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Abstract: We investigate properties of a hybrid bootstrap procedure for
general, strictly stationary sequences, called the autoregressive-aided block
bootstrap which combines a parametric autoregressive bootstrap with a
nonparametric moving block bootstrap. The autoregressive-aided block boot-
strap consists of two main steps, namely an autoregressive model fit and
an ensuing (moving) block resampling of residuals. The linear parametric
model-fit prewhitenes the time series so that the dependence structure of
the remaining residuals gets closer to that of a white noise sequence, while
the moving block bootstrap applied to these residuals captures nonlinear
features that are not taken into account by the linear autoregressive fit. We
establish validity of the autoregressive-aided block bootstrap for the im-
portant class of statistics known as generalized means which includes many
commonly used statistics in time series analysis as special cases. Numeri-
cal investigations show that the hybrid bootstrap procedure considered in
this paper performs quite well, it behaves as good as or it outperforms in
many cases the ordinary moving block bootstrap and it is robust against
mis-specifications of the autoregressive order, a substantial advantage over
the autoregressive bootstrap.
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1. Introduction

As in many areas of statistics, also for bootstrapping time series, different non-
parametric as well as parametric procedures have been proposed in the lit-
erature. On the nonparametric side one important approach is the moving
block bootstrap (MBB) which is a general nonparametric resampling scheme
for strictly stationary time series. It has been actively investigated since its in-
troduction by [26] and [32]. See among others, [38, 27, 42, 33, 8, 10, 28, 35].
The MBB is a simple and important extension of Efron’s i.i.d. bootstrap (see
[15]) to the case of dependent observations without assuming a model structure
for the underlying stochastic process. Therefore, the advantage of the MBB
is its generality, i.e. the fact that it can be applied to complicated situations
where parametric modeling does not provide an appropriate description of the
stochastic mechanism generating the time series. Based on the idea of resam-
pling blocks of observations rather than single observations, several variants of
the MBB have been introduced and investigated in the literature; among them
the non-overlapping block bootstrap (see [12]), the circular block bootstrap (see
[38]), the matched block bootstrap (see [13]), and the tapered block bootstrap
(see [36]). For an extensive account we refer to the monograph by [29].

On the other hand, parametric bootstrap procedures for time series, like the
autoregressive bootstrap, have been also proposed and investigated by many
researchers. The idea is to generate bootstrap pseudo-time series by reducing
the time series at hand via a parametric model fit to a white noise sequence and
then to use the fitted parametric model structure together with Efron’s i.i.d.
bootstrap applied to the estimated white noise innovations. See among others
[18, 16, 4], and [22]. Clearly, the advantage of such a parametric bootstrap
approach is its efficiency which relies of course on the assumption that the
underlying process follows such a parametric model structure and that this
structure has been (at least asymptotically) correctly specified for the purposes
of the bootstrap.

The idea to combine the generality of nonparametric methods with the effi-
ciency of parametric procedures in a hybrid bootstrap approach for time series
is quite attractive and not new; see for instance, [14, 25] and [24]. In partic-
ular, [14] considered a hybrid or two-step bootstrap approach which is called
in the following the autoregressive-aided block bootstrap (ARAB). The basic
idea of the ARAB is to prewhiten the time series by using an autoregressive
model fit, and then to apply a block bootstrap procedure to the estimated se-
ries of (centered) residuals instead of an i.i.d. resampling as this is the case
of the pure autoregressive bootstrap. This procedure is motivated by the fact
that while the autoregressive fit succeeds in mimicking the linear dependence
structure of the process, the nonparametric resampling of the residuals captures
model mis-specifications or nonlinear dependence features of the process that
are not appropriately mimicked by the autoregressive fit. Although this seems
to be a promising approach for bootstrapping a time series, little is known
about the asymptotic properties of such a procedure, i.e. the class of statis-
tics and processes for which it is valid and how it performs compared with
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the pure MBB or the pure AR bootstrap. The aim of this paper is to fill this
gap.

We first investigate the asymptotic properties of the ARAB procedure and
show, under rather general assumptions on the underlying stochastic process, its
validity for the wide and important class of so-called generalized mean statistics.
This class includes many statistics commonly used in time series analysis, like
autocovariances, autocorrelations or partial autocorrelations, as special cases.
Notice that the proof of the corresponding main result of this paper (see Theo-
rem 1) is quite involved since it requires a proper truncation of infinite moving
average representations that appropriately takes into account the block struc-
ture of the pseudo-innovations. We also investigate by means of simulations the
finite sample behavior of the ARAB procedure and compare its performance
with that of the pure block bootstrap and of the pure autoregressive boot-
strap. Our numerical results show that the ARAB is able to outperform both
bootstrap methods in several situations. More precisely, for all different simu-
lated scenarios considered, only the ARAB performs equally well, while the pure
block and the pure AR-sieve bootstrap, both, show a somehow changing behav-
ior. In particular, the ARAB is able to improve the performance of the moving
block bootstrap in several situations where the gains of such an improvement
depend on the particular simulation set-up considered. Moreover, and inter-
estingly enough, even for model scenarios that correspond to highly nonlinear
models, the ARAB was not outperformed by the moving block bootstrap. This
indicates that the ARAB is very well suited for resampling stationary time series
without a strong indication of some parametric model structure. Furthermore,
using the ARAB seems to be more favorable than using the pure moving block
or the pure autoregressive bootstrap, especially when doubts are raised about
the assumption of a pure linear autoregressive model structure.

The paper is organized as follows. Section 2 introduces some technical prelim-
inaries and describes the ARAB procedure in detail. Its connection to already
established bootstrap proposals is also briefly discussed. Section 3 states the
main theorem of this paper which establishes validity of the ARAB for the class
of generalized means under mild assumptions on the underlying stochastic pro-
cess. Results of a simulation study comparing the performance of the different
bootstrap methods considered are reported in Section 4 while our conclusions
are given in Section 5. Technical details and proofs are deferred to Section 6.

