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Abstract

This paper examines the use of autoregressive distributed lag (ARDL) mod-
els for the analysis of long-run relations when the underlying variables are I(1).
It shows that after appropriate augmentation of the order of the ARDL model,
the OLS estimators of the short-run parameters are \/T -consistent with the as-
ymptotically singular covariance matrix, and the ARDL-based estimators of the
long-run coeflicients are super-consistent, and valid inferences on the long-run pa-
rameters can be made using standard normal asymptotic theory. The paper also
examines the relationship between the ARDL procedure and the fully modified
OLS approach of Phillips and Hansen to estimation of cointegrating relations, and
compares the small sample performance of these two approaches via Monte Carlo
experiments. These results provide strong evidence in favour of a rehabilitation
of the traditional ARDL approach to time series econometric modelling. The
ARDL approach has the additional advantage of yielding consistent estimates of
the long-run coefficients that are asymptotically normal irrespective of whether
the underlying regressors are I(1) or I(0).
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1. INTRODUCTION

Econometric analysis of long-run relations has been the focus of much theoreti-
cal and empirical research in economics. In the case where the variables in the
long-run relation of interest are trend stationary, the general practice has been to
de-trend the series and to model the de-trended series as stationary distributed
lag or autoregressive distributed lag (ARDL) models. Estimation and inference
concerning the long-run properties of the model are then carried out using stan-
dard asymptotic normal theory. (For a comprehensive review of this literature
see Hendry, Pagan and Sargan (1984) and Wickens and Breusch (1988)). The
analysis becomes more complicated when the variables are difference-stationary,
or integrated of order 1 (I(1) for short). The recent literature on cointegration is
concerned with the analysis of the long run relations between I(1) variables, and
its basic premise is, at least implicitly, that in the presence of I(1) variables the
traditional ARDL approach is no longer applicable. Consequently, a large number
of alternative estimation and hypothesis testing procedures have been specifically
developed for the analysis of I(1) variables. (See the pioneering work of Engle and
Granger (1987), Johansen (1991), Phillips (1991), Phillips and Hansen (1990) and
Phillips and Loretan (1991).)

In this paper we re-examine the use of the traditional ARDL approach for the
analysis of long run relations when the underlying variables are I(1). We consider
the following general ARDL(p, ¢) model:

D q—1

Yt = Qp + Oqt + Z Qsiyt_i + /let + Z ,B;HAXt_i + Uy, (1].)
i=1 =0

AXt = PlAXt—l + P2Axt72 + -+ PSAths + Et, (12)

where x; is the k-dimensional I(1) variables that are not cointegrated among
themselves, u; and €; are serially uncorrelated disturbances with zero means and
constant variance-covariances, and P; are k x k coefficient matrices such that the
vector autoregressive process in Ax; is stable. We also assume that the roots of
1 =57 ¢;z" =0 all fall outside the unit circle and there exists a stable unique
long-run relationship between y; and x;.

We consider the problem of consistent estimation of the parameters of the
ARDL model both when u; and &; are uncorrelated, and when they are corre-
lated. In the former case we will show that the OLS estimators of the short-run
parameters, ap, ai, 3, B1,...,8, ; and ¢ = (¢y,...,¢,) are /T- consistent, and
the covariance matrix of these estimators has a well-defined limit which is as-
ymptotically singular such that the estimators of a; and 3 are asymptotically
perfectly collinear with the estimator of ¢. These results have the interesting
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implication that the OLS estimators of the long-run coefficients, defined by the
ratios 6 = a1/¢(1) and @ = B/¢(1), where ¢(1) =1 —>"_| ¢;, converge to their
true values faster than the estimators of the short run parameters a; and 3. The
ARDL-based estimators of § and @ are T'2-consistent and T-consistent, respec-
tively. These results are not surprising and are familiar from the cointegration
literature. But more importantly, we will show that despite the singularity of
the covariance structure of the OLS estimators of the short-run parameters, valid
inferences on 4 and @, as well as on individual short run parameters, can be made
using standard normal asymptotic theory. Therefore, the traditional ARDL ap-
proach justified in the case of trend-stationary regressors, is in fact equally valid
even if the regressors are first-difference stationary.

In the case where u; and &; are correlated the ARDL specification needs to be
augmented with an adequate number of lagged changes in the regressors before
estimation and inference are carried out. The degree of augmentation required
depends on whether ¢ > s+ 1 or not. Denoting the contemporaneous correlation
between u; and &; by the k x 1 vector d, the augmented version of (1.1) can be
written as

D m—1
Yr = 0 +aal + Z GiYe—i + B'x: + Z T AX + 1, (1.3)
i=1 =0

where m = maz(q,s + 1), m; = B —Pid, i = 0,1,2,...,m — 1, Py = I}, where
I; is a k x k identity matrix, 87 = 0 for ¢ > ¢, and P; = 0 for i > s. In
this augmented specification 7, and e; are uncorrelated and the results stated
above will be directly applicable to the OLS estimators of the short-run and
long-run parameters of (1.3). Once again traditional methods of estimation and
inference, originally developed for trend-stationary variables, are applicable to
first-difference stationary variables. The estimation of the short-run effects still
requires an explicit modelling of the contemporaneous dependence between u; and
g;. In practice, an appropriate choice of the order of the ARDL model is crucial for
valid inference. But once this is done, estimation of the long-run parameters and
computation of valid standard errors for the resultant estimators can be carried
out either by the OLS method, using the so-called “delta” method (A-method)
to compute the standard errors, or by the Bewely’s (1979) regression approach.
These two procedures yield identical results and a choice between them is only a
matter of computational convenience.

The use of the ARDL estimation procedure is directly comparable to the semi-
parametric, fully-modified OLS approach of Phillips and Hansen (1990) to esti-
mation of cointegrating relations. In the static formulation of the cointegrating
regression,

Y = j+ 6t + 0'x; + vy, (1.4)
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where Ax; = e, and &, = (v, e})’ follows a general linear stationary process, the
OLS estimators of § and 8 are T3- and T -consistent, but in general the asymp-
totic distribution of the OLS estimator of @ involves the unit-root distribution
as well as the second-order bias in the presence of the contemporaneous correla-
tions that may exist between v; and e;. Therefore, the finite sample performance
of the OLS estimator is poor and in addition, due to the nuisance parameter
dependencies, inference on @ using the usual t-tests in the OLS regression of
(1.4) is invalid. To overcome these problems Phillips and Hansen (1990) have
suggested the fully-modified OLS estimation procedure that asymptotically takes
account, of these correlations in a semi-parametric manner, in the sense that the
fully-modified estimators have the Gaussian mixture normal distribution asymp-
totically, and inferences on the long run parameters using the t-test based on the
limiting distribution of the fully-modified estimator is valid.

The ARDL-based approach to estimation and inference, and the fully-modified
OLS procedure are both asymptotically valid when the regressors are I(1), and a
choice between them has to be made on the basis of their small sample properties
and computational convenience. To examine the small sample performance of the
two estimators we have carried out a number of Monte Carlo experiments. Since
in practice the “true” orders of the ARDL(p, m) model are rarely known a priori,
in the Monte Carlo experiments we also consider a two-step strategy whereby p
and m are first selected (estimated) using either the Akaike Information Criterion
(AIC), or the Schwarz Bayesian Criterion (SC), and then the long-run coefficients
and their standard errors are estimated using the ARDL model selected in the
first step. We refer to these estimators as ARDL-AIC and ARDL-SC. The main
findings from these experiments are as follows:

(i) The ARDL-AIC and the ARDL-SC estimators have very similar small-sample
performances, with the ARDL-SC performing slightly better in the majority
of the experiments. This may reflect the fact that the Schwartz criterion is
a consistent model selection criterion while Akaike is not.

(ii) The ARDL test statistics that are computed using the A-method (or equiv-
alently by means of the so-called Bewley’s regression), generally perform
much better in small samples than the test statistics computed using the
asymptotic formula that explicitly takes account of the fact that the regres-
sors are I(1).

(iii) The ARDL-SC procedure when combined with the A-method of comput-
ing the standard errors of the long-run parameters generally dominates the
Phillips-Hansen estimator in small samples. This is in particular true of the
size-power performance of the tests on the long-run parameter.
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(iv) The Monte Carlo results point strongly in favor of the two-step estimation
procedure, and this strategy seems to work even when the model under con-

sideration has endogenous regressors, irrespective of whether the regressors
are 1(1) or 1(0).!

