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On determination of cointegration ranks*

QIAOLING LI, JiazHu PANT AND QIWEI YAO

We propose a new method to determine the cointegration
rank in the error correction model (ECM). The cointegration
rank, together with the lag order, is determined by a penal-
ized goodness-of-fit measure. We show that the estimated
cointegration vectors are consistent with a convergence rate
T, where T is the sample size, and our estimation for the
cointegration rank is consistent. Our approach is more ro-
bust than the conventional likelihood based methods, as we
do not impose any assumption on the form of the error distri-
bution in the model. Furthermore we allow the serial depen-
dence in the error sequence. The proposed methodology is
illustrated with both simulated and real data examples. The
advantage of the new method is particularly pronounced in
the simulation with non-Gaussian and/or serially dependent
errors.

AMS 2000 SUBJECT CLASSIFICATIONS: Primary 62M10,
62P20; secondary 62H12.

KEYWORDS AND PHRASES: Cointegration, error correction
models, penalized goodness-of-fit criteria, model selection.

1. INTRODUCTION

The concept of cointegration dates back to Granger
(1981), Granger and Weiss (1983), Engle and Granger
(1987). It was introduced to reflect the long-run equilib-
rium among several economic variables while each of them
might exhibit a distinct nonstationary trend. The cointegra-
tion research has made enormous progress since the semi-
nal Granger representation theorem was presented in Engle
and Granger (1987). It has a significant impact in economic
and financial applications. While the large body of litera-
ture on cointegration contains splendid and also divergent
ideas, the most frequently used representations for cointe-
grated systems include, among others, the error correction
model (ECM) of Engle and Granger (1987), the common
trends form of Stock and Watson (1988), and the triangular
model of Phillips (1991).

From the view point of the economic equilibrium, the
term “error correction” reflects the correction on the long-
run relationship by short-run dynamics. The ECM has been
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successfully applied to solve various practical problems in-
cluding the determination of exchange rates, capturing the
relationship between consumer’s expenditure and income,
modeling and forecasting of inflation to establish monetary
policy, etc. One of the critical questions in applying ECM
is to determine the cointegration rank, which is often done
by using some test-based procedures such as the likelihood
ratio test (LRT) advocated by Johansen (1988, 1991). The
key assumption for Johansen’s approach is that the errors in
the model are independent and normally distributed. It has
been documented that the LRT may lead to either under-
or over-estimates for cointegration ranks; see Gonzalo and
Lee (1998), Gonzalo and Pitarakis (1998). Moreover, for
the models with dependent and/or non-Gaussian errors, the
LRT tends to reject the null hypothesis of no cointegra-
tion even when it actually presents; see Huang and Yang
(1996). Other methods based on tests to determine the rank
include Lagrange multiplier and Wald type tests, lag aug-
mentation tests, tests based on canonical correlations, the
Stock-Watson tests and Bierens’ nonparametric tests; see
Hubrich Lutkepohl and Saikkonen (2001) for a survey on
the relevant methods. More recently, Aznar and Salvador
(2002) proposed to determine the cointegration ranks by
minimizing appropriate information criteria for the models
with ii.d. Gaussion errors, and Kapetanios (2004) estab-
lished the asymptotic distribution of the estimate for the
cointegration rank obtained by AIC.

In this paper we propose a new method for determin-
ing the cointegration ranks in the ECM with uncorrelated
errors. We do not impose any further assumptions on the er-
ror distribution. In fact the errors may be serially dependent
with each other. This makes our setting more general than
those in the papers cited above. We first estimate the coin-
tegration vectors using a method which may be viewed as a
version of the reduced rank regression technique introduced
by Anderson (1951); see also Johansen (1988, 1991), Ahn
and Reinsel (1988, 1990), Bai (2003). We then determine the
cointegration rank by minimizing an appropriate penalized
goodness-of-fit measure which is a trade-off between good-
ness of fit and parsimony. We consider both the cases when
the lag order is known or unknown. For the latter, we de-
termine the cointegration rank and the lag order simultane-
ously. The simulation results reported in Wang and Bessler
(2005) support such a simultaneous approach. The numer-
ical results in Section 4 indicate that the new method per-
forms better than the conventional LRT-based procedures
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when the errors in the models are serially dependent and/or
non-Gaussian.

At the theoretical front, we have shown that the esti-
mated cointegration vectors are consistent with a conver-
gence rate T which is the same as that of the ML estimator
proposed by Johansen (1988, 1991). Furthermore, our esti-
mation for the cointegration rank is consistent regardless if
the lag order is known or not.

The rest of the paper is organized as follows. The esti-
mation for cointegrating vectors and its asymptotic proper-
ties are presented in Section 2. Section 3 presents a crite-
rion for determining cointegration ranks and its consistency.
Section 4 contains a numerical comparison of the proposed
method with the likelihood-based procedures for two simu-
lated examples. An illustration with a real data set is also
reported.

2. ESTIMATION OF COINTEGRATING
VECTORS

2.1 Vector error correction models

Suppose that {Y;} is a p x 1 time series. The error cor-
rection model is of the form
(1) AY; = p+T1AY: 1+ 4T, 1 AYs i1 +T0Yio1 ey,
where AY; = Y;—Y;_1, pis a px 1 vector of parameters, I'; is

a p X p matrix of parameters, and e; is covariance stationary
with mean 0 and

Q, T = 07
Eleter—r) = {0, otherwise.

In the above expression, €2 is a positive definite matrix. The
rank of I'g, denoted by r, is called the cointegration rank.
Note that we assume e; to be merely weakly stationary and
uncorrelated. In fact, e;, for different ¢, may be dependent
with each other.

Denote the transpose of a matrix A by A’. Let [|A] =
[tr(A’A)]Y/? denote the norm of matrix A. A p x (p —7)
matrix B, is called the orthogonal complement of a p X r
matrix B if (B, B) forms a p x p matrix and B| B = 0.
Some regularity conditions are in order.