2. AR-aided block bootstrap
2.1. Preliminaries and assumptions

For the time series X1, Xo,...,X,, we assume that it is a stretch of a process
X = {X,t € Z} which fulfills the following assumption.

Assumption 1. Let X = {X; : t € Z} be a zero mean strictly stationary
process with E|X¢|**° < oo for some § > 0. The autocovariance function
vx : Z — R, where yx(h) = EX;Xi1p, is assumed to fulfill vx(0) > 0 and
>onez 1x (h)] < oo.



728 T. Niebuhr et al.

Notice that absolute summability of the autocovariance function assures that
a continuous and bounded spectral density fx of the underlying process X exists
and is given by fx(w) = (2m)"' Y, ez vx(h)e™ ™, w € (—m, 7.

In the following we consider the class of statistics known as generalized means,
see [26], which includes many statistics used in time series analysis as special
cases. Among others, the class of generalized means include versions of the
sample mean, sample autocorrelations, sample autocovariances, sample partial
autocorrelations and Yule-Walker estimators. Given observations Xi,..., X,
stemming from X, a generalized mean statistic T}, is given by

n—m-+1
T,.=f (4 Z 9(Xt, .-, Xt+m—1)> ) (1)

n—m+1 =

where g = (g1,...,94) and g : R™ — RY for some m € {1,...,n} and f :
R? — R, where q,G > 1. We may think of T}, as an estimator of a function of
the parameter § = E(g(X1, Xs,...,X,,)) associated with the process X. Our
goal is to investigate the capabilities of the ARAB to estimate the distribution
of the statistic T;,. Toward this goal we assume that T, satisfies the following
assumption.

Assumption 2. It holds that

n—m-+1
1
vn—m+1 ; (9

where

Xtv"'7Xt+m—1) 70) E)n—wo N(ququq)v (2)

n—m-+1
Yyxg = lim (n —m+ ™t Var < Z 9(Xt, ... 7Xt—m+1)>

n—00
t=1

k=—o0

e
( Z COU(gu(X07 s ’Xm—l)agv(Xka R an+m—1))>
u,v=1,...,q

Clearly, if the functions g and f fulfill certain smoothness conditions (cf.
Assumption 3), then the weak convergence (2) and the delta-method yield

V(T — £(8)) B F/(8) N (0g, Zgxq) (3)

where f/() := Df(-) is the Jacobi matrix of f. The following assumption spec-
ifies the conditions imposed on the functions f and g.

Assumption 3. The function f = (f1,..., f5) has continuous partial deriva-

; 7  Ofu
tives y — > i G vy
borhood of @ and the differentials at 0, y — >_7_, g—’;: |x:9 yi, forallu=1,...,q,
do not vanish. Further, the function g has continuous partial derivatives of order
h, where h is an integer greater than or equal to one. Furthermore,

9" gi(x) | _ 9"gi(x) |
0x4, ...0x;, '*=Y  Oxyy ...0xy,

yi, forallu=1,...,¢q,i=1,...,m, fory in a neigh-

< Cully ==, (4)

rT=z| —
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where w = 1,...,q; 1 <iy,... i < m, C, is some suitable constant and || - ||
denotes the Euclidean norm and x,y,z € R™.

Assumptions 2 and 3 guarantee the asymptotic normality of vn —m + 1(T;,—
f(6)) which is a minimal requirement and it is satisfied if the underlying process
X fulfills a variety of weak dependence conditions. Assumption 3 is in line with
the assumptions imposed in [19] and [9] for dealing with this type of statistics
in the context of the block bootstrap.

The next assumption requires the \/n-consistency of a fixed number of sample
autocovariances y(h) = n=1 Y7 ‘h‘( — X0)(Xeqn) — Xn), 0 < h < p, where
X,=n"1 Z?:l X, denotes the sample mean and it is also satisfied for a wide
range of weakly dependent stationary processes.

Assumption 4. The autocovariance estimator 5(h) satisfies for every fized
peN,

Vn(@x(h) —yx(h)) = Op(1) for h=0,....p. ()

2.2. The AR-aided block bootstrap algorithm

We describe in this section the ARAB procedure. This bootstrap procedure gen-
erates replicates T,F of the statistic T, which are obtained by replacing in (1)
the observed time series Xi, Xa,...,X,, by the pseudo-time series X7,..., X}
generated by the following algorithm. Notice that in this algorithm the positive
integer | denotes the block length while b the total number of blocks. Further-
more, we assume that bl > n + p.

Step 1: Fit an autoregressive process of order p to the time series X1,..., X,
and denote by a1(p), ..., ap(p) the estimated autoregressive parameters obtained
by solving the Yule-Walker equations, i.e., (a1(p),...,ap(p)) = f‘(p)’l%, where
E = (@ —J))ij=1,2....p 15 a p X p matriz and 7, = ((1),75(2), ... A(p)) . Let
U, t=p+1,p+2,...,n, be the residuals of this fit, i.e.,

U =X, — Z&j (p) X¢—j- (6)
Step 2: Center the estimated residuals ﬁerh LU, by

= 1 j )
T Z Zz P Zl ot @)

i=1+p

and leth:Ut—U, t=p+1,....n

Step 3: Generate bootstrap residuals (Ul* o Us_pyeoes U;) by application of
the moving block bootstrap to the sequence U>+1’ . ,UfL That is, draw with re-
placement b independent identically distributed random variables iy, . .., i, which



730 T. Niebuhr et al.

have the same discrete uniform distribution on the set {p,...,n —1} and let

Uty UD) = (Ule,...,Ule,Usz,...,Ufﬁl,...,...,UﬁH). (8)

For convenience we set in the following U =0 for allt <1 —p.
Step 4: Compute a bootstrap time series Xi,X5,..., X} via

P
Xr=> a;(p)X; ;+Uf, t=1...n (9)
j=1
Obtain the bootstrap analogue of T, as

n—m-+1
* 1 * *
Tn :f <— Z g(Xt7'-'7Xt+m—1)> (10)

n—m+1 P

and approxzimate the distribution of \/n(T, — f(0)) by that of \/n(T} — f(6*)),
where 0* = E*(g( X7, X/ 1, . X mo1))-