The plan of the paper is as follows: Section 2 examines the asymptotic prop-
erties of the OLS estimators in the context of a simple autoregressive model with
a linear deterministic trend and the k-dimensional strictly exogenous I(1) regres-
sors. Section 3 considers a more general ARDL model, allowing for residual serial
correlations and possible endogeneity of the I(1) regressors, and develops the re-
sultant asymptotic theory. In Section 4 the ARDL-based approach is compared to
the cointegration-based approach of Phillips and Hansen (1990). Section 5 reports
and discusses the results of Monte Carlo experiments. Some concluding remarks
are presented in Section 6. Mathematical proofs are provided in an Appendix.

2. The Lagged Dependent Variable Model with the Deter-
ministic Trend and Exogenous I(1) Regressors

Initially we consider the simple ARDL(1,0) model containing I(1) regressors and
a linear deterministic trend,

d(L)y; = g +art + B'x +uy, t=1,...,T, (2.1)

where y; is a scalar, ¢(L) = 1 — ¢ L, with L being the one period lag operator, x;
is a k x 1 vector of regressors assumed to be integrated of order 1:

Xy = Xy—1 + €4, (22)

and B is a k x 1 vector of unknown parameters. Suppose that the following
assumptions hold:

(A1) The scalar disturbance term, u, in (2.1) is 7id(0, 02),

!The case where the regressors are I(1) and cointegrated among themselves presents ad-
ditional identification problems and is best analyzed in the context of a system of long-run
structural equations. On this see Pesaran and Shin (1995).

ZSpecifications (2.1) and (2.2) can easily be adapted to allow for inclusion of a drift term in
the x; process. Consider, for example, the process Ax; = p, + €, and note that it can also be
written as x; = p,t + X¢, where AX; = e;. Therefore, substituting x; in (2.1) we have

P(L)y: = ap + (a1 + B'py )t + B'%e + e,

where X; follows an I(1) process without a drift.

[4]



(A2) The k-dimensional vector, e;, in (2.2) has a general linear multivariate
stationary process,

(A3) u; and e; are uncorrelated for all leads and lags such that x; is strictly
exogenous with respect to u,

(A4) The I(1) regressors, x;, are not cointegrated among themselves, and

(A5) |¢| < 1, so that the model is dynamically stable, and a long-run relationship
between 7, and x; exists.?

We shall distinguish between two types of parameters, the parameters capturing
the short-run dynamics («g, ;1,3 and ¢), and the long run parameters on the
trended regressors, t and x;, defined by

B
0=——. 2.3
Applying the decomposition 1 — ¢L = (1 — ¢) + ¢(1 — L) to (2.1), y; can be
expressed as

Y = o+ 6t + 0'x; + vy, (2.4)

D ¢
“_1—¢>_(1—¢>)5’

Uy = Z ¢iut4 —¢ Z d)ieletfi-
i=0

=0

where

and

From (2.1) and (2.4) it is clear that y; and x; are individually I(1), but must be
cointegrated for (2.1) to be meaningful.! Similarly, we obtain

Vi1 = piy + 6t + 0'x; + Ky, (2.5)

where pi; = — 6, Ky = v;_1 — 0'e;, and Ky is an 1(0) process with variance o2.
Our main aim is to derive the asymptotic properties of the OLS estimators of
the short-run as well as the long-run parameters in the context of the ARDL(1,0)

3Tests of the existence of long-run relationships between y; and x;, when it is not known a
priori whether x; are I(0) or I(1), are discussed in Pesaran, Shin and Smith (1996).

4 A relationship between I(1) variables is said to be “stochastically cointegrated” if it is trend
stationary, while “deterministic cointegration” refers to the case where the cointegrating relation
is level stationary. For a discussion of these two types of cointegrating relations see Park (1992).



model, (2.1). For expositional convenience, we transform (2.1) to the partitioned
regression model in the matrix form as,

yr =Zrb+yr_1¢ + ur, (2.6)

where yr = (y1,..,yr), yr-1 = (Yo, -, yr—1), 70 = (1,..., 1), tr = (1,...,T),
XT = (Xl,...,XT)/, ZT = (TT,tT,XT), ur = (Ul,...,UT)/, and b = (040,041,/3/)/.
Since our main interest is in the long-run coefficients on trended regressors, ¢ and
x;, we also partition

Zr = (T7,87), Sp = (tr, X7), b_(o:jo)7c_(cg>’

where the dimensions of Zz, Sy, band care T'x (k+2), T x (k+1), (k+2) x 1
and (k + 1) x 1, respectively.

Theorem 2.1. Under the assumptions (A1) - A(5), the OLS estimators of ¢ and
c = (ay,8) in (2.6), denoted by ¢ and &z, respectively, are /T-consistent, and
have the following asymptotic distributions:

\/T@T—@iN{O,a—i}’ (2.7)

2
VT(ép —c) L N {0, ﬂAX} , (2.8)
where XA = (6,0") is a (k + 1) x 1 vector of the long run parameters on trended
regressors, t and x; , and rank(AX) = 1. In addition, the OLS estimator of
ap in (2.6), denoted by dor, is also V/T-consistent, but has the mixture normal
distribution. Deﬁnzng h=(b,¢) and Py, = (ZT, yr-1), and denoting the OLS
estimator of h by hp, the covariance matrix of hy can be consistently estimated
by L
V(hr) = 630 (P, Pz,) 7",

where 62, = T~ (yp — Py hy) (yr — Py hy), and V(hy) is asymptotically sin-
gular with rank equal to 2.

Theorem 2.1 shows that despite the presence of stochastic and deterministic trends
in the ARDL model, the OLS estimators of the short-run parameters are /-
consistent.” The second and more important finding is that the OLS estimators

®Similar results can also be obtained in the case of regressors with higher order trend terms
such as t2, 3, ..., or 1(2), I(3), ..., variables.
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of the coefficients on the trended regressors, a; and 3, in (2.1) are asymptoti-
cally perfectly collinear with the OLS estimator of the coefficient on the lagged
dependent variable, ¢; namely,

VT { (&7 — o) + A(dr — 0)} = 0,(1). (2.9)

One interesting implication of this result is that the t-statistics for testing the sig-

nificance of individual impact coefficients on the I(1 ) regressors are asymptotically

equivalent, namely t; —t; = 0,(1 ) for ¢ # j, and ts —ta = 0,(1).% Furthermore,
i J

t5 —ta_g) = op(1). Relation (2.9) in conjunction W1th

¢r —c) +)A‘(<AbT )
(1—or)

also yields an important result familiar from the cointegration literature, which
we set out in the following theorem:

Ar— A= ( : (2.10)

Theorem 2.2. Under assumptions (A1) - (A5), the ARDL-based estimators of
the long-run parameters, given by 67 = dur/(1 — ¢p), and Oy = ﬁT/( o7),

converge to their true values 6 and 0, respectively, at the rates, T3 and T. A]so
asymptotically, T2 (7 —6) and T(87—8) have the (mixture) normal distributions,

and therefore,

0.2

QETDE;(S‘T —A)~N {07 (1_—u¢)glk+1} ) (2.11)

Where = (6T, ) QST DSTS/ HTSTDSTa ST = (tT,XT), HT = IT —
TT(TTTT) Lrl., and Dg, = Diag(T~3, T I}).

The finding that the estimator of @ is T -consistent is known as the “super-
consistency” property in the cointegration literature. Since the limiting distri-
butions of T2 (7 — §) and T(87 — ) are (mixture) normal, optimal two-sided
inferences concerning 6 and @ are possible. Notice also that the covariance matrix
of the estimator of A simply depends on the inverse of the (scaled) demeaned
data matrix and the spectral density at zero frequency of (1 — ¢L) u;, namely
02/(1 — ¢)?. Once again, this finding is in line with the results already familiar
from the cointegration literature. (See Section 4 for further discussions.)

For large enough T' we have ty, ~(1—¢)(0k/0u). This explains the relatively low t-ratios

often obtained for short-run coefﬁClents in ARDL regressions with I(1) variables, especially when
¢ is close to unity.