Assumption A. The process Y; satisfies the basic assump-
tions of the Granger representation theorem (Engle and
Granger (1987)):

1. For the characteristic polynomial of (1) given by II(2)
(1—2)I—(1—2) ¥ Ty2' Ty, it holds that [T1(z)| =
implies that either |z| > 1 or z = 1.

2. It holds that 'y = o/, where v and « are p x r matrices
with rank (< p).

3.4 (I- Z::ll I';)a, has full rank, where v, and o are
the orthogonal complements of v and « respectively.

0
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Assumption B. The covariance stationary sequence {e;}
with mean 0 is strongly mixing and the mixing coefficients
B satisfy >0 Onl L2 < 5. Furthermore there exists a finite
positive constant 0 < M < oo such that Elle;]|* < M and
E|la'Y;_1||* < M for all ¢.

By the Granger representation theorem, if there are ex-
actly r cointegrating relations among the components of Yz,
and I'g admits the decomposition I'y = ya/, then avis a px 7
matrix with linearly independent columns and «'Y; is sta-
tionary. In this sense, « consists of r cointegrating vectors.
Note that « and « are not separately identifiable. The goal
is to determine the rank of o and the space spanned by the
columns of a.

2.2 Estimating cointegrating vectors

We assume that the cointegration rank r is known in this
section. The determination of r will be discussed in Section 3
below.

Model (1) can be rewritten as

(2) AY; = 00X, +va'Y;_q + ey,

where
6= (/’(‘arla"'ark—l);
Xe = (LAYt/—la e '7A}/t/—k+1)/'
Denote
A T
90 = Z ZXt ’
t=1
. T
0 = Z 1 X, ZXt ,
T
0, = Z ZXt

Then it is easy to see from (2) that

3)

Now replacing © in (2) by (3), (2) reduces to

(4)

where Ror = AY;
- @2Xt.
We may estimate the cointegration parameters v and «
by solving the optimization problem

0= éo — ’)/O/él — ég.

Rot = va/ Ryt + €},
— 00Xy, Ry = Vo1 — 01X, and ¢f =

T
(5) mln Z Rot — v’ Riz) (Rot — o/ Ryy).

Although this can be considered as a standard least squares
problem, we are unable to derive an explicit solution for «
even with the regularity condition to make it identifiable.



Note that for any given «, the sum in (5) is minimized at
v =7(a) = So1a(a/S110) 7!, where S;; = T1 Zthl Ri R,
Replacing v with this v(a), (5) leads to
(6) min tr(Spg — Sorc(a’S11) "t/ Shp).
It can be found that if « is a solution of (6), so is @A for any
invertible matrix A. To choose one solution, we may apply
the normalization o/ Sy1a = I,.. Now (6) is further reduced
to
(7)

max  tr(a’S10S010).

a’S11a=1,

Obviously, the solution of (7) is & = (&1,..., &), where
Qi,...,a, are the r generalized eigenvectors of S1¢Sy1 with
respect to Sq1 corresponding to the r largest generalized
eigenvalues.! Note that 4 = Sy;& is the cointegration load-
ing matrix.

Gonzalo (1994) compared numerically five different meth-
ods for estimating the cointegrating vectors: ordinary least
squares (Engle and Granger (1987)), nonlinear least squares
(Stock (1987)), maximum likelihood in an error correc-
tion model (Johansen (1988)), principal components (Stock
and Watson (1988)), and canonical correlations (Bossaerts
(1988)). The numerical results indicate that the maximum
likelihood method outperformed the other methods for fully
and correctly specified models as far as the estimation for
cointegration vectors was concerned. However, the likelihood
based methods are sensitive to the assumption that the er-
rors are independent and normally distributed. The estima-
tor proposed in this paper tends to overcome these short-
comings.

2.3 Asymptotic properties

Note that, by the Granger representation theorem, the
ECM (1) may be equivalently represented as

(®)
where § = ¥ (1) and

9)

AY; = 6+ U(L)e,

k—1
=a, (Y (I-) Tia) 'Y,
=1

Consequently, «’¥(1) = 0 and (8) implies that
(10) Y, =Yo+ 0t +U(L)(er + et—1+ - +e1).

Now we present the asymptotic distribution of & in the
theorem below.

1If Az = ABz, ) is called a generalized eigenvalue of A w.r.t. B, and
z is the corresponding generalized eigenvector.

Theorem 2.1. Let 7 be a p X (p —r — 1) matriz which is
orthogonal to o and 0 such that (o, d,7) spans RP. There
exists a r X r invertible matriz Hy for which

T(aH:' — a)
5/5115 5/5117' - 1 T ! /
o ) T2 /T3 /T3 Zt:l d thet
T ! r
vT 751,6  rlSurT 1 ZT "Riel
/T3 T T 2ut=1 T 1v1t€y

x Spra(a’S10801a) "t/ S1ia + 0, (1)

as T — oo.

Remark 1. The asymptotic distribution of each cointegrat-
ing vector &; is determined by the first term on the right-
hand side of the equality above. The limit of each compo-
nent in the matrix and vectors can be found in Lemma A.2
respectively.

Theorem 2.1 implies that & is a T-consistent estimator
of aHr for an invertible matrix Hr. In the theorem below,
we show that ¥ = Sp1& is a V/T-consistent estimator of
~(H,)~! and Ty = 4d is a v/T-consistent estimator of Ty =

/

yo'.

Theorem 2.2. VT(§—~(H}) ™) = 0,(1), VT (I'y—Ty) =
Op(1)

3. ESTIMATION OF THE COINTEGRATION
RANK

Let rg be the true value of the cointegration rank of model
(1). In this section, we discuss how to estimate ro based on
the estimated cointegration vector & derived in Section 2.
The basic idea is to treat the rank as part of the “order”
of model (1) and to determine the order in terms of an ap-
propriate information criterion. In this section we always
assume that Assumptions A and B hold. First we deal with
the case when the lag order k is known.