Some remarks are in order. Notice first that we do not attempt to reduce
the time series to residuals which are then used to imitate i.i.d. innovations. Be-
cause of this, the present approach differs from purely autoregressive approaches
based on i.i.d. resampling of estimated (and appropriately centered) residuals;
cf. [18, 16, 4, 22]. In fact, the AR fit applied is in the spirit of the so-called
prewhitening idea (see [40]) and is used to capture the autocovariance structure
of the time series X1, Xs,...,X,, at hand. Fitting an autoregression should be
seen as a (convenient) approach for such a whitening although other parametric
models may be considered for the same purpose, too. However, autoregressive
fits together with the use of Yule-Walker estimators are rather convenient and
have nice features including the property that all roots of the estimated poly-
nomial A(z) =1 — >%_1a;(p)#’ lie outside the unit disc in the complex plane.

An important issue when using autoregressive fits is the choice of the order
p. The motivation is to balance the complexity of the model and the volatility
of the resulting residuals. The most convenient way to address this conflict is
according to Akaike’s information criterion (AIC) (see [1, 2]). While [7] stated
that AIC tends to select orders that are too high, even asymptotically, [21]
found a modification of the AIC which assures for consistency. However, since
it is not necessary for the ARAB to assure for correctly specified model orders,
we propose using the classical AIC.

We mention that the centering in Step 2 of the bootstrap algorithm is based
on the expected value of U; with respect to the ensuing moving block boot-
strap. Thus, expression (7) differs from the common sample mean (to which it
is reduced for [ = 1) and ensures that the block bootstrapped residuals have
zero mean (with respect to the moving block bootstrap distribution) to avoid
an unnecessary bias; see Step 3.
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3. Bootstrap validity

We now derive the main result of this paper which shows that the ARAB is valid
for the class of generalized means described in (1). Recall that the ARAB pro-
cedure generates pseudo-time series X7, ..., X by means of (9). The estimated
autoregressive polynomial 1 — Z?:l aj (p)z?, has a theoretical counterpart given
by

Alz)=1-— Zaj(p)zj, (11)

where the coefficients @;(p) are determined by

2

P
(a1(p),---,ap(p))’ = argmin B | | X; — ZCth—j ) (12)
=1

(c1,--5¢p)

ie., (ai(p),....ap(p)) = T(p) 'y, where T' = (y(i — j))ij=12..piSapxp
matrix and v, = (v(1),7(2),... ,¥(p))". For the proofs, it is more convenient
to use an infinite moving-average representation of X; which is based on the
inverse polynomial

-1

AT @) = (1= a0) | =) )2 = U(2), (13)
j=1 §=0

where 1y(p) = 1. Notice that an analogue expression appears using the inverse
a;(p)27. Let
1;(p) be the coefficients appearing in this inverse polynomial. In the following
we use for brevity the notation v, for 1;(p) and 'l[)j for 1/;j (p) respectively.

Notice that the inverse autoregressive polynomial ¥(z) given in (13) is
bounded away from zero for all |z| < 1, z € C, and that the coefficients 1;
fulfill the summability condition Z;’;O J" ;] < oo for some r > 0. This follows
directly using Cauchy’s inequality for holomorphic functions (e.g. [17], Theorem
6.1).

Application of the filter A(L) =1 — Z?Zl aj(p)L’ to the series X, where L
denotes the backshift operator leads to the filtered time series {U; : t € Z} with
U= X;— Z§=1 a;(p)X¢—;, which is the process analogue of the estimated resid-

At (2) of the estimated autoregressive polynomial g(z) =1 _Z§:1

ual series U, given in (6). The following assumption specifies our requirements
on the moments of U; and their sample estimators.

Assumption 5. The filtered process {Us : t € Z} fulfills

E [UM] < oo, (14)
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where h is the number of continuous partial derivatives of the function g; see
Assumption 3 for details. Furthermore,

e
p— ZUf‘ E>E[Uf‘], for every « < 4h (15)
t=1

and for Fy denoting the distribution function of {U; : t € Z} and Fy denoting

the distribution function of its estimated counterpart, it holds Fy z Fy, as
n — 0o.

The following theorem establishes validity of the autoregressive-aided block
bootstrap in estimating the distribution of generalized means.

Theorem 1. Suppose that Assumptions 1-5 hold with 6 > 4h —4. T} is defined
as in (10), and Syxq as in (2). Further assume that | — co and 1*+2/% /n — 0,
as n — co. Then, as n — o0,

n—m-+1

(n—m+1)"" Var* < Z (9(X7 o X ) — 9*)> = Ygxq (16)

and
Va(T: = £(6°)) B £(0) N (0, Sqxq) » (17)

i probability.

Notice that (3) and (17) together with the continuity of the distribution
function of the Gaussian distribution, leads under the assumptions of the above
theorem to the result that

Sup. |P*(Vn(T,; — f(07)) < x) = P(Vn(T, — f(0)) < x)| = op(1),  (18)
xTE
as n — 0o.

According to the above theorem, validity of the ARAB holds as long as
12+2/9 /n — 0 as n — oo is fulfilled. The parameter § depends on characteristics
of the underlying process X and is the same as the one appearing in the moment
condition E|X;|*T? < oo in Assumption 1. Thus, the condition on the block
length holds true if I = n'/27¢ for any ¢ satisfying 1/(2 +26) < e < 1/2.

The ARAB is tailor-made but not restricted to AR processes with non-
independent identically distributed innovations, so called weak AR or more
generally weak (autoregressive moving-average) ARMA processes. Such pro-
cesses arise in several situations like of instance, strong ARMA processes with
non-normal distributed noise observed at lower frequencies, see [34], processes
obtained from observing only the first component of a vector-valued AR process
or equidistant sampling of continuous-time ARMA processes (e.g. [6]).

