - ,h, € IN, 0 < hy < -+ < hy,. Considering K,TL and Kh as in
(2.1), let b%mk(xl;n), bﬁn7k(x1,n) Ah k(1) and Az k(azl n) be respectlvely as in (4.4), (4.2)
and (4.3). Set n; = {k : z9 € (ahmk_l,ahm ]} and let n] = {1,---,n - 1N K}, and ny =

{1,---,n1 — 1N K}, . Notice that njNnj = 0 and njUn; = {1,--- ,n1 —1}. We can now
rewrite (4.1), in view of Proposition 4.3 and setting h = (0, hy, - , hy,), as

Hp(xg,- -+ 1) = Z HT([ahn,k—lybzmk(xlzn)]) + Z NT([btmk(Ilzn)aahn,k]) +
anI an%

+ MT([anl—h min {zo, biTzn,nl (xl:n)}Dszz (n1) +

+ /‘T<[bh iy (T1m), ffo]) 5[1# @) 1] (20)0 1 €(n1)

hn,nq hn

Z [Fo(b}, #(@1n)) — Folan, k1) +Z Fo(an, k) — Fo(by, w(@n))]+

anI kenl
+ {Fo(min {0, b,Tlmnl (z1:n)}) — FO(ahn,nlfl)}(sK}TL (n1) +
+ max {0, Fo(zo) — Fy (bimn1 (xln))} §K}¢L (n1)

Now, by Sklar’s Theorem and (3.1), taking ng = {k: Dug € (Fo(ahmk,l),Fo(ahmk)] }, it follows
that

Ch(uo, + ,un) = Hp(Fy (uo),+ , Fy ' (un))

= Z [Fo(r,, k(1)) — Fo(an, k—1) +Z Fo(an, k) — Fo(ry, p(urn))] +
kEng anD

+ [min o, Fo(r], y (010)) } = Fol@n,mo1) |87 (o) +

+ max {O, ug — Fy (Tflmno (Ulzn)) } 5K}il (n0),

where !, and 77 , are as in the enunciate. [ |
hTL7k h7l7k
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From Proposition 4.1 we have all we need to work with the case T' € TTJT*. This is the
content of the next proposition.

Proposition 4.4. Let T € T'JT*, pur be a T-invariant probability measure and ¢ € L' (ur) be
an almost everywhere increasing function. Let {X;}iew be the associated ‘Ts; or ‘Z:; process. 1If
we let {ahn,k}z}:() be the net associated to the nodes of T, and Cy be the copula associated to

(Xt, Xtthys s Xegn,, ), fort,hy, -+ Jhy € N, 0 < hy < -+ < hy, then

(). if T € 77,
Ci(ug, -+ ,un) = ”02*21 [E0 (o b (w1:n)) = Fo(an, g—1)] +min {uo, Fo (7h, no (1:0)) } = Foan, ng—1);
k=1
(). if T € T,
Cottto -+ tn) = 3 [Foan, ) — Form )] -+ ma (0.0 — Formo (1))
k=1

where ng 1= {k tug € (Fo(ahn,k—1)7F0(ahn,k)] }, b%mk and b}in,k given in (4.4), and

bzn,k (Fo—l(ulm))v if Tedt,
rhwnk(ul:n = . . . )
by o (Fo H(urn)), if T eTh,

Proof: We observe that ryp,, j is just a combination of the two expressions in (4.10) and that if
T € 7', then K} =0, so that nj = {1,--- ,no — 1} and ng = 0, while if T € 7+, then K| =0
so that ng = {1,--- ,n9 — 1} and n}) = 0. With this in mind, the results follow directly from
Theorem 4.1. [ |

The generalization to the n-dimensional case for ¢ an almost surely decreasing function
leads to more complicated formulas in terms of the copulas in Theorem 4.1 and Proposition 4.4.
Although the set up here is much more general than the one in Lopes and Pumi (2013), it is
interesting to notice that the same result valid there can be applied here, so that we include it
just for the sake of completeness.

Proposition 4.5. Let T € T*, ur be a T-invariant probability measure and let {X;}iew be the
associated ‘ZZ} process for o € LY (ur) an almost surely decreasing function. Lett, hy,---  h, € N,
0< hy <+ <hy and set Y}, := Thk(Ug) and Yy := Uy. If we denote the copula associated to
(Xt, Xithys o Xegn,) by Cy, then the following relation holds

Ct(’LL07"' 7'u/n):1—’!’14—2’[1/2-1-2 Z Cy“yj(l—uul—’u,j)-{-_i_
=0

i=0 j=i+1

+ (_1>n—1 Z Z Z Cyklx”'xYk,,L,l(l — Uy, 1 _ukn,l)'i‘

k1=0ko=ki1+1 kn_1=kp_2+1
+ (_1)nCUU,Y1,---,Yn(1_u07"' 71_un)7 (411)

everywhere in I"+1

Proof: See Proposition 4.1 in Lopes and Pumi (2013). [

The copula in Proposition 4.5 can be explicitly calculated since (4.11) is written as sums of
the copulas of vectors containing Uy and T*(Up) for different #’s. Hence, Theorem 2.1 can be
applied to derive the desired formulas in terms of the copulas in Theorem 4.1 and Proposition
4.4.
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Remark 4.1. In principle, we could have assumed T' belonging to the slightly broader family
of C!, transformations. However, for T € CL, \ CL¥®, if an absolutely continuous 7-invariant
probability measure exists, it does not have a positive continuous Radon-Nikodym derivative.
This implies that Fy 1'is not always well defined. In this case one can substitute Fy L by its
pseudo-inverse, Fo(_l). Since Fpo Fo(_l) and Fo(_l) o Fp are not the identity map, the expressions
for the copulas become more complex. If T € CL, \ CLT% the results in Sections 3 and 4 hold
if F;! is substituted by Fo(fl) and expressions of the form Fj (Féfl)(az)) and Fo(fl) (Fo(z)) will
appear instead of the identities Fy(Fy *(z)) = = and Fy ! (Fy(z)) = =.