3.1 Determining the cointegration rank r
with the lag order k given

Let A® denote a matrix with rank {. In particular, o)
and &) (1 < r < p) denote the matrices o and & with
ranks ro and 7 respectively.

Consider the sum of squared residuals

(11) R(r,a")
1 T
= m&n ? tzg 1(R0t — ’)/OAz(T) th),(ROt — ")’OAZ(T) th)

= tI‘(SOO - 50107(7‘) (d(r)/Sllﬁ(r))ilé(r)/slo).

To avoid possible overfitting, we add a penalty term. Our
penalized goodness-of-fit criterion is defined as
(12) M(r) = R(r,a") +ng(T),
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where ¢(T') is the penalty for “overfitting” and n, is the
number of freely estimated parameters. Note that n,. = p +
p?(k — 1) + 2pr — r? for model (1). We may estimate ro by
minimizing

;= in M(r).

7 = arg OISnT}ISlp (r)
The following theorem shows that 7 is a consistent estimator
of ¢ provided that the penalty function g(T') satisfies some
mild conditions.

Theorem 3.1. AsT — oo, 7 Lt ro provided that g(T) — 0
and Tg(T) — oo.

Remark 2. Note that both the BIC criterion with ¢(7') =
In(T")/T (Schwarz (1978)) and the HQ criterion with g(7") =
2In(In(T))/T (Hannan and Quinn (1979)) lead to consis-
tent estimators for the cointegration order. To prove Theo-
rem 3.1, we need a slightly generalized form of Theorem 2.1.

3.2 Determining the cointegration rank r
and the lag order k jointly

One of the important issues in applying ECM is to de-
termine the lag order k. Johansen (1991) adopted a two-
step procedure as follows: first the lag order k is deter-
mined by either an appropriate information criterion or a
sequence of likelihood ratio test, and then the cointegra-
tion rank 7 is determined by an LRT. We proceed differ-
ently below and determine both r and k& simultaneously by
minimizing an appropriate penalized goodness-of-fit crite-
rion.

Put
(13) M(r, k) = R(r,k, &) + nog (1),
where R(r, k:,o?,(;)) and n, ) are the same, respectively, as
R(r, 64,(;')) and n, in (12) in which k is suppressed. We de-
termine both the cointegration rank and the lag order as
follows:

(7, k) = arg min

Mi(r, k
0<r<p,1<k<K (r, k),

where K is a prescribed positive integer. Let ko be the true
lag order of model (1). The theorem below ensures that (7, k)
is a consistent estimator for (rg, ko).

Theorem 3.2. As T — oo, (7, k) Ll (ro, ko) provided that
9(T) — 0 and Tg(T) — .
4. NUMERICAL PROPERTIES

4.1 Simulated examples

Two experiments are conducted to examine the finite
sample performance of the proposed criteria (12) and (13).
The comparisons with the LRT approach of Johansen (1991)
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and the information criterion of Aznar and Salvador (2002)
are also made. It is easy to see from Theorems 3.1 and 3.2
that the choice of the penalty function g(-) is flexible. It may
take a general form

(14) g(T) = &In(T)/T + 2nIn(In(T))/T, =0, n =0,
which reduces to the BIC of Schwarz (1978) with £ = 1
and 1 = 0, to the HQIC of Hannan and Quinn (1979) with
& =0and n =1, and to the LCIC of Gonzalo and Pitarakis
(1998) with £ = 5 = 1. The motivation for introducing this
criterion is to overcome excessive parsimony or overranking
in finite samples. For exposition, we use the three concrete
forms in the first experiment:

M, (r, k) = R(r, k, &) + npjy In(T) /T,
My(r, k) = R(r, k, &) + 2n,.;, In{In(T)}/T,
M (r, k) = R(r, k, &) + ., [In(T) /6 + 4In{In(T)} /3]/T.

In practice, however, best ¢ and 7 are chosen via replicated
simulations and then used to fit real data. We set sample
size at T = 30, 50, 100, 200, 300 or 400. For each setting, we
replicate the simulation 2,000 times. The data are generated
from the ECM (1) with either independent errors following
one of the four distributions below

(14a) e ~ N(0,1p),
(14b) ey =&+ + 109€t,
(14c) eir ~ t(q),

(14d) e ~ Cauchy,

g, ~ N(0,1I,), 6~ Poisson(r),

or uncorrelated but dependent errors

(15) e = hacit, h% = o+ p1€d_y +1hd_q,
where g4 ~ N(0,1), po > 0, ¢1 > 0, 1 > 0, and &4
are independent for all ¢ and ¢. Distributions in (14b)-
(14d) are heavy-tailed. In particular, (14b) is often used in
GARCH-Jump models for modeling asset prices. Note that
for e;s ~ t(q), Fleit|]? = oo. Furthermore, (14d) represents
an extreme situation with Ele;| = oo, and therefore it does
not fulfill Assumption B. We include it to examine the ro-
bustness of the methods against the assumption of the finite
fourth moment.

Experiment |

First we generate data from model

(16) yir = p+ 0.6y2 + €1y, Ayir = p+ ey for i =2,3.

Here, r =1and k = 1.
Assuming (r, k) = (1,1) is known, we estimate the coin-
tegration vector & by using the new approach suggested in



Figure 1. Ers for model (16) with ;v = 0.5 and sample size
T = 30.

Section 2 and Johansen’s MLE respectively. For comparison
of the precision in estimation, a measuring rule is given as

(17) Er=la-af
where @ = a/(a/S110)" 2, and the true cointegration vector
a is normalized to satisfy &'S11& = I,. Hence, a better
estimator is supposed to lead smaller Er in (17).