[7]



Hypothesis testing on the general linear restrictions involving the k£ + 1 di-
mensional long-run parameter vector, A, can be carried out in the usual manner.
Consider the g linear restrictions on A,

RA=r,

where R is a g x (k+ 1) matrix and r is a g x 1 vector of known constants. These
restrictions can be tested using the Wald statistic,

W = (RAr—r) {RCOU(S\T)RI} (RAr — 1) (2.12)

::(RAT_ry{< 0¢w

uT

(STHTST)} (RAr —1).

Of special interest is the t-statistic on the individual coefficients given by

ti:M, i=1,..,k+1, (2.13)

where the standard error of the i-th coefficient is consistently estimated by

~2
§ = | — L (SL.HSp)7,
’ ¢O—¢ﬂ( rSr)i

and (S5 H7Sr);;! denotes the i-th diagonal element of (S}, HTST) 1. By Theorem
2.2, the Wald statistic in (2.12) follows the asymptotic x? distribution with g
degrees of freedom, and ¢? in (2.13) is distributed asymptotically as a x? variate
with one degree of freedom.

It is worth noting that the results in Theorem 2.2 equally apply to the purely
autoregressive model with deterministic trend,

y=aot+art+ oy 1 tu, t=1,..T, (2.14)
and to the ARDL(1,0) model without a deterministic trend,
Yt = a0+ﬁlxt+¢ytfl+ut7 t= 17“'7T' (215)

For completeness the asymptotic results for these models are summarized in The-
orems 2.3 and 2.4.

Theorem 2.3. Under the assumptions (A1) and (A5), the OLS estimators of
ap, ap and ¢ in (2.14), denoted by éor, dur, and gZ)T, are all \/T-consistent, and
asymptotically normally distributed. In addition, /T (617 — o) and VT (¢p — o)
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are perfectly collinear asymptotically and the covariance matrix of (&or, G, &)T)
is asymptotically singular with rank equal to 2. Furthermore, the estimator of the
long run parameter §, computed by d17/(1 — ¢7), has the following asymptotic
distribution:

T2 (bp — 8) & N{O’%ﬁ)?}' (2.16)

Theorem 2.4. Under assumptions (A1) - (A5), the OLS estimators of a, 3 and
¢ in (2.15), denoted by &y, BT, and ¢T are \/T-consistent, and have the asymp-
totic (mixture) normal distributions. In addition, VT (éqr —on) and /T (¢p — @)
are perfectly collinear asymptotically and so the covariance matrix of (Gor, BT,
gAbT) is asymptotically singular with rank equal to 2. Furthermore, the estimator
of the long run parameter 0, given by 87 = B,/(1 — ¢,), has the mixture normal
distribution asymptotically, and

QL 7(0r—0) L N {o ﬁxk} (2.17)

where QXT = TﬁQXITHTXT.

Before considering a more general specification of the ARDL model, we examine
the relation between the standard errors of the estimator of the long-run para-
meter, 0, obtained from our asymptotic results and the standard errors obtained
from the so called “delta” method (A-method for short). For ease of exposition
we consider the simple model (2.15), and without loss of generality focus on the
case where x; is a scalar (i.e., k = 1). From Theorem 2.4 we have

. T ;o ) 2
QL Ty —0) = |Sw— 27| (r—0) 4 N {o, —} (2.18)
r —~ (1-9)
where Qg = T2/ (2, — 2)? and £ = T'3, 2,7 Hence a consistent
estimator of the variance of 67 is given by

~2
N O-’LLT 1

() e S —
(o) (1= ¢7)? > (v — 7)?

"In the case where w; is 1(0) we have the same asymptotic result given by (2.18); that is,
since T~ 'x}Hyxy = O,(1) and VT (01 — 0) = O,(1), hence

(2.19)

(T Hyxr) TV (07 — 6) = [Z(l‘t - 90)2] (Or—0) ~ N {0, T iud))g'} .

t=1

[9]



The computation of the variance of 87 by the A-method involves approximating

~

1 —or
by a linear function of U, = (BT, &T)’ , and then approximating the variance of

01 by the variance of the resulting linear function. Denoting the estimator of the
variance of 1 by Va(fr1), we have

VA(éT) _ 59(‘i’T)>/V(\i,T) (59(‘i’T)>

éT = g(\i’T)

G‘ilT a‘jilT
— 1A
1 Br | 2 LT
= A~ ~ O-uT(RTHTRT) N ’
_1 —¢r (1- ¢T)2] Br
(1—¢7)?

where Ry = (x7,yr—_1). After some algebra VA(éT) can be expressed as

WAL . 511 SWoa—9? =S — 9w — )
Valhr) = —2uT 1,0p| — t=1 - Yy B Yt—1 ZJ_ t
A( T) (1 . ¢T)2 [ T} Dy [ - Z(yt—l . y)(xt . 33) Z(zt - 3?)2
(2.20)
where the bar over the variable denotes the sample mean, and

Dr = [Z(zt - 57)2] [Z(ytl - 33)2] - [Z(ytl — i) (e — f)] :

t=1 t=1 t=1

Using (2.5), recalling that § = 0 and defining ¢, 1 = y4 1 — ¥, & = 2; — T and
K¢ = Ky — K, we also have

gt,1 - (9:7515 + /‘ZLt, (221)
where &; follows a general linear stationary process. Substituting this result in
(2.20), we obtain

Taor) = o SR+ (O — 0P YL 3~ 2000 — )X Wit
(1— ¢p)? (T w0 /) — (0L, #4ky)2

Since &; is 1(0) and #; is I(1), using the results familiar in the literature (see, for
example, Phillips and Durlauf (1986)), we have

(2.22)

T T T
TN k= 0,(1), T2 & =0,(1), T iz = O,(1).
t=1 t=1 t=1

[10]



~

Also from the result of Theorem 2.4 we know that T'(6r — 0) = O,(1). Hence,
taking probability limits of the right hand side of (2.22) as T — oo, we have
N o 1

Valbr) = (1 —u¢)2 72T (2, — )2 FonlL):

Therefore, the standard error for the estimator of the long run parameter, @,
obtained using the A-method is asymptotically the same as that given by (2.19),
which was derived assuming that z; is I(1). One important advantage of the
variance estimator obtained by the A-method over the asymptotic formula (2.19)
lies in the fact that it is asymptotically valid irrespective of whether x, is I(1) or
I(0), while the latter estimator is valid only if x; is I(1).

The two variance estimators clearly differ in finite samples. Notice that (Zthl TiFig)?
is asymptotically negligible compared to other terms in (2.22), but it may not be
negligible in finite samples, especially when Z; and &, are correlated. For a com-
parison of the small sample properties of the two variance estimators see the
Monte Carlo results reported in Section 5.

3. General Autoregressive Distributed Lag Models with a
Deterministic Trend and I(1) Regressors

So far we have derived the estimation and asymptotic results for the simple
ARDL(1,0) model under the two strong assumptions (A1) and (A3). These as-
sumptions, however, are too restrictive in the time series analysis, and so the
estimation procedures developed in Section 2 are not expected to be robust to
the violation of these assumptions, because the limiting distributions of the OLS
estimators would then be inconsistent and/or depend on nuisance parameters.

We first relax the assumption (A1) and allow for the possibility of the error
process in (2.1) to be serially correlated. To deal with this serial correlation we
consider the ARDL(p, ¢) model,®

G(L)yr = ag + ant + B'(L)x; + uy, (3.1)
where ¢(L) =1 -0, ¢;L7, and B(L) = 3 1_, B;L7, and assume

(A1) The scalar disturbance, u;, in the ARDL(p, ¢) model (3.1) is iid(0, 02).