5 Numerical Approximations and Computational Issues

Let T € 7%, h > 0, pur be a T-invariant probability measure and consider the associated
7} process for ¢ € L'(ur) a monotone function. The computation and implementation of the
copulas derived in Sections 3 and 4 depend on the knowledge of several elements. These elements
are the invariant probability measure pr, the associated distribution function Fy and its inverse
Fy', the inverse of T" in each branch ({ﬁk}z};l) and the net {amk}zhzo associated to T", where
s > 1 denotes, as usual, the number of branches of T'.

As mentioned in Section 2, the general problem of determining the existence of a T-invariant
absolutely continuous probability measure is usually a hard one. Therefore, one rarely finds an
explicit formula for a T-invariant probability measure. Furthermore, although the computation
of T"(y) is usually straightforward, the exact calculation of 7, x(y) can be a highly complex
task. Even for small values of h, the apparently simple calculation of the net associated to T"
can be troublesome. Nevertheless, one can still rely on approximations in order to implement,
compute and study the copulas related to Tﬁ processes.

With this in mind, our goal in this section is to present general results and conditions to
construct simple approximations to the copulas derived in Sections 3 and 4 in such a way to
guarantee its uniform convergence to the true copula.

5.1 Approximating the T-invariant probability measure and related functions

Perhaps the most appealing way to approximate a measure, assuming it is ergodic, is by using
Birkhoft’s ergodic theorem. Recall that a measure p is called a Sinai-Bowen-Ruelle measure
(SBR, for short) if the weak convergence

n—1
L b (4) — w(A) (5.1)
k=0

holds for almost all x € I and all y-continuity sets A. In this work, all the T-invariant proba-
bility measure discussed are assumed to be absolutely continuous with respect to the Lebesgue
measure. However, if ur is ergodic and absolutely continuous with respect to the Lebesgue mea-
sure, it is also an SBR measure (see, for instance, Keller, 1998), so that we will only consider
the latter more general case.

Given T € 7% and pr a T-invariant absolutely continuous SBR. probability measure, one

way to approximate pp is by truncating expression (5.1) for a reasonably large value of n > 1.
That is, let £y € I be a point such that the weak convergence (5.1) holds. Set

n—1
1
/J,n(A;T, LL'()) = E E §Tk(m0)(A)> (52)
k=0

for all pp-continuity sets A. This is not the only way to approximate an SBR measure, see for
instance Lopes and Pumi (2013) and references therein. For simplicity and since no confusion
will arise, we shall drop T and x( from the notation of w,.
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From pu,, an approximation for Fy is obtained simply by setting Fn(az) = un([O,x];T , a;o).
From a computational standpoint, fixed zg and truncation point n > 0, to calculate u, for
different sets one needs to compute the iteration vector (wo,T(xo), e ,T”fl(xo)) only once.
Furthermore, by the choice of zq, T%(zg) # T7(x¢) for all i # j, therefore, F, will coincide with
the empirical distribution function based on the iteration vector. To improve the performance
pointwisely, one can use some interpolation method based on the iteration vector and F,. That
is, we choose a sequence of interpolating functions* based on (:vo, T(zg),- - ,T”_l(xo)) and its
image by F,.

For approximations based on a vector of iterations, the limits taken are understood to be in
terms of partitions in the following manner. Starting with a set of points R,, = {z1, - ,Zm},
we consider refinements obtained by adding a single point to the set R,,. That is, we consider
refinements of the form R, 4+1 = RpU{Zm+1}, s Rtk = Rmpk—1U{Tm+r}. Let fi (o) =
f(-;Rpy) be an approximation based on R, For a sequence of refinements {Ry}72, ., we
consider the sequence of functions {fx}32, ;- If the sequence {f;}72, has a limit, we set

st ) = 0 S5 Bom)
Proposition 5.1. Let S = {x1, - ,x,} be a given (ordered) sample of some continuous and
monotone distribution Fy and let Fn be the empirical distribution based on S. Let F, be an
approximation based on a sequence of interpolating functions defined from S and let xg = 0
and xn41 = 1. Suppose that F,, satisfies, for each x € (x;,z; + 1), F,(x) € (Fn(xi),ﬁn(xi+1)),
i=0,---,n and Fy(z;) = Fy(z;), for alli =0,--- ,n+1. Then F,(z) — Fo(z) uniformly over
x € I. If, in addition, F, is continuous and monotone, then also F;'(x) — Fy '(z) uniformly
overz € 1.

Proof: By the Glivenko-Cantelli theorem, F,,(z) — Fy(z) uniformly in = € [0,1], so that,
given € > 0, there exists ng > 0 depending on € only such that ’ﬁn(az) - Fo(x)| < ¢/2, for all
x € I, whenever n > ngy. Now, for = € [0, 1), there exists k € {1,--- ,n} such that x € [z}, zp11)
and since F,(z) € [Fn(xz), Fn($i+1)), if n > max{no, [2/e]}, it follows that

|Fu(@) = Fo(z)| < [Fu() = Ful@)| + [ Fu() — Fo(@)| < |Fol@rgr) — Falzi)| + 5
F, o 1
< izlf}}{)ﬂ_l{\Fn(xi+1>—Fn(xi)\}+§ <lieoe

uniformly in = € [0,1) and, by the continuity of Fp, it holds uniformly in I.

As for the inverse, notice that, by hypothesis, F);'! is (uniformly) continuous and monotone.
Therefore, given € > 0 and y € I, there exists a § > 0 (depending on € only) such that

z—yl<d = |F, (=) - F, ' (y)| <e.