For each of different settings (14a)—(14d), we conduct
n = 2,000 replications from (16), the Ers are calculated
and portrayed in Fig. 1. Each point in one subplot has co-
ordinates

(Er; cos(%j), Er; sin(%j)) j=1...,n

Figure 1 contains five couples of Ers for model (16) with
ee ~ N(0,I3), e/ ~ N(O,(1 + 1000*)I3) and 6 ~
Poisson(1), e; ~ t(3), e ~ Cauchy from the top down.
The left-hand (a)—(d) are obtained by using our method de-
scribed in Section 2. The right-hand (a’)—(d’) are obtained
by MLE. The sample size T' = 30 and p = 0.5. This figure
shows that only when the errors are Gaussian ((a), (a’)),
MLE outperforms our method in estimating the cointegra-
tion vectors . But for errors with Poisson jumps ((b), (o')
or heavy tails ((¢), (¢) and (d), (d’)), our method performs

Table 1. Percentages of the correct estimates for r for model
(16) with e; ~ N(0, I3)
uw=0
T =230 T =50 T =100 T =200
M, 16.95 34.70 88.05 100
M, 42.05 72.20 99.70 100
M; 85.70 97.45 99.55 99.85
LRT 81.00 94.90 95.55 95.75
pn=0.5
T =230 T =50 T =100 T =200
M, 14.05 32.70 86.90 100
M, 32.45 67.60 99.65 100
M; 83.35 95.55 99.00 99.40
LRT 74.20 94.10 95.55 95.70

Table 2. Percentages of the correct estimates for r for model
(16) with ;v = 0.5 and e; defined as in (14b)—(14c)

(14b) with 7 =1

T =30 T =50 T =100 T = 200
M, 27.55 43.05 84.95 99.85
M, 52.45 71.35 97.85 100
M3 77.30 89.70 96.95 99.00
LRT 71.65 87.70 90.05 89.30

(14c) with ¢ =3

T =30 T =50 T =100 T = 200
M 28.80 43.15 79.45 92.55
M 50.60 72.80 94.15 95.70
M3 77.25 89.35 93.65 94.15
LRT 71.00 88.90 91.65 92.45

better. Similar conclusions can be drawn from figures? with
sample size T = 50, T' = 100 and T = 200, which supports
the robustness of our method.

Only assuming & = 1 is known, we estimate r by min-
imizing M;(r, 1) for ¢ = 1,2,3 and also by the Johansen’s
LRT approach. We conduct 2,000 replications from (16),
the percentages of the replications resulting the correct es-
timate (i.e. # = 1) are listed in Tables 1-3. Table 1 shows
that even with Gaussian errors, our method based on the
criterion Mg outperforms the LRT based method. When
the sample size is small (i.e. T = 30 or 50), the meth-
ods using M; and My perform poorly. However the per-
formance improves when T increases. Also noticeable is the
fact that the presence of a linear trend (i.e. p # 0) dete-
riorates slightly the performance of all the four methods.
Tables 2-3 show that the method based on Mj3 remains
to perform better than the others when error distribution
is changed to (14b), (14c) and (14d), although the heavy
tails of the error distribution impact negatively to the per-
formance of all the methods. Especially with Cauchy er-
rors, the percentages of the correct estimates are low for
all the four method with sample size T smaller than 100.

2In consideration of paper length, we do not show them all.
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Table 3. Percentages of the correct estimates for r for model

Table 5. Percentages of the correct estimates for (r, k) for

(16) with = 0.5 and Cauchy errors model (18)
T=30 T=50 T=100 T=200 T=300 T =400 T 30 50 100 200 300 400
M, 7.15 3.95 2.30 4.45 10.20 25.40 Independent N (0, I2) errors
M, 17.75 1545 1470 3430  62.60  86.65 M; 1020 31.75 67.65 82.35 89.20 93.65
M; 43.00 40.70  46.55 71.65 82.25 84.75 IC 2435 3890 71.40 90.75 92.05 94.10
LRT 3535 40.25 43.75  66.40  67.90  67.95 Independent errors (14b) with 7 = 1
M; 10.05 30.10 64.30 81.45 89.55 92.80
. IC 925 19.80 5215 7455 79.80 84.15
Table 4. Percentages of the correct estimates for r for model Independent {-distributed errors (14c) with ¢ = 3
(16) with = 0.5, e; defined as in (15), po = 0.1 and M;  9.15 28.70 5895 77.40 86.05 90.00
1 =0.6 IC 830 21.65 49.60 75.20 81.70 82.10
Y1 =0 T=30T=50T=100T=200T=300 T =400 Independent Cauchy errors
M, 29.20 41.75 7555 80.20 85.00 91.15 Ms; 645 2080 4470 70.65 82.30 85.80
M, 49.50 68.55 85.15  91.65  93.95  95.70 IC 525 1975 31.85 59.15 67.50 70.35
M3 75.00 86.90 9575  96.35 9520  96.95 ARCH(1) errors (15) with ¢ =0, o = 0.1 and ¢1 = 0.6
LRT 68.30 82.30 84.05 8540 8550  86.25 M; 1275 3045 60.85 81.75 87.90 91.25
1 =02 T=30 T=50 T=100 T =200 T =300 T = 400 IC 8.15 19.20 48.65 71.50 72.30 80.25
M, 29.80 41.35 7140 7525 83.05 89.75 GARCH(1,1) errors (15) with 11 = 0.2, 9o = 0.1 and 1 = 0.6
M, 49.70 64.40 83.75 9020 91.85  93.70 Ms 11.35 2895 57.90 80.15 86.00 90.05
M; 74.45 83.65 93.35 94.25 94.80  95.75 1C 7.00 1440 4255 69.10 71.60 78.35
LRT 66.50 79.55 8240 8490 85.15  85.95

But still the method based on M3 always performs better
than the other three. Table 4 indicates that the method
based on M3 also outperforms the others even with depen-
dent ARCH(1) (i.e. 1 = 0) or GARCH(1,1) errors (i.e.

