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The paper presents a method of computing the extremal index of a
real-valued, higher-order (kth-order, £ > 1) stationary Markov chain {X ,}.
The method is based on the assumption that the joint distribution of & + 1
consecutive variables is in the domain of attraction of some multivariate
extreme value distribution. We introduce limiting distributions of some
rescaled stationary transition kernels, which are used to define a new
(k—1)th-order Markov chain {Y, }, say. Then, the kth-order Markov chain
{Z,} defined by Z,, = Y+ --+Y, is used to derive a representation for the
extremal index of {X,}. We further establish convergence in distribution
of multilevel exceedance point processes for {X,} in terms of {Z,}. The
representations for the extremal index and for quantities characterizing
the distributional limits are well suited for Monte Carlo simulation.

1. Introduction. The effort of characterizing the tail of the distribution
of the maximum of a large number of observations has long been made by sev-
eral statisticians. Under stationarity of observations, this is usually achieved
by incorporating both the tail of the marginal distribution and the so-called
extremal index. The extremal index is therefore a key parameter for studying
the extremal behavior of a stationary sequence of random variables (r.v’s). See
Loynes (1965), O’Brien (1974) and Leadbetter, Lindgren and Rootzén (1983).
In this paper, we present a method of computing the extremal index of a real-
valued, kth-order (k£ > 1) stationary Markov chain. The method is based on the
assumption that the joint distribution of £ + 1 consecutive variables is in the
domain of attraction of some multivariate extreme value distribution. To give a
more complete description of the extremal behavior of the chain, we also estab-
lish convergence in distribution of multilevel exceedance point processes and
give representations for quantities characterizing the distributional limits.

Let {X,: n > 1} be a (strictly) stationary sequence of r.v’s with marginal
distribution function (d.f.) F. Then, for all sufficiently large n, it is typically
the case that

(1.1) P{M, <u,}~ F"(u,),

where M, := max{X;,..., X, }, u, is any high level such that n(1 — F(u,))
converges to a positive number as n — oo and 6 is a fixed number in [0, 1].
The 0 is called the extremal index of the sequence {X,} (see Section 3 for a
rigorous definition) and measures the strength of the dependence of {X,}. If
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X,,..., X, are independent, then 6§ = 1;if X, ..., X, are very highly depen-
dent, then 6 ~ 0. It is also noted that, when 6 > 0, ~! may be interpreted
as the asymptotic mean number of exceedances of a high level in a cluster of
the sequence {X,} under a suitable mixing condition, which was justified by
Leadbetter (1983).

There are basically two directions of modern research in handling the ex-
tremal index 0. One is to find good estimators for # and study their probabilis-
tic properties. In view of the simple relation (1.1), it is enough to estimate 6
and the tail of the marginal d.f. F' in order to estimate the tail of the distribu-
tion of the maximum M ,,. The estimation of § was discussed by Nandagopalan
(1990), Hsing (1991, 1993) and Smith and Weissman (1994). For the estima-
tion of the tail of a probability distribution, see Pickands (1975), Smith (1987)
and Dekkers and de Haan (1989).

The other direction is to compute # when the dependence structure of { X, }
is given. It is unfortunately not known how to compute 6 analytically except
for some special cases. For instance, Berman (1964) showed that a stationary
standard Gaussian sequence {X,} has 6 = 1 if the autocovariance function
r, =Cov(X,, X,,,) satisfies r,logn — 0 as n — oo. Later on, Rootzén (1978)
computed 6 for a class of moving averages of stable processes and Chernick
(1981) considered a particular stationary first-order autoregressive sequence
to compute 0. For a general stationary sequence, O’Brien (1987) and Rootzén
(1988) found similar characterizations for 6, which seem to be suitable for
applications to Markov chains but still intractable for computational purpose.

The characterizations were used by Smith (1992a) to find a technique for
computing 6 of a stationary Markov chain. Assuming the standard Gumbel
marginals and the joint distribution of two successive variables being in the
domain of attraction of a bivariate extreme value distribution, he showed that
the tails of the chain behave like a random walk. As a result, 0 is found as the
solution to a Wiener-Hopf integral equation. Perfekt (1994) extended this to
more general margins. Instead of the standard Gumbel marginals, he assumed
that the marginal distribution is in the domain of attraction of a univariate
extreme value distribution. Assuming also the existence of a limiting distri-
bution for the transition probabilities which is in fact another interpretation
of Smith’s assumption for the joint distribution of two successive variables, he
found an expression for # and further characterized the extremal properties
of the chain in terms of exceedance point processes.

This paper extends the results of Smith and Perfekt to a real-valued, kth-
order stationary Markov chain {X,}. The kth-order Markov chains are useful
and flexible tools for modeling local dependence in time series. We assume
that the joint distribution of 2+ 1 consecutive variables belongs to the domain
of attraction of some multivariate extreme value distribution, and introduce
limiting distributions of some rescaled stationary transition kernels. These
limiting transition kernels are used to define a new (k£ — 1)th-order Markov
chain {Y,}, say, from which another kth-order Markov chain {Z,} is defined
as Z, = Y{ +---+Y,. The chain {Z,} is then effectively used to give a
representation for the extremal index of the original chain {X,}. The repre-
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sentation is well suited for Monte Carlo simulation in computing the extremal
index. For a more complete description of the extremal behavior of the chain
{X,}, we further discuss convergence in distribution of multilevel exceedance
point processes and give representations for quantities characterizing the dis-
tributional limits in terms of the chain {Z,}.

The rest of the paper is organized as follows. Section 2 discusses the do-
main of attraction of a multivariate extreme value distribution and constructs
the limiting distributions generating {Y, } and thus {Z,}. Section 3 gives a
representation for the extremal index of {X,} in terms of {Z,} and Section
4 establishes convergence in distribution of multilevel exceedance point pro-
cesses for {X,}. Finally, Section 5 contains four examples which show how
our results are applied.

2. Domains of attraction and limiting transition kernels. In this
section we consider criteria for domains of attraction of multivariate extreme
value distributions and introduce limiting distributions of some rescaled sta-
tionary transition kernels of a kth-order stationary Markov chain. These lim-
iting transition kernels are used to define a new (k£ — 1)th-order Markov chain
which determines the extremal behavior of the original chain.

For a,b,x € ®? (p > 1) and for a, B € R, we write

ax+b = (ayx; +bq,...,a,x,+0b,),
ax+ B = (ax;+B,...,ax, + B).

For a p-dimensional (dim.) d.f. F,, if there exist p-dim. vectors a, > 0 (with
componentwise ordering) and b, e W?, n =1,2, ..., such that

(2.1) Fi(a,x+b,) —, G,(x) asn— o

for some p-dim. nondegenerate d.f. G ,, where —,, denotes weak convergence,
then F', is said to be in the domain of attraction of G ,, written F, € 2(G,),
and G, is called a p-dim. extreme value distribution. Galambos (1987) and
Resnick (1987) have good reviews on multivariate extreme value theory.

For p =1, F; € 92(G,) is equivalent to the condition that there exists a
& € 9N such that

1Pyt s
R S YD

where xp :=sup{x: Fi(x) < 1}, and

=1+éx) 5 14+éx>0,

xp, = oo and g(u) = ¢u, if ¢ >0,
(2.3) g(u) is some strictly positive function, if £ =0,
xp, <ooand g(u) = —§(xp, —u), if £ <0.

In this case, if we take b, = inf{x: F{(x) > 1—1/n} and a, = g(b,), we have
Fl(a,x +b,) - Qu(x) := exp{—(1 + £x) "¢},

1+éx>0, asn— oo.

(2.4)
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Therefore, one may take G; = (). Throughout the paper, the case { = 0 is
always interpreted as the limit ¢ — 0, that is, Qy(x) = exp(—e™™), x € R,
the standard Gumbel distribution. When ¢ = 0, the function g is unique up
to asymptotic equivalence, that is, if there is another g satisfying (2.2), then
g(u) ~ g(u) as u 1 xp,. Condition (2.2) is in fact a reformulation of Theorem
1.6.2 of Leadbetter, Lindgren and Rootzén (1983).