Furthermore, the usual model-based bootstrap approaches typically assume
that the model structure has been correctly specified. This is different for the
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ARAB. There is neither an assumption of an autoregressive representation of
the underlying process X nor it is assumed in the case that X has such an AR
representation, that the autoregressive order has been correctly specified. The
AR model fit solely prewhitens the time series at hand and, therefore, weakens its
dependence structure leading to residuals to which a block bootstrap procedure
is applied. Thus, even in the case that X has a finite order AR representation
it is not essential for ARAB validity, that the autoregressive order has been
correctly specified. In this sense, the ARAB makes the ordinary residual based
AR-bootstrap robust against model mis-specifications.

One important problem in applying the block bootstrap is the choice of the
block length [. This problem is common in all blocking methods, and the condi-
tions stated for deriving the asymptotic results presented in Theorem 1 do not
provide some guidance on how to choose [ in practice. [29] considered the prob-
lem of determining an optimal block length for the class of smooth functions of
means while further approaches for choosing this bootstrap parameter are given
in [20, 11, 39, 30] or [37].

4. Numerical examples

In this section we investigate by means of numerical simulations the finite-sample
behavior of the autoregressive-aided block bootstrap (ARAB) and compare its
performance with that of the autoregressive residual based bootstrap (AR) and
of the moving block bootstrap (MBB). The MBB and the ARAB are applica-
ble to a wide class of stationary and weak dependent time series while the AR
bootstrap is tailor-made for but restricted to autoregressive processes driven by
i.i.d. innovations. Taking this into account, we consider several scenarios with
different models, namely finite order autoregressive, non-linear autoregressive
and autoregressive conditional heteroscedastic (ARCH) models, and consider
the estimation of quantiles of the distribution of the second order autocorrela-
tion estimator p(2) = 4(2)/%(0). Regarding the bootstrap estimates, the three
different methods are compared by presenting boxplots of the results together
with the true finite sample quantiles. The true quantiles, which are the target
parameters of interest, have been estimated using 1,000, 000 replications of the
models considered (or 100, 000 replications in the ARCH case respectively) and
are shown in the figures presented by a dashed vertical line. We report results
for different choices of the block size [ while the autoregressive order used has
been selected by means of AIC (see [1]).

4.1. Linear AR time series

We generate time series from the AR(2) process

Xy =—0.9X,_1 —0.7X;_o + e, (19)
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where e; are i.i.d., standard Gaussian distributed. We are interested in estimat-
ing the 5% and 95% quantile of the distribution of

Vn(px(2) = Elpx (2)]). (20)

For this, K = 500 time series of length n = 100 of the AR(2) model have been
generated and for each one of them the three different bootstrap approaches
have been applied with B = 1,000 bootstrap repetitions. For the MBB the
block lengths [ = 8,10, 12 and 14 have been chosen and for the ARAB the block
sizes [ = 3,5,8 and 10 have been used.

The simulation results are presented in Figure 1. As it can be seen, all ap-
proaches capture the target values quite satisfactory when the block lengths are
appropriately chosen. Since the autoregressive model fit captures (at least to
some extend) the dependence structure of the process, the pre-whitened series
becomes closer to an i.i.d. sequence. This is the reason why the ARAB requires
shorter blocks than the MBB to capture the time series dependence. Recall that
therefore this model set-up is tailor-made for the AR and the ARAB bootstrap
and, their performances are not surprising. It is, however, remarkable that the
ARAB is less biased than the AR approach for some choices of .

estimated 5 % quantile [n=100] estimated 95 % quantile [n=100 ]

Fi1c 1. AR time series: Boxzplots of bootstrap quantile estimates using the AR, the ARAB and
the MBB bootstrap. The true finite sample quantile is presented by the dashed red line.

4.2. Nonlinear time series

We next consider the following non-linear autoregressive model also used in [36]
and [43]:

Xt =0.6 Sin(thl) + €t, te Z, (21)

where the e;’s are i.i.d. standard Gaussian distributed random variables. As a
quantity of interest we again consider estimating the distribution (20) and in
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particular the 5% and 95% quantiles of this distribution with n = 200. Notice
that for this nonlinear autoregressive model, the linear pre-whitening cannot
capture the entire dependence structure of the time series. For this reason the
block lengths have been selected to be [ = 3,5,8,10 for the ARAB and the
MBB. The further simulation parameters read the same as in the previous ex-
ample. The simulation results are presented in Figure 2. As it is seen, the linear
AR bootstrap behaves quite satisfactory even in this case. The MBB seems to
be prone to underestimate the values of the quantiles while the preliminary
autoregressive fit moves the ARAB estimates in the right direction.

estimated 5 % quantile [ n=200 ] estimated 95 % quantile [ n=200 ]

AR — o oo @ amm}-------| |, |------- m @ AR oomom}------| 4| |------ jmwo apoan o o

ARAB |

1 BN
g 00 0@ fooceneeeees I 1o AR A b I jam oo o

e | o ot R I |, S
e oo ot et ey Al
Mes 1 o o womp-—— - T i iR S [0 [ — oo o

vBB |

=10 ] °© e E:D """""" 1 e I:I:;j """""""" fo o o

Fic 2. Nonlinear AR Time Series: Boxplots of bootstrap quantile estimates using the AR, the
ARAB and the MBB bootstrap. The true finite sample quantile is presented by the dashed red
line.

4.3. ARCH time series

We finally consider the following ARCH model

Xt = O¢&¢ (22)
o7 = 1+025-X7,, tez,

for which an autoregressive fit is not appropriate to capture its dependence
structure due to the white noise property of its realizations. Here the e;’s are
i.i.d. standard Gaussian distributed innovations. We consider estimating the 5%
and 95% quantiles of the distribution (20). K = 400 replications of length n =
2,000 of this model have been generated and to each of them the three different
bootstrap methods have been applied using B = 800 bootstrap replications.
For the same arguments as for the nonlinear autoregressive model, the block
sizes | = 8,12,16 and ! = 20 have been considered for both block bootstrap
approaches. The simulation results are shown in Figure 3. Since the ARCH
model contains no linear part, the AR bootstrap cannot capture the target
values. However, the ARAB bootstrap performs competitive to the MBB also
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in this case and leads to estimates which are not outperformed by the MBB
bootstrap.

estimated 5 % quantile [ n=2000 ] estimated 95 % quantile [ n= 2000 ]

AR

Fic 3. ARCH Time Series: Bozplots of bootstrap quantile estimates using the AR, the ARAB
and the MBB bootstrap. The true finite sample quantile is presented by a dashed red line.

