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CO-INTEGRATION AND THE TERM STRUCTURE OF FINNISH
SHORT-TERM INTEREST RATES*

MARKKU LANNE
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FIN-00014 University of Helsinki, Finland

The term structure of Finnish HELIBOR interest rates is studied by modelling it
as a co-integrated system. There are three co-integrating vectors among the six
rates. They can be identified as the spreads between the two and one and three
and one month rates, and a third vector tending to keep the yield curve linear.
Co-integration analysis of partial systems suggests that it is only for the three
shortest-term yields that the expectations hypothesis cannoft be rejected. Recur-
sive analysis reveals that the co-integration space has changed in time, which is
not surprising given the changes in monetary policy regimes. (JEL C32, E43)

1. Introduction

Recent developments in econometric meth-
ods, especially in the theory of integrated time
series and multivariate co-integrated systems,
have brought up totally new ways of modelling
the term structure of inferest rates, i.e. the re-
lationship between yields of securities that dif-
fer only with respect to their time to maturity.
Several empirical studies have concluded that
interest rates are integrated processes of the
first order (I(I) processes)!. The so called ex-
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helpful comments. This paper is a part of the research
programme of the Research Unit on Economic Structures
and Growth (RUESG) in the deparament of economtics of
the University of Helsinki. The unit is funded by the Uni-
versity of Helsinki, the Academy of Finland and the Yrji
Jahnsson Foundation.

! As Hall et al. (1992) have pointed out, this cannot be
strictly true, since first-order imtegrated processes are
unbounded, whereas nominal interest rates are bounded
below by zero. Treating them as integrated processes in
madel building is appropriate, though, because their sta-
tistical properties are much closer to those of integrated
processes than those of stationary processes. Although
considering interest rates as I( 1) processes is statistically

pectations hypothesis, according to which the
term structure is determined by investors’ ex-
pectations about future interest rates, has al-
ways played the central role in empirical work
on the term structure, and as will be shown lat-
er, this hypothesis implies that the spread be-
tween the short-term and long-term interest
rate should be stationary, i.e. they should co-
integrate, if interest rates are I(1) processes.
Testing for these co-integration relations
forms the basis for recent empirical research
of the term structure of interest rates, which
was pioneered by Campbell and Shiller (1987)
in a bivariate setting, and further developed in
a multivariate framework by Hall, Anderson
and Granger (1992), Shea (1992), Zhang
(1993), and Engsted and Tanggaard (1994).
In this paper we study the term structure of
Finnish HELIBOR interest rates using the co-

convenient, it is dubious whether this feature can be given
a meaningful economic interpretation. In addition to
being bounded below by zero, interest rates are also
rather stable in the sense that the variances of forecast
errors cannot be considered 10 grow constantly with the
Jorecast horizon. Moreover, if yields are I{1) processes,
the prices of bonds {and stocks} should be {2) processes,
which pases further interpretational problems.



Finnish Economic Papers 1/1995 — M. Lanne

integration methodology for modelling non-
stationary data. Although they are all rather
short-term rates and do not in any way repre-
sent the entire Finnish yield curve, the poor
quality of data for longer-term rates due to thin
markets, forces us to limit ourselves to the
short end of the maturity spectrum. The goal is
to try to find a sensible and parsimonious rep-
resentation of the HELIBOR rates. Thus we
not only attempt to test whether the expecta-
tions hypothesis holds, but having that hypoth-
esis as a starting point or benchmark hypothe-
sis, we aim at finding a suitable empirical
model for the term structure. There are so far
very few published studies of the term struc-
ture of HELIBOR rates. Rantala (1989), using
daily data for the years 1987 and 1988 con-
cluded that the one month HELIBOR rate fol-
lows an AR(1) process and a model based on
the expectations hypothesis is rejected. Murto
(1990), on the other hand, found with weekly
data from 1987-1989 that the pure expecta-
tions hypothesis characterizes the market rea-
sonably well, but that the possibility of time-
varying term premium cannot be excluded,

In section 2 we derive the co-integration im-
plications of the expectations hypothesis. Sec-
tion 3 contains the empirical results. First, the
complete yield curve will be dealt with, and
then several subsets of the interest rates will
be analyzed. Finally, recursive analyses will
be conducted in order to find out whether the
models are stable over time and to detect po-
tential structural breaks in the system. Because
of the limited sample size, methods based on
recursive estimation are the only way to study
the stability of the system, as the division of
the data into subperiods is out of the question.
Section 4 concludes the paper.