By the Glivenko-Cantelli theorem, there exists ny > 0 (depending on § only) such that |Fj,(z) —
Fy(x)| < &, whenever n > ny, and the inequality holds for all # € [0,1]. Furthermore, the

monotonicity of Fj implies the existence of zy € [0, 1] such that y = Fy(2p). Now, taking n > nq,
it follows that

|Fn_1(y) - FJI(?J)’ = |F{1(F0(Zo)) - Zo‘ = ‘Fil(Fo(Zo)) - Fn_l(Fn(ZO)>| <g,

and since n; does not depend on y, the convergence is uniform. [ |

by interpolation function, we mean a function f : [a,b] — [c,d] such that, given a collection of pairs P =
{(u1,v1)y+ , (Un,vn)}, ui € [a,b] and v; € [¢,d], i = 1,--+ ,n, and a point = € [a,b], f assigns a value f(z; P)
for each z € [a,b] \ {u1, - ,un} and f(u;; P) = v;, for ¢ = 1,--- ,n. A simple linear interpolation or a spline
interpolation are examples of such functions.
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Suppose that 7" has s > 1 nodes. There is no general optimal way of approximating the
net related to T", for a given h > 1, so the task has to be handled case by case. A general
method, which may not be optimal in most cases, is as follows. Let S := {z1, -+ ,z;,} be an
ordered set of points in I and, to avoid trivialities, suppose that 1 = 0, ,,, = 1 and x; # x;, for
i,j=1,---,m, i # j. Let R denote the image of S by T". The next step is to identify possible
intervals where the discontinuities of T" lie on, by using the elements of R. In order to do that,
S must reflect all the s* discontinuities of T". Usually a relatively thin grid of equally spaced
points solves the problem (obviously, m > s" points should be used).

If T € 77, the identification can be done in the following manner. Note first that a,o = 0
and ay g = 1, for any h. Let D" = {i : T"(z;) > T"(zi41)} C {1,--- ,m} and let {d; ot -1

7j=1
denote the ordered elements of Dt. The set DT contains the indexes ¢ € {1,--- ,m} for which
the interval [z4, ,2q,,,] contains the k-th discontinuity of T". If T € 7*, we let D~ = {i :

Th(z;) < TMzig1)}. T € 74\ (T'UT*), one has to define D as a mixture of D™ and D™,
One obvious way to detect a poor choice of S is the number of elements in the respective set
DT, D~ or D, which should have exactly s” — 1 distinct points.

Once the intervals containing the discontinuities of T" are found, one can perform a simple
bisection, a golden search or any other root-finder algorithm to find an approximation to as ;, up
to a predetermined acceptable error. This gives an “instantaneous” estimate which, in terms of
precision, should not improve as the number of elements in S increases. However, given the fact
that, depending on the transformation, most of the times there are easier ways of calculating
an approximation to ay ; based on S, our results cover this possibility as well. See also Remark
5.1.

As an example of this possibility, we mention the method presented in Lopes and Pumi
(2013). Although presented in the context of Manneville-Pomeau transformations, it can be
extended to a broader family of transformations as follows. Consider transformations of the type
T(xz) = g(z) (mod 1) for a suitable increasing and differentiable function g, such that 7" has s > 1
full branches. Let S and DT be as before, and consider the function 17, ¢ [z, va, 1] — [0,2]

given by 17, (z) == g(T""!(z)), for i = 1,--- ,s" — 2. Clearly T}, (z4,) <1, T}, (z4,+1) > 1 and

Tsh(x) = ifh(z) - 5[1,2] (Tz*h(x)),
for all € [xq,,2q,4+1). We denote the approximation to aj ;, based on S, by aj’;, and define it
as the linear interpolation of 1 between the points (g4, T}, (zq,)) and (ch,ﬁl,Ti’f’h(azdiH)). This
approximation can be very crude if m is small, but the precision increases fast as m increases,
especially for large h. The method can be easily adapted to cover the cases where g is decreasing
and differentiable. In Section 6 we present a simpler example.
As for the approximation to 7y, 1, we shall use an interpolation argument based on a grid of

values from T". Let S = {x1,29, -+ , T}, be an ordered set of points in I and assume that
x1 =0, 2y, =1 and x; # xj, for i, =1,--- ,m, i # j. Suppose the net {ah,k}ihzo related to T"
is known or estimates based on S, say {a%’fk}zhzo, are available and satisfy, for all k =0, --- , s",

af{fk — apk, as m tends to infinity. Let D*, D~ or D, depending on the case, be given as before.
Fori=1,---,s" let

Shi = {33511,27 T ’mgfz)} = {a"}r{fiflv Ldi+1," " 7‘/L.di+1’a;:l;i}7 (5.3)

Rui o= {yps s} o= {0. T @an), -+ T @a ) 1, (54)

and Oy ; = {(y,(lkz),x&)) Z;l, where p; := d;y1 — d; + 2. Notice that the elements on Sj; are
just the values among x1,--- ,x,, that lie on the i-th node of T" and that Ry ; is the image

of Sy, by T". Suppose that a sequence of interpolation functions him = 1 — [aﬂfifl,agfi],

i=1,---,s" is given. Given y € [0,1]\ {T"(z1), - ,T"(zm)}, there exists y}(Lkl) € Ry ; such
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that y € (y,(lkz) ) y}(f:r 1)). We define an approximation to 7 (y) based on S, which we denote by

T (y), simply by

Ti'i(y) = him(y; On.i), (5.5)
fori=1,---,s"
Remark 5.1. The estimates a}'; and 7", are both assumed to be based on S. This is convenient
because it allows the following updating scheme to determine both approximations: given a
refinement of .S, first we update the net, and secondly, the net new values are used to determine
the approximation to 7 x. This type of scheme can be applied very often in practice. The proofs
of the results in this section, however, assume solely that ah"fk — apk, as m goes to infinity. The
inverse scheme (update 7,7, and then update a}’,) also works, because app = Tpi(1), for

k =1,---,s" but it is computationally more delicate to implement than the former. This
happens because in updating 7,;. to, say, mﬂ, one uses aj’;. Next, to obtain a}f,‘:l, T}T; Lis
applied which, by its turn, is based on the old value aj’.. To account for this discrepancy, a

posterior adjustment has to be made, but we shall not get into details here.

Proposition 5.2. Let T € Tt and suppose T has s > 1 branches. Let S = {x1, 22, - ,Zm}, be
an ordered set of points in I and assume that x1 =0, x,, =1 and z; # x;, fori,j =1,--- ,m,
i# 7. For h >0, let {a}?’j};ig be approximations to {ahd};hzo based on S such that ap'; — apj,

h

for all j = 0,---,s", as m — oo. Let Sp; and Rp; be as in (5.3) and (5.4), respectively.