Y1 #0).

Experiment |l

Our second example concerns the model
Aylt . 0.5 0.3 0 Aylt,l
(18) (Ay2t> - <0.5) + ( 0 0.5> (Ay2t1
0.4 Yit—1 €1t
1, -2 .
s e 2 () - ()

We assume that all the coefficients in the models are un-
known. We now estimate the cointegration rank r(=1)
and the lag order k(=2) by minimizing Mjs(r, k) with
the five different error distributions specified in (14a)-
(14d) and (15). For the comparison purpose, we also
compute Aznar and Salvador’s estimates (Aznar and Sal-
vador (2002)) obtained by minimizing the information cri-
terion (IC)

IC(r, k) = T{In |Soo| + > _In(1 = X;) + nkg(T)},
i=1
where g(T) = [In(T")/6 + 4In{In(T)}/3]/T and A; is the
i-th largest generalized eigenvalue of 5105601501 with re-
spect to S11. The percentages of the correct estimates (i.e.

(7,k) = (1,2)) in a simulation with 2,000 replications
are listed in Table 5. Note that the above IC-criterion is

50 Q. Li, J. Pan and Q. Yao

based on a Gaussian likelihood function. It is not surpris-
ing that it outperforms our method based on Mg when
the errors are Gaussian. However Table 5 also indicates
that this IC-criterion is sensitive to the normality assump-
tion. In fact for all the four other error distributions, our
method based on Mgy performed better. When the heav-
iness of the distribution tails increases, the performance
of both methods decreases. We also note that both meth-
ods perform poorly when the sample size is as small as
T = 30.

4.2 A real data example

We consider the annual records of the GDP per capita, la-
bor productivity per person and labor productivity per hour
of the Netherlands from 1950 to 2005.2 The time plots of the
logarithmic GDP (solid lines), the labor productivity per
person (dash-dotted lines) and the labor productivity per
hour (dotted lines) are presented in Fig. 2. It indicates that
there may exist a linear cointegrating relationship among
the three variables.

We determine the cointegration rank by minimising
Mg;3(r, k). The surface of Mj(r, k) is plotted against r and
k in Fig. 3. The minimal point of the surface is attained at
(r,k) = (1,2), leading to a fitted ECM model (1) for this
data set with the lag order 2 and the cointegrating rank 1.
The estimate of the cointegrating vector with the first com-
ponent normalized to one is & = (1.00, 3.82,—3.28)". The

3Data source: The Conference Board and Groningen Growth and
Development Center, Total Economy Database, January 2006,
http://www.ggdc.net.
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Figure 2. Time plot of logarithmic GDP per capita, labor

productivity per person and labor productivity per hour of the
Netherlands.

other estimated coefficients in model (1) are as follows

= (9.09,10.09,2.41)", 4 = —(0.23,0.25,0.06)',
. 0.20 —-0.32 0.60
I'n=1-036 019 0.55
—-048 0.32 0.46

APPENDIX A. PROOFS FOR SECTION 2

We introduce two technical lemmas first. The proof
of Lemma A.1 may be found in Phillips and Durlauf
(1986), Park and Phillips (1988). The notation “=”
denotes weak convergence, and « 2.7 denotes conver-
gence in probability. We always assume that Assump-
tions A & B hold and Y; satisfies (10) in the sequel of
this subsection. Note that (10) is implied by Assump-
tion A.

Lemma A.1. Let uy = ¥(L)e; and vy =
-+ 4e1). As T — oo, it holds that

(a)

\II(L)(et + €t_1 +

1
T3P L v = \1:(1)/ W (s)ds
0

T2 = T()W(D),
(b)
T2y Liviavi, = \Il(l)/o W(s)W

s)'dsW (1),

PC value

2
4 cointegration rank T

Figure 3. Plot Ms(r, k) against the cointegration rank r and
the lag order k.

TS T v el jq/(l)/o W (s)dW (s)’

Ty vl ;»\1/(1)/0 W (s)dW (s)’

(U g+ 4 Ty 4 T,

(d) 1
T_5/QZ,5T:17§V,’571:>/ sW(s) ds¥ (1),
0

()
T—3/2 T te)_ —j :>/ sdW (s

where W (s) is a vector Wiener process on C[0, 1]P with co-
variance matriz Q = E(e.e}).

Under Assumptions A & B, the lemma below can be de-
rived by the results listed in Lemma A.1. The details of the
proof are omitted since there are too much repetitive algebra
operations to display.*

Lemma A.2. Let 7 be a p X (p —r — 1) matriz which is
orthogonal to o and & such that («,d,7) spans RP. As T —
w7

(a)
0’5116 p 1
T2 —2(5 5)?,
’7',5117'

- @T’\p(l)[/o W (s)W(s)'ds
—/O W(s)ds/o W(s) ds]w(1)'r

1 1
= 5’6(/0 sW(s)'ds — %/0 W(s)' ds)¥(1) ;

5/511’7'
1/T3

4Readers can ask the authors for the whole proof.
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P
a'S19 = a'Eqo,

7810 = 7 [Sro + (1) /W (5)dW (s)

/W VdsW (1)) (1) ],

8'S10
:5’5/ sdW ——W 1)'C,
S o[ saw sy )
where C = I, — (4,_; ® I,)X 'Bg, and 9 =

S Y w0, — By'X'Bg. Here, 1y is a (k — 1)
dzmenswnal vector of ones, Bg = (D'y,...,D';_1)", By =
(Fy,...,F{_,), where
) oo 1+1—1
Di=> U0, Fi=Y" ;00
1=0 1=0 ;=0

and X is a p(k—1) x
the ij-th (j >i=1,.