The auxiliary function g in (2.3) is assumed to satisfy the following prop-

erties: as u 1 xp ,
u+ g(u)x — xp, for any x with 1+ ¢x > 0,

(2.5) g(u+ g(u)x)/g(u) > 1+ éx locally uniformly in x with 1+ &x > 0,

(xp, —u)/8(u) —> 1/|§| if xp <oo.
This is obviously true for ¢ # 0. When ¢ = 0, this is of no loss of generality
because, if (2.2) holds for some g which does not satisfy (2.5), then there exists
another g which satisfies (2.2) and (2.5), with g(u) ~ g(u) as u 1 xp, . For
details, see Lemmas 1.2 and 1.3 and Proposition 1.4 of Resnick (1987).

For p > 2, G, in (2.1) has no such finite-parameter representation as in
(2.4) for G;. A higher-dimensional extension of (2.2) is, however, possible due
to Marshall and Olkin (1983). For simplicity, F',, is assumed to have equal
univariate marginals. That is, let F ,(x) be a p-dim. d.f. with equal univariate
marginals F(x), and let G,(x) be a p-dim. extreme value distribution with
equal univariate marginals G;(x) = Q,(x) for some § € R. Then F, € 2(G,)
if and only if

. 1-F (u+g(u)x)
(2.6) ul%gvl1 1-F.(0) = —log Gp(x), 1+éx>0,
where xp and g satisfy (2.3) and (2.5). This is a reformulation of Propositions
3.1-3.3 of Marshall and Olkin (1983). As a representation of G,, Pickands
(1981) showed that there exists a finite positive measure pon the (p—1)-dim.
unit simplex S, = {w € %#”: w > 0, Yr  w; = 1} satisfying [g w; dQ,(w) =
1,i=1,..., p, such that !

2.7 Gy(x)= exp|:—/s 1m_ax{wi(l + fxl-)l/f}de(W)i|, 1+éx>0.
, 1=i=p

Now, let {X,: n > 1} denote a real-valued, kth-order stationary Markov
chain. Here, {X, } being a kth-order Markov chain means that, for every n,
the conditional distribution of X, given the past depends only on the % im-
mediate past values. It is clear from the stationarity of {X,} that the distri-
bution of the whole chain is determined by the joint distribution F, say,

of (X,,..., X,,;) via its successive transition kernels. Assuming F_, is ab-
solutely continuous, we use the following notation: for i = 1,..., 2+ 1, we
write

X;=(xg,...,x) e, X =(Xy,..., X)),
Fi(x;))=F(x1,...,x) =P{X, ;1 <xq,..., X, <x;},
fi(x;) =" Fy(x;)/(dx; ...0x;),
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and, for j =1, ..., k, we write
Xj+1 = (.’X,'l, ...,xj,xj+1) = (Xj,xj+1) S iRjJrl,
Fj+1(xj+1|xj) = P{Xn+j+1 <xil(Xpgaseees Xn+j) = (%1, -~->xj)}7

fim(xjalx;) = 0F j1(xjq1x;)/0% 41 = [ j1(Xj1)/ (X))

We now assume that F, , € 2(G,,,) for some (% + 1)-dim. extreme value
distribution G,,; with equal univariate marginals G; = (), for some ¢ ¢
M. Then this implies that F; € 2(G;), i = 1,...,k + 1, where G;(x;) =
Gri(%i,xg,, .-+, xg,), an i-dim. marginal of G, ;. We therefore have, from
(2.2) and (2.6), that, foreach i =1,...,k+1,

1-F,(u+g(u)x;)

(2.8) ul%fc?l 1-F.(a) = —log G,(x;), 1+ ¢£x; >0,

where xp and g satisfy (2.3) and (2.5). Taking partial derivatives in these
convergences gives a plausibility of the following essential assumption under
which the theory of this paper is developed.

ASSUMPTION A. Suppose that

. 8(w)f1(u+ g(u)xy)
Jm - Fi(u) :

=1+ &)L 14 €2, >0,
and that, for each j=1,..., %,

Li(xj415%)) = ulTigll g(W)f jy(u+ g(w)xjiqlu + g(u)x;), 1+¢éx;,,>0,
exist finite.

LEMMA 2.1. Foreach j=1,...,k, (14 &x ;1) j(x15X;) must be a func-

tion of
(1, (1+éx 1 (Lt E%m
ij+1 T <§10g<1+§x1)’a glog< 1+§xj ’

provided that f,, is continuous.

PrOOF. It follows from the properties (2.5) of g that
1;(0; (1 + ng+1)71(xj —Xj41))
= lim g()f joa(ulu + g()(1+ Ex70) () = %540))
1
= (14 &x )l (x5 X5).

Therefore, (1+ £x ;1)1 ;(x,1;X;) is a function of (1 + §xj+1)’1(xj —xj,1) and
thus a function of vx;,4. O
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It is noted that, when ¢ = 0, X is interpreted as (xg—x1,..., %11 —X ).
The ;(xj,1;X;) is usually (but not always) given by

37 og G 11(Xj41) ' log G ;(x,)
ﬁxl...&xﬁl W .

Assuming f,; is continuous, we define a function A ;(y;; y1,..., ;1) on "/
by letting
1 14+ ¢&x,4
hj<§log<1+§;+-); VXJ) = (Lt )l j(nja X)), 1+ Ex5 >0,
J

which is well defined by Lemma 2.1. We also define, for y;,..., y;_; € %,
Hi(y;91,--5,¥-1) =1 —fy hi(t; y1, ..., y5-1)dt, y € {—oo} UM

Then, for every fixed y; ; € DI H ;(y;y;_1) may be considered as a d.f. of
y on {—oo} U %, where it has a mass 1 — [* & ;(t;y, ;) dt at y = —oo, which
is possibly positive, and is absolutely continuous on %, having A ;(y;y;_ 1) as
its density. It is noted that the following are equivalent:

@) Vy;q e Hj(~001y,.1) = 0;
(2.9) (i) Vy; e, hi(-5y,-1)is a p.d.f on 9%;
(iii) Vvx; with 1+ ¢éx; >0, l;(-;x;)is ap.d.f on {x: 1+ éx > 0}.

By p.d.f. we mean probability density function. In fact, these equivalent con-
ditions imply that, as u 1 xp ,

1 14+ éx.4
Pt gl + gx;) — H,( 3log( e Jioxy )
J
1+§&x;, >0.

The limiting distributions H ;, j = 1, ..., k, constructed above can generate
a {—oo} UNR-valued, (£ — 1)th-order Markov chain {Y,: n > 1} as follows:

1 Yy~ Hy(y1)-

2. For j:2,...,k, YJ|(Y1,,YJ71)NHJ(yJ,Y1,,inl) ile,...,Yj71>
—o0; put Y; = — oo, otherwise.

3. FOI‘ _] > k + 1, Yj|(Yj—k+17""Yj—1) ~ Hk(y]7 Yj—k+1""’Yj—1) lf
Y pi15---, Y 1> —o00; put Y; = —o0, otherwise.

When £ = 1, {Y,,} becomes a sequence of i.i.d. r.v’s with d.f. H;. We also
remark that, when 2 > 2, the state —oo is an absorbing state of the chain
{Y,}, that is, once the chain visits the state —oo, it must stay there forever.
Finally, define

(2.10) Z, =Y, +-+Y,, n=12...,

sothat {Z,: n > 1} is a {—oco}UMN-valued, kth-order Markov chain. This chain
plays an important role in examining the extremal behavior of the original
chain {X,} (see Theorems 3.1 and 4.1).
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Now, suppose that we only know F; € Z({);) for some ¢ € 9, with auxiliary
function g satisfying (2.3) and (2.5), and that Assumption A holds. Then it can
be shown that F, . ; € 2(G, ) for some (k+1)-dim. extreme value distribution
G1.1 with equal univariate marginals G, = (), if, for each j =1,..., %, (2.9)
holds [see Yun (1994) for details]. This situation gives a clear description of
the tail behavior of {X,} as follows. Define ¢(x) := £ !(e* — 1) and X, =
inf{x: F;(x) > 0}.