For a sequence of interpolation functions {hlm}fil based on S, let T;": be as in (5.5). If, for
aly € =), Trw) € @ a®), fori = 1, sh and k€ {1 pi — 1}, then
hﬁ} — Thyi uniformly, as m — 0.

Proof: The uniform continuity of 7j; implies that, for any given e > 0, there exists a ¢ > 0
depending only on €, such that

z =yl <6 = |Thi(x) — Tni(y)| <e, (5.6)
for all z € I. Let S := {x1, -+ ,Zm,} be an ordered set of points in / and assume that z; = 0,
Tmo =1 and z; # x5, 4,7 =1,--- ,mp, © # j. Without loss of generality, assume that mg > 0 is
such that
sup  {|wip — @} <6 (5.7)
i=1,-- ;mo—1
For m > my, let Sy, = {aF,--- ,2,} D S be a size m refinement of S. By hypothesis, given

€ (0,1), for each i € {1,---,s"}, there exists a k € {1,---,p; — 1} such that ﬁl’f(y) €

(yﬁff,y,(ff”) = (E,i(ng?),ﬁ,i(wgff”))- Also, since T' € 7%, T, (xékz)) < Thi(y) < Th, (ngjl)),
so that, by (5.6) and (5.7),

Tw) = Tas@)| < 1Thalell ™) = Taa (i)
< sup  {|Thi(@ji1) = Thalz)|} <e,

j=1,+,m—1

independently of y € (0,1). For y € {0,1}, by definition 7;";(y) = Tn,i(y), so that the result
holds uniformly for all y € I. [ |

5.2 Approximating the copulas

In this subsection we present a general approximation for the copulas in Section 3 and prove
its uniform convergence to the true copula. As mentioned before, the formulas for the copulas
presented in Remark 3.5 are the ones used for approximation purposes. Although we could
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proceed by using the approximations developed in the last subsection, our convergence results
hold in a more general setting. Let T € 7+ \ (7'J7*) and pgr be a T-invariant probability
measure. Let ¢ € L (ur) and {X; }1en be the associated ‘ZZ} process. Let u, be an approximation
to ur and let F, and F,, ! be approximations to Fy and Fy L respectively. Suppose T has s > 1
nodes and, for h > 0, let {aZfi}fio be an approximation to the net related to 7. Also let h’j;f
be an approximation to Ty ;, i = 1,--- ,s". Define, for all u,v € I,

Chalwvih) = 3 ([orters T (B )]) + 3 o ([T (B () aiia] ) +

kEng k:Eng
o o ([a7 -1 min { (), Ty, (F () }]) 8,7 (R0) +
o ([T (B (©0), B )] ), (o), (538)

where 7g = ng(m,n) = {k : u € [Fn(aﬁzk),Fn(aZﬁkH))}. Expression (5.8) can be used as
an approximation to C’g(t Xein in (3.6), for ¢ > 0. In the next theorem, we show that, under

certain simple conditions on the approximations in (5.8), Ciy,.p(u, v) — Cg(t (u,v) uniformly

Xitn
in (u,v) € I? as m and n go to infinity.

Theorem 5.1. Let T € 7\ (T'UTY) and pr be a T-invariant probability measure. Let ¢ €
LY (ur) be an almost everywhere increasing function and let { X }sew be the ‘T(f associated process.
Let i, be a sequence of measures converging weakly to ur and let Fy, and F;' be approzimations
to Fy and F&l, respectively, such that F, — Fy and F;' — Fgl uniformly. Suppose T has

s > 1 nodes and, for h > 1, let {ahmi}fio be an approzimation to the net related to T" such that

aZfZ- — apg, for alli=0,--- , s as m goes to infinity. Also let {7;:’; fil be an approrimation
to {El}fhl and suppose T, — Tp.; uniformly for alli=1,--- ,s". Let Ctn be given by (5.8)

with the approximations just defined. Then, for all (u,v) € I?,

lim lim C%  (u,v;h)= lim lim C}  (u,v;h)= lim C%  (u,v;h),

n—00 M—00 m—00 Nn—00 m,n— 00

and the common limit is C'g(t (u,v) given by (3.6), for all t > 0. Furthermore, the limits

’Xt+h
above are uniform in (u,v).

Proof: The hypothesis on the approximations in expression (5.8), allow us to apply Lemma
5.1 in Lopes and Pumi (2013) to conclude that, for any k,

tim oo (o1, Tk (B @))]) = o ([ane—1, Tor (5 ()],

m,n— oo

and, by the same argument,

i ([T (B ) it ) = e ([T (B3 @) ani] ).
From the same lemma we also conclude that the iterated limits exist and are equal to the double
ones above and all limits are uniform in v. By using the same argument as in the proof of
Theorem 5.1 in Lopes and Pumi (2013), we conclude that

lim un([amﬁofl,min {Fn_l(u), I fio (Fn_l(v))}]) = uT([ah,nO,l,min {Fofl(u)ﬂ'h’no (F&l(v))}]),

m,n—o00

and that the iterated limits are equal to the double one above. Furthermore, the limits are all
uniform in uw,v € I. So, it remains to show that

tim oo ([0, (B ), B )] ) = s ([Toma (F5 (), By ()] ),

m,n— oo



G. Pumi and S.R.C. Lopes 21

uniformly and that the iterated limits are equal to the double one. First, the existence and the
uniform convergence of the iterated limits follow by the same argument in the proof of Lemma
5.1 in Lopes and Pumi (2013). As for the double limit, by the hypothesis on u7, the Radon-
Nikodym theorem applies and implies the existence of a non-negative bounded (since we are
restricted to I) continuous function h such that, for any A € B(I),

pr(A) = /Ah(ac)d)\ < MA(4),

where M = sup{h(z)} < oo. Now, the uniform convergence of F; ! to F; ' implies the existence
zel

of ng > 0 such that, if n > ng, F; ' (u) € K(¢) := [Fy *(u) — £/10M, Fy (u) + £/10M] and

ur (K (9)) < MA(K () = ¢

for all u € I. The rest of the proof is carried out by mimicking the proof of Lemma 5.1 in Lopes
and Pumi (2013) upon substituting K (¢) there by K(g) just defined and noticing that ngy here
plays the role of mj there. This completes the proof of the theorem. [ |

From Theorem 5.1, we derive approximations to the copulas in the case T' € 7\ (77U T%)
given in (3.8) and (3.9).

