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Abstract. We introduce an estimate of the entropy E,: (logp') of the marginal density p'
of a (eventually inhomogeneous) Markov chain at time ¢ > 1. This estimate is based on
a double Monte Carlo integration over simulated i.i.d. copies of the Markov chain, whose
transition density kernel is supposed to be known. The technique is extended to compute
the external entropy E,: (logpt), where the p!’s are the successive marginal densities of an-
other Markov process at time ¢. We prove, under mild conditions, weak consistency and
asymptotic normality of both estimators. The strong consistency is also obtained under
stronger assumptions. These estimators can be used to study by simulation the convergence
of p' to its stationary distribution. Potential applications for this work are presented: (i)
a diagnostic by simulation of the stability property of a Markovian dynamical system with
respect to various initial conditions; (ii) a study of the rate in the Central Limit Theorem
for i.i.d. random variables. Simulated examples are provided as illustration.
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1 Introduction

Let X = (X');>0 be a inhomogeneous discrete time Markov chain taking values in
a measurable state space (E, &), with analytically known transition density kernel
(q'), t > 0 with respect to a o-finite reference measure v. The successive marginal
density functions of the Markov chain X are given by its initial density p°, and the
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recurrence formula:
p”l(y):/Ept(w)qt(%y) v(dz), t>0, (1)

The essential idea of this paper is to take advantage of the knowledge of ¢!(z,v),
and of the integral formula (1), to compute the (relative) entropy of the marginal
density at time ¢,

H(p') = Ep (logp'),
via simulation and a sort of double Monte Carlo integration.

We assume that we can simulate, for all ¢ > 0, 2N i.i.d. outcomes of the pro-
cess X. For simpler notations we divide these 2N copies into two sets: one set of
size N, denoted at time ¢t by

X =(xt XE X)) iido o~
and the second set (of size N) denoted at time ¢ by
Xt = (Xt Xt X)) iid o~

For all y € FE and t > 0, the Strong Law of Large Numbers (SLLN) for the i.i.d.
random variables from the first set gives:

—Zq () =5 [ gt (@) vlde) = 971 0) a5 N = oo, 2)

Hence we can expect that the Monte Carlo integration of the logarithm of the left
side of (2), using the second set at time t + 1, which is i.i.d. from p‘*!, converges
to H(p'™!). Thus it is natural to introduce the following “double Monte Carlo”
estimator based on the two samples (X, Xt+1):

Hy(pth) Zlog( Zq Xk,Xt'H)) . (3)
k=1

The “technical trick” of simulating two sets of the same Markov process, used at

two consecutive times but independents, allows for a simpler theoretical study of the

asymptotic behavior of Hy (p'). Precisely, we preserve the marginal distributions but

avoid the Markovian dependence between X! and X'+ by simulating independent

copies from p* and pit!.

Estimation of the relative entropy E,:[logp’] in a different context (with i.i.d.
observations), and using nonparametric techniques (e.g., kernel density estimates),
has already been studied by different authors like Levit (1978), Tsybakov and Van
Der Meulen (1994), Ahmad and Lin (1989), Eggermont and LaRiccia (1999). These
authors prove consistency and asymptotic normality of their estimators in the uni-
variate case, under suitable technical conditions on the densities. Eggermont and
LaRiccia (1999) prove consistency in the multivariate case, but do not establish
asymptotic normality. One interest of our method is that we can prove consistency
and asymptotic normality in the multivariate case.
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1.1 External entropy between two processes

This intuitive approach can be generalized to compute in the same way the external
entropy

H(p},p') = By (logp')

involving a second Markov process Y = (Y');>o with different transition kernel,
and /or initial distribution, and consequently different marginal densities p} at time .
The transition density of ¥ needs not to be analytically known, but we still need to
know how to simulate copies of Y. If we denote now these simulations at time ¢ by

Y= (VLYY V) idd ~ph,

then, following the construction given above, it is natural to propose the estimator

N N
. 1 1
CUREAER S S ES WIERER) "
/=1 k=1

which should converge to ’H(ptl'H, p'™). Up to our knowledge, this external entropy

estimation problem, i.e. estimation of E [log(p')] with p' # p!, has never been
studied before.