LEMMA 2.2. Let {X,: n > 1} be a kth-order stationary Markov chain, and
let F 1 bethed.f of (Xq,..., X, 1) having a continuous p.d.f. f,1. Suppose
that Fi € 9(8;) for some ¢ € N, with auxiliary function g satisfying (2.3)
and (2.5), and that Assumption A holds. Let {Z,: n > 1} be the kth-order
Markov chain defined by (2.10), and let T be an Exp(1)-distributed r.v. which
is independent of {Z,}. If, for each j = 1,...,k, (2.9) holds, then, for every
p=2,asut xp,

P{((Xy—u)/g(u),....(X, —u)/g(u)) € | Xy > u}
= PUH(Z1+T), .., $(Zp 1 +T)) -}

PrROOF. We use the notation

(u) 8w f1(u+ g(u)xq),
1 (%)= 1— Fy(u) ;

FUxa0%,) == g)f o (u+ gW)x o lu + g)x;), 1< j<k
b w
u
I1 fim(xjlx;), 2<p<=<k,
j=1

(w) —

Yp (Xp) = = i

< [1 f(J'Li)l(xj+1|xj))( [1 fgel:-)l(xj-‘rﬂxj_k"‘l’ e xj))’
J-1 J=k

p=>k+1;

p—-1
[T2;(xj115%;), 2<p<k,
j=1

ppa(xp) =1 /ht p1
e < [ lj(xj+1;xj)>< [ lk(xj+1;xjk+1”"axj)>a
j=1

j=Fk
p=>k+1;

p—1
[12,(y;;¥;-1), 2<p<k,
j=1

B ( B ):= k-1 p-1
Np-1¥p-1 ( I hj(yj;yj1)>( I hi (Y5 Y jhsts -+ yj1)>,

Jj=1 J=k

p>k+1.
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Then, for every p > 2, since lim, f(lu)(xl)lpg,u)(xp) =(1+&xy) Yy, 1(x)),

1+ éx, > 0, and since (1 + £x1)"V57 1y, 4(x,) is a p.d.f on (0, xq,) x

(%, xﬂé)p_l

16.11], for any w,,_; with 1+ ¢w, ; >0,as u 1 x5,
P{(X,—u)/g(u) swq,.... (X, —u)/g(u) <w,1|X; > u}

=TT A e ) iy iy d

, we have, by Scheffé’s theorem [Billingsley (1985), Theorem

X, W1 Wp-1
- ./o § /xa{ /* 1+ fxl)_l/g_l‘,//pq(xp)dxp co.dxgdxy.

xng

This, if we put x; = ¢(¢) and x; = ¢p(t +y1 +---+y;_1), J = 2,..., p, is
equal to

/oo /¢71<w1>—t /wl(wz)—t—yl /¢1<w,,1)tz§’fyj
0 —00 —00 —00

xe ', 1(¥p1)dy, 1-..dysdy, dt

= P{Y1 <o W w)-T,Y,<dp Nwy)—T-Yq,...,

p—2
Ypfl = ¢71(wp71) -T- Z YJ}

j=1
= P{¢(Z1 + T) S Wy, (Z)(prl + T) = wpfl}’
where {Y,} is the chain in (2.10). This completes the proof. O

Although Lemma 2.2 is useful for obtaining a representation of the extremal
index of {X,} (see Section 3), it cannot be applied when (2.9) fails for some
j=1,..., k. In Section 3, we shall handle this case by imposing Assumption B
below in addition to Assumption A. For this, we need the following definition.

DEFINITION 2.3. A class of real-valued functions defined on ) is said to be
locally uniformly integrable over an unbounded interval if the class is uni-
formly integrable over any compact subset of that interval.

For example, real-valued functions defined on R are locally uniformly inte-
grable if they are dominated by a continuous function.

ASSUMPTION B. Suppose that there exists a u* < xp, such that the class

g@)f1(u+ g@)xy) .
{ 11—F1(u) L u _u<xF1}

of functions of x, is locally uniformly integrable over (x,, x}‘)g), and that, for

each j = 1,...,k and for every fixed x; with 1+ {x; > 0, there exists a
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u’(x;) < xp, such that the class

{e()f ju1(u + g(w)x iy |u + g(w)x;): ui(x;) <u < xp,}
of functions of x;,, is also locally uniformly integrable over (x,, x;‘)‘f).

Assumptions A and B are satisfied by a large class of models for F_ ;.
In particular, the following lemma shows that Assumptions A and B hold
automatically if F_; is itself a multivariate extreme value distribution. We
here remark that, when ¢ > 0, the auxiliary function g(z) = éu in (2.3) can
be replaced by g(u) = 1 + éu without any distortion in developing the whole
story of this paper. For convenience of proof, this replacement is adopted in
the following lemma.

LEMMA 2.4. Let {X,: n > 1} be a kth-order stationary Markov chain, and
let Fi 1 bethedf of (Xq,...,X},1) having a continuous p.d.f. fr.1. If Fj 4
is a multivariate extreme value distribution with F, = () for some § € M,
then Assumptions A and B hold and the limit 1 j(x ;1;X) in Assumption A is
given by

(2.11) (am log Fj+1(xj+1)>/<‘9j log Fj(xj)>

X1 ... 0% jq d%xq...0%;

provided that 37 log F(x;)/(dxy...9x;) is not zero, where g(u) =1+ &u.

PrROOF. When ¢ = 0, the validity of the choice g(u) = 1 follows from
the fact that F; = Q. First, we check Assumption A. The first statement is
elementary and so the details are omitted here. For the second statement, for
eachi=1,...,k+1,let V,(x;) := —log F,(x;) and consider

9" exp{-V,(x,)}
0xq1...0%x;

fi(x;) =

IVi(x;) i aVi(x;)
_ VAR Ly 2R
ﬁxl...dxi+ =D l_[ dxg

— exp(-V,x) |

s=1

=exp{-V,(x;)} Xl: bi m(X), 1+é&x; >0,

m=1
where

b= (-7 y [

{Dj,1,--:Dj m}r=1 <8xs>seD,;,,

b

the {D; 4,..., D, ,} varying on the partitions of {1,...,i} such that each
of D;,...,D,;,, contains at least one element. By (dx,),cp., we mean
dx; -+ dx; if D; . ={iy <--- <ip,}. Thus, for any u with g(u) =1+ éu >0,

Filu+ g(u)x;) = exp{—Vi(u + g()x)} X by m(u + g()x,).

m=1
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Here, since F; is an i-dim. extreme value distribution, we see, from (2.7) with
p, G, replaced by i, F; respectively, that, for any ¢ > 0, V(1 - 1) +
t¢x;) = t7'V,(x;), and so, by taking t = (g(u))Y¢ = (1 + é&u)V¢ > 0, we
have V,(u + g(u)x;) = V(£ 1(t* — 1)+ t°x;) = 7'V, (x;) = (8(u)) V4V (x)).
Further, since, for each r =1, ..., m,

APV (e + g(w)x;)
(o + 8)x) e, ,

APV (1 + g(u)x;)

<(7xs>seDiv -

= (g(u))Pir

and [D; 4|+ +|D; | = i, we have b; ,,(u + g(w)x;) = (8(u)) ™" 7"/¢b; n(x;).
Therefore, for any u with g(u) =1+ éu > 0,

filu+ g(u)x;) = (g(w)) ™" exp{—(g(u)) " V,(x,)} ZL: (8w)™Eb; 1 (x;).

m=1
This enables us to write that, for each j = 1,..., k and for any u, x i1 with
gu)=1+¢éu>0and 1+ éx;,, >0,
gW)f j1(u+ g(u)xjq|u+ g(u)x;)
=g(W)f j(u+ g(w)x;1)/f j(u+ g(w)x;)

12 = exp{—(g()) AV j1(xj21) = V(x))}
Jj+1 ;
X -m/€p ) —— NY
<mX=:1(g(u)) b]+1,m(xj+l))/< mX::l(g(u)) bJ,m(X])>

Since (g(u))™/¢ — 0 as u t xp = xq,, the functional form of (2.12) guar-
antees the existence of the limit /;(x; ;x;) in Assumption A. Moreover,
if r?jVj(xj)/((?xl...(?xj) is not zero, then it is obvious from (2.12) that
li(xj41;%;) is given by (2.11).