8For convenience we use the same notation u; for the disturbance terms in (2.1) and (3.1). In
practice the order of the lag polynomials operating on different elements of x; could be different.
But this does not affect the asymptotic theory presented below.
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Using the decomposition B(L) = B(1) + (1 — L)B"(L), where B(1) = > _, B;,
B*(L) = Z?;é B;L7 and B = — > izj11 B (3.1) can be rewritten as

q—1

O(L)y = og + ot + B'x¢ + Z B Axy_j + uy, (3.2)

=0
where we have used 8 = (3(1). Similarly, applying the decomposition ¢(L) =
(1) + (1 = L)¢*(L) to (3.2), where ¢(1) = 1= 327, ¢, ¢*(L) = 32775 ¢jL/ and
¢; = Zf=j+1 d’ia we have

q—1

¢(1)y: = ap + aut + B'%; + Z B Axe_j — ¢"(L)Ays + uy. (3.3)

=0
Also from (3.1), we obtain

Ay = [p(L)] " {on + B'(L)Ax; + Auy}.
Substituting for Ay, in (3.3) we have

(8w -swWew " BwyY ,  {1-0-Deww] "}

y = 5t+0'x,
b = Hotort Ot o(0) o)

Uy,

(3.4)
where
e € P R
=m0 T
Now it is easily seen that
(1= DF() = (1= DEDBEIBE) g g
(1) ’
and
1-(1-L)¢ (L) [6(L)] " _ 1—{e(L) — ¢V} [$(L)] " _ -
where 8(L) = B(L)/¢(L). Using these results and the decomposition (L) =

= ¢(
6(1) + (1 — L)0"(L), where 6"(L) = 72 0;L7 and 0] = —>°°. | 6; in (3.4) we
obtain
Ye = g + 6t + 0'x;, + 0" (L)Ax + [¢(L)] " uy. (3.5)
Matching the regressors on the right-hand-side of (3.2) with those in (3.5) we

finally obtain
q—1

Yi = Mo + ot + 9/Xt + Z O;IAXt_j + Kot, (36)

J=0

[12]



where ko, = 3200 0%, + [¢(L)] " uy. Similarly,

Jj=q ")
q—1
Yt—i = My + ot + 0/Xt + Zg;jAthj + Kit, 1= 17 Ry (37)
Jj=0

where p; = pg—16,1=1,...,p,
-0 ifi>y . :
= <171<qg— =1,..
8ij {9;1 ifigj},()_y_q Li=1,..p,

and

o — Py 07 e i+ [O(L)] g fori <gq (3.8)
T O ey 0 (De + [G(L) My forisq [

As in the previous section, we rewrite the ARDL(p, ¢) model (3.2) in matrix
notations in the partitioned regression form,

yr = Grf+Yr¢+ur (3.9)
= aoTr + Src+ WrB" + Yré + ur,
where yr = (ylﬂ ) yT)Iﬂ Y1,—-i = (yl—i7 SE) yT—i)l7 fori = ]-7 - Dy YT = (YT,—la ) YT,—p)7
AXT7_]‘ = (AXl_j, ceey AXT_]') fOI'j = 0, ey q—l, WT = (AXT@7 AXT7_1, ey AXT7_q+1),
T — (1,...,1)/, tT = (1,...,T)/, XT = (Xl,...,XT)I, GT = (TT,tT,XT,WT) =

(TT>ST7WT)7UT = (ulw“auT),af: (Oéo,C/,ﬂ*l),,C: (alwgl)/aﬁ* ( PR 7ﬁ )
and ¢ = (¢, ..., ¢,)". Note that the dimensions of Y7, Gr, ¢ and f are T X P, T X
(k+kq+2), px1and (k+ kq+2) x 1, respectively.

Theorem 3.1. Under assumptions (A1) and (A2) - (A5), the OLS estimators of
¢ and ¢ = (ay,3) in the ARDL(p,q) model (3.9) are \/T-consistent and have
the following asymptotic distributions:

\/T(&ST - ¢) ~ N {Oa JiQ;(I} ’ (3'10)
where Q[ is the pxp positive definite covariance matrix of (K1, Kat, ..., kpt)' defined
by (3.8), and

VT(&r —¢) £ N {0,027, Qi m, AN}, (3.11)
where A = (6,0')', T, is the p-dimensional unit vector, and rank(AX") = 1. The

OLS estimators of ag and B*, denoted by Gor and B*T, are also v/T-consistent, and
have the mixture normal distributions, asymptotically. The covariance matrix for
all the short-run parameters, h = (f', ¢)’, is asymptotically singular with rank
equal to kq + 2, and can be consistently estimated in the usual way by

V(hy) = 627(P6, Po,) ",
where P, = (Gr,Yy), and 6%, = T~ (yr — Pg, hy) (yr — P, hy).
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From Theorem 3.1 we also find that \{T(&g — o) and VT (B, — B) are asymp-
totically perfectly collinear with \/T(d)T — ¢); that is,

VT { (&7 =€)+ Albr(1) = 6(1)]} = 0,(1). (3.12)
where ¢p(1) =1 — > .- Tt is also straightforward to show that

S A (Er=0) + A1) — 6(1)] (3.13)

or(1)
Using Theorem 3.1, and results (3.12) and (3.13), we have:

Theorem 3.2. Under the assumptions (Al)" and (A2) - (A5), the OLS estimators
of the long-run parameters, Ay = (3T91T)’ = &r/op(1) in (3.9), converge to
their true values at faster rates than the estimators of the associated short-run
parameters, and follow the mixture normal distribution asymptotically. Therefore,

1 R 2
QL Ds!(Ar —A) LN {o, ﬁlm} , (3.14)

where Qg and Dg,. are as defined in Theorem 2.2.

Comparing Theorems 2.2 and 3.2, we find that the presence of the I(0) stationary
regressors in (3.9) (i.e., additional lagged changes in y; and the lagged changes
in x; which are introduced to deal with the residual serial correlation problem)
does not affect the asymptotic properties of the OLS estimator of the long run
coefficients, 6 and 6. Therefore, inferences concerning the long-run parameters
can be based on the same standard tests as given by (2.12) and (2.13). In this
more general case, however, the expression for the asymptotic variance of A7 is
still given by (2.11), but with 02 /(1 —¢)? replaced by the more general expression,
au/[¢(1)]%.

We now relax assumption (A3) and allow for the possibility of endogenous
regressors, but confine our attention to the case where Ax; can be represented by
a finite order vector AR(s) process,’

P(L)Ax, = &, (3.15)

where P(L) =1, —> 7, P;,and P;, i =1, ..., s, are the k X k coefficient matrices
such that the vector autoregressive process in Ax; is stable. Here €; are assumed

90ur analysis can also allow for the inclusion of lagged Ay’s and a drift term in (3.15) without
affecting the results presented below. On this see Boswijk (1995) and Pesaran, Shin and Smith
(1996).
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to be serially uncorrelated, but possibly contemporaneously correlated with wuy;
namely, we assume that ¢, = (ut,e}) follows the multivariate iid process with
mean zero and the covariance matrix,

2
Tu e } . (3.16)

e = { s, 3.

We will, however, continue to assume that Cov(u¢—;,€:—;) = 0 for ¢ # j. No-
tice that despite this assumption the model is still general enough to allow not
only for the contemporaneous but also for cross-autocorrelations between u,; and
Ax;. With assumption (A3) relaxed, the OLS estimators in (3.1) are no longer
consistent. To correct for the endogeneity of x;, we model the contemporaneous
correlation between u; and g; by the linear regression of u; on &;

u, = d'ey + 1y, (3.17)

where using (3.16) we have d = £ '3/ _| and ¢, is strictly exogenous with respect

to n,.1% Substituting (3.15) in (3.17) we obtain:
u; = d'P(L)Ax; + 1, (3.18)

where Ax; ;’s, i = 0,...,s, are also strictly exogenous with respect to 7,. The
parametric correction for the endogenous regressors is then equivalent to extending
the ARDL(p, ¢) model (3.2) to the more general ARDL(p, m) specification,

m—1

A(L)yy = apg + art + B'%; + Z W;AXt_j + 1y (3.19)

J=0

where m = maz(q,s + 1), and w; = 3] — Pid, i = 0,1,2,...m — 1, Py = I,
B =0 fori>q,and P; =0 for i > s.
We now replace assumption (A3) by

(A3)" The scalar disturbance 7, in (3.19) is 77d(0, 7 ), and Ax, follows the general
stationary process given by (3.15). Furthermore, n, and &; are uncorrelated

such that x; and Ax;_;’s 7 = 0, ..., m—1, are strictly exogenous with respect
to n, in the ARDL(p, m) model (3.19).