In section 2, we study the asymptotic properties of these entropy estimates and
show their weak consistency and asymptotic normality in the multivariate case,
under moment conditions on the transition dentities. Their almost sure convergence
is also obtained with stronger assumptions.

Then two potential applications where both estimates can be useful are pre-
sented: Section 3 introduce a simulation method to diagnose the stability property
of a Markov process by studying its sensitivity to different initial conditions. Our
method can be used to estimate the Kullback information between the successive
densities of different outcomes of the process. This measure should geometrically
decrease to zero under good stability properties, as shown in recent theoretical works
(see, e.g., Del Moral, Ledoux, and Miclo, 2003). Section 4 gives a simulation method
to study the rate in the Central Limit Theorem (CLT) for i.i.d. random variables,
by estimating the Kullback information between the pdf of the normalized sums and
the gaussian. This question also motivates current theoretical developments, as in,
e.g., Ball, Barthe and Naor (2003). The behavior of our estimates are illustrated via
simulated examples for both situations.

2 A double Monte Carlo entropy estimator

Since we are using the independent samples (Xt, Xt+1) for Hy (p!*1), and (X!, Yit1)
for HN(pﬁJ“l,ptH), the behavior of both estimates are similar; only the successive
densities change (as already stated, we avoid the Markovian dependence between X'
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and X! by simulating different independent copies). This allows us to give a unique
proof for their asymptotic behavior. In the framework defined in the introduction
we have the following result, stated for H N(ptl'H, pith:

Theorem 1 If, for allt > 0, the “normalized” transition density kernel defined by

o) = 150 (5)

1s non-degenerate and satisfies:

E r'(X,Y)|*] < oo for some v >0, (6)

pt ®ptl+1 [

and
E, [l log ™ (V)] < oo, (7)

then:

HN(piH’le) £, H(pﬁ“,p”l), as N — oo,
VNHN @) = HESL e L N(0,SY),  as N — oo,

where ¥t = var, 1 [log p'™] + var,: [R(X)], and R(z) = E [rt(z,Y))].

Proof. We consider the following decomposition:
Hy (P p ™) = HEE p ) = Ty + T,

where

R Y (5 (R N URRNITRIS WS IR IR
Tin = > log| D d' (XY™ ) = 5D log (0H(Y/)
k=1
N

=1 =1
L
- N ZlOg (N Tt(Xlivnt—'—l)) )
=1 k=1
where 7 has been defined in (5) and satisfies E,¢ [r'(X,y)] =1 for all y € E, and
L
N = ;log (P (V) — Eppallog(e™)] (8)

| N
= < Zwt(yet+1)’
=1

where w!(Y,/ ™) = log (p!*1 (Y1) — E i [log(p'™!)]. To simplify notations in the
sequel of the proof, we drop from now on the superscripts indicating the fixed times
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at which the estimation is performed. Hence we write X and Y} for X,i and Yf‘l,

keeping in mind that Xj ~ p' and Yy ~ p*t.

For T} x we consider (as in Del Moral and Guionnet (1999)) the second-order
Taylor representation of the log function:

(z— 1)
0z + (1 6))2

valid for all z > 0 with § = 6(x) such that 6(x) € [0,1]. We thus can split 77 y into

logscz(:z:—l)—2

T n =JN — Rn, 9)
where
| NN
I =53 D2 (r(Xk o) - 1), (10)
=1 k=1
and

We now prove that Tp y + Jn satisfies the SLLN and the CLT, and that VNRy —
0 in probability as N — oo. To handle 75 5 and Jy, we exhibit a symmetric
representation. We have