(¢)

(5’5110&
VT

( — 1) symmetric block matriz with
—1) block Dj_;;

1
= 6'(5[(/ sdW (s)
0
1 _
— SW)(EA)C = )h(G") h
7'S1ia = 7[S9 + ¥(1) /W YdW (s)
/ W (8)dsW (1)) ((1)'C = L,)y(+') ™,

(0% Slla 4> « lea

where Y11 = — Zfi—oo |Z| Z?io \I/l+19q/2 — B11X71B1;

(d)

T 1
1 / ’ / / o 1 ’
Nia tEZI 0'Rye; = 6'9( ; sdW (s) 2I/V(l) ),

T 1
% > 7Ry, = 7/\1/(1)(/ W(s)dW (s)’
t=1 0
1

— [ W(s)dsW(1)),

0
T
1
ﬁ Z a'the; = Op(l);
t=1

(e) Vr £ V, where Vp = diag(j\l,j\g,...,j\r) and V =

diag(A1, A2, ..., Ar), M > - > A, be the r largest gener-

alized eigenvalues of S19S01 with respect to S11, and Ay >
- > A\ > 0 are constants.
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Proof of Theorem 2.1. According to the definition of eigen-
vectors & = (&1, ..., &), we decompose them as follows
(19)

&; = aH;7 4+ o Lir, t=1,...,7r

where Hir = (o) 'd/&;, Lir = (¢ a) o/ &; and
«, is the orthogonal complement of «. Thus, Hy =
(HiT,...,H7) = (&’a) /@ is an invertible matrix with
rank r.

Let S(\) = AS11 — S10501- The eigenvectors &; and eigen-
values \; satisfy o/, S (Xi)di = 0, or equivalently

(20) o/, S(N)aH;r + o/, S(\;)es Lir = 0.

We have from the decomposition (19) and the equality above

& —aHp = oy Lip = —og (0!, S\ ) "o, S(A\) o) Hyr.

Since o/d = 0, if an p X (p — r — 1) matrix 7 is chosen
orthogonal to « and 4, then («,d,7) spans the whole RP.

For a; = (T~1/26,7), we get
N [6'S(A:)s &S\
o SGay _ | T TR
T T vsGos sGa)r
VT3 T

_6’.5‘1215 5’5117’
T

T’Sué T’Sll‘r

| Vs T
R B xl 5/81106 _ 5,5103 o
o S(Aa= | VT VTR o )

_)\Z‘T/SHOZ — 7’810501a

because it follows from Lemma A.2(b) that §'Syo = O, (vV/T),
T'Sl() = Op(l) and O/Slo = Op(l)

Moreover, the eigenvectors &; and eigenvalues by satisfy
O/S(j\i)di = 0, or

(21) a’S(S\Z—)aHiT + als(j\i)OZJ_LiT =0.

Therefore, it follow from (20), (21) and H;r = O,(1) that

(22) O/S(j\i)OzHiT
=a'S(\)ay (o S(A
= Op(%)-

o) Mo S(A)a)Hr

Recall that Sy = Snay + %ZtT:ltheg by (4)° and

%Zthl o'Ryi€} = 0p(1) by Lemma A.2(d), we can obtain

5Here and in the sequel of this paper we use the fact that
T ’ T
Zt:1 Ruef = Zt:l ST



that

CK/J_S(S\Z)CVHZT = O/J_Sua(o/Sua)_1a’5(5\i)aH¢T

T
1
— O/LT E RMBQSOlOZHiT + Op(l)
t=1

T
1
=-diz > RyseiSoraHir + 0p(1).
t=1

The second equality holds from (22). Thus,

T(OAéz — OéHiT)
8’5116 &St
_ | T2 VT3
- |:ﬁ T:| T’Su& T’Sllﬂ'
T3 T

\/— Zt 1 5 thetSma
T Zt 1 T thBtSmOé

Furthermore, (22) implies that

] Hir A7t + 0,(1).

O/SuOéHTVT = a/SmS()l(JéHT + OP(I),

or equivalently

HTVlegl = (a'SlOSma)_la'Sua + Op(l).
Thus
T(aH:' — a)
IR B o B D Drg0 v
—|VvT 7/8116  T'SuiT lZT "Rie!
VT3 T T 2ut=1T N1t
X 501oz(a'5105’01a)_1a’511a + 0p(1). O
Proofof Theorem 2.2. Note ¥ = Sp& = (ya’S11 +

T Zt 1 e:R),)& and &' S116 = I,.. It holds that

T
. _ N L1 .
(23) 4= y(Hp) ™ = o= aHp"Sua+ 5 Y eRa.
t=1
Let My % Z?:l Oé/J_thBQS()lOé(O/SloS()lOZ)710/S110[.

Then Mrp = O,(1) by Lemma A.2 (b)—(d), and

(24) @H;l —a=ay(o S1a) My,

The first term on the right side of (23) can be rewritten
as y(a—aH; ') Siy (6—aHr)+vy(a—aH; ') SjaHy. From

(24), we have

(25)  (a—aHz')Su(a - aHr)

= —My(d/ Siiay) ' MpHy = op(%),
(26) (a — 6H;"Y Sj1aHy

= Mp(a/ Stior) ol SaHy = Op(%),

But, for the second term on the right side of (23),
1 I
T Z etRlltd

=7 Zetth & —aHrp) +
t=1

(27)

E et Ry, aHrp
=
T

1 _
= f ZetR’uOu(O/LSMOu) 1MTHT
=1
T

1
+ T ; €tR/1tOzHT

T
1
= OP(T) + T ZetR/ltaHT'
t=1
Therefore,

T
VTG ()™ = % >_ ekt + 0y(1) = Op(1).