Second, we check Assumption B. For the first statement, observe that, for
any u with g(u) =1+ éu > 0,

SOORAEE IO au)(1-+ g0y Ve expl~(e(u)) VECL+ ) ),

1+ éx; > 0, where a(u) = (g(u))Y¢/[1 — exp{—(g(u))"'/¢}]. Here, since
a(u) - 1 as u 1 xp,, there exists a u* such that a(v) < 3/2 whenever u* <
u < xp,. Thus, whenever u* <u < xp ,

g(u)f1(u+ g(u)x,)
1-Fy(u)

3
S 5(1+§x1)_1/§_1, 1+§x1 > 0,

where the right-hand side is a continuous function of x;. For the second state-
ment, consider (2.12) again. Here, fix x; with 1+ ¢x; > 0 and let m* denote
the smallest m, 1 < m < j, such that b; ,(x;) # 0, that is, b; ,,(x;) = 0 for
l1<m<m*-1andbd; ,.(x;) #0.Then,for 1 <m <m*—1,b0;,1 ,(Xj;1)=0
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also for any x;,; with 1+ ¢x;,; > 0 since, otherwise, /;(x;,;X;) cannot be
finite. Thus (2.12) is reduced to

gW)f ji1(u+ g(u)xjiq|u + g(uw)x;)
= exp{—(g(u)) V4V j11(x,41) — V;(x)))}

Jj+1l-m* j—m*
(TX @@ b)) (T @) (x)
r=0 r=0
Here, the denominator of the right-hand side convergesto b; ,..(x;)asu 1 x5 ,
which implies b; ,..(x;) > 0 since, otherwise, that is, if b; ,..(x;) < 0, then
f j(u+g(u)x;) < 0 for all u sufficiently close to xr, . Also, there exists a u’(x;)
such that 70" (g(w)) 776} ey r(x;) = (1/2)b; ,.(x;) whenever u(x;) <
u < xp . Therefore, since V;,;(x;;1) > V(x;), we conclude that, whenever
uwi(x;) <u<uxp,

gu)f jri(u+ g(u)x i lu+ g(u)x;)
2 J+1-m*
= m Z (g(uj'(xj))) r/§|bj+1, m*+r(xj+1)|a
> r=0
1+ §x 1 > 0, where the right-hand side is a continuous function of x ;. The
proof is complete. O

3. Representation of extremal index. In this section, we derive a rep-
resentation for the extremal index of a kth-order stationary Markov chain
using the chain defined by (2.10). This turns out to be very useful in comput-
ing the extremal index by means of Monte Carlo simulation.

Let {X,: n > 1} be a stationary sequence of r.v.’s with marginal d.f. F';. For
a sequence {u,: n > 1} of real numbers, we write: for 1 < s < ¢ < n, define

&/S(';) to be the class of all intersections of the events {X; < u,}, s <1 < ¢,
and, forg=1,...,n — 1, write

g = max{|P(A N B)— P(A)P(B)[:
(3.1)
Ae &/1(,’;)’ Be "Q/s(-&’-l;,n, l<s<n-— q}_

Ifa, , — 0asn — oo for some sequence g, = o(n), then the condition
D(u,) 1s said to hold for { X ,}. The condition D(«, ), which is weaker than the
usual strong mixing, was introduced by Leadbetter (1974) and is a widely used
mixing condition to restrict long-range dependence of the events {X; < u,}.

Assume that, for each 7 > 0, there exists a sequence {u,(7): n > 1} of real
numbers such that

(3.2) n(l— Fi(u,(1))) > 7 asn— oo.

The sequence {X,} is said to have extremal index 6, 0 < 6 < 1, if, for each
7>0,P{M, <u,(r)} - e’ as n — oo. It is noted that, by Theorem 1.7.13
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of Leadbetter, Lindgren and Rootzén (1983), if F'; is continuous, then, for each
7 > 0, there always exists a sequence {u,(7)} satisfying (3.2). Now, assume
that, for each 7 > 0, D(u, (7)) holds for {X,}. Then, by O'Brien (1987) [see
also Rootzén (1988)], the sequence {X,} has extremal index 0 if and only if,
for some 74 > 0,

(3.3) P{X, <u,(r), 2<i<p,|Xi>u,(rg)}—> 0 asn— oo,
where {p,: n > 1} is a sequence of positive integers such that

(3.4) pn = o(n), nay, ¢, = o(py)s qn = 0(Py),

the «,, , being given in (3.1) with u, =u,(7,) and the g,, = o(n) belng such that

ap g = O (e.g., one may take p, as the integer part of max{nay'>,, (nq,)"2}).
Following Smith (1992a) [see also Perfekt (1994)], if we further assume that

(3.5) lim lim Z PX,>u,|X{>u,}=0

p—>00
n—00;_,

with u, = u,(7y), then (3.3) is equivalent to the existence of

(3.6) 0= lim lim P{X, <u, 2<i< p|lX;>u}.

p—>ooutxp,

In case of a Markov chain, (3.6) can be reduced to a more appealing form
from a computational point of view. Specifically, let {X,: n > 1} be a kth-
order stationary Markov chain. Then, Lemma 2.2 says that, under the same
assumptions of the lemma, (3.6) is reduced to

(3.7) 6= lim P{Z, = -T.....Z, <~T} = P{sup Z,<-T),

where {Z,: n > 1} is the kth-order Markov chain defined by (2.10) and T
an Exp(1)-distributed r.v. which is independent of {Z,}. Representation (3.7)
is particularly helpful in computing 6 by simulation. However, it should be
noted that (2.9) was required to hold for each j =1,..., k in Lemma 2.2. The
following theorem handles the general case where (2.9) may fail possibly for
some j=1,...,k.

THEOREM 3.1. Let {X,: n > 1} be a kth-order stationary Markov chain,
and let Fy, be the d.f.of (X1, ..., X},,1) having a continuous p.d.f. ., such
that F, 1 € 2(G 1) with auxiliary function g satisfying (2.3) and (2.5), where
G, is some (k + 1)-dim. extreme value distribution with equal univariate
marginals G, = Q, for some & € N. Suppose that Assumptions A and B hold
and that

Z‘}im lim sup{P{Xk+1 > ulX, =x, 1
—> 00 uTxFl

(3.8)

min x; <u — g(u)(1 - M )/¢| = 0.
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Let {u,(7)}, 7 > 0, be sequences satisfying (3.2). Assume that D(u, (7)) holds
for each ™ > 0 and that, for some 7y > 0, (3.5) holds with u, = u,(7y), where
{p,} is a sequence satisfying (3.4). Then, {X,} has extremal index 6 given by

(3.9) 6 =10g(Gx(0)/Gy1(0)) — P{maxz < T, sup Z, >—T},

i>k+1

where {Z,: n > 1} is the kth-order Markov chain defined by (2.10) and T an
Exp(1)-distributed r.v. which is independent of {Z,}.

PROOF. We begin with (3.6). Letting 6% = P{X; <u, X, >u, 2 <i <
p—1/X; > u}, p>k+2, and using (2.8), (3.6) can be rewritten as

6= lim P{X, <u,2<i<k+1/X;>u}— lim lim Z O(u)

utxp, p—>00 uTxFl —ht2

— 1og(G4(0)/G11(0) — Y lim 65",
p:k+2u *r

and thus it is enough to show that, for each p > £+ 2,

uTxFl

For M > 1,1et ¢ (M) := u— g(u)(1— M~€)/¢, d\ (M) = u+g(u)(ME - 1)/¢,
and, for fixed p > k& + 2, define the events

A(u, M) ={u <X;=d(M), X;<u, u<X,<d" (M), 2<i<p- 1},
B(u, M) ={u < X, =d{'(M), (M) < X; =u, u <X, =d{(M),
2<i=p-1},
Ci(u, M) ={u < X, =d{"(M), (M) < X; <u, X; = c{(M),
Xp<u u<X,=d'(M), 25i<j-1, j+1=sm=p-1],
j=2...p—1

P{X, > d\)(M)|X, > u} = 0 from (2.2) for
wtap, 05 = limy_ o lim,,,, P{A(u, M)| X > u}. Also note

Then, since limy,_, hmuMF1

s > 1, we have lim
that

utxp,

P{A(u, M)| X, > u} =P{B(u, M)| X, > u}

(3.10) p-1
+ > P{C;(u, M)|X; > u}.
j=2
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We now show that, for j =2,..., p—1,

Jim. 1TTm P{u < X; =dP M), X; <M,

(3.11)
X,>ulX,> u] -0,

and thus lim,, . Huwl P{C(u, M)|X, > u} = 0. For this, let r be the

integer part of (p — j — 1)/k and consider
PIX; < (M), X, > ulX, =u+ g
r—1
< Z PHXJ+Sk < céu)(M(r-&-l—S)/("-‘rl))’
s=0

X s+ 1)k > C(gu)(M(r_s)/(rH)NXl =u+ g(u)xl}

+P{X = O(MYOD), X, > u| Xy = ut g

< 3 sup|P{X i > (MK, =y,
s=0

min y; < c(gu)(M(r+17s)/(r+1))}’
1<i<k

which is because {X,} is a kth-order stationary Markov chain. Thus, using
the properties (2.5) of g, it can be seen that (3.8) implies

lim lim P{X; < (M), X,>u|X;=u +g(u)x1} —0 uniformly in x;.