5. Conclusions

This paper investigated properties of a hybrid resampling method for time se-
ries, called the autoregressive-aided block bootstrap (ARAB), which consists of
a linear autoregressive bootstrap combined with a block resampling of residu-
als. It has been shown that this bootstrap procedure is valid for general weak
dependent stationary processes and for a wide class of statistics. The method
shares the generality of nonparametric resampling procedures. Moreover, the
nonparametric resampling part of the ARAB makes this resampling procedure
robust against mis-specifications of the model structure, a problem from which
purely parametric bootstrap methods suffer. On the other hand, the parametric
fit makes the ARAB procedure less sensitive to the choice of nonparametric re-
sampling parameters like the block size. These attractive features of the ARAB
have been demonstrated by means of simulations with the ARAB procedure
showing a very good finite sample performance illustrating its aforementioned
attractive features.
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6. Proofs and auxiliary results

The main strategy for proving the validity of the ARAB bootstrap is the fol-
lowing. In a first step, we state Lemma 1 which allows for a special truncation
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of the process’ (weak) moving average representation. An ordinary truncation
of the moving average representation at some fixed M € IN is not sufficient for
the proof (i.e. Proposition 6.3.9 of [5] cannot be applied). Due to the underlying
block structure of the innovations the present proof requires a truncation point
that depends on n and - more important - on the time point ¢ in relation to its
position in the block of pseudo-innovations. This turns out to be highly relevant
for the computation of the limiting covariance matrix of the estimator.

Lemma 1. Assume that X{,..., X} is a bootstrap sequence generated as de-
scribed in Section 2.2. Furthermore, let Assumption 1 with some § > 4h—4 and
Assumptions 2-5 hold true. Then, the bootstrap time series has the representa-

tion

Xr =Y U;(p)U;; Vt=1,....n. (23)
j=0
Define
(t—1) mod I+M(n)
X; = > b (p)U;- (24)
j=0

as a truncated version of X, where M(n) fulfills M (n) <1 and M(n) — oo, as
n — 0o. Then, it holds

E’ (ﬁngl(g(xr)—g(xim s 0 ip. (25

Consider X} as given in (24) which is a modified version of X; and truncated
at some time point depending on the time index ¢. In particular, the truncation
is done at a point being M (n) steps in the past of the beginning of the block
in which the present time point t is located. Thus, the truncated bootstrap
observation at time point ¢ = (r — 1)l + s, where s € {1,...,1}, is truncated
M (n) steps in front of the beginning of the (r — 1)-th block. Thus, the infinite
moving average representation reduces to s + M (n) summands. Since M (n) <
[ the truncated version only correlates with two blocks of residuals. This is
of advantage especially for computing covariances as required in the proof of
Theorem 1.

Proof of Lemma 1. Denote X7 = (X}, ..., X/}, _1) and X, = (X7, ..., 1)
Now expand ¢ (X;) at g (X : ) by using a Taylor series to obtain

g (XF Xpm ) =g (XF o X) (26)
= Y éD“g (X)) (xi-x)"+ 3 éDQQ(I) (x;-x)"

1<]al<h—1 la|=h
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forsomeI:X:—l—)\(Xz —X:),)\E [0,1], where o € NY", || = a1 +. . . + v,

lal
(2)* =27 ... 2% and Dg(x) := ay?‘l#‘y »- Next, denote by || - || the
usual £,-norm with respect to the bootstrap distribution. From (26) we get
lox) -9 (X)) (27)
1 a ~ % % -\ &
< Y |pre(x) (2 -x0)
1<|a|<h—1
# 3 il (- 1)
2
lee|=h

It should be noted that X : and X7 — X : are not independent due to the under-
lying blocks of innovations. Using Cauchy Schwarz’s inequality the summands
of the first sum yield

|prgtxn (x; - x7)°

< (I, | (xi - 5)°,)” 9

By Assumption 3 the h-th derivative of g(-) is Lipschitz and, therefore, one
obtains for the summands of the second sum

oot (i - £3)°

2 (20)
< ||pegcis) (x5 - X3)°
< fes (&))" (o - )"

1/2

m—1
+ 1 CaA D1 X7, = X, H(X* X:> H4 ’
=0

(D*g(x) - D*g(X))) (x7 - X7)"

1/2

2

4

for some suitable constant Cy, e.g. Cy := max,=1, . 4C,. Using (28) and (29)
gives

n—m-+1
- X*)) 30
Hm 2 (9a0) -9 (X2 2 (30)
b l—-m+1
1 o % 1/2 i . anl)2
> aHD TN A
1<la|<h—1
1/2 . oyl/2
+ Z _HD g(X(z 1l+k)” H( Ditk — X 1)l+k) \

o=
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1 m—1 3
+ Z al (Cg)‘ Z H(X(*ifl)l+k+v —Xﬁkiq)urkﬂ)

|a|=h v=0

)
)7 erty

Furthermore, by Assumptions 1 and 3 and by the definitions of D%g(-) and X : ,
it holds

3 [CSTRES Y

|27 ()

for any |a| < h. The same holds true for X, in (31) replaced by X . Next we
consider the further terms in (30). We have

|, =0r) (31)

H (Kfiq)mg - X?i*l)lJrk) . (32)
= > UG- 1yah—j
j=((i—1)l+k) mod I+M (n)+1 4

and the modulo condition can be simplified since ((i—1){+k) mod I+ M (n)+1 =
k + M(n) + 1. Furthermore, it is well-known (e.g. [23]) that the coefficients v,

(and 1);) of the inverse autoregressive polynomial (and its estimated counter-
part) uniformly yield