1
Ly+JIv = 553 D> (w(Yy) + (X, Yy) - 1)

1<0=k<N

+% S (w(Ye) + (X Ye) - 1). (11)
1<U#k<N

Using standard arguments, the first term of the right-hand side goes to 0 almost
surely. Defining Z, = (Xy,Yy), and s; (resp. s2) the mapping from E? into E:
(x,y) — x (resp. (z,y) — y), the second term in the right-hand side of (11) can be
written as

1
U(Z1, Z3, 2 ZN) = 53 > W2k, Zy),
1<t<k<N

with symmetric kernel

h(z1,22) = w(s2(z2)) +w(s2(21))
+r(s1(21), 82(22)) + 7(s1(22), 52(21)) — 2.
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In this way we have written a U-statistic depending on the i.i.d. sample Z =
(Z1,...,2ZnN). According to Serfling(1980) p. 190-192, and Lehmann (1975), under
the moment condition E[|h|?] < oo (which is a consequence of (6)), U(Z) satisfies
the SLLN and the CLT (and the Law of Iterated Logarithm) as N — oo, i.e.:

UZ) — 0 as., asN — oo,
VN U(Z) <, N(0,%), as N — oo,

with ¥ = VaI'piJrl[Ro(Y)] + var,:[R1(X)], where Ro(y) = Epe[w'(y)] = w'(y) and
Ri(z) = ]Epiu[?“t(x, Y)] — 1 (see Lehmann (1975) p. 362-364).

Remark: Jy alone can also be expressed as a U-statistic that goes to zero a.s.,
using the same technique. This will be used in the proof of Theorem 2.

We still have to control the remainder term Ry. To show weak consistency and
asymptotic normality of 77 n, we have to prove that vV NRy — 0 in probability
when N — oco. To this end, we use the following decomposition of Ry:

N N 2
1 1 1
\/ < - il _
IVNEN| < G755 ;1 (N kEIT(XkaYZ) 1) N X & (12)
1 & i
-1 _ .
for 0 < 6 < 1/2, where {, " = min [N kE_IT(Xk,Yg) 1

We consider the first term in the right hand side of (12). In view of Markov’s
inequality, we have, for any € > 0,

N

N 2
1 1
(=1 k

1
1 N N
s (2 | D0 (X Yo — (X ¥o) ~ 1
=1 | kk'=1
1 N N
= s | LB | D X Y) — ir(Xi, o) ~ 11| Ve
¢ =1 kk'=1
1 N N
2
= et ZZ(T(XIWYZ)—I)]
/=1 k=1
1

2
= s Brep | Y) =17

The main arguments in the previous steps are the conditional independence of
r(Xg,Yy) and (X, Yy) with respect to Yy, and the fact that E[r(X,y)] = 1 for
ally € E.
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We now consider the term max;<y<n &. Let Ay and By be the events

-1

. 2
1 ) . 1
Ay = o 1gnénlen (Nkzlr(Xk,Yg)> ,1 >¢
1 & ’
By =  min <N;T(Xkayf)> >1

We have then

P(Ay) = P(Ay | Bx)B(By) +P(Ay | BS)P(BS)
1 & 1
é : 0
< P(1>N°%)+P  in (N ;T(Xk,}/g)> > N |,

where the first term in the last expression vanishes for N large enough. Using
Bonferroni’s inequality, we have:

k=1

1 & Ly
< NP (Nzr(xk,Y)> < s

k=1

NP Ly XY Y t+1
</ 7 ey < |V =) st vta)
—5/2

< /ENIP’ (ISN(y)I>N(1—N\@ )) P (y) v(dy), (13)

where Sy (y) = Zszl(r(Xk, y) — 1) is a sum of N i.i.d. and centered random vari-
ables. We can then use the moderate deviation type inequality (2.79) in Petrov
(1995) (due to Fuk and Nagaev (1971, 1976)), which holds under the moment con-
dition
My (y) =Ey [[r(X,y) = 1|"] <00, m>2, yckE.