M—o0 uTxFl

This, together with the first statement of Assumption A, shows that (3.11)
holds. We therefore have limuTxF1 Og,u) = limM_wOlimuMF1 P{B(u, M)|X; >

u} from (3.10) and (3.11). Here, using the same notation as in the proof of
Lemma 2.2, P{B(u, M)| X > u} can be rewritten as

(ME-1)/¢ 0 0 (ME-1)/¢
fo /(M*f—l)/s o /<M*f—1>/§/o

X f(lu)(xl)ll’;u)(xp) dx,dx, ;...dxgdxq,
which converges to

(ME-1)/€ (0 0 (Mé-1)/¢
/o f(M*g—l)/§ o /<Mff—1)/e /o

x(1+€xy) Yy, 1(x,)dx, dx, ... dxg dy
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as u 1 xp, by applying Assumptions A and B successively. Finally, since (M £
1)/é4 X0, and (M~¢ - 1)/&) xQ as M — oo, we have, by letting M — oo,

lim O(u) /x%/ / /ng
utxr, *q, X0,

x(1+ §x1)_1/§_1¢/p,1(xp) dx,dx, ;...dxgdxy,

which, if we put x; = ¢(¢) and x; = ¢t +y1+---+¥j 1), J=2,...,p, is
equal to

AT A
—t-x41y,

xe ', 1(¥p1)dy, 1dy, o...dyydy, dt
p-3
ZP{—OO< Yl < —T,...,—OO < Yp_z < -T — Z Y],
j=1

p—2

Yp—l > —T— Z Y]}
Jj=1

=P{Z,<-T,....Z, ,=-T, Z, ,>-T},

where {Y,} is the chain in (2.10). This completes the proof. O

REMARK 3.2.
1. When k& = 1, representation (3.9) coincides with (3.7) since
10g(G1(0)/Go(0) = lim P{X, = ulX, > u)

=1- llm P{X2 > u|X1 > u}

utxp,

=1-P{Z,>-T}=P{Z, <-T}

Therefore, (3.9) can be viewed as a direct extension of Smith (1992a) [see
also Perfekt (1994)]. However, when & > 2, (3.9) may not coincide with
(3.7) since, for i > 3, hmuTxF P{X, > u|X; > u} need not be equal to
P{Z,_,>-T} Wlthout further assumptions (see Corollary 3.3 below).

2. Recently, Perfekt (1997) extended the results of Perfekt (1994) for a Markov
chain to a higher-order case under a weaker condition than (3.8), but with
a stronger assumption on the limiting transition kernel. Translated to our
setting, he let the sup in (3.8) be taken over max;_;_, x; < u — g(u)(1 —
M~%)/& and assumed the existence of a limiting transition kernel so that
the resulting chain can visit and leave the state —oo unless there occurred 2
successive visits of that state before, which is not allowed in our framework.
Recall that the chain {Z,} defined in (2.10) cannot leave the state —oo once
it is visited. In view of the increase of strength of dependence of variables
as k increases, we believe condition (3.8) is not so strong in practice.
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Sometimes the G ; in Theorem 3.1 may be infeasible to find out explicitly
or the quantity log(G.(0)/G;,1(0)) in (3.9) may be intractable to compute.
The following corollary strengthens condition (3.8) to remove these possible
difficulties.

COROLLARY 3.3. For k > 2 in Theorem 3.1, drop the assumptions F,_ | €
9(Gpy1) and (3.8), and suppose instead that Fy € 9(;) for some & € N, with
auxiliary function g satisfying (2.3) and (2.5), and that, for each j=2,...,k,
Jlim Tim sup{P{Xj+1 > ulX; =x,}:
(3.12) uhen

min x; <u — g(u)(1— M—f)/g} =0.

1<i<j
Then, {X,} has extremal index 6 given by (3.7).

PROOF. Letting 65 =P{X,; <u, X, >u, 2<i<p—1X;>u}, p>3,
(8.6) is rewritten as

0=1— lim P{X, > u|X, >u}— Y lim 6%

utxp, =3 utxp,
By the same argument as in the proof of Theorem 3.1, it can be shown from
(3.12) that, for each p > 3, lim,;,, o = P{Z, < -T, Z,,>-T1c<
i < p— 2}. Since limmel P{X, > u|X; > u} = P{Z; > —T}, the proof is
complete. O

4. Exceedance point processes. In this section, we establish conver-
gence in distribution of multilevel exceedance point processes for a kth-order
stationary Markov chain and give representations for quantities character-
izing the distributional limits in terms of the extremal index of the original
chain and the chain defined by (2.10).

Let {X,: n > 1} be a stationary sequence of r.v’s with marginal d.f. F;.
Assume that, for each 7 > 0, there exists a sequence {u,(7): n > 1} of real
numbers satisfying (3.2). For each 7 > 0, let N ) be the point process on (0, co)
defined by

4.1) NY(B) 1= 3 8,u(B)(x -0,
i=1

for Borel sets B C (0, 00), where §; ,,(-) denotes the Dirac measure with mass
1 ati/n. Thus, N S{’ is the point process of time-normalized exceedances of the

level u,(7) by ther.v’s X, X5,....The N % gives a more complete description
of the extremal behavior of { X, } than M, since, for instance, {M, < u,(7)} =

{N((0,1]) = 0}.
For a fixed r > 1,let 7; > --- > 7. > 0 and write N,, := (Ngfl),...,Ngf’)),
a multilevel exceedance point process for {X,}. Then, by (3.2), u,(m1) <--- <
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u,(7,) for all sufficiently large n. For convergence in distribution of N,, as
n — oo, we need a slightly stronger mixing condition than Leadbetter’s one.

Specifically, for sequences {uEf i n > 1}, j = 1,...,r, of real numbers, we
write: for 1 < s < ¢ < n, define @2"3 to be the o-field generated by the events

(X, <uV,s<i<t,1<j<r,and forq=1,...,n— 1, write

Bu.q =max{[P(AN B) - P(A)P(B)]:
(4.2)
Ae %’Yl;, Begl ., 1<s< n—q}.

If B, 4 — 0asn — oo for some sequence g, = o(n), then the condition

A(ugll), s u;r)) is said to hold for { X, }. This mixing condition was introduced

by Hsing (1987) and is weaker than the strong mixing.

Now, assume that the sequence {X,} has extremal index 6 > 0 and that,
for each o > 0, A(u,(071),...,u,(o7,)) holds for {X,}. We use the nota-
tion: let .~ :={ie{0,1,...}: iy > -->1i,, i; > 1}, and for each i € 7, write
iy = Gi=1seesij=Lyi s i)y S = 0,1, ..., 7 (e, () = D); let PY{} =
P{|X; > u,(7;)}, j = 1,...,r, and we mean (Ny(B),..., Ny (B)) by
N,,(B) for Borel sets B C (0,00). Then, by Perfekt (1994) [see also Hsing
(1984) and Rootzén (1988)], N, = (N 5;1), ... N 5;’)) converges in distribution
to some point process (N, ..., N(")) as n — oc if and only if, for eachi € .7,
there exists a constant (i) such that

" Zl %[pgj){Nn((l/n, pa/nl) =i}
4.3 7=
~ PN, ((1/n, p,/n]) = i(jfn}] = 0m()

as n — oo, where {p,: n > 1} is a sequence of positive integers such that

(4.4) Pn = O(n)7 an,q,, = 0(pn)7 q, = 0(pn)’
the B, , being given in (4.2) with uy”’ = u,(7,), 1 < j < r, and the g, = o(n)
being such that g, , — 0. In this case, 7 is a probability measure on .7 and,

moreover, for each o > 0, (N, ..., NY™) converges in distribution to a
point process (N(“™), ..., N(°7)) with Laplace transform

E[exp(— Z/O g; dN(‘”f))i|
j=1

_ exp[—OoTl /000(1 — L(g1(x), ..., 8,(x))) dx], g;>0,

(4.5)

where L is the Laplace transform of 7; thus, each marginal N(°7)) is a com-
pound Poisson process with intensity o7 ;.
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Returning to our proposed model, let {X,: n > 1} be a kth-order stationary
Markov chain. Then (4.3) can be characterized in terms of the chain defined
by (2.10). Specifically, for each 7 > 0, let S(” be the point process on (0, 00)
defined by

(4.6) SOA(B) = Y. 8:(B) Lz, 1)
i=1

for Borel sets B C (0, c0), where {Z,: n > 1} is the kth-order Markov chain
defined by (2.10) and T an Exp(1)-distributed r.v. which is independent of
{Z,}. Finally, for each j=1,...,r, writing

4.7 SW) .— (S(Tl/'fj)’ e S(Tr/f_/))’

we have the following.