Corollary 5.1. Let T € T'"UT* and pr be a T-invariant probability measure. Let ¢ € L (ur)
be an almost everywhere increasing function and let {X:}32, be the ‘Z:pi or ‘Z‘J associated pro-

cess. Let {1, }22, be a sequence of measures converging weakly to pr and let F,, and F, ! be
approzimations to Fy and F(fl, respectively, such that F,, — Fy and F;' — F(fl uniformly.
Suppose T has s > 1 nodes and, for h > 1, let {az’fi}fio be an approximation to the net related
to T" such that aZfZ- — apq, for alli=0,--- . s, as m goes to infinity. Also let {77:2};&1 be an

approzimation to {77L7Z}fi1 and suppose Tt — Ty, ; uniformly for alli=1,--- ,sh.

(). If T € T', then, for all (u,v) € I?,

np—1

Choalw k) = 3 ([om s Tk (B ()] ) ol — 1) +

k=1

i ([0 - min { (), Tk, (Fi () }])
is an approximation to the copula (3.8),

lim lim C!  (u,v;h) = lim lim C!  (u,v;h)= lim C!  (u,v;h),

m,n m,n m,n
n— 00 M—00 ’ m—00 Nn—00 ’ m,n— 00 ’

and the common limit is C' (u,v) given by (3.8).

t,Xt+h
(ii). If T € T+, then, for all (u,v) € I?,

Chonwvih) = 3 ([T (B ), ] ) oo — 1) + o ([T, (i) F )] )
k=1

is an approximation to the copula (3.9),

lim lim Gy, (u,v;h) = lim lim Cy  (u,v;h) = lim G}, (u,v;h),

m,n
n— 00 M—r00 ’ m—00 Nn—00 ’ m,n— 00

and the common limit is C, Xion (u,v) given by (3.9). Furthermore, in all cases the limits are
uniform in (u,v).
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Proof: 1f T € 71, (i) follows from Theorem 5.1 by noticing that K; = (), while if T € T+, the
opposite happens, namely, K] = ), which implies (ii). ]

As an application of Theorem 5.1 and Lemma 3.3, we obtain the approximations for the
copulas in the case where ¢ is an almost everywhere decreasing function.

Corollary 5.2. Let T € T and ur be a T-invariant probability measure. Let ¢ € L (ur) be an
almost everywhere decreasing function and let { X}, be the ‘1‘3 associated process. Let i, be a
sequence of measures converging weakly to ur and let F,, and F, ' be approzimations to Fy and
Fal, respectively, such that F,, — Fy and F;' — F(;l uniformly. Suppose T' has s > 1 nodes

and, for h > 1, let {azrfi}fio be an approzimation to the net related to T" such that aZfi — Qh g,
foralli=0,---,s" as m goes to infinity. Also let {7;:’; fil be an approzimation to {’77”}fi1
and suppose Tt — Ty, ; uniformly for all i =1,--- ,s". For all (u,v) € I?, let

Crin(u,vih) =u+v—14+Cf (1 —u,1-v;h),

Chrn(wvih) =utv =1+ Cp (1 —u,1—v;h),
and
Cﬁ,n(u7u;h) =ut+v-—1+ C#l,n(l - u, 1-— v, h)

Then
lim lim C}, (u,v;h) = lim lim C}, (u,v;h) = lim CL*, (u,v;h),

n—oo m—roQ m—00 N—00 m,n—oQ

and the common limit is C’g(*t (u,v) given by (3.12),

7Xt+h

lim lim C' (u,v;h) = lim lim C (u,v;h)= lim C* (u,v;h
n—00 M—00 m,n( B ) m— 00 N— 00 m,n( b ) m,n— 00 m,n( T )’

and the common limit is C, Xoon (u,v) given by (3.14),

lim lim CY (u,v;h) = lim lim C** (u,v;h) = lim CY* (u,v;h
n—00 M—00 m,n( B ) mM— 00 N—00 m,n( b ) m,n— 00 m,n( T )’

*

and the common limit is C', Xoin (u,v) given by (3.15). Furthermore, all the above limits are

uniform in (u,v) € I?.

Proof: Immediate application of Theorem 5.1 and Lemma 3.3. [ |

Remark 5.2. The uniform convergence of the approximations is a crucial hypothesis for the
results in this subsection and cannot be dropped. Nevertheless, if the uniform convergence of
any of the approximations for Fp, Fj Lor Th, is violated, but the pointwise convergence to its
target is maintained, the results of Theorem 5.1 and its corollaries will hold pointwisely instead
of uniformly. The proof of Theorem 5.1 can be easily adapted to cover this case and the details
are left to the reader. We observe that the approximations developed in Subsection 5.1 satisfy
the conditions of the theorems presented in this section.

5.3 Random Variate Generation

In view of Proposition 3.6, obtaining a random sample from the copulas derived in Section 3
is a trivial task. Given T € 77 a transformation with s > 1 nodes, let ur be a T-invariant
probability measure and ¢ € £!(ur) be an almost everywhere increasing function. Let {X;}sen

be the associated 7 process and let {ahk}zhzo be the net associated to the nodes of T", for
h > 0. Let Cgft Xoin denote the copula associated to {X;}iew. To obtain a random pair from

Cg(t, Xoin? the following simple algorithm can be used:
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1. Generate an uniform (0, 1) variate u.