In our case, this condition is a consequence of condition (6) (moment of order 2 +
) and Fubini’s theorem. This inequality, applied here with m = 2 + /2 to the
conditional probability in the integral term, gives inequality (15) below:

y

NP <|SN<y>\ > N -

< oN KH%)mﬁMTﬁgu (—2(m+3\)[;22€(;;n(0‘]v)2>] (15)

)) < 2NP(Sn(y) > aN) (14)
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where we select & = 1 — ¢~ %/2 in (14), and we define

o*(y) =Ep [(r(X,y) —1)*] < o0
Hence we obtain
-1

N 2
: 1 5
P  in (N ;r(Xk,Yg)> > N

< st [ v 2 e (<S5 0 va

N ()
< o [ Ml ) vl

o L @I ) vy (16)
< o (Bt I X V)P B g (X, ¥) ) a7

where inequality (16) holds since e=® < z~(177/2) for x > 0, (17) results from
Jensen’s inequality applied with the convex function #1172 and Oy, Cy, Cs are
some constants depending on m and «. This shows that the last term converges to
zero as N — oc. O

Under stronger moment conditions, we can derive the almost sure behavior of
our estimator. Here, the technique used to handle Ry is from Del Moral and Guion-
net (1999), except that we use a moderate deviation type inequality as above instead
of the Markov’s inequality used by these authors. This allows us to reduce the mo-
ment condition from 6 to (4 + ) for some v > 0.

Theorem 2 Under conditions and assumptions of Theorem 1, if we replace moment
condition (6) by:

E pteptt! (X, Y)|4+7] < oo for somey >0, (18)

then

~

HN(p?i+l pt—‘rl) —>H( t+1 t+1)’ as N — oo.

Proof. Using decomposition (9) and the fact that Jy goes to zero almost surely as
N goes to infinity, it suffices to show that Ry = O(Jy) a.s. For this purpose, we
use the decomposition of |Ry| given in Del Moral and Guionnet (1999) p. 290:

N
‘RN’ < —’JN‘ max Z Xk,Yé —1
k:

1
1<U<N 12D . (19)

<U<N




A Monte Carlo estimation of the entropy for Markov chains 9

(max >6>§NIF’< 1>N€>
1<¢<N

Therefore, by conditioning in Y and using, as in the previous proof, the moderate
deviation type inequality with m = 3 4+ v/2, we get:

1

N Z T(X/ﬁ va) -1

P| max > €
1<0<N —

< i [ M0 ) viay

For any ¢ > 0,
N

Z Xk7

N
Z (X3, Yy) — 1
k=1 k=1

N

1 24v/2, t+1
TN /E[U W)= p (y) v(dy) (20)
C
< 77 (Bpapn [rOC Y 4 B R(XYV)]), - (21)

where (21) comes as before from Jensen’s inequality applied with the convex function
22t7/2. Using Borel-Cantelli’s lemma it comes:
N

1
N ZT(X]{?)}/@) -1

max

2%0 as N — oo, (22)
1<¢<N

and from the above it is not difficult to check (as in Del Moral and Guionnet (1999)
p. 291) that:

1 N 23
1%@%\[& &3, as N — oo, (23)

which concludes the proof. Il

We conclude in the same way that Hy(pt) is a consistent estimate of E, (log p").
More precisely:

Corollary 1 If, for allt >0, r'(z,y) = ¢*(z,y) /' (y) is non-degenerate and sat-
isfies Epegpr+1 [|r' (X, Y)[2T7] < oo, for somey > 0, and p' satisfies B[ log p" (V) [?] <
o0, then:

Hn(p™) - HE™), as N — oo,

VNHN ) —HEH) -5 N(0,SY,  as N — oo,

where S = vari1[log p'] + vary [R(X)], and R(z) = Eya[rt(z,Y)].
If, in addition, Egye1 [|rH(X,Y)[*T7] < oo, then

Ha () 25 H(p ), as N — o,
Proof. Since we are using two independent samples X/t and Xt+!, it suffices to

f9110W step by step the proves of theorem 1 and theorem 2, just replacing Y'*! by
X1 and pl‘i+1 by pt-&-l. 0
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3 Checking stability of Markovian systems

The aim of this section is to propose a simulation procedure to diagnose the stability
of Markovian dynamical systems with respect to various initial conditions. When
the kernel of such a dynamical system is accessible to some analytic computations,
and when some critical constants (e.g., the spectral gap, the Dobrushin’s coefficient
or a “Foster Lyapunov” drift criteria) can be estimated, then a stability property
or a convergence rate may be deduced from these estimations. However, this is not
the case in many practical situations, and the exploratory method we propose here
may often be the only way to gain information about the stability properties of the
system.