The second equality holds by Lemma A.2(d).
Consider the second relation now. It holds that

fo 7].—‘0 :’S/d/ 7’}/0/

= (§ —v(Hp) ") (@ —aHrp)
+ (=AU Y Hpa! £ (Hy) ™ (6 — oz
1 1 1 1
= Op(ﬁ) + Op(ﬁ) + OP(T) = Op(ﬁ)-

This completes the proof of Theorem 2.2. O

APPENDIX B. PROOFS FOR SECTION 3

Lemma B.1. Forany 1 < r < p, there exists a T Xr matriz
H(TT) with full rank such that, as T — oo, T(& OAH;T)) _
Op(1).

Proof. The proof is the same as that of Theorem 2.1 with-
out any modification, except that Hr = (o/a)~ta/é is not
necessarily invertible matrix anymore if r # rg. The reason

is that ro denotes the true rank of v and « now. O

Lemma B.2. For any v < r < p, R(r,a™) —
R(ro,a(™)) = O,(7).

Proof. Since

‘R(T, d(r)) - R(T07 OA‘(TO))|
< [R(r,60) — R(ro,a®™)] + [R(ro,a®™) — R(ro,a")
<2 max |R(r,a") — R(rq,a(m))],
ro<r<p

then, it is sufficient to prove for any ro < r <p,
R(T, d(r)) - R(T07 a(TO)) = OP(Til)'
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Notice that Sp; = fyoz(”’)/sn + % ZtT=1 e Ry, and

R(r,a")) = tr(Soo — So1a™ (6 S11a)"1a") 8y4),
R(To, a(?”o)) = t’r‘(Soo — Sma(”))(a( 0)/5’1104(7"0))_104(“),510).
We have
R(r,a")) - R(re, o))

= tr[’Ya(m),Sua(m)’Y/ - ’YOK(TO)/Slldrd(r)lslloé(m)’/]

1 X
+ 2tr[? Z o ™) Rye)
t=1
T
- ’ya 511a Z A7) Ry€)

T
1 ) Y o)\ —
+tr[= 271 e R}, am) (70" 81, (m0)) 1

T T
1 / 1
X E alro) Ryie} — T2 E etthoz(r) g &’ Ry€)]
t=1 t=1
= I+I+1.

It follows straightly from Lemma A.2(b) and (c) that Il =
Op(7).

Now, for r > 7o, Hg) = (70 @(r0))=14(r0))4(") hag
rank ro. Let H{' ") denote the generalized inverse of H\"
such that H;T)H}M) = I,,, then it can be written as
HT(«H) = (&) (ro))(rH) o (r0)’ o (0) Tt follows that,

I=trlyHSD (6 -
x Si{2(@" — ol 1) Hy |

where I, is an identity matrix with rank p. Furthermore, it

is easy to see that I, — 5’111/26((’")&(’")/5111/2 is an idempotent

matrix with eigenvalues 0 or 1. Because of the inequality
(I, — 5111/2@(7’)@(7’)/5111/2)96’ < az’ for any vector z,

p
1< Y yETY (@ — ) HS Y 811 (67 — o™ Hy) HE Dy
=1
p
= Z%{a(ro)/a(ro)(d(r),a(ro))(?”-i')’(d(ﬂ _ OzTOHg))/
=1
X S11(@™ — alr) HINY (G0 alr)) ) 1o g o),

where v/ is the ith column of . From (25), it follows that
@™ — oI B Y S (60 — ol HY) = 0,(%). Addi-
tionally, (&(")'a(7))("+) = O,(1) has full rank ry. Hence,
I = Op(5). For I, we have
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W HPY S, - Sa0a i)

T = otr th(ﬂr-i-)/{(&(r) _ CX(T“)H(T))/SH&(T)
1 T
% 7 Zd(r) thei _ (OA[(T) ro)H(T) Zthet}
t=1

= 2tr [ya(7) o) (&) o(ro)) D) { (a(") — aTOH(T))’SHd(T)

T
1 () o r
X T Za( ) Rysel, — (67 — alr) HY Zthet}

The detail proofs for (& — a(TO)H(TT))'Su@(T) =

Op(%), (a0 — aOHDY LS Rye, = 0,(%) and

%Zle &' Ryel, = Op(%) can be found in (25)—(27).
The proof of Lemma B.2 completes. O

Proof of Theorem 3.1. The objective is to verify that

limp_, oo P(M(r) —M(rg) < 0) =0 for all » < p and r # 7o,
where
M(r) = M(ro) = R(r, &™) = R(ro,6!") — (s —n,)g(T).

For r < rg, from (11), we have R(r,a") — R(rg, &™) =
ZEZ’T) 41 Ai, where ); is the ith generalized eigenvalue of
S10501 respect to Sp; in decreasing order. Therefore, if
g(T) = 0as T — oo,

P(M(r) — M(ro
(r0)
= P( Z Ai < (10 — ) (2p — (0 +7))g(T))

i=r+1

) <0)

(ro)

ZA<O—O

1=r+1

by Lemma A.2(e) that ); L >o0.
For r» > rp, Lemma B.2 implies that R(rg,a("0)) —

R(r,a™) = 0,(%). Thus, if Tg(T) — oo as T — oo, we
have
P(M(r) — M(ro) <0)
= P(R(ro, &) — R(r,a")
> (r—=r0)(2p — (r+70))9(T))
= P(T[R(ro, &™) — R(r,a™)]
> (r—r0)(2p — (r +10))Tg(T))
— 0.
The proof of Theorem 3.1 is completed. O

We denote ECM with different lag orders (k1 < k2) as

(28) Modely,

Modely,

cAY; = 4d Yo + 00X, + ey
: AY} = ")/O/Yt_l + @Xt + @*Zt + e



with © = (M,Fl,.. Fkl—l)a 0f = (Fkl, .
(I,AY;’_l,.. AYt/ k1 +1) VRS (AYthl,..
Lemma B.3. For any 1 < ky < ko,

if Model, is true, R(rg,k1,« TO))
OP(%);

if  Model,, 1is
R(ro,kg,a,(czo))] > 0, where plim denotes the limit in
probability.