There are two main differences between the ARDL models defined by (3.2) and
(3.19). Firstly, the order of lagged Ax;’s in the two models can differ, and secondly,
the coefficients on Ax,’s and their lagged values have different interpretations.
Although this alters the dynamic structure of the model, the basic framework for
estimating the long-run parameters and carrying out statistical inference on them
is the same as before.

10The relation (3.17) will be exact when the joint distribution of u; and €; is normal.
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Theorem 3.3. Under the assumptions (A3)', (A4) and (A5), the OLS estimators
of the short-run parameters in (3.19), ao, a1, B, ¢y, ..., Gy T, .o, W1, are V1 -
consistent, and asymptotically have the (mixture) normal distributions. Further-

more, \/T(&r — ¢) is asymptotically perfectly collinear with /T [&T(l) - gb(l)],
where ¢ = (a1,3') and ¢(1) =1 —>" | ¢;, such that the covariance matrix for

the estimators of the short-run parameters is asymptotically singular with rank
equal to km + 2. The asymptotic distribution of the OLS estimators of the long-

run parameters, Ap = (STélT)’ — &p/¢p(1) in (3.19), are mixture normal and
therefore,

Do Ar- A 2N {0, -7 1 3.20

Q% Ds,(Ar —A) ~ O’WHI ; (3.20)

where o} is the variance of 1, in (3.19), and Qg and Dg, are as defined in

Theorem 2.2.

There are no fundamental differences between the results of Theorems 2.2, 3.2
and 3.3, as far as the estimators of the log-run parameters are concerned. A com-
parison of (2.11), (3.14) and (3.20) shows that the asymptotic distributions of the
estimators of the long-run parameters, S\T, under various assumptions discussed
above differ only by a scalar coefficient.

In sum, in the context of the ARDL model inference on the long run para-
meters, 6 and @, is quite simple and requires a priori knowledge or estimation of
the orders of the extended ARDL(p, m) model. Appropriate modification of the
orders of the ARDL model is sufficient to simultaneously correct for the resid-
ual serial correlation and the problem of endogenous regressors. Variances of the
OLS estimators of the long-run coefficients can then be consistently estimated
using either (3.20), or by means of the A-method applied directly to the long-
run estimators. Alternatively, one could compute the estimates of the long-run
coefficients and their associated standard errors using Bewley’s (1979) regression
procedure. Bewley’s method involves rewriting (3.19) as

_ % / 1 = ’ 1 — * Us
¢(L)yt - W +6t+0Xt+@ ]z; WjAXt—j - @ jz;gbjAyt_j +w, (321)

and then estimating it by the instrumental variable method using (1, ¢, x;, Ax,
AXt 1y ooy AXyimt1, Ye—1, Yt—2, .-, Yt—p) a8 instruments. It is easy to show that the
IV estimators of § and @ obtained using (3.21) are numerically identical to the
OLS estimators of § and @ based on the ARDL model (3.19), and that the standard
errors of the IV estimators from the Bewley’s regression are numerically identical
to the standard errors of the OLS estimators of 6 and @ obtained using the A-
method. (See, for example, Bardsen (1989).) The main attraction of the Bewley’s
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regression procedure lies in its possible computational convenience as compared to
the direct OLS estimation of (3.19) and computation of the associated standard
errors by the A-method.!!

Finally, we note in passing that the results developed in this section also apply
to the case where the underlying regressors, x;, given by (3.15), are 1(0). (See
footnote 7 and the Monte Carlo simulation results in Section 5.)

4. A Comparison of ARDL and Phillips-Hansen Procedures

Here we focus on the case where there exists a unique cointegrating relation be-
tween I(1) variables, y; and x;, possibly with a deterministic trend. The case
where there are multiple cointegrating relations among I(1) variables presents ad-
ditional difficulties and will not be discussed in this paper. (See Pesaran and Shin
(1995), and the references cited therein).

Consider the following cointegrating relation

Y = p+ 6t + 0'x; + vy, (4.1)

AXt = €. (42)

Although the OLS estimator of € is shown to be T-consistent, (see Stock (1987)),
it has also been found that the finite sample behavior of the OLS estimator is
generally very poor (see, for example, Banerjee et. al. (1986)). Especially, in the
presence of non-zero correlation between v; and e;, OLS estimators of 8 in (4.1)
are often heavily biased in finite samples, and inferences based on them are invalid
because of the dependence of the limiting distribution of the OLS estimators on
nuisance parameters. For details see Phillips and Loretan (1991).

Broadly speaking, there are two basic approaches to cointegration analysis: Jo-
hansen’s (1991) maximum likelihood approach, and Phillips-Hansen’s (1990, PH)
fully modified OLS procedure.!?> The ARDL approach to cointegration analysis
advanced in this paper is directly comparable to the PH procedure, and we shall,
therefore concentrate on this method. PH assume that v; and e; in (4.1) and (4.2)
follow the general correlated linear stationary processes:'?

vy = Ai(L)u, e = Ag(L)ey, (4.3)

UFor a computer implementation of the ARDL approach using the A-method see Pesaran
and Pesaran (1997).

12There are also other related procedures such as the original two-step method of Engle and
Granger (1987), the leads and lags estimation procedure suggested by Saikkonnen (1991) and
Stock and Watson (1993), and the canonical method by Park (1992).

13For more details see Phillips and Solo (1992).
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where ¢, = (uy, €})" are serially uncorrelated random variables with zero means

and a constant variance matrix given by (3.16). Assuming A;(L) and Ay (L) are
invertible, (4.1) can be approximated as an ARDL specification by truncating
the order of the infinite order lag polynomials [A;(L)] " and [Ay(L)]™" such that
o(L) ~ [A1(L)]"" and P(L) ~ [Ay(L)]™", where the orders of the lag polyno-
mials ¢(L) and P(L) are denoted by p and s, respectively. Then we obtain the
approximate finite-dimensional ARDL(p, m) specification,

O(L)yr = {¢>(1)M +6¢' (1)} + 86(1)t + (L)% + B 2L P(L)AX, + 1y, (44)

where ¢'(1) = = >7_, i¢;, m = maz(p, s+ 1), and by construction x; (and Ax,’s)
are uncorrelated with 7,.!* Notice that (4.4) is of the same form as (3.19), with
the following relations among their parameters: ag = ¢(1)u + 6¢'(1), ay = §¢(1),
B = ¢(1)8, 7' (L) = ¢*(L)0' + X, X 'P(L), where ¢*(L) is defined by ¢(L) =
#(1) + (1 — L)¢p*(L). Therefore, the ARDL specification (4.4) and the static
cointegrating formulation, (4.1) and (4.2), represent alternative ways of modelling
the serial correlation in v;’s and the endogeneity of x;.

Here we examine the PH estimation procedure in the context of the ARDL
approximation for the y; process given by (4.4). Assuming that &, = (v, €}) in
(4.1) and (4.2) satisfy the multivariate invariance principle, the long-run variance
matrix of £, is given by'®

Qg=1;ggg{ ZstsﬁT Z[Z &, + Zst s” (4.5)

Jj=1 Li=j+1 t=j+1

where the lag truncation parameter ¢ increases with 7', such that ¢/T — 0, as
T — oo. We also define

Ag = Plim 77! {Z €&+ Z Z €i } (4.6)
Jj=11t=j+1

and partition €2, and A, conformably to &, = (v, €})’,

va Q’Ue _ A’U’U A’Ue
2 = {Q QJ’A“{AW Aee}

Although the use of the consistent estimator of the long-run variance matrix may
solve the serial correlation problem of v;, this does not address the endogeneity

4 As before, n, = up — Lyl

15The random sequence {€,} is said to satisfy the multivariate invariance principle if it is
strictly stationary and ergodic with zero mean, finite variances, and spectral density matrix
fee(w) > 0. See Phillips and Durlauf (1986) for details.
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problem. To deal with the cross-correlations between v, and current and lagged
values of e;, PH consider the modified error process, denoted by v,", which is
obtained from the regression of v; on ey,

vf = - Qe Qe (4.7)

and v;" is not correlated with e; by construction. Then, the long-run variance
matrix of £ = (v, €})’, denoted by Qf, is block diagonal; that is, Qf =
diag(wy.c, Qee ), where

Wy.e = Wyy — Qveﬂe_elgeva (48)

is the conditional long-run variance of v; given e;. Combining (4.7) with (4.1) we
have the modified “static” cointegrating relation,