We denote by X = (X!);>0, and Y = (Y*);>0 the two processes issued from
a (eventually) inhomogeneous discrete time Markov chain with transition kernel
density ¢'(-,-) at time ¢, and two different initial conditions zg and z;. We assume
that the transition densities are analytically known. The successive density functions
of the Markov chain X (resp. Y) are given by the recurrence formula:

P (y) = / pi(z)q' (z,y)v(dz), i=0 (resp.i=1). (24)
E

We propose to use, for each time ¢, a consistent and asymptotically normal
estimator of the Kullback-Leibler information between pf, and p{. The Kullback-
Leibler information between two densities f and g on E is defined by:

Kt.0) = [ 1og (22 f(oyvicn) = B fog(1)] - Bslos(o).
E g9(z)

It is well known that K(f,g) > 0 for any f and g, and K(f,g) = 0 if and only if
f = g almost everywhere. In addition, Del Moral, Ledoux, and Miclo (2003) prove
that, under good stability properties, K(p}, p!) is geometrically decreasing in ¢ (see
also Miclo (1997) for entropy considerations and finite Markov chains). Hence the
Kullback information is a relevant tool to check that a dynamical system has such
stability properties, by comparing densities pairwise for various initial conditions.
Practically, we propose a graphical monitoring consisting in plotting our estimate
t — IC(pﬁ,p;), since the stability is related to the decreasing rate (in t) of our
consistent estimator. This technic may also highlight models for which the initial
condition influence the behavior of the densities p! for a long run.

Obviously, using the estimators (3) and (4) theoretically studied in section 2, we
are able to estimate E,; [log(pé)] and E, [log(p!)] for i and j = 0,1, and i # j, so
that we can estimate IC(pg,p;), for i # j. For example,

~

K(®4,ph) = Hn(0}) — Ha (0, ph).
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3.1 An illustrative example

To illustrate the method presented in section 3 on a simple and classical example
(where everything is known), we apply it to an AR(1) Gaussian model,

Xt = pXi_1+ ey, (25)

where (e¢);>0 is a sequence of centered Gaussian noises with variance o2, and p E
(0,1). This model with the initial condition xy can also be written

t—1

X; = ploo + Z prei. (26)
k=0

The transition kernel is itself Gaussian, with density q¢(z,y) = ¢,2(y — px), where
by2() is the p.d.f. of N(0,02). It is easy to see from (26) that at time ¢,

t 1—p* 2
XtNN ,0517071_’020 ’ (27)

and Y; is normally distributed with mean p'z; and the same variance.

Condition (7) holds and is easy to check, and we show that the moment condition
(6) is satisfied for such a process. Here, we consider the estimation of H(p!,pf),
the other case being handled similarly. After calculations we obtain the following
decomposition for all 0 < p < 1 and v > 0:

Eyepirt [PV = [ O ep(Liz,p) oxp(-Qla,y) dwdy,  (28)
where C' is a positive constants, L(x,y) is a linear function of (x,y) and Q(z,y) =
az? + bxy + cy?, where a,b and c are strictly positive constants depending on p, y
and t. Hence the integral (28) is finite if 4ac—b? > 0. Some analytical computations
(with the help of Mathematica) show that this condition reduces to (up to a positive
constant)

( bz) A=) L= P21+ + 20924 )]

(1= p2)(1 — p20+D) =0

Hence, for all 0 < p < 1, we can find v > 0 small enough such that 4ac — b> > 0,
which ensures (6).