;| < Cp’, VjeZ, C>0 (33)

for some 0 < p < 1 which depends on the autoregressive parameters. By As-
sumption 5 and noting that |«| < h, (32) further computes to

[
oo

> bUG ey (34)
j=k+M(n)+1 4
< H Z ij(*i—l)H-k—j
w=1 j=k+M(n)+1 4

o0

Z pjl_‘...pjaw

J1yeosday =k+M(n)+1

IA
=

Q
g
Il
—

ey

X HU(*i_l)Hk_jl o Uiy k—ja,
o] ) .
Z pjl o p]aw B* [(Uik)4\oé|:| . 0(1)
1 §1yeesoy =k+M(n)+1
(k+M(n)+D)lel , o Op(1),

IA
s

w

S
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where the constant C’ can be easily obtained. The further terms in (30) can be
handled along the same lines, where the corresponding constants may change.
Thus we get

X,

Jnomil Z:: (Q(X:)—g(; ))

b l—-m+1 1
M .1
§ 5 -Op(1) . plktM(n)+1)lal-3

Vn*er i=1 k=1 \1<|a|<h-1

n al-L
+ Z a.(f)P(l).p(HM( J+Dlal 5
|a]=h

m—1 1/2
1 v n v n «
+ Z a <0(1) . Z kar +M(n)+1 _p(k+ +M(n)+1)| |> +0P(1)

|lal=h v=0

_ b M(n)
=0r (Jar

which converges to zero in probability as M(n) — oo and concludes the proof.
|

1 n—m-+1
H )

2

Proof of Theorem 1. By Lemma 1 it suffices to show that the assertions of the
theorem hold true for T)*, where X} is replaced by X;. For the truncated series
we choose M (n) such that M(n)?l=! — 0 as n — oo.

First, consider (16), the limiting covariance matrix. As discussed at the be-
ginning of the proof of Lemma 1, each X;* only is correlated with at least two
blocks of residuals. Thus, two bootstrap realizations X * and f( * either stem
from the same block, or X * stems from the block before or after X*, or they
are uncorrelated. Hence,

)

n—m+1 n—m+1
Cov (m ; Gu (1:)7\/’”‘_;7”%’_1 SZ:; Gv (K:)) (36)

1 b l-m+1
e (Z 9o (Xl -en,)
=1 k=1
b l-m+1
Z gv( (i2— 1)l+k2)> +op(1)
io=1 ko=1

=: Ry + Ry + R3 + op(1),

where

b l—m+11l—m+1
R = m Z Z COU gu (Xk) 9v (Xk )) (37)

k1=1 ka=1
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b l—-m+11l—-m+1 5
+n_m+1 Z Z Cov (gu (Xkl)fgu (K}cl)agv (X]@))
ki=1 kg=1
b l—-m+11l—-m+1 5 3
Pt 2 2 Con (o (Fa) o (K) — 90 (X))

b l—m+11l—m+1 . .
rErEaipOEpY (cor (oo (£0,) 0 (£2.))
— Cov (9u (X4,) 90 (X1,)))

and R (and Rj3) is of same form as R; but with k; replaced by k1 + 1 (k2
replaced by ko +1) and where b is replaced by b—1. Denote by R, ;,i=1,...,3,
j=1,...,4, the j-th term of R; (compare (37)). Consider first Ry 1 +R21+R3 1.
By using formulae (A.11) of [23] one directly computes

Riq1+ Ra1+ R3a (38)

l
= 1Y 1 Congu(X0), 00(X,))

h=—1
2l—m

+ Z (2l -m+2— h) COU(gu(KO)vgv(Xh))
h=Il+1
—(2l—m)

+ ) (2 =m+1—|h]) Cov(gu(Xy), 9u(X)) | +o(1)
h=—(1+1)

—n—oo Z Cov(gu(Xy), 90(X})) = (quq)u,w
h=—o00

Hence, it only remains to show that all other terms converge to zero as n — oo.
To prove this, the arguments for R; 2, Ra2, R32 as well as for Ry 3, Ry 3, R33
are very similar and therefore we only consider R; 2 here. Applying a Taylor ex-
pansion to the first term in R; 5 and further using the linearity of the covariance
and Cauchy Schwarz’s inequality leads to

Ry (39)
l—-m+1l—-m+1

b
ShTwrl 2 2

ki=1 ko=1

) %E {(Dagu(ikl) (X, —LQ“)? e [gv (szﬂ

1<|a|<h—1

+ Y B [(D“gu(ﬁ (X, — Kkl)a)Q]

|a]=h

1/2 5 [gv (sz‘)ﬂ 1/2
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l—-m+1l—-m+1

Sn—m—i—l Z Z

ki1=1 ko=1

3 $E [(Dgu(X,,))"] .

1<]al<h—1

B[ - X.)"]

+ Y 2@ B[, - x,,)"]

le]= n

where the above expectations are similar to the terms investigated in the proof
of Lemma 1. By the same strategy as in (30)-(35), one is lead to Ry o =
Op ( M( ”)), which converges to zero as n — oco. Analogously one proofs that
Ry 9, R32, Ry 3, Ry 3 and R3 3 vanish asymptotically.

Next consider expression R; 4 which validates that the bootstrap covariance
of the truncated series converges to its counterpart based on the original time
series. For that, decompose

l—m-+1 l—m+1

Rl,4 = n—Lm—i-l Z Z ( Cov* (gu (le) » Gu (X;)) (40)

k1= ’I’L)Jr]. ko= M(n)

b M(n) M(n)

(X
a1 2 2 (Co (o (X) 90 (X0))

k1=1 ko=1

M(n) 1-m+1

)

)

Xy,)
i XS (o (3 0 (52)

2)

(

)

ki=1 ko=M (n)+1

b l-m+1  M(n)

+m Z Z (COU (gu (Kkl s v XZQ))

kle(’ﬂ)Jrl ko=1

To show that (40) asymptotically vanishes in probability, we mainly follow the
lines of the proof of Lemma 5.5 in [9] and write

M(n)+(t—1) mod l

Z ¢J Z t J + Z %’Ut*fj' (41)

j=M(n)+1
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We now show that, for M(n) — oo as n — oo, the second and third sum in
(41) asymptotically vanish, while the first sum appropriately imitates X;. The
asymptotic negligibility of the second and of the third sum is mainly due to the
consistent estimation of the moving average coefficients and to their exponential
decay.