2. Let ko be the index for which u € [Fy(an,ky—1), Fo(ank,)). Set

{ O (W), if ko € Ky
€t7k0 (U), if ko€ K;LL

v i=

3. The desired pair is (u,v).

Also notice that given two transformations 77,7y € 7% such that both have the same dis-
continuity points and, in each node, they are either both increasing or both decreasing, then a
sample from the copula related to one of the respective ‘TSDT processes cannot be distinguished
from a sample to the other. This is so because from Proposition 3.6 both copulas have the same
support, which, in this case, ultimately characterizes the sample.

Remark 5.3. By using a similar argument as in Proposition 3.6 associated with a cumbersome
analysis of the possible cases, the support of the copulas derived in Section 5 can be obtained
as well. Samples from those multidimensional copulas can be obtained in a similar fashion as in
the bidimensional case.

6 Examples

In this section we present two examples of the copulas derived in the last sections. We concentrate
ourselves on the bidimensional case, especially because there is no simple graphical represen-
tation of copulas in dimension higher than 2. The first presented example is the Manneville-
Pomeau copula (MP copula for short) extracted from Lopes and Pumi (2013).

Example 6.1. For s > 0, consider the so-called Manneville Pomeau transformation 7 : I — I,
given by
T,(z) = 2 4+ 2" *(mod 1).

Figure 1 shows the plot of the Manneville-Pomeau transformation for s € {0.1,0.5,0.8}. If
s € (0,1), there exists an absolutely continuous Ts-invariant probability measure, say jis, so that
T, € 77. The MP copula is, therefore, given by (3.8), although a slightly different notation for
no is adopted in Lopes and Pumi (2013). No closed formula for ps is known, but it can be shown
that pus is an SBR measure.

To approximate the MP copulas, the authors apply similar ideas to the ones presented here.
To approximate pg, the authors use (5.2) and to approximate F|,~ 1 a local linear interpolation
function is applied. To approximate the net related to T/ and Th i, the same scheme presented
here, with a local linear interpolation function, is considered. For more details, see Lopes and
Pumi (2013).

The next example is related to the well known Tent transformation (see Lopes and Lopes,
1998 and references therein).

Example 6.2. For a € (0,1), consider the piecewise linear transformation Ty : I — I given by

X .
-, if0<z<a,
a

To(x) := 1o

, ifa<z<l1.

1—-a
This is the so-called Tent transformation. Figure 6.1 presents the graphs of the Tent trans-
formation for a € {0.1,0.5,0.8}, where it can be seen that T, has s = 2 full branches. Also,
T, € 74\ (TJT"), since it can be shown that the Lebesgue measure in I? is a Tj,-invariant
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The Manneville-Pomeau Transformation The Tent Transformation

1.0

Ta(x)
0.6

04

0.2

0.
0.0

Figure 6.1: Plot of the Manneville-Pomeau transformation for s € {0.1,0.5,0.8} and the Tent transformation
for a € {0.1,0.5,0.8}.

Lag 1 Tent copula fora=0.2 Lag 1 Tent copula for a=0.7 Lag 2 Tent copula for a=0.2 Lag 2 Tent copula for a=0.7

Level Plot of the lag 1 Tent copula for a = 0.2 Level Plot of the lag 1 Tent copula for a = 0.7 Level Plot of the lag 2 Tent copula for a = 0.2 Level Plot of the lag 2 Tent copula for a = 0.7

N Y W N

Figure 6.2: From left to right, three dimensional plots of the lag 1 and lag 2 Tent copula for a € {0.2,0.7} (top
panel) and respective level curves (bottom panel).

probability measure. This implies that Fy(z) = z and F, '(y) = y everywhere. Let {X;}iew be

the ‘Z;} process associated to T, with ¢ increasing almost everywhere. It is easy to see that, for
any h > 0 and ¢ > 0, the copula related to the pair (Xy, X¢yp), referred here as the lag h Tent
copula, is given by

Cx Xy W,0) = Y (Thr(v) = ang—1) + [min {u, Tng ()} = anny-1] 01 (no) +
k:EnS ’
+ Z (ah,k - ﬁl,k(v)) + max {O’ u— 777,,710 (U)}aK’J{ (no),
kEng
where K] contains the odd numbers in {1, - ,2M and K i contains the even ones. Also notice

that both, the net related to 7" and Thk, can be determined exactly since, being each branch
a linear function, any two points in the node suffice to give all information on the function
to determine 733 and app. In this context, linear interpolation produces exact, instead of
approximate, results.

Figure 6.2 shows the tree dimensional graphs of the lag 1 and 2 Tent copula for a € {0.2,0.7}
and its level curves. At the top panel of Figure 6.3, we present 500 sample points for the lag
1 and 2 Tent copula for a € {0.2,0.7} and at the bottom panel, for the lag 7 Tent copula for
a € {0.2,0.4,0.5,0.7}. Notice that, for small values of h, the sample resembles its support, but
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as h increases, it becomes hard to guess whether the sample came from a singular copula or
from a continuous one.

The case h = 1 is very simple and the Tent copula can be easily calculated. In this case,
the copula coincides with the one presented in Example 3.3 in Nelsen (2006). In the aforemen-
tioned example, the copula is derived by using a purely geometrical argument based only on the
support, which coincides with the support of the lag 1 Tent copula. More details on the Tent
transformation can also be found in Lopes and Lopes (1998) and references therein.

Figure 6.3: 500 sample points from the lag 1 and 2 Tent copula for a € {0.2,0.7} (top panel) and the lag 7 Tent
copula for a € {0.2,0.4,0.5,0.7} (bottom panel).

7 Application

Let Tg € 7%, for 8 € S C RP, p > 1, with s > 1 nodes. In this section we apply the general
theory of Section 3 to the problem of estimating the parameter 8 based on a sample path of
the associated Tﬁ process {X;}ien, assuming that the parameter is identifiable through the
knowledge of the discontinuity points of Ty. The idea is to generalize the method described in
Lopes and Pumi (2013), but the task will heavily depend on the transformation at hand. The
general idea is as follows. According to Proposition 3.6, the support of the copula associated to a
pair (X, Xy+1) from the ‘Tj process is the graph of a piecewise linear function joining consecutive
points of the net and its image by Ty (equal to either 0 or 1). Let Lg denote this function. This
implies that all points in a sample from the lag 1 copula lie on the graph of Lg. Suppose for the
moment that ¢ is the identity map and let z1,--- ,zx be a sample from the process X;. Let
up = (Fo(xk),Fo(ka)), k=1,---,N —1, where Fy denotes the distribution of X, (for now,
assume it is known). By Sklar’s theorem, the sequence {uk}i\[;()l can be regarded as correlated
sample from the lag 1 copula associated to the ‘Iﬁ process. Often this simple situation makes
an estimation possible.