THEOREM 4.1. Let {X,: n > 1} be a kth-order stationary Markov chain,
and let F | be the df. of (X{,..., X,,1) having a continuous p.d.f. f.;.
Suppose that F, € 9({);) for some ¢ € R, with auxiliary function g satisfying
(2.3) and (2.5), and that Assumptions A and B hold. Further, suppose that,
when k = 1, (3.12) holds for j = 1; when k > 2, (3.12) holds for each j =
2,..., k. Let {u,(7)}, 7 > 0, be sequences satisfying (3.2), and let Ngf), 7> 0,
be the point processes defined by (4.1). Assume that {X,} has extremal index
0 > 0 and that, for some fixed 71 > --- > 7, > 0, A(u,(071), ..., u,(o7,)) holds
for each o > 0. Assume further that (3.5) holds with u, = u,(1;), where {p, } is
a sequence satisfying (4.4). Then, for each o > 0, (Ng{”l), e, Nﬁ;”’)) converges
in distribution to the point process (N“™), ..., N°™)) characterized by (4.5),
with T given by
(i) =61 %[P{SU)((O, o)) =i;)} —P{SYV((0,0)) =i, p}], ie.”,

j=1"1

where SUY), j =1,...,r, are the point processes defined by (4.7).

Proor. Using (3.5), it follows from (4.3) that it is enough to show that, for
each j=1,...,r,

lim lim PY{N,((1/n, p/n]) = i} = P{SY((0, 00)) = i}

PpP—>00 n—>00

for any i = (iy,...,%,) with i; > --- > i, > 0. Again, this follows if we show
that, for each p > 2,

P/ {N,((1/n, p/n]) =i} - P{SY((0, p—1]) =i} asn — oo,

Here, the left-hand side can be expressed as a linear combination of 1 and
probabilities of the form

P{X,, <u,(r), Xp > un(r,) i=1,...,s—1}
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fors=1,....,p,2<m; <--- <mg < pandvy,...,v, € {1,...,r}; thus,
writing u()—un(Tv),vzl,...,r, and A(n) = {X,, ,<u£1’), X, > 1<
i <s— 1}, it suffices to show that

P (A(n)) > P{Z,, 1+ T < —log(r, /),
Zp 1+ T >—log(r, /7j), 1<i<s-— 1}

(4.8)

as n — oo, where {Z,} and T are the same as in (4.6). To show this, for
M>1landv=1,...,r let (M, v) = ul’ — g@i)(r,/7;) 51 - M~¢)/¢
and d(n)(M v) = u(v)+g(u(”)(7v/7j) §(M¢—1)/¢. Then, from (2.2), (2.5) and
(3.2), we have
(s’ =)/ gy = (ro/7) ¢ = 1)/€,
(4.9) (e (M, v) = ui)/ g(wi”) > (M~4(r, /7)) = 1)/&,
(M, v) = wi) g (i) — (ME(r, /7)) = 1)/

asn —> oo forv=1,...,r. If m; = 2, then (4.8) can be shown similarly as
below without using condition (3.12) and so the details are omitted. We now
assume that m, > 3, and define the events

B(n,M)={X,>"(M,v,), 2<l<m, -1},
Cn, M)={X,> (M, v,), X, <"(M,v,), 2<1<t-1},
t=2,...,m,— 1.

Then, for any M > 1, we have

P (A(n)) = PV (A(n) N B(n, M)>+mi_1P(J)<A<n>mc (n, M)).
t=2

Here, using (2.5), (3.12) and (4.9), it can be shown by a similar argument as
in showing (3.11) that, fort =2,...,m,—1

b

lim Lim P(”|u(” X, =dP(M, j), X, =(M,v,), X, > ul *)} —0,

M—00 00
and thus lim,, . lim, . PY (A(n) N C,(n, M)) = 0, since
lim lim P{X, > d"(M,v)} =0

M—oopn—so00
from (2.2) for A > 1and v =1, ..., r. Therefore, if we further define the event
D(n, M) = {uf!’ < X, = d{"(M, j), c<”>(M v,) < X, <d (M, j),
UM, v,) < X, <ul?, wl < X, < dP(M,v,),

2<l<mg,—1, 1§i§s—1},
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then we have

lim lim PY(A(n) N B(n, M))

M— o0 h—>00

= lim lim P (D(n, M)).

M—o00 n—>o0

lim P (A(n))

Finally, using the fact that (M¢(r,/7;)"¢ — 1)/ 1 xq, and (M~¥(7,/7;)"¢ -
1)/€ x;‘)‘f as M — oo forv=1,...,r, it can be shown by applying Assump-
tions A and B successively that

lim lim P (D(n, M)) =P{Z,, ;1 + T < —log(, /7)),

M— o0 n—>0o0

Zy 1+ T>—log(r, /7;), 1<i<s—1].

The details are similar to those in the proof of Theorem 3.1 and so are omitted.
This completes the proof. O

REMARK 4.2. In Theorem 4.1, if (2.9) holds for each j = 1,...,%k as in
Lemma 2.2, then Assumption B and condition (3.12) are, of course, unneces-
sary.

5. Examples. Let {X,: n > 1} denote a kth-order stationary Markov
chain, and let F;_{, ;.1 denote the d.f, p.d.f of (X,..., X},1), respectively.
In this section, we consider four examples of F; ; to compute the extremal
index of {X,}. Some of these examples were practically used in modeling
multivariate extremes in environmental data [see Coles and Tawn (1991) and
Smith, Tawn and Coles (1997)].

Since we focus on only the absolutely continuous case for F,;, there always
exist sequences {u,(7)}, 7 > 0, satisfying (3.2). On the other hand, it is not
easy to show directly from the functional form of F'; ; (or f},,) that D(u,(7))
holds for each 7 > 0. We follow instead a general method used by O’Brien
(1987), Rootzén (1988) and Smith (1992a), which involves the concept of Harris
chain. For a detailed consideration of the Harris chain, the reader is referred
to Nummelin (1984) and Asmussen (1987). We begin with a Markov chain
{J,: n > 1} on (E, &), where E is a general state space and & a o-field in
E. We call R € & recurrent if P{J, € R infinitely often|/; = x} = 1 for
every x € E, and further, we call R € & a regeneration set if R is recurrent
and if, for some n, > 2, the P{J, € -|J; = x}, x € R, contain a common
component, that is, there exist 0 < & < 1 and some probability measure A
on (E, &) such that P{J, € AlJ; = x} > eA(A), A € &, x € R. A Markov
chain with a regeneration set is called a Harris chain, and if in addition the
regeneration set has a finite mean recurrence time, then it is called a positive
recurrent Harris chain. An aperiodic positive recurrent Harris chain is also
called a Harris ergodic chain. According to O’Brien (1987), it is known that,
if f: E — N is a measurable function and {J,} a stationary Harris ergodic
chain, then the stationary sequence {f(</,)} is strongly mixing.
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Returning to the kth-order stationary Markov chain {X,}, we take J, =
(X, X155 Xpppo1), n = 1,2,..., so that {J,} is a stationary Markov
chain on (E, &), where E = %t* [or (0, 00)*] and & = #(E), the Borel o-field
in E. Then, since f,,; in our examples is positive, continuous and bounded
on E and since, for any B € &,

P{J}y € BlJ; = (x1,..., %)}
= /B fk+1(y1|x1, ) xk)fk+1(y2|x27 e Xp, Y1)

X fro1(VelXes Y15 oo o5 Yeo1) AY s

it can be seen that {¢/,} is a stationary Harris chain, using the same type of
arguments as in Example 3.1 of Asmussen (1987). Moreover, Smith (1992b)
showed that {J,} for £ = 1 in Example 5.2 below is, in fact, geometrically
ergodic. Similar arguments can be applied to {J,} for £ > 2 and {J,} in
other examples below to show that the corresponding {J,} is geometrically
ergodic. Geometric ergodicity is a stronger concept than ergodicity. Therefore,
choosing the first coordinate function for f: E — %, thatis, f(xy, ..., x3) = %,
makes {X, } = {f(J,)} strongly mixing.