Fk‘g 1) Xt =
AYt’ ko +1)

R(?"Q, kg, 041(:20)) =

true, plimTeoo[R(T()?kl?al(c:O)) -

Proof. From the expression of R(r,&) in (11) and the fol-
lowing matrix identity

A B\ '/v
@ (5 ) (5
= XAV + (X5, - X]AT!B)
x (D —B'A"'B)" Yy — B'A™'Wy),
it can be seen that
R(r()akh TO))
= tr(Soo — Soray” (%0) Suay®)~ ak1°> S10),
R(To, kz, al(c 0)>

= tr(Soo — (501045:0) 502)

it

where S;; = %Z;‘le Ry R}, for i,j = 0,1,

r ro)’ -1 ro)!
o)’ S5 chﬂo a](ﬁo) Sio aélo) Sio )
52101’(“0) 522 520

2, Ryy = Z; —

Z? 14X (Zf VXe X)Xy, Ry =Y —Zle Y 1X, x
(Zt L Xe X)Xy, and Ry, = AY; — Y AYX] x
(Zt | X+ X])7tX,. Therefore,

(30) R(ro, k1, a,ﬁ’f’)) —R(ro, k2, 0;2)

/
[(502 *50104(740)(0[(700) Sy Q(TO)) 1 (To) S12)

X (SQQ 5210[ TO)(O&,&T S akT0)> aklo) S )
x (S20 75210[(70)(0%10) S, a}(;o)) (70) S10)]

If the model with lag order kp is true, replacing O in
(ro)’

Modely, by (3), we obtain that Ro; = yay, " Rit + ef, and
(ro)’ 1w / (ro)’ 1
So2 = Yo, Si2 + ? ; etRZt = Yoy, Si2 + Op(ﬁ>7
Soo — S a(ro)(a(ro S a(ro)) al (ro)’ S
02 01 k1 110, k1 12
(70)yy 5 (70) 1._ 1
= (v =, )y, 512 + Op(ﬁ) = Op(ﬁ)-

/
Since ey, AY; and a,(crlo) Y;_1 are stationary sequences, it

follows that %23:1 et Ry, = Op(%) and a,(crlo)/Slg =0,(1)

by the similar way to that of Lemma A.2. For the term

(v— ﬁ(a,(c:"))), we have

7 = Aay”)
=~ Snaf(af?)'s, a,i’;°>>-1
=7 (’Yak Sll +1" Zet 1) al(c:(])(ag;o S ak:()))

t=1

r ro)’ 70)\ —
= -7 1Zet Ma,(ﬂo a(lo) S’ua,(ﬂo)) L= 0,(1/VT).

The last equality holds by Lemma A.2 (c¢) and (d). It is easy
to find that Sao = O,(1), and then
!/ . r /

522 — 52104 70)( ;c:o) Slla£710))71a1(€10) 512 = Op(l)
Then, it follows that R(ro, k1, a,(crlo)) — R(ro, ko, a,(;;’)) =
On(3)

If the model with lag order k, is true, denoting the limits
of

1 (To

(TO)( A,

So2 — Sprx (TO)/S OC(TO)) S
k1 1100, 12,
T ! T —
Sag — 521a1(€10)(a/(g:0) Sllaélo)) 1a§c10) S12

by E and G respectively, we argue that tr(EG~'E’) >
0 by the similar way to that given by Aznar and Sal-
vador (2002). Hence, by (30), plimT_,oo[R(ro,kl,a,(:lo)) -
R(’I“o, kQ,Oé](CZO))} > 0. O
Proof of Theorem 3.2. The goal is to verify that P(# =

ro,ff = ko) — 1l asT — oo, or equivalently, for all 0 < r < p,
1<k<K,r+#rgand k # ko,

Jim P(M(r, k) = M(ro, ko) < 0) = 0.
Note that
P(M(?‘, k) — M(T(), ko) < 0)
< P(M(r, k) — M(ro, k) <0)
+ P(M(To, k) — M(To, ko) < 0),

and we have already proved

lim P(M

T—o0

(r,k) — M(ro, k) <0)=0

for any fixed lag order k in Theorem 3.1. Thus, it remains
to prove that for all 1 < k < K and k # kg,

lim P(M(ro, k)

T—o0

— M(T‘Q, ]4}0) < O) =0.

From the proof of Lemma B.2, we have R(rq, k,a\")) —
R(ro, k, o, O)) O,(#) for any k > 1. Therefore,
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M(T07 k) - M(T()a kO)

= R(ro. k,a) — R(ro, ko, &;°) + p(k — ko)g(T)

= R(ro, k, a](:“)) — R(ro, ko, ag(;o))
1

+p*(k — ko)g(T) + Op()-

For k < ko, it holds that if g(T) — 0 as T' — oo,

P(M(TOa k) - M(TOa kO) < 0)
0 To 1
= P(R(ro. k,ai/"') = R(ro, ko, o)) + Op(5)
< p?(ko — k)g(T)) — 0,

because R(ro, k, a;°) — R(ro, ko, a,(;‘))) has a positive limit
by Lemma B.3.

For k > kg, Lemma B.3 implies that R(ro,ko,a,(czo)) -
R(ro, k,al®) = Op(%). Thus, if Tg(T) — oo as T — oo,
we have

P(M(ro, k) — M(ro, ko) < 0)
= P(T[R(T()v k(), a](CZO)) - R('f’o, k7 O[I(:O))]
+O0p(1) > p?(k — ko)Tg(T))

— 0.

The proof is completed. O
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