Let x € R be a continuity point of the distribution function of X;. Further-
more, let v > 0 be arbitrary. Then, as in the proof of Slutsky’s Theorem we
have

P* (X[ < 1] (42)
M(n) M(n) ~
<P Y U <ata | P || (4 —w) U] > 5
j=0 j=0
M(n)+(t—1) mod I v
+P* | > WU > 5
j=M(n)+1

Markov’s inequality then gives

M) v M@y
P <¢j - wj) Ui—;| > 9 <2 Vi — %‘ £ |Ut*—y| (43)
7=0 =0
and
M(n)+(t—1) mod I . M (n)+(t—1) mod I 1
P N1 S [ S S 1 Dol o ()
J=M(n)+1 J=M(n)+1

Furthermore, by Lemma 2.2 of [22] it holds Zj]vi(o") ﬁj - wj‘ = op(1), and by

(33) it is ZM(nH(Fl) mod ! lzﬁ]‘ < CpM™)  for a suitable constant C' > 0. Then,

j=M(n)+1

using E* Ut*_j’ < /E*(U;_;)? and Assumption 5, one obtains for n sufficiently

large and for any x > 0 that, in probability,
M(n) R ~ o
P (s —vs) Ui >3] <5 (5)
j:

and

M(n)+(t—1) mod {

* n * ’Y K
P A Z ViU ;| > 5 < 3 (46)
j=M(n)+1
Hence, using (45) and (46) in (42) yields, in probability,
5 M(n)
PrX;<a] <P | ) U <a+v| +5 (47)

=0
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and in direct analogy

P [Xt* <z]>P* Z ViU <x—7| =K, (48)
§=0

which indicates that the first sum in (41) is the dominating term.
Now we take a deeper look at the first sum of (41) and especially at its
corresponding probability from (42). Consider

M (n) K M(n)
Z VU = ijUt*fj + Z VU (49)
i=0 =0 J=K+1

for some K < M(n). Using (33), find ’zjﬂiﬁl ¢jUt*,j‘

means that for any €, > 0, we have

Op(p%), which

M(n)

Pyl > Un | el <6 (50)
j=K+1

as K is sufficiently large. Hence, in probability,

(M (n)

K
PN Uy <a+y| <P Uf j<atyte|+6 (51)
| j=0 | i=0

and

(2 (n) [ K
PN Uy <a+q| =P U j<aty—e| =6 (52)
j=0 j=0

which indicates the first sum on the right hand side in (49) as the determining
part of the left hand side. In the same manner these findings hold true for the
non-bootstrap analogue Z?i(on) ¥;U;—;. Now, define the set

T = {k|M(n)+1<k<l}. (53)

Then, for t € 7,, the sum ijvi(on) YU ; refers to the values of Uy within the

same block of innovations and we therefore have

M(n) M(n)
P Y Urj<a+y| =P | Y Uiy <z+7y (54)
j=0 j=0

K K
S|P Y Ui j<aty+e| =P Y ¢l <ac+y—c||+26
- 2



AR-aided block bootstrap 745

1 n—I+1 K
o e D TN | e
n—1+1 :
k=1 7=0
K
-P Z(/)jUtfj §1'+’Y+€
j=0
K
+P x+’y—5<zijt,j <z+vy+e| +20
j=0

where the first term is the difference of a probability and its empirical version,
and thus, for sufficiently large n, it can be made arbitrarily small. The remainder
terms also can be made arbitrarily small since € and § are arbitrarily chosen.

This is a rather important point in the proof. As discussed at the beginning
of the proof of Lemma 1, it is important to assure for M(n) — oo in order
to incorporate completely the process structure. However, for (54) to be valid,
the bootstrap innovations have to belong to the same block and hence, the
(truncated) series should not overlap from one block of innovations to another;
otherwise the desired non-bootstrap analogue would not be mimicked appro-
priately since the dependence structure of the time series is destroyed at the
joining points of the independent blocks. This is the reason why the set 7, is
introduced and furthermore, why the rate M(n) has to increase slower than
the block length I. The following computations will clarify in more detail why
M (n)21=1 — 0 has to be fulfilled.

Reconsider (54) which states that the approximation error of the distribution
of Xt* to the distribution of X, vanishes for n — oo, for all V¢ mod I € 7,,. Write

L(X}) = L(X:)+op(1) Vtmodl € 7,, (55)

and observe that convergence is guaranteed for all time points ¢ with Xj relying
only on innovations stemming from one single block. Hence, by the Cramér-Wold
device one has, for arbitrary d € IN, and for any (¢; mod ,...,ts mod 1) € 72,
that

L(XF,... X)) =L(Xe,...,Xe,) +op(1). (56)

It is crucial to notice that (56) only holds for bootstrap random variables stem-
ming from the set 7,. Bootstrap realizations stemming from the first M (n)
positions of a block have an overlapping moving average representation to pre-
vious blocks of innovations. Such bootstrap realizations are seperately treated
later on (see (63) and the following).