EXAMPLE 5.1 (Multivariate gamma distribution). Let {X,} be a kth-order
stationary Markov chain in which F; is a multivariate gamma distribution
with parameter « > 0, that is, ', , is defined by its density f,,; as [see
Johnson and Kotz (1972), page 2171:

k+1

1 Epi1
(5.1 frr1(Xer1) = 1"(a){eXp<_ > xs) } /o t* et dt, X1 > 0,

s=1

where %,,; := min{x, ..., x;,,;}. We are going to apply Theorem 3.1 to find
the extremal index 6 of {X,}. It is readily checked that F, ; € 2(G,.1)
with auxiliary function g(u) = 1, where G, (x;,1) = exp(— Zf:ll exp(—x;)),
X1 € WL Obviously, G; = (. Since every lower-dimensional marginal
density function f;(x;), i = 1,..., k, is of the same form as (5.1), it can be

easily shown that, for each j=1,..., k%,
Li(xjox;) = Hm £ (0 +xj[u +X;)

=(1-1/j)exp(j& 1 — %01 — (= DE)), x4 € R,
which shows that Assumption A holds. Notice here that (2.9) holds for each
J=2,...,k, but that (2.9) fails for j = 1. Assumption B is elementary. For
condition (3.8), observe that
exp(—xkﬂ)fo’z’Hl telekt d¢

f(fk ta—1g(k=1)t ¢

Thus, for ¥, < u —log M,

fr(xpalx) = < exp(Xpi1 — Xpi1)s X1 >0.

1

P{X}1 >uX,=x,} < /u exp(Xpp1 — Xpy1) dxpyq = €xXp(Xy —u) < U



EXTREMAL INDEX OF A HIGHER-ORDER MARKOV CHAIN 429

from which (3.8) follows. Therefore, if we verify the basic condition (3.5),
then (3.9) implies 0 = log(G.(0)/G,1(0)) = 1, since [;(x5;x;) = O so that
H{(—o0) =1 and thus that Z, = —oo, n > 1.

To verify (3.5), observe first that, for each j=1,..., kand for any y; € N7,

y%i_lgofjﬂ(yo*‘h+"'+yj|yo,yo+y1,---7yo+y1+"‘+y171)

= hj(yﬁyj'_l)
_ A=Y expl(j =)y +¥(¥;-))] iy < vy,
(1-1/j)exp[—y; — v(¥y,-1)] if y; = —v(y;-1);

where y(y;_;) = max{y; +---+ ¥, Y2+ -+ ¥j_1,..., Y1, 0}. Here, no-
tice that, for each j = 2,...,k, [ yh(y;y;, 10)dy;, = (J—2)/(j—1) -
¥(¥ j-1), which is obviously negative for large y,..., y;_;, and that A(y,) =
0. Therefore, there exist 0 < ¢ < 1, y* € R such that, for each j =1, ..., &,
ffooo exp(ty;)h;(y;;¥,;-1)dy; < 1 whenever y,,...,y;; > y*. Using this, it
can be seen that there exist 0 < n < 1, x* > 0 such that, foreach j =1, ..., &,

(52)  Elexplt(X,y; ~ Xory DX Xppro o Xy ) =%} <7

whenever xq,...,x; > x*. Let {u,} be a sequence satisfying (3.2) with u,, =
u,(7) for some 7 > 0. Then inequalities (5.2) can be successively used to show
that, for each i > 2,

P{X2 > x*,...,Xi71 > x*, Xi > un|X1 > un}
=P{Xy>x" ..., X, | >x" exp[t(X; —u,)] > 1|1X; > u,}

i Jos exp(taxy)f1(xq) dxy n1
< nitexp(—tu,)=" — as n — oo.
On the other hand, since sup{P{X; > u,X; = x,;}: £, < x*} = O(n™!) for
i>k+1land j=1,...,k, it follows that, for each i > & + 1,
i-1
YP{Xy>at . X > xt, X <x", X > u,|X) > u,)
s=2

(5.3)

(5.4) P i
=0(n )Y P{Xy>x" ..., X, ;> X, <x*X;>u,]

s=2

=0(n).
From (5.3) and (5.4), it therefore follows that (3.5) holds for any p, = o(n).

ExamPLE 5.2 (Logistic model). Let {X,} be a kth-order stationary Markov
chain in which F;_; follows the law of the logistic model with two parameters
£ eNand r > 1, that is,

k41 r
65 Frabaw =ex| | S+ | 1m0

s=1



430 S. YUN

The bivariate case for this model was used by several statisticians [e.g., see
Tawn (1988) and Smith (1992a)]. This model may be considered as a basic
model for modeling multivariate extremes because of its simple structure, yet
it gives independence of variables through complete dependence. The F,_; is
itself a multivariate extreme value distribution with F; = (), and the lower-
dimensional marginal d.f’s F;(x;), i = 1,..., k, are also of form (5.5). We
remove the case r = 1 which corresponds to the independence of X, ..., X, ;.
Although this model has two parameters, the extremal index 6 of {X,} is
invariant under the choice of £. Therefore, we consider only the case &€ = 0
and, of course, g(u) = 1. Then, for each i = 1,..., k + 1, since log F;(x;) =
—(X!_; exp(—rx,))/", we apply Lemma 2.4 to have, for each j=1,...,k,
Li(xjisx) = Hm £ (u +x e +X;)
1r—j-1
jr—1 - 1 =

.£=1 exp[r(xjﬂ — x,)] .£=1 exp[r(xjﬂ — x,)]
X; 1 €N
Notice here that (2.9) holds for each j =1, ..., k. Therefore, from Lemma 2.2,
the extremal index 6 of { X, } is given by (3.7), provided that the basic condition
(3.5) is justified. For 2 = 1, (3.5) was verified by Smith (1992a). A similar

argument as in Example 5.1 can be used here for general £ > 1. Specifically,
observe first that, for each j=1,..., &,

y}Ji—rPoonﬂ(yO‘i‘h+"‘+yj|yo,yo+y1,---,yo+y1+"'+yj71)

>

J+1

—H(y:y.
(56) ](yj y] 1) A
exp(—ry ) o »
=11+ =) ! , y; €.
1+ rexp[r(ys+---+y,-1)]
Here, notice that H; has a negative mean and that, for each j = 2,..., £,

there exists a y;_; = (¥7,..., ¥j_1) of large values such that H;(-;y’_,) has
a negative mean. But, since H j(y;;y;-1) > H;(y;;¥5_1), ¥; € %, whenever
Yj-1 = Y1, H;(-;y;-1) has also a negative mean whenever y; ; > yj_;.
Therefore, there exist 0 < ¢ < 1, y* € R such that, for each j = 1,..., k&,
ffooo exp(ty;)H ;j(dy;;y;_1) < 1 whenever yq,...,y;_; > y*. This again implies
that there exist 0 < n < 1, x* € % such that, for each j=1,..., %k, (5.2) holds
whenever x4, ..., x; > x*. The remaining part of the proof of (3.5) is exactly
the same as in Example 5.1.

Representation (3.7) can be effectively used to compute the extremal index
6 of {X,} using simulation. The algorithm to generate {Z,} based on H ;,
Jj=1,..., k, with the inverse transform method is as follows.

ALGORITHM 1.