2. The expectations hypothesis and
co-integration

For pure discount bonds the expectations
hypothesis can be expressed by the following
formula

-1

i
(1 Rn,: = EErRl,t+i+Lat'
i=0
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where R, and R, are the 1-period and n-peri-
od interest rates, respectively, L, is a term pre-
mium dependent only on the ratio of the matu-
rities, and E, denotes mathematical expecta-
tion conditional on public information at time
t including current and lagged values of the
two interest rates, Equation (1) states that the
longer-term interest rate is an arithmetic aver-
age of the present and expected future 1-peri-
od interest rates over the life of the longer-
term bond plus a constant premium term L.
By rearranging equation (1) we obtain

n-1 i

i
(2) Rn.l-Rl,r=E z E EEARl,r+j+Ln’
i=1j=1

where AR, ,; = R ,,; — Ry ,; ;. Assuming
that interest rates are f{1) processes, their first
differences are stationary (0} processes and
because the term premium L, is constant, it
follows that as a sum of stationary components
the right hand side of equation {2) must be sta-
tionary. For the term on the left-hand side of
the equation to be stationary it is necessary
that R, , be co-integrated with R;, such that
their difference is stationary. In other words
this means that the expectations hypothesis re-
quires each yield to be co-integrated with the
one period yield. Moreover, the type of co-in-
tegration should be such that, if there are p
yield series, then each of the p-1, p-dimen-
sional vectors in the set {(-1, 1, 0,.....0),
(-1,01,0,..,0),.., (-1, 0.0, 1y} is co-inte-
grating for the vector consisting of the p
yields.? It is also worth noting that it follows
from this argument that any spread between
two yields is co-integrating, since an arbitrary
spread can always be expressed as a linear
combination of two spreads including the cne-

2 To take account of the constant term premium, the

co-integrating vectors nust be angmenied with « constant
term. Embedding the constant term in the co-integrating
relations is natural since interest rates cannot be assumed
to have a linear trend. Besides, under the expectations
hypothesis, this leads to ¢ model with « natural interpre-
tarion: although interest rates of different maturity may
diverge in the short run, they will adjust when the spreads
between them deviate fron: the equilibrivm value given by
the constant term.



period yield, and linear combinations of sta-
tionary variables are stationary,

The fact that the term structure can be ex-
pressed as the aforementioned co-integrated
system, can be given at least two intuitive in-
terpretations based on different representa-
tions of a co-integrated system. First, the error
correction representation relates the changes
in each yield series to past equilibrium errors
and past changes in all yields. In this case the
yield spreads are the equilibrium errors that
adjust the yields on bonds of different maturity
when they diverge, so that in the long run dif-
ferent yields move together. As Campbell and
Shiller (1988) have shown, the existence of an
error correction model in this context does not
necessarily reflect any kind of partial adjust-
ment of one variable to another, but the co-in-
tegration relationship can also be interpreted
in another way. Namely, co-integration can
arise whenever agents are forecasting and
have rational expectations. The yield spreads
can be used to make more accurate forecasts
of future short rates than would be possible us-
ing only the past observations of the short rate
series, and the error correction model results
from agents” forward-looking behaviour.

Co-integration can also be interpreted in
terms of common trends underlying the inter-
est rate series. More specifically Stock and
Watson (1988) have shown that, with p I(1)
processes, if there are r co-integrating vectors,
then the p variables can be expressed as a line-
ar combination of p~r I(1) common trends and
an {(0) component. Thus, the expectations hy-
pothesis implies that there should be a single
non-stationary common trend underlying all
yields. The hypothesis does not, of course, re-
strict the number of stationary common factors
explaiming the movements of interest rates.