Below, we detail the situations to which we applied our stability control method.
We first simulated the case where the moment condition (6) for the consistency of
our estimator Hy (pt) — Hn(pt,ph) and the stability condition for the AR(1) are
both satisfied. We then tried situations where these conditions are not satisfied, to
illustrate the fact that our estimator may detect unstable or even explosive phe-
nomena. Hence in that case, our estimator may be used as an empirical indicator,
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even when we cannot prove theoretical properties. We also provide in the figures
below an approximation of the true Kullback information, which could be computed
in this simple situation via numerical integration with Mathematica. For all these
models, the variance is 02 = 4.

Example 1: homogeneous stable case. This case corresponds to situations where
p € (0,1). Figure 1 compares the behavior of the estimated Kullback-Leibler infor-
mation when p is small enough (strongly mixing, left), and when p is near 1 (slowly
mixing, right). It is clear that the decreasing rate of our estimator shows the sta-
bility of the process and gives some indication about its mixing behavior. Note also
that for these settings, running N = 30 chains was enough to obtain such accurate
estimations.

Example 2: homogeneous unstable case (Figure 2). This case corresponds to
p = 1. Here, we cannot prove the theoretical properties of our estimator, but
it nevertheless indicates clearly the unstable behavior. We choose xg = —20 and
x1 = 20 for the starting locations, since we wanted the true Kullback information
to stabilize away from zero for reasonable values of time. In this situation, py and
p1 are Gaussian distributions with fixed means zg and x1, and variances increasing
with ¢. Surprisingly, good results are already obtained with a limited number of
N = 50 chains here, even if better results are obtained with more chains, since more
particles (chains) are needed to explore the enlarging support of these densities (for
example, the mass is located roughly in [—100; 100] at time ¢ = 200 here).

Example 3: homogeneous explosive case (Figure 3). This case corresponds to
situations where p > 1. As for the unstable case, we cannot prove theoretical prop-
erties for our estimator, but its explosive behavior may be used as an indicator of
the unstability of the underlying process. In this situation, pg and p; are Gaussian
distributions with means going respectively to +0o and —oo and increasing vari-
ances as t — 0o. Hence we keep the initial conditions at —5 and +5 to limit the
explosive behaviour. As expected, much more parallel chains were needed to ob-
tain a reasonable estimate of the true Kullback information, since with this setting
more particles are needed to explore the enlarging support (e.g., the mass is already
located roughly in [—100;100] at time ¢t = 30 here).
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0 20 40 60 80 100 0 20 40 60 80 100

Figure 1: Plot of the true (solid line) and estimated (dashed line) K(p', pl) against t.
Left: Stability behavior for p = 0.7, N = 30. Right: Stability behavior for p = 0.99,
N = 50. The initial conditions are xy = —5, 1 = 5.

50 50

40 40
30 30
20 20

10 10

0 50 100 150 200 0 50 100 150 200

Figure 2: Plot of the true (solid line) and estimated (dashed line) K(p!,pl) against
t. Unstability behavior for p = 1, and initial conditions zo = —20, x1 = 20. With
N =50 chains (left), and N = 300 chains (right).

4 Entropy and the Central Limit Theorem

Another possible application where our estimate can be useful is the estimation of
the gap in entropy between a properly normalized sum of i.i.d. random variables and
the gaussian limit given by the Central Limit Theorem (CLT). Consider

1 n
Yo=—~> X
n \/ﬁ — (3]

where X1, Xo, ... are i.i.d. random variables taking values in R%, with common prob-
ability density f. We assume for convenience that the X’s are centered (Ef(X) = 0).
The CLT states that, if X has moment of order two, then

Y, 4, Ny(0,%), when n — oo,

where ¥ is the variance-covariance matrix of X and Ny is the d-dimensional gaussian
distribution.
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Figure 3: Plot of the true (solid line) and estimated (dashed line) K(p', pl) against t.
Unstability behavior for p = 1.05, and initial conditions xqg = —5, x1 = 5. N = 300
chains (left) and N = 600 chains (right).