Suppose that closed formulas for Fy(-;0) and Lg, which may depend on 6, are available.
Then the reasoning on the previous paragraph suggests the following optimization procedure
to obtain an estimate 6 of 6. Let x1, -+ ,xn be a sample from the ‘Zzpi process and assume
that we have at least two points in each branch of Tp. Let 2(-,-) : R¥N"! x R¥~! = R be a
given function measuring the distance between two vectors in RY~!. With the notation on the
beginning of Section 4, we define the estimate of 8 by

0= aregerl;in{@(Fo(xg:N;0),L9($11N,1))}. (7.9)
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Usual choices of 2 are Z(x,y) = Yoo (zr — yp)? and Z(z,y) = Sn_| |zx — ykl, where
x,y € RV~ The optimization procedure (7.9) is justified by noticing that for the correct
0, (Fo(a;k;e),Fo(a;kH;O)) = (Fo(xk;B),Lg (Fo(ka;B))), for all k, while for a misspecified
0, the equality does not hold. Most of the times, however, the particular form of Fy is not
known and often the net cannot be obtained analytically. This is the case of the Manneville-
Pomeau transformation, for instance. A solution for this problem is to use approximations for
Fy and {ay};_, in the spirit of Subsection 5.1. However, an optimization procedure such as (7.9)
performed by using the approximations of Subsection 5.1 may be computationally too expensive
for all practical purposes, so we shall seek for another faster estimation method.

In practice many different situations may occur. For instance, if T}, is the Tent transformation
in Example 6.2, then Fj is the identity map, so that ux = (xg,2r+1) in the notation of the
previous paragraph. This means that any two points ug in the same branch are sufficient to
obtain the parameter a.

Another method can be devised upon noticing that the net of Ty and the net of Lg (whose
graph is the support of the copula C' associated to the ‘Zﬁ process) are the same. Let vy :=
(g, Tks1), K =1,--- ,N — 1. By Sklar’s theorem, the points {vk}g:_ll lie on the graph of Tp.
At this point, it could be possible in some cases to obtain @ by a more direct argument (see
Example 7.1) or by applying an argument such as the preceding paragraphs. That is, for Z a
function as above, 8 can be obtained by performing the optimization procedure

0 := argmin{ 7 (22, To(z1.n-1)) -
aregérsun{ (mz.N 9(£E1.N 1))}

The methods above may not be applicable or may fail, especially for high values of s. In
this case another computationally fast method is obtained by adapting the argument in Lopes
and Pumi (2013). Let Ty € 7%, with s > 1 branches and 0 := (61, ---,0,) € S C RP, for
1 <p<s—1. Let {ay}{_, denote the net associated to Tp. Suppose that € can be uniquely
determined by the knowledge of the net {aj};_, in the sense that, given {ay};_,, 6 can be
computed. That is, 8 := f(ag,--- ,as), where f : 71 — S is a known smooth function. Notice
that we allow for 6; to be obtainable from two or more different ai’s as long as the value of 6;
agree in all cases. Let {X;};ew be the associated Té process, assuming that ¢ is the identity
map. The goal is to estimate the parameter 8 based on a sample x1,--- ,xy from the process
Xt.

Given that Ty € 7%, Fj is generally smooth so that, near {ax};_,, Tp should locally behave
like a linear function. With this in mind, the estimation of @ can be performed as follows.
Let {Ir};_, be the nodes relative to Ty. Let Py := {Tmy1 : ©pm € Ip,m = 1,--- | N — 1},
k =1,---,s. Notice that, if x,, € Py, vy, lies on the graph of the k-th branch of Ty. Set
z; :=max{z : z € Py} and z; :=min{z : x € P }. Let

_Y=bk

+ _ —
ak(y) : P where ay, := W and S = TQ(QL'Z,F) — akx:.

Notice that for each y € R, ax(y) is the inverse image of y by the linear function connecting
(2, To(z;,)) and (z;, To(z})). For k € {1,---,s— 1}, we define the estimator aj, of aj by

(7.10)

. { ar(1), if Ty is increasing in I,
ap =

ax(0), if Ty is decreasing in Iy.

Once we have the estimates {a;};_ (recall that agp = 0 and a5 = 1), we obtain the estimate
0 .= f(ou &17 T )&S—la ]-)

Remark 7.1. Notice that by inverting the roles of ax(0) and ax(1) in (7.10) we obtain an
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estimate of ax_1. That is, for k € {2,--- , s}, define
ar(0), if Ty is increasing in [,
D (.11)
ax(1), if Ty is decreasing in Ij.
Thus, for each k =2,---,s—1 we obtain an estimate of a; from Ij by using (7.10) and another

one from Ij1 by using (7.11). Of course, the net related to Ty is unique and we assume that
0 is uniquely determined by the knowledge of the net, but in practice, the estimates (7.10)
and (7.11) usually do not agree. This implies that the estimated value of 8 depends on which
estimator we apply. Hence, the question which one provides better results is a valid one. The
answer is intuitive: the “best” one is usually the one obtained from the node which is closer to a
straight line and for which the points v;’s are closer to (ag,0) and (agy1,1). In this case the line
connecting (x;,Tg(x;)) and (x:,Tg(:vﬁ)) is “closer” to the respective branch of the copula’s
support.