As a starting point for the co-integration
analysis we shall have an unrestricted p-di-
mensional VAR model

(3) X, =T1,x
t=1,..,T

fo F e +HkX,u;\.+8,.

where the error terms g,,...,8, are HNP(O,A)
and X_, ., ,..., X are fixed. It can be repara-
metrized as

Finnish Economic Papers 1/1995 — M. Lanne
(4) AX,=TAX, | +..+T, AX
+X,

B

k+£.r

where I = —~(I-I[;—...—I1), i = I,...,k, and
[T=-T. Under the assumption that X, ~ I(1)
and thus AX, is stationary, the components of
X, are co-integrated when the rank » of the im-
pact matrix I1 is greater than zero but less than
p. In this case there are p x r matrices o and
such that IT = aff’, and the columns of B are the
co-integrating vectors having the property that
the linear combinations B,'X, (f = 1...,, r) are
stationary. The space spanned by B is called
the co-integration space, and the columns of ¢
that give the weights with which each error-
correction ferm enters each of the equations,
span the adjustment space.

The maximum likelihood method developed
by Johansen (1988, 1991) can be used to test
for the number of co-integrating vectors, and
conditional on the chosen number, the vectors
can be estimated. Once the co-integration rank
for a given set of interest rates has been deter-
miined and found to be in accordance with the
theory, the restrictions imposed by the expec-
tations hypothesis can be tested. In other
words, testing the expectations hypothesis in-
volves two stages. With p interest rate series,
the first null hypothesis is that the co-integra-
tion rank is p—1, and then conditional on there
being p~1 co-integrating vectors, the second
null hypothesis is that the p—1 linearly inde-
pendent spreads form a basis for the co-inte-
gration space. Thus, if the null hypothesis of
p-1 co-integrating vectors is rejected, the ex-
pectations hypothesis is also rejected and no
further testing is needed.’

3 Shea {1992), however, points out that a possible
reason for finding too few co-integrating vectors is low
power of the tests in detecting extra vectors. It is also
known that power of these tests drops with the dimension-
ality of the system, and therefore it may be advisable to do
the first test for several, gradually increasing sets of
interest rates and, whatever the result, to do the second
test assuming the co-integration rank to be p-1.
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3. Data and Empirical Results

3.1 Data

The data consist of monthly observations of
HELIBOR (Helsinki Interbank Offered Rate)
rates for maturities of 1, 2, 3, 6, 9 and 12
months as the average bid rate of the banks’
certificates of deposit (CDs) as quoted by the
five largest Finnish banks®. The CDs are is-
sued by the banks and the Bank of Finland,
The sample period ranges from January 1987
to May 1993, so that the total number of obser-
vations is 77.3

It is important to note that when studying
the term structure we assume that the only dif-
ference between the bonds is their time to ma-
turity. As most studies focus on the bonds is-
sued by the government, this assumption
holds. The banks’ CDs are not, however, ho-
mogenous instruments, but because of the lim-
ited number of banks participating in the mar-
ket, differences are likely to be immaterial
(see Murto 1990). This is not, however, true
for the whole sample period. Beginning in au-
tumn 1990, other banks started requiring an
extra premium for CDs issued by Skopbank,
and this went on until Skopbank was taken
over by the Bank of Finland in September
1991. To alleviate the effect of the premium,
the average was calculated without the bid rate
of Skopbank for the period 1990:9-1991:9.

The sample period incloded several inci-
dents and changes in the institutional setting

4 The six interest rates will be dencted Ry, Ry Ry Ry,
Rg and Ry, respectively.

T Weekly and daily data from that period are also
available, but monthly data are preferable. The use of
more frequently sumpled data introduces the problem
of numerous extraordinary observations or outliers that
would have to be modelled by dummy variables in order
te satisfy the asswnptions of the statistical methods.
Besides, in light of some simulation studies (see e.g.
Shiller and Perron 1985, and Huakkio and Rush 1991) the
effect of scmpling the data more frequently on the power
of Dickey-Fuller tyvpe tests is negligible, and the same is
likely to apply to maximunt likelihood methods as well. In
Sact, Eitrheim (1991) has shown with Mounte Carlo simu-
lation experiments that with constan! sample size, the
power of the trace test increases with decreasing sam-
pling frequency. Maost of the tests presented in this section
were alse performed with weekly data, and the results are
qualitarively the same.