In actual applications (e.g., statistical inference), the CLT is used to propose
confidence regions for the parameters of interest related to the distribution of X, or
to approximate a distribution of a test statistic under the null hypothesis, to bound
the type I error of the test. The question of the sample size (n) needed to apply the
CLT accurately, is crucial and not clear for non standard (and multi-dimensional)
distributions. Upper bounds for the convergence rate in the TCL are typically given
by the Berry-Esséen theorem, but these bounds are known to be highly pessimistic
(see, e.g., Seoh and Hallin, 1997).

Our technique can be used to compute by simulation the “distance to normality”,
in the entropy sense, of the pdf of Y,,. Moreover, it is important to point out that this
question also motivates current theoretical developments (see, e.g., Ball et al (2003)
and references therein).

To apply our method, we only need to know how to simulate X ~ f, and the
analytical expression of f. Actually, we can represent the successive densities of Y,
n > 0, by the marginals of the inhomogeneous Markov chain

n 1
Y+ —— X1,
n+1 n ,—n+1 n+1

with transition density kernel at time n
q"(z,y) =vVn+1f(vVn+1ly—nzx). (29)

Using the estimate Hy(p™) given by (3), we can estimate at “time” n E,n (logp™)
by double Monte Carlo integration. In addition, using, e.g., the first set of N
i.i.d. copies of Y}, that we denote here by (Y, 1,...,Y, n), we can also estimate
E,» (log ¢5), where ¢y, is the multivariate gaussian density with variance-covariance
matrix 3, by the standard Monte Carlo integration

Yn+1 =

N

1 a.s.

N Zlog (¢x(Yne)) = Epn(logds) as N — oo,
(=1
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so that we can consistently estimate the Kullback distance between the pdf of Y,
and the limiting gaussian:

K(p", o) = Epn(logp™) — Epn (log éx).

This distance is also a good measure since, as stated in Ball et al (2003), it bounds
the L'-norm.

4.1 Examples

To illustrate the rate in the CLT in entropy, we have chosen four simple univariate
distributions for f, to show different levels of difficulties. Intuitively, the more f is
“far” from the gaussian, the more time (n) it will take for the pdf of Y;, to resemble
to a normal distribution. Hence we have chosen centered distributions with non
symmetric densities, or heavy tails; namely:

X ~ N(Oa 1)7 X ~ u[720;20]7 X ~ t(?’)v X ~ 04(251“70% + (1 - a)¢u2,ag‘

The first model, X ~ N(0,1), is the stationary process, since Y, is just a lin-
ear combination of independent gaussian r.v.’s (no CLT needed in this case), i.e.
Y, ~ N(0,1) for any n > 1. The second model is a uniform distribution, which
is know to converge quickly to a gaussian-like distribution. The third model is the
Student distribution with 3 degrees of freedom, i.e. the heaviest tailed Student dis-
tribution satisfying the CLT. The fourth model is a 2-component mixture of gaussian
distributions. We have tested two different sets of parameters for the mixture, which
differ by their variance and level of skweness:

My @ a==, m=-8, oi=1 =8 o035=4,

My : a=—, pu =-20, oi=1, py=20, o5=16.

In addition to these four models, for which the CLT holds, we have simulated a
fifth model, for which the CLT does not hold: we choose for f a Cauchy distribution

(i.e. t(1)), with density
1
0= iy

for which E(X) and var(X) does not exist.

z € R,

Checking moment conditions To be sure that our estimates are consistent, we
have to check that the conditions (6) and (7) of theorem 1, related to moments of
q" and p", hold. Actually, condition (7) is easy to check in most cases, such as the
present models. The difficulty is to check (6). For example, it is easy to see that
(6) holds when the common distribution f of the X’s is any bounded distribution
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with compact support, such as the uniform. When the n-fold convolution product
of f is accessible to calculation, checking the validity of conditions (6) is feasible.
For the stationary model for example (X ~ N(0,1)),the density of Yy, p™, is the pdf
of the gaussian N'(0, 1), but the kernel ¢" still depends on n, so that condition (6)
is satisfied for 0 < v < 2(y/(n+1)/n — 1). For the two other models, the direct
calculation of f*" is not simple, so that (6) is hard to verify. Here, we have merely
cheked that the numerical integration involved in (6), computed with Mathematica,
converges for small values of v and the first steps (in n). Moreover, the simulations
show a decreasing to zero behavior for the estimated Kullback distances, as expected.