Example 7.1. Let a € [0,1] and b € (0,1) and consider the map

T () _{ fa(z)(modl), if0<z< %’

|l R fp<ec<y

(7.12)

where fq(x) := 2[2 —0.6asin(2.1a)]z + 0.6asin(4.2ax). The map T, has 3 full branches, two of
them are increasing and one is decreasing. Figure 7.4(a) presents the typical graph of Tp, . It is
easy to see that T ; is uniformly expanding and it can be shown that there exists an absolutely
continuous Ty, p-invariant probability measure (cf. Theorem 1 and Remark 1 in Pianigiani, 1980)
and so T,y € T, Let {X;}ew be the associated ‘ZZPi process. A sample of size 100 from the ’Z‘j
process with a = b = 0.9, for ¢ the identity map is shown in Figure 7.4(b).

Sample Path fora=0.9and b=0.9
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Figure 7.4: (a) A typical graph of T, 5; (b) A sample of size 100 from the ‘Tg process with a = b = 0.9 for ¢ the
identity map and Xo = 0.385969; (c) Behavior of the estimators a1 and a» as a function of the initial point zo.
The parameters are a = 0.3 and b = 0.5 in all cases.

To exemplify the estimation procedure developed in this section, we perform the following
Monte Carlo simulation study. For 100 randomly chosen initial points®, we simulate a sample
of size 100 from the T} process { X;}+ew for all combinations of parameters a and b ranging over
the set {0.1,0.3,0.5,0.7,0.9}. For simplicity, let {do,--- ,d3} denote the net of T} ;. In this case
do =0, dy = 0.5 and d3 = 1, so that d; is the only discontinuity to be estimated. This estimation

5in theory, each point should be irrational, but since computers can only express rational numbers, these should
be chosen “as irrational as possible” in the sense to use all possible decimal points allowed under the machine’s
precision to express an irrational number
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Table 7.1: Simulation results based on samples of size 100 of the ‘ZZ,Qi process associated to (7.12) for 100
randomly chosen initial points and parameters a and b ranging over the set {0.1,0.3,0.5,0.7,0.9}. Presented are
the estimated values and the respective mean square error (><10_4) in parenthesis.

| | | | |
(o [ o [ o [ o oo |alalala)

0.1005 | 0.1011 || 0.1007 | 0.1012 || 0.1005 | 0.1011 || 0.1005 | 0.1011 || 0.1005 | 0.1011
(0.0045) | (0.0251) || (0.0089) | (0.0303) || (0.0055) | (0.0224) || (0.0054) | (0.0248) || (0.0039) | (0.0241)
0.3018 | 0.3040 || 0.3019 | 0.3045 || 0.3017 | 0.3039 || 0.3016 | 0.3033 || 0.3015 | 0.3035
(0.0589) | (0.2491) || (0.0690) | (0.3625) || (0.0585) | (0.3394) || (0.0486) | (0.2056) || (0.0439) | (0.2462)
0.5033 | 0.5064 || 0.5027 | 0.5072 || 0.5024 | 0.5054 || 0.5027 | 0.5054 || 0.5030 | 0.5064
(0.2031) | (0.7755) || (0.1332) | (1.1065) || (0.0924) | (0.5878) || (0.1215) | (0.6567) || (0.1528) | (0.9126)
0.7046 | 0.7130 || 0.7039 | 0.7097 || 0.7042 | 0.7099 || 0.7040 | 0.7087 || 0.7044 | 0.7090
(0.3845) | (2.9859) || (0.2515) | (1.8811) || (0.3369) | (2.2650) || (0.2767) | (1.3976) || (0.3638) | (1.5546)
0.9051 | 0.9185 || 0.9043 | 0.9172 || 0.9049 | 0.9174 || 0.9050 | 0.9182 || 0.9049 | 0.9162
(0.4326) | (5.9339) || (0.3095) | (6.3317) || (0.4276) | (6.8437) || (0.4598) | (7.0888) || (0.5110) | (4.2946)

0.3

0.5

0.7

0.9

is performed by using the two methods (7.10) based on the first branch and (7.11) based on

the second branch, the estimators of d; being denoted by cfgl) and de), respectively. From a?gl)

and JEQ), we set a; == f 1(dgi)), i = 1,2, where the inverse of f, is obtained numerically. The
parameter b needs no estimation since it can be exactly calculated by noticing that for a pair

The simulation results are reported in Table 7.1, where the mean estimated value along with
its mean square error (values in parenthesis x10~%) are presented. The overall performance of
a1 and ag are very good with small bias and small variability. As expected (see Remark 7.1
and Figure 7.4(a)), a1 outperforms ap since the first branch of Tj is “closer” to linear than
the second one. Both estimators always overestimate the true parameter. The behavior of the
estimators a; and ao as a function of the initial point x¢ for a = 0.3 and b = 0.5 are presented
in Figure 7.4(c). Also notice that the particular value of the parameter b does not significantly
affects the estimation of parameter a.

(g, Tgt1), with 0.5 < xp < 1, b is exactly obtained by the formula b =

8 Conclusions

In this work we study the copulas related to pairs and vectors of random variables coming
from a class of stochastic processes defined in terms of iterations of a certain smooth piecewise
monotonic transformation of the interval to some initial random variable. More specifically,
we study the copulas related to random variables coming from a stochastic process defined as
X = @(T 1t(Uo)) for T a piecewise monotonic transformation of the interval, Uy an initial random
variable distributed according to a T-invariant probability measure and a smooth function ¢ :
[0,1] — R, taken to be monotonic. We show that the copulas depend only on the lag h between
components and we derived formulas and properties for both, the joint distribution function
and the copulas for pairs of random variables coming from the process {X;}tcn. As expected,
the copulas heavily depend on the T-invariant probability measure. The multidimensional case
is similar to the bidimensional one so we follow the same agenda as in the latter and we are
able to show analogous results. We notice the similarities among the results of Sections 3 and
4 when ¢ is increasing. For ¢ decreasing, the multidimensional case poses some difficulties
which ultimately lead to more complicated formulas compared to the bidimensional case. We
also discuss random variate generation and approximations for the copulas derived on Section 3.
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The general theory is applied to the problem of parametric estimation in ‘1;9$ processes. Examples
and a simple Monte Carlo study are also provided.
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