6

that were likely to affect the functioning of fi-
nancial markets in Finland. By June 1991 the
foreign exchange regulations were gradually
abolished, and in July 1992 the system for reg-
ulating bank liquidity changed such that there-
after deposit and borrowing rates shouid be
closer to market interest rates and also move in
line with changes in market rates. In February
1993 the Bank of Finland introduced new
guidelines for monetary policy in terms of an
inflation target. It turned out, however, that the
following three extraordinary events during the
sample period needed to be modelled by dum-
my variables in most of the subsequent analy-
ses. First, all rates declined remarkably in May
1990, probably due to the new cash reserve
agreement between the banks and the Bank of
Finland. Before the agreement the rate of inter-
est payable to cash reserve deposits had been
linked to average rates, so that it had not really
followed changes in the market interest rates.
The extra risk involved in this arrangement
was now abolished by linking the cash reserve
deposit rate to the three month HELIBOR rate.
Second, there was a sharp increase in March
1991 in the one, two and three month rates.
This was plausibly caused by heavy specula-
tion on devaluation which was enforced by un-
certainty concerning the formation of the new
government after the parliamentary election.
Third, severe speculation on devaluation broke
out again in September 1991 causing enormous
increase in all HELIBOR rates, although the
shorter rates rose more sharply. The spreads di-
minished after the devaluation in November,
but speculation went on in April 1992, when
the spreads rapidly grew again. Finally the
same development was experienced in Septem-
ber leading to the decision to float the markka,
and thereafter in November all HELIBOR rates
declined markedly and also the spreads became
clearly narrower.

3.2 Co-integration analysis of the complete
system®

As a first step the underlying unrestricted
VAR model was estimated, and the lag length

& Compurations were mostly performed using the sofi-
ware package Cointegration Analvsis of Time Series



Table 1. Results of co-integration analysis.
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Hg r=90 r<i rs2 rs3 rs4 r<ib

Eigenvalues 0.569 0.4360 0.343 0.203 0.166 0.00¢
Trace test 168.696 105.542 62.550 31.088 14.062 0.441
95% fractiles 119.537 89.027 62.168 40.856 23.360 10.814
90% fractiles 113.637 84.029 58.058 37.419 20.873 8.793
Koy teSL 63.153 42.992 3l.462 17.026 13.621 0.441
95% fractiles 47.533 40,574 33.190 25.948 18.482 10.898
90% fractiles 43.905 3117 29.966 23.178 16.120 8.816

The critical values are the quantiies of the asymptotic distributions given in Osterwald-Lenum (1992, 467, Table 1%) cor-
rected for sample size. The corrections were computed using response surface estimates in Cheung and Lai {1993a, 318,

Table 1).

was chosen to be the minimum that still guar-
anteed non-autocorrelatedness and normality
of the residuals. The three dummy variables
mentioned above, were also included in the
vector autoregression. It is conceivable that
the dummies may effect the distributions of
the test statistics to be used in the following
analysis, although they have no influence as-
ymptotically. It is virtually impossible to take
account of this effect, though. According to
the diagnostic tests the residuals were non-au-
tocorrelated and normaliy distributed.

The results of co-integration analysis are
presented in Table [. It has been discovered
that Johansen’s likelihood ratio tests easily
lead to too high a co-integration rank in finite
samples, and therefore the critical values were
computed using the response surface estimates
in Cheung and Lai (1993a). At the 5% level
the critical values thus obtained give the same
result as the asymptotic values given in Oster-
wald-Lenum (1992) as far as the trace test is
concerned. According to the maximal eigen-
value test the co-integration rank would be
two if the corrected fractiles are used and three
if the asymptotic fractiles are used. At the 10%
level both the trace test and maximal eigenval-
ue test agree, no matter which of the two dis-
tributions is used. As the trace test has also
been found to be more robust 1o possible mis-
specifications, we conclude that the rank of
the co-integration space is three. This means
that the expectations hypothesis cannot hotd

{(CATS} by Katarina Juselius end Henrik Hansen. Rou-
tines for recursive analvsis were writien and run in RATS
3.1

for all HELIBOR rates, or in other words,
there are three non-stationary common sto-
chastic trends driving the system of interest
rates, not a single one as the expeciations hy-
pothesis implies.”