Results summary We have estimate the Kullback distance using various number
of i.i.d. copies of the r.v. Y,,, from N = 200 up to N = 5000 to illustrate the asymp-
totic behavior of our estimates of entropy (the computing time for these simulations
(in C) is rather short, at least in these simple cases).

The models resulting in largest I@(p", ¢x) for small values of n (i.e. far from
the gaussian) were, in decreasing order, My, M, t(3), U_90.20) and N'(0,1). The 5
models tested required different time (sample size) for Y;, to get close to the gaussian.
If we choose as a criterion the first time at which /@(p", ¢x) crosses the value 0, then
we obtain the following results for N = 5000:

Model | Time to CLT
£(3) 88
M, 28
My 15
U[—20,20] 9
N(0,1) 1

Due to the different scales of I@(p", ¢y) for small n depending on the different
models, we could not represent al the tested models in the same plot. We have
chosen to show various figures illustrating the rate of the CLT for each model, and
the effect of V.

Figure 4 shows the two mixture models, for which the estimated Kullback dis-
tance for Y5 are the largest, together with the uniform model which is a typically
“easy” model. The effect of high value of N on the quality of the estimates is clear.

Figure 5 illustrates the fact that, for the gaussian model, I@(p”,d)g) is merely
random fluctuation around zero. We have also plotted the uniform model for com-
parison purpose. Even if for the uniform model, the pdf of Y,, goes rather quickly
to the gaussian, the difference whith the stationary model is clearly visible. This
figure also illustrate the effect of N on the precision of the estimates.

Figure 6 shows the impressive difference between the Student ¢(3) model and the
others: the heavy-tailed Student distribution requires more time than the other to
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achieve the CLT. For these plots, we have simulated Y, up to n = 100 to observe
the slow decreasing behavior of K(p", ¢x).

The Cauchy model To simulate the model for which the CLT is not valid, we

have chosen to normalize the limiting gaussian with the empirical variance of the N
simulated values of Y,, at step n, since ¥ = wvar(X) does not exist in this case.
Figure 7 shows that the estimated Kullback distance does not decrease to zero,
even during the first n = 500 steps. Indeed, despite the fact that the conditions

of theorem 1 do not hold here, our estimate behaves properly and can be used to
indicate that the CLT is not valid.

\\ \
N 1 |
0.8 0.8/
Y\ \ \ \
0.6 i 0.6/ '\ \
\ \“, \\
0.4/ %\ 0.4\
0.28 0.2
5 10 5 10 15 20 25 30

Figure 4: Models Uj_0.2¢) (solid), My (dotted) and Mz (dashed) for N = 200 (left),
and N = 5000 (right).

0.03 0.03
0.025 0.025
0. 02 0. 02
0.015 0.015
0.01 0.01
0.005, 0. 005
810 15.Y 720~ 1015 - 207 75 30
-0. 005 n -0.005

Figure 5: Models N(0,1) (solid) and Up_s,99) (dotted) for N = 1000 (left) and

N = 5000 (right).
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0.12 0.12;,
0.1 0.1
0.08 0.08}
0. 06}, 0.06| |
i 0.04; |
2040 60 80 100
-0.02

Figure 6: Models U|_0,30] (solid) and t(3) (dotted) for N = 1000 (left) and N = 5000
(right).

4 17.5 [
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10

2
7.5

: S —
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Figure 7: Cauchy Model for N = 100 (left) and N = 1000 (right).
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