For the moment, we stay with the set 7,,. As a next step the function g and
its component functions is investigated. Truncate g, via

Gu(r) = gu(x)]llgu(z)\SK(x) + KSig”(gu(x))ﬂ\gu(I)bKa K > 0. (57)

Then g,(+) is continuous and bounded and one immediately has

Cov* ([]u (X:) y Go (X:)) (58)
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= Cov (gu, (Xt) » v (Xs)) +op(1) Vt,smodl € 7,

by (56). Now we show that the effect of truncating the functions is asymptoti-
cally negligible. By Hélder’s inequality

E*|gu (X)) Vg5 | (59)
. 2(h+2)/(h+1)\ (BHD/(R+2) . 1/(h+2)
< (B Jou (X))] ) (P" (lgu (X,)] > K)) /™
= Op(1)K~2/(h+1),

To see that the expected value is Op(1) approach as in the proof of Lemma 1.
Then, for arbitrary £ > 0, we can choose K = K (k,n) such that for n sufficiently
large and in probability, for all ¢, s mod ! € 7,,

| Cov (3 (X7) 90 (£2)) = Cov” (on (£2) 00 (£2))| < 5755 (00

and in complete analogy, still for all ¢, s mod [ € 7,, only,

[ Cov (g (£2),50 (X.)) = Cov (9 (X)) 90 (£.))] < 75 (6D

where N(n) — 0o, as n — o0, is chosen such that I/N(n) — 0. Hence, it follows,
from (58) by (60) and (61)

’Cov ( ( ),gv( )) Cov (gu (X,) 90 (Xs))’ (62)
= ’ Cov* (gu ( X ) (X*)) Cov (gy, (K),gv (Xs))

+ Cov* <~ ( *) ,gv< )) + Cov (gu (X),ﬁv (Xs))‘
:OP(N( )" )+0P()

for all t, s mod | € 7, and, thus, is applicable to the first sum of R; 4. To handle
the further sums of R; 4, we have to consider the covariances in (40) where k;
or ko is not in 7,,. Hence, consider the case k; ¢ 7,, and ks € 7, and obtain by
using (62)

Cov* (gu (X3,) 190 (£3,)) = Cov (9u (X,) 190 (X)) (63)
= o’ (g (X3,) = 0 (K1) 00 (X0))

+ Cov* (gu (X ) 10 (£5,)) = Cov (g (£4) 190 (K4,))
= Cov* (g (X3,) ~ 00 (K1) 90 (X0))

— Cov (gu (X4,) = 9u (Ximms1) » 90 (Xp,)) + Op(N(n)7H).

Then by application of the Taylor expansion and by Cauchy Schwarz inequality
one obtains for the first covariance

Cov* (g (X3,) = gu (X ) 100 (X0,)) (64)
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S aE (e ()]

1<|a|<h—1

1/4

IA

o 2l/2
XE* |:gv (X:;z) :| )

for some 7 = X;ﬁ_mﬂ + A (le - X:_m_H), A € (0,1). Indeed, this expression

is similar to (39) and can be handled analogously. One obtains

- % . 4o
2 {(Lﬁ ~ X i) ] (65)
m l—m+M(n) . doey
< H E* Z (o (Uf:1+1-_1—j - Uz*+r—1—j)
r=1 =K1 1 M(n)

— Op <p<k1+M<n>>-\a|) 7

where «,. indicates the r-th component of a. The further expectations are finite
by Assumptions 1 and 3. For the non-bootstrap covariance in (63) one proceeds
exactly in the same way. Altogether this leads to

Cov™ (gu (X5,) 190 (X3,)) = Cov (90 (£4,) 90 (£1,)) (66)
= Op (N(n)~ 4 g+,

for all k1 ¢ 7, and ky € 7,. Of course, if k; € 7, and ko ¢ 7, this result is
directly adaptable.

Now we have all preliminaries at hand to revisit the remainder term R 4
given in (40). Using the previous considerations and the summability of the
autocovariances it holds

R = (it MO | sty (Vi) L1 o)
- o (Nén) + Mnn)2 * M(n)pM(n)> 7

which converges to zero as n increases by the conditions on the rates (I/N(n) —
0 and p < 1) and by the choice of M(n). The further remainder terms Ry 4
and Rj 4 yield analogue results. Altogether this proofs (16), the assertion on the
limiting covariance.
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Now consider (17), the central limit result. By Lemma 1 it suffices to show
the result for

n—m-+1

ﬁ ; (g (&) — E*g (L)) (68)

to conclude the proof. Define, for all t =1,...,n —m + 1,

Zni= s (s (X0) - 20 (X)) (69)

which is a triangular array with £*Z; , = 0 for all t = 1,...,n —m + 1, and
denote by Z7 ; , the u-th component of Zzn, u=1,...,q. Due to the underly-

ing block structure and the definition of )v(t* , the sequence is 2/-dependent and
does not yield stationarity. To proceed, a central limit result for 2/-dependent
triangular random variables is required where [ is allowed to increase to infinity
with sample size by some rate. In here we make use of Theorem 2.1 in [41] and
need to check their six conditions. Using the notation of [41], we define

B2, .=DB> .(u,v) (70)

n,r,a n,r,a

a+r—1 a+r—1
= Cov Zn,t,uv Zn,s,u
t=a s=a
l—m
7]

=L S ((-m+1)—|h]) Cov(gu (Xo) . g0 (X)) +o0p(1)
n m—l—lh:_(l_m)

for all w,v =1,...,q, and note that HJ I = O(r). Further compute

By =B} .4 (71)
= Cov* (Z AT Z;;’M>
t=1 s=1
b <
e (I =m+1) —|h]) Cov(gu (Xy),gv (X})) +op(1)
h=—(l—m)
for all u,v =1,...,q, by the same manner. If one sets v = 0 (in the notation of

[41]), it can be straightforwardly checked that all conditions of the Theorem are
fulfilled (also see their Example 3.3 on the moving blocks bootstrap for further
details), and thus the central limit theorem is applicable to the present scenario.

It is worth to note that the stated condition on the block length, 12+2/9 /n —
0, corresponds to condition C6 of [41] and is required for their theorem to hold.
In our setup, it causes that the higher moments of the time series exist the larger
the block length is allowed to be chosen. However, as for any block approach,
the rate of the block length is not allowed to exceed n'/2.
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One finally obtains

n—m-+1
Z Z:, 25 N(0,1) (72)
in probability, and furthermore, since B2 — (X,xq)u.v, for all u,v =1,...,¢, it
holds
n—m-+1 .
et 2 (&) ) P N OB

By application of the delta technique, e.g. [3], the proof of (17) then is concluded
for Ty with X" replaced by X;. Lemma 1 then immediately concludes the proof
for T}y itself. |
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