Yo = p+ ot + 0%+, (4.9)

where ;" = y; — Q. Q. Ax;. There is still a bias term remaining in (4.9) because
of the correlation between x, and current and lagged values of v;", which is given
by AL = A, — A2 'Q.,. Removing this bias leads to the Phillips-Hansen
fully-modified OLS estimators,

iy 0

bp | = (ZyZr) " {Zhyt— | 0 | $TAL, (4.10)
0. Tk

T

where Zr = (77,t7,Xr), T4 is the k-dimensional column unit vector, and ¥
and A7 are consistent estimators of y;” and A respectively.
Since the asymptotic distribution of the PH estimators of the coefficients on ¢

and x; (standardized by T2 and T, respectively) is (mixture) normal, we have
1 1,35+ a
QZ Dg, (Ar = A) ~ N {0, wyelpa}, (4.11)

where 5\; = (3;, @;/)’ . This is directly comparable to the asymptotic result in
(3.20) obtained using the ARDL estimation procedure. First, we find that the
estimators of the long run parameters obtained using both the ARDL and the
PH estimation procedures have the mixture normal distributions asymptotically,
and standard inferences on @ using the Wald test are therefore asymptotically
valid. The main difference between the ARDI-based estimators and the fully-
modified OLS estimators lies in the computation of the long-run variance of the
disturbances in the cointegrating regression. In the case of the ARDL estimation
procedure the long run variance is given by o7 /[$(1)]?, while in the case of the
PH estimation procedure the long run variance is given by w,... But as Theorem
8 below shows, o7 /[¢(1)]* and w,.. are identical for the ARDL specification (3.19)
(or (4.4)).
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Theorem 4.1. In the context of the ARDL specification (3.19) or (4.4), the long-
run variance of the Phillips-Hansen modified error process, v; in (4.9) (denoted
by wy.e) is equal to o2 /[¢(1)]?, which is the spectral density at zero frequency of

[@(L)] " n, in (3.19).

5. Finite Sample Simulation Results

In this section, using Monte Carlo techniques, we compare finite sample properties
of the Phillips-Hansen fully-modified estimators of the long-run parameters with
the ARDL-based estimators. In the case of the ARDL procedure we consider
two different estimators of the variance of the long-run parameter, namely the
asymptotic formula (2.19), which is valid only for I(1) regressors, and the A-
method formula given by (2.20), which is valid more generally, irrespective of
whether the regressors are I(1) or I(0). We also include the OLS estimators of the
long-run parameters in the static cointegrating relation as a rather crude bench
mark of interest.

We consider the following data generating process (DGP), where the observa-
tions on y; and x; are generated according to the finite-order ARDL (1,0) model:

Y = o+ QY1 + Bxy + Uy, (5.1)

Ty — Y1 = p (T — PTp1) + &4, (5.2)

t=1,...,T, where (u,e;) are serially uncorrelated and are generated according to
the following bivariate normal distribution:

(% )~>ioa= (L, )} 53)

We set « = 0, f =1, p = 0.2, and experiment with the following parameter
values: ¢ = (0.2,0.8), w12 = (—0.5,0.0,0.5), and T' = (50, 100, 250).

We carry out two sets of experiments: In the first set (Experiments 1) we fix ¢
at 1 and therefore, generate x; as an I(1) process. In the second set (Experiments
2) we set ¥ to 0.95 such that x; is I(0) but with a high degree of persistence. It is
worth noting that in general (irrespective of whether x; is I(1) or I(0)), the long
run parameter on z; in (5.1) is given by

_ B+ (1 = Y)wiy

1—¢ ’
and 6 will be invariant to the parameters of the x; process only if wis = 0 (i.e.,
x; is strictly exogenous in (5.1)) and/or when ¢ =1 (i.e., a; is I(1)). For a more
general treatment of this issue see Pesaran (1997).

0
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Before discussing the simulation results, notice that when w5 = 0, the correct
specification is the ARDL(1,0) model, and when wqy # 0, it is the ARDL(1,2)
model. (See Section 3). But since in general the true order of the ARDL model is
not known a priori, we estimated 30 different ARDL models, namely ARDL(p, m),
p=12..,5 m=0,1,2,..5, and used the Akaike Information Criterion (AIC),
and the Schwarz Criterion (SC) to select the orders of the ARDL model before
estimating the long-run coefficients and carrying out inferences. The estimates
obtained by these two-step procedures will be referred to as ARDL-AIC, and
ARDL-SC, respectively.

The simulation results are summarized in Tables 1la-1f and 2a-2f for Experi-
ments 1 and 2, respectively. Summary statistics included in these tables are:

Bias = 0y — to, where 6y is the true value of the long-run coefficient 6, Op is the
mean of the estimates of 6 across replications, i.e., g = Zle 0;/R and R
is the number of replications,

STDE 6 = Standard error of the estimator, 91', across replications,

RMSE = The root mean squared error of 0;, (\/Rl S (6 - 90)2) ,

Mean t = Average t-statistic for testing 6 = 6, against 0 # 0,

STD t = Standard deviations of the t-statistic for testing 6 = 6, against 6 # 6,
SIZE = Empirical size of the t-test of the null hypothesis § = 6, against 6 # 6,
POWER™ = Empirical power of the t-test under the alternatives § = 1.056,,

POWER ™~ = Empirical power of the t-test under the alternatives 8 = 0.956,.

The nominal size of the tests is set at 5 percent, and the number of replications
at R = 2,500.'6

Tables la-1f summarize the results for the correctly specified ARDL model
(namely the ARDL(1,0) when wis = 0, and the ARDL(1,2) for w2 # 0), the
estimates based on ARDL-AIC and the ARDL-SC procedures, and the Phillips-
Hansen fully modified estimators based on the Bartlett’s window for window sizes
0, 5, 10, 20 and 40, which are reported under PH(0), PH(5), etc.

In the case where wis = 0, the bias of the ARDL estimators is much smaller
than that of the PH estimators. The extent of the bias crucially depends on the
value of ¢, and not surprisingly increases as ¢ is increased from 0.2 in Table 1a

16Tn a very small number of replications ¢(1) was estimated to be in excess of 0.99. These
cases are not included in the summary results.
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to 0.8 in Table 1d. Also the RMSE’s of the ARDL and the PH estimators are
very similar when ¢ = 0.2, but diverge considerably for ¢ = 0.8. As can be seen
from Table 1d, for T' = 50, the RMSE of the ARDL estimators is about one-third
of the RMSE of the PH estimators. The empirical sizes of the ARDL procedure
are much more satisfactory than the ones obtained using the PH fully modified
estimators. When w5 = 0, the sizes of the tests based on the ARDL estimators
are generally reasonable and much nearer to their nominal size of 5 percent, than
the sizes of tests based on the PH estimators.

Empirical sizes of the tests based on the ARDL estimators computed using the
A-method tend to be much closer to their nominal values, than those computed
using the asymptotic formula. This is particularly so when 7' is small. Therefore,
in what follows, we shall focus on the ARDL test statistics that are computed
using the A-method.

Another general feature of the simulation results is the slight superiority of the
ARDL-SC method over the ARDL-AIC procedure; which is in accordance with
the fact that the SC is a consistent model selection criterion, while the AIC is
not. (See, for example, Liitkepohl (1991, Chapter 4)).

Finally, there is a clear tendency for the tests based on the PH method to
over-reject in small samples, and the extent of this over-rejection increases with
¢, and declines only slowly with the sample size, T. For example, for ¢ = 0.8
and T = 100, the empirical sizes of the t-tests based on the PH method exceed
41 percent for all the five window sizes, and even for T' = 250 do not fall below
20 percent. (See the column headed “SIZE” in Table 1d). By contrast the size of
the test based on the A-method in Table 1d is reasonable even for T = 50. For
the correct ARDL(1,0) specification, the size of the test based on the A-method
is 7.2 percent and increases to 12.8 and 8.6 percents for the ARDL-AIC and the
ARDL-SC procedures, respectively.