1. Generate independent, %(0, 1)-distributed random numbers U, U,, ... .
2. Zy <« 0.
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3. Forl<j<k Z; < —rlogU/""™ —1)+log (XL, exp(—rZ, 1))}

4. For j > k+1,Z; < —rHlog(U7"™ — 1)+log (T/_, 4,1 exp(—rZ, 1))}

For each fixed £ =1, 2, 3,4, 5, 10, I computed

(57) 9p=P{Z1§_T>7Zp§_T}

based on 10° simulations of the process {Z,} and T, varying p = 10, 20, 50,
100, 200, 500 for every 1/r = 0.1,0.2,...,0.9. It is noted that the worst-
case standard error of each computed value is about 0.0016. According to
the simulations, for lower k, 6, becomes stable very quickly over all pos-
sible values of r. For higher k, the convergence of 6, is somewhat slow,
particularly for middle range of 1/r. However, the simulation results sug-
gest that 0 ~ 05y, can be used as a good approximation in practice unless
k > 10. For k£ > 10, it is recommended that higher values of p be used.
The final results for the extremal index 6 based on 65y, are summarized in
Table 1 and plotted in Figure 1 to give visualization of the overall trend.
As expected intuitively, 6 is decreasing as the order % of the chain {X,}
grows, which is simply because the clusters of high-level exceedances tend
to be widened as % increases.

ExaMPLE 5.3 (Mixture model). Let {X,} be a kth-order stationary Markov
chain in which F,; is a multivariate extreme value distribution defined by

k41 r k+1
P (1) = exp[—a{ >+ fxs)-’/f} ~(l-) Y+ gxsrl/f}

s=1 s=1

1+§Xk+1 >0,

where 0 < a < 1, r > 1 and ¢ € %. We call this a mixture model since
—log F), 1(x;,1) is given as a convex combination of those of the logistic model
and the independence model. This is, in fact, a special case of the asymmetric
logistic model developed by Tawn (1990) and considered here since it yields a

TABLE 1
Extremal index in logistic model

k

1/r 1 2 3 4 5 10

0.1 0.017 0.005 0.002 0.002 0.001 0.001
0.2 0.060 0.024 0.013 0.009 0.006 0.002
0.3 0.131 0.056 0.033 0.024 0.017 0.009
0.4 0.222 0.110 0.068 0.051 0.039 0.018
0.5 0.328 0.184 0.126 0.096 0.076 0.042
0.6 0.450 0.284 0.213 0.170 0.143 0.085
0.7 0.582 0.414 0.332 0.284 0.251 0.167
0.8 0.718 0.574 0.499 0.448 0.410 0.314
0.9 0.861 0.772 0.715 0.677 0.650 0.568
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FiG. 1. Plot of extremal index in logistic model.

nontrivial extremal index 6 where (2.9) does not hold for all j =1,..., k. As
before, 6 is invariant under the choice of ¢ so that we consider only the case
& = 0 and, of course, g(z) = 1. First, using Lemma 2.4, it can be seen that
Hi(y;) =1—a+ a(l+exp(—ry)/" 1, y; € {~oc} UN, and that, for each
J=2,...,k, H;(y;;y;_1) is given by (5.6). Here, since H;(—o0) =1—a > 0,
we apply Theorem 3.1 to compute 6. Verification of condition (3.8) is tedious
and omitted here [see Yun (1994) for details]. For the basic condition (3.5), a
similar method as in Example 5.2 can be used. Therefore, the extremal index
6 of {X,} is given by (3.9) with G,(0), G,,1(0) replaced by F;(0), F,,1(0),
respectively, that is, # = lim 0 ,, where

p—oo Up>

0,=a{(k+1)" — k" }+1—a— P{max Z,<-T, max Z, > —T}.

1<i<k k+1<i<p

The algorithm to generate {Z,} based on H;, j =1,..., &, is as follows.

ALGORITHM 2.

I. When £ =1:
1. Generate independent, (0, 1)-distributed random numbers U;, Us,, ... .
2. Zy < 0.
3. For j > 1:
(1) If Uyj_y >aor Z;_; = —o0, then Z; < —o0.

(i) fUy; y <aand Z,_, > —co,then Z ; < Z ;_,—rlog(Uy" " 1).
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II. When % > 2:
1. Generate independent, %(0, 1)-distributed random numbers U,, U,,
U,,....
2. ZO <~ 0.
3. IfUO >, then Zl = Z2 = <= —0OQ.

4. If U, < a, then use steps 3 and 4 of Algorithm 1.

Since this model still contains two parameters 0 < @« < 1 and r > 1,
my simulation study was limited to the case where o = 1/r. For each fixed
k =1,2,3,4,5,10, I calculated 6, based on 10% simulations of the pro-
cess {Z,} and T, varying p = 10, 20, 50, 100, 200, 500 for every a« = 1/r =
0.1,0.2,...,0.9. According to these simulations, the convergence rate of 6
turns out to be very similar to that of 6, in the logistic model. Therefore,
0 =~ 05y, can be used as a good approximation unless 2 > 10. The final results
for the extremal index 6 based on 65, are plotted in Figure 2. One thing inter-
esting is that 0 is smoothly decreasing from 1 as « = 1/r increases and then
rapidly increasing toward 1 again after a certain point. This is not surprising
because the model approaches the independence model as « = 1/r approaches
either endpoint O or 1.

EXAMPLE 5.4 (Multivariate F-distribution). Let {X,} be a kth-order sta-
tionary Markov chain in which Fj ; is a multivariate F-distribution with

Mixture model : k—th order stationary Markov chain
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parameter v (v: a positive integer), which is defined by its density £, as [see
Johnson and Kotz (1972), page 240]:

D((1+k/2)) T

(5.8) fr1(Xpy1) = (T(v/2))k+2 1+ Z?Ll xs)(1+k/2)y,

Xp.1 > 0.

Here, the univariate marginal F; is the F(v, v)-distribution so that F; €
9(Qy,,). This model is therefore considered here as an example for which
& = 2/v is positive. It is readily checked that F', ; € 2(G,,) with auxiliary
function g(u) = 2v~lu, where G, 1(X4,1), 1 +2v71x;,; > 0, is given by

k+1

—1og Gy (Xpi1) = Y (1+ 207 1x) "% + > (=D)L, 1(Ds %),
i=1 Dc{l, . k+1}

the ;. 1(D;x;. 1) being defined by

LD GER LYyl ERS T R

L)(T(v/2))1 0 Ju {X0 (1 4 201y )y
for D = {i; < --- < i,} c {1,...,k+ 1} with r > 2. Using the fact that

every lower-dimensional marginal density function f;(x;), i = 1,..., %, is of
the same form as (5.8), it can be easily seen that, for each j=1,..., %,

Li(xjx;) = im g(u)f ja(u + g(u)x jiqlu + g(u)x;)

T2y 2 142y, |7
T TR+ Dp/2) T+2r x| s (1 4 201,

, xl,...,xj+1>—v/2.

y { (1420 )
>

(j+1)v/2
e+ 2v-1x3)}

Notice here that each [;(x;x;) is the p.d.f of the rv. X = {37 (x, +
v/2)}/(1/B — 1) — v/2, where B ~ Beta(v/2,(j + 1)r/2). Therefore, from
Lemma 2.2, the extremal index 6 of {X,} is given by (3.7). Here, the basic
condition (3.5) is assumed to hold.

The algorithm to generate {Z,} is as follows.

ALGORITHM 3.

1. Z, < 0.
2. For 1 < j < k, generate B; from Beta(v/2,(j + 1)v/2) and Z; <«

2 1{log(X7_; exp(2v1Z, 1)) —log(1/B; — 1)}.
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Multivariate F—dist. : k—th order stationary Markov chain
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FI1G. 3. Plot of extremal index in multivariate F-distribution.

3. For j > k + 1, generate B; from Beta(v/2,(k + 1)r/2) and Z; <«
27 w{log(X_; 41 exp(2v'Z, 1)) —log(1/B; — 1)},

For each fixed k =1, 2, 3, 4,5, 10, I computed 6, defined by (5.7), based on
10° simulations of the process {Z,} and T, varying p = 10, 20, 50, 100, 200,
500 for every v = 1, 2, ..., 10. The convergence rate of 6, turns out to be faster
than that in the logistic model. The simulation results for the extremal index
0 based on 05, are plotted in Figure 3.
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