Similar results are obtained in the case where w5 = 0.5, and hence z; and u;
are contemporaneously correlated. The ARDL estimators are now substantially
less biased than the PH estimators. (See the column headed “BIAS” in Table
le). Once again the performance of the PH estimators improves with the sample
size, but very slowly. For T' = 250, the bias of the PH estimators for the most
favorable window size is still around -0.14, but the biases of the ARDL estimators
lie between -0.0017 and 0.0024. The size performance of the two test procedures
also closely mirrors these differences in the degree of biases of the estimators.
The empirical size of the tests based on the PH method ranges between 60 to 85
percent for T' = 50, and falls to around 21 percent for 7' = 250 and a window size
of 20. The size of the tests based on the ARDL procedure, when the A-method
is used to compute the variances, is at most 13 percent for 7' = 50, and lies in the
range 5.2 to 7.7 percent when T is increased to 250. (See Table 1le).
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Due to the large size distortions of the PH procedure, the results presented in
Tables la-1f do not allow proper comparisons of the power properties of the two
test procedures. But for T = 250 where the size distortion of the PH test is not
too excessive, the ARDL procedure consistently outperforms the PH method. For
example, in the case of ¢ = 0.8, w13 = 0.5, # =5, and T = 250, the power of the
ARDL procedure in rejecting the false null hypothesis, # = 0.956, is consistently
above 98 percent while the power of the PH method is at most 62 percent even
though its associated size is 85 percent! There seems also to be a tendency for the
power function of the ARDL procedure in the case where wyy # 0 and T small
to be asymmetric around 6 = 6y; showing a higher power for the alternatives
exceeding 0, as compared to the alternatives falling below 6.

The results for Experiments 2 with an I(0) regressor are summarized in Tables
2a-2f. These results are very similar to those obtained for Experiments 1. The
overall performances of the ARDL-based methods with variances estimated using
the A-method are satisfactory for most cases, though slightly worse than those
obtained for Experiments 1. (In particular, the biases are slightly larger and the
tests are less powerful.) But, the performance of the PH estimators are still very
poor, especially when 7" is small.

Overall, the simulation results show that the ARDL-based estimation proce-
dure based on the A-method developed in the paper can be reliably used in small
samples to estimate and test hypotheses on the long-run coefficients in both cases
where the underlying regressors are I(1) or I(0). This is an important finding since
the ARDL approach can avoid the pretesting problem implicitly involved in the
cointegration analysis of the long-run relationships. (Also see Cavanaugh et. al.
(1995) and Pesaran (1997).)

Before concluding this section, we note that the comparison of the small sam-
ple performance of the ARDL-based and the PH estimators is not comprehensive
in the sense that the data generating process we have used is biased in favor of the
ARDL procedure (see Inder (1993)). In this regard, it is more appropriate to con-
sider the relative performances of the ARDL and the PH estimators using more
general DGP’s, such as (4.1) and (4.2), that can allow for moving average error
processes. In the working paper version of this paper we also considered Monte
Carlo experiments using (4.1) and (4.2) as data generating processes. In one set of
experiments (called DG P2) we used first-order bivariate vector moving-average
processes to generate the errors, v; and e;, and in another set of experiments
(called DG P3) we generated v; and e; according to first-order vector autoregres-
sive processes. Neither of these DGP’s allows transformations of the model so
that x; could become strictly exogenous with respect to the disturbances of the
augmented ARDL model. We found that the simulation results based on these
DGP’s are less clear-cut, but the ARDL-based estimator using the A-method
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still outperforms the PH estimator in most experiments, especially for small T
Broadly speaking, the relative small sample performance of the two estimators
seems to depend on the signal-to-noise ratio, Var(e;)/Var(v;), with the ARDL
approach dominating the PH method when this ratio is low, and vice versa. This
is clearly an area for further research.!”

6. Concluding Remarks

The theoretical analysis and the Monte Carlo results presented in this paper pro-
vide strong evidence in favor of a rehabilitation of the traditional ARDL approach
to time series econometric modelling. The focus of this paper, however, has been
exclusively on single equation estimation techniques and the important issue of
system estimation is not addressed here. Such an analysis inevitably involves
the problem of identification of short-run and long-run relations and demands
a structural approach to the analysis of econometric models. The problem of
long-run structural modelling in the context of an unrestricted VAR model has
been addressed elsewhere. (See, for example, Johansen (1991), Phillips (1991)
and Pesaran and Shin (1995)). An alternative procedure, which takes us back to
the Cowles Commission approach, would be to extend the ARDL methodology
advanced in this paper to systems of equations subject to short-run and/or long-
run identifying restrictions. (See, for example, Boswijk (1995) and Hsiao (1995).)
We hope to pursue this line of research in the future; thus establishing a closer
link between the recent cointegration analysis and the traditional simultaneous
equations econometric methodology.

1"We are grateful to Peter Boswijk and an anonymous referee for drawing our attention to
this point.
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Appendix: Mathematical Proofs

. . p a ..
For notational convenience we use “—”, “=" and “~” to signify the convergence

in probability, the weak convergence in probability measure, and the asymptotic
equality in distribution. All sums are over t =1,2,...,T.

In the case where the regressors are stationary the usual method of deriving
the asymptotic distribution of the OLS estimators of the short-run parameters in,
for example, (2.1), would be to apply the Slutsky’s theorem to (P Pz,.)~' and
P, ur, separately, where Pz, = (77,tr, X7, y7r_1), after appropriately scaling
it by the sample size. (The appropriate scaling of P, P, in this case is given
by Dp, P, P’ Dp, where Dp, = Diag(T~7,T~2,T~'I;,T~").) This procedure
cannot, however, be applied to dynamic time series models with trended regres-
sors (irrespective of whether the trends are stochastic or deterministic), because
P, Pz, does not converge to a non-singular matrix even if the individual elements
of P, Pz, are appropriately scaled by the sample size.

In what follows the asymptotic theory will be developed using the partitioned
regression techniques and then writing individual elements of the OLS estimators
of the short-run parameters as ratios of random variables, thus avoiding the need
to apply the Slutsky’s theorem to (P, Pz,)~" directly.

Since Theorems 2.1 - 2.4 are special cases of Theorems 3.1 and 3.2, and can
be proved in a similar manner, we omit their proofs to save space.

Proof of Theorem 3.1.
Before deriving the asymptotic distributions of the OLS estimators of the short
run parameters in (3.9) we derive some preliminary results. Define

Akrur = T2 Kpur, Q. =T 'KyKr,

Do, Gy — [ Dy, Zyur } _ [ Ay } 7

qG u _1 !
T T 2‘Rfjﬂll’l’ qWTUT

D, Z Kr q
-D /K — 7T — Zp K
qGTKT GTGT T |: T_%W%KT } [ qWTKT Y
D, Z,Z:Dy,. T 3D, 7. W Q Q
— D~ GGrD — ZlT THT Y Zr ZrHAT VYT | Zp ZrWr
Qi = Dor GrGrDe; [TEW'TZTDZT T-'W;Wr Qe Quy

where KT = (K',lT, Ko, ..., K'pT) with K, = (Hila Ki2y veny K/iT)/ fori = ]_7 P, DGT =
Diag(T~2,T~2, T'I,T"21,,) and Dy, = Diag(T~2,T-2,T-'I;). Using the
results in Phillips and Durlauf (1986), it is easily seen that as T — oo,

QK rur i qKu, QKT ﬁ’ va (Al)
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Azu adzk
Yorur = Dou = |: Qe :| » Qopry = dox = |: awx :| ) (A.2)

Q. = Q, - [ Yoo } , (A3)

where Qxy, Qwu, AWk, Qy and Qyy are (finite) probability limits of k. uy, Awrurs
Aw, ks Qr, and Qu,., respectively, and qz,, qzx and Qz are functionals of
Brownian motions given by

B,(1) Bk(1)
qzu = f BU(T) , Azk = fO TdBK ) )
Jo BL(r)dBu(r) Jy BL(r)dBg(r)
! ;g
Qz = % % ( )dT’

fol BL(r)dr fol rB.(r)dr fo B’e r)Be(r)dr

By(r) is the scalar Brownian motion process with variance equal to r times o2
(since uy is not serially correlated), B(r) is a k-dimensional Brownian motion on
r € [0,1] with variance equal to r times the long-run variance of e;, and Bg(r)
is the p-dimensional Brownian motion on [0,1] with variance equal to r times the
long run variance of (K17, Kor, ..., Kpr). The long-run variance of a stochastic
process is given by 27 multiplied by the spectral density of the process at zero
frequency. Notice that Qz (or Qg) is of the full column rank by assumption (A4),
and the elements in Qz involving B.(r) are random even asymptotically.

Since Kir, Kor, ..., Kpr, and 1, ¢, x4, Axy, AXy_q,..., AX;_¢11 are all distrib-
uted independently of u; such that Bk (r) and B.(r) are independent of B, (r), it
follows that

k. ~ N (07 UiQH) » Uay ~ MN (Oa UiQG) ) <A4)
where M'N denotes the mixture normal distribution. For details concerning the
theory of the mixture normal distribution see, for example, Phillips (1991). How-
ever, this (mixture) normality result does not hold in the case of qgk, because x;
and Ax;_;’s (1 =0,...,q — 1) are correlated with Kk, i =1, ..., p.

The OLS estimators of f and ¢ in (3.9), denoted by fr and ¢y, satisfy the
relations, A

br— ¢ = (Yvél“l\/IGTYvT)_1 (Y;“MGTUT) ) (A5)

br— £ = (G4Gr) ™ [Grur — G Yr (67— 6) . (A.6)

where Mg, = Iy — Gp(GLGr) 'G/, with I being the T x T identity matrix.
Using (3.7), Y1 can be expressed as

Yr = GrT' + Kr, (A7)
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where

L

S & .. 6
I'= 6 66 --- 06 |’

g1 8 - 8

and g; = (giy, &1, 814 1) 15 a kg x 1 vector of parameters. Using (A.7) we have
Y/ M¢, Yr = K;Kr — Ky Gr (GLGr) ' GLK,
Y/ Mg, ur = Kyur — Ko.Gr (GLGr) ' Ghug,
where we used G7-Mg, = 0. Using (A.1) - (A.3), it can be shown that as T' — oo,
T (YrMea, Yr) = Qi +0,(1) = Qr, (A.8)

T3 (YyMe,ur) = Ay + 0p(1) 2 die (A.9)

Multiplying (A.5) by v/T', and using (A.8), (A.9) and (A.4), we obtain (3.10).
Next, substituting Y7 from (A.7) in (A.6), we obtain

Br—f = (G1Gr) ' Gpur —T ($r — ¢) — (G1Gr) ' GiKr (ér — @) . (A10)
Define A A

dp — (fT _ f) +T (¢T _ ¢) . (A.11)

Multiplying (A.11) by D¢}, using (A.1) - (A.3) and (A.10), and applying the

continuous mapping theorem (see, for example, Phillips and Durlauf (1986)), it
follows that

Dg‘;dT = Qg‘;qGTUT + Op(l) = Qaquu- (A'12)
Since qg,, is shown to be mixture normal in (A.4), hence
1 a
Q&quu ~ MN (07 JiQal) ) QéTDa;dT ~N (07 031k+kq+2) .

Next, pre-multiplying (A.12) by the diagonal matrix, Diag(1, T}, T-31, Ix,),
we have

1 0 O 0
0 77! 0 0 _
(00 O I,
(1.0 00 » 000
0000 . a 0O 00O
= looo o0 |QWau~MNIO T4 g )
|0 0 0 I 0 00 Qy



where Q% is the (1,1) element of Q,'. The above result can be rewritten sepa-
rately for agr, ¢r and ﬁ; as

VT (o7 = a0) + (111t i) VT ($r = @) = dzu +0,(1), (A14)
VT (&7 — ¢) + ATV/T ({bT - ¢) — 0,(1), (A.15)
VT (Br = B") + (81,82 8) VT (b1 — ¢) = Qutawa +0p(1),  (A.16)

where 7, is a p x 1 vector of unity and dz, ; is the first element of Q,'qz,. Using
(3.10) in (A.15) we obtain (3.11). It is also clear from above results that the
OLS estimators of ay and B* (standardized by v/T') have the (mixture) normal
distributions asymptotically.

Finally, using (3.10), (3.11), and (A.13)-(A.16), it is easily seen that a consis-
tent estimator of the variance of hy is given by V(hy) = cruT(P’GTPGT)*1 with

the rank of V(hy) being equal to kg + 2. B

Proof of Theorem 3.2.
Partition dy = (ar, s}, wh)" conformably to Gp = (77, Sr, Wr), then sr is
given by

sy = VT (& — ¢) + AT)V/T ({bT - ¢) . (A.17)
Using (A.10) and (A.11), (s, w})' can be expressed as
ST _ SITHTST S/THTWT - SITHTUT (A 18)
W W/THTST W/THTWT W,THTLIT '

[ SyHS:  SyHAWr ][ SpHK ({b B ¢>
W/THTST W&«HTWT W%HTKT r '

Let
ASruyr = DSTS/THTuTa QgT = DSTS,THTSTDSTy

where Dg, = Diag(T*%, T~1;). Then, it is also easily seen that as T — oo,

Aspur = Aou = ffoo ;,_ 2 jg (( )) : (A.19)
0. T Jo (r = H)Be(r)dr
Qz, = Qs = [fo _OB/(mdr [ BL(r)B.(r)dr ] : (A.20)



where B, (r) = B.(r) — fol B.(r)dr is a k-dimensional demeaned Brownian motion

on [0,1]. Since B.(r) is also distributed independently of B,(r), we obtain as in
(A4),
a3, ~ MN (0,02Qg) . (A.21)

Multiplying (A.18) by the diagonal matrix, Diag(ng{, T%), using (A.19)-(A.21)
and noting that

DSTS,THTWT = Op(l), T_IW/THTWT = Op(l),
Dgs, S, H Ky = 0,(1), T :W,HrKy = 0,(1),

we obtain
Dg;sT = leqéu X MN (0, angl) ,

and therefore,

1 a
Q2 Dg,sr ~ N (0,07111) - (A.22)
Finally, by (3.13) and (A.15) we have
~ ST
Ar — A== . (A.23)
¢r(1)

Multiplying (A.23) by QéTDng, using (A.22) and noting that ¢;(1) 2 ¢(1), we
obtain (3.14). W

Proof of Theorem 3.3 can be established in a similar manner and is omitted to
save space.

Proof of Theorem 4.1.

Consider the dynamic ARDL(p, m) model (3.19) (or (4.4)), and its static coun-
terpart (4.1). Applying the decomposition ¢(L) = ¢(1) + (1 — L)¢*(L) to (3.19)
we have

S LA L) N TR L) N A24
T B Y R TGV BT R
Substituting for Ay; = § + 6’ Ax; + Av, from (4.1) in (A.24), we have
_ ., (L) ne ¢(L) 4
Using (A.25), v; in (4.1) can be expressed as
w6, o
T YN e (420
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Deﬁning k, = (nta o, AXQ)/ _ (nta o, e;)/, and \I’(L) _ ﬁ’ _d)*(d]i()l()l_L)’ w/(L);g;(L)G

then the spectral density of v; = W(L)k; is given by

27 fou(w) = ¥ (™) Var(k,)®'(e”™),

where
0727 Op O
Var(k) = | o7, 02 D
0 X, 3.

Hence, the spectral density of v, at zero frequency is given by

o2t (1) — ¢ (1)) B [w(1) - ¢7(1)0)
27 fou0) = ST . (A2))

The Phillips-Hansen semi-parametric correction is equivalent to removing the sec-
ond part of (A.27), by subtracting the terms involving Ax; from v;. Using (A.26)
we have the following expression for the modified disturbance term, v;", in the
Phillips-Hansen’s procedure:

v =, — m'(L) — ¢*(L)0/A o ¢*(L) Av, = (LK,

(1) T e

where k; = (n,,v;), and (L) = [ﬁ,% . Therefore, the spectral

density of v;" at zero frequency is given by

2
U77

27 fyr0+ (0) = O (0)Var(k, )T (0) = [¢(1)]2

Using (4.7) we also have
foror(0) = Bfee(0)B,
where B = [1, —Q,.Q_']. By definition Q¢ = 27 f¢(0), and

0.2

27 futot (0) = BQgB' = Wyy — QveQ;}Qev =—1 .
(1))

Hence, by (4.8) wy.. = 07/ [H(1)]°. m
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