Because it is possible that the tests have
chosen too low a rank for the co-integration
space, let us for a moment assume that the co-
integration rank is indeed five, as it would be
under the expectations hypothesis. Given this
assumption, we can test whether the co-inte-
gration space is spanned by the five spreads,
L.e. by vectors (asterisk denotes that there are
no restrictions on the constant term}
(1,~1,0,0,0,0,%),(1,0,-1,0,0,0, %),
(1,0,0,-1,0,0,%),(1,0,0,0,-1, 0, *) and
(L, 0,0,0,0, -1, #*). The null hypothesis can
thus be expressed in matrix notation as (for de-
tails of this and subsequent likelihood ratio
tests on the co-integration space and adjust-
ment space, see Johansen and Juselius 1992):

o =
»Loo.—
oo o

(=R e o eSS

!
—

SO S D - =

N ==

=

s o

= L

-0 0 00 @ o,
B

7 We also tested for the stationarity of each af the

interest rate series, and aceording to both Johansens sta-
tionarity tests and standard unit roof tests they are If1)
processes. Theoretically this finding is difficult to justifv
(see feomote 1), but it indicates that the properties of the
series resemble move those of I(1) than {0} processes.
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where ¢ is a (6 X 5) matrix, and the likelihood
ratio statistic follows asymptotically the ¥2 (5)
distribution. By expanding this expression it
can easily be seen that the hypothesis simply
implies that the first six elements of each co-
integrating vector sum to zero. The value of
the test statistic, 7.29 clearly indicates that the
restrictions cannot be rejected (p-value =
0.20).

According to the expectations hypothesis
(see equation (2)) the spread between the long
and short rate should forecast changes in the
short rate over the life of the long rate, and fur-
thermore the relationship should be positive.
In other words, increases in the spread should
lead to rises in the short rate. This feature can
be tested by examining the coefficients of the
alpha matrix consisting of the factor loadings
that measure the weights of the co-integrating
vectors in each of the VAR equations. If the
expectations hypothesis holds, the spreads
span the co-integration space and the factor
loadings should thus be significant in the
equations of the short-term rates and close to
zero in the equations of the long-term rates.
This can be tested by testing weak exogeneity
of each of the rates with respect to the long-
run parameters, i.e. under the null hypothesis
none of the co-integrating vectors enters the
respective equation. In matrix notation this
can be expressed as

o =Awy,

where A and y are (6 X 5) and (5 % 5) matri-
ces, respectively, and one of the rows in A
consists, in turn, of zeros. The results of these
tests are shown in Table 2. In the rightmost
column we test simultaneously both weak ex-
ogeneity and the zero-sum restriction implied
by the expectations hypothesis (test statistics
follow asymptotically %2 (10)), while the sta-
tistics in the left column come from a test of
weak exogeneity only and follow the ¢ distri-
bution with 5 degrees of freedom. At the 5%
level the critical values for the R; two tests are
18.31 and 11.07, respectively, so that weak ex-
ogeneity with the zero-sum restriction is re-
jected for R;, R, and R;, and weak exogeneity
only for these as well as Ry,

Although the necessary condition for the

Table 2. Testing for weak exogeneity of the factor load-
ings w.r.t. the long-run parameters.

Variable o=Ay B=Hep
a=Ay
R; 30.54 (0.00) 36.87 (0.00)
R, 28.60 (0.00) 34,50 (0.00)
R, 23.10 (0.00) 28.12 (0.00)
Ry 12.47 (0.03) 17.87 (0.06)
Ry 7.81 (0.1 13.42 (0.20)
Rz 6.11 (0.30) 12.03 {0.28)

The figures in parentheses are significance levels,

expectations hypothesis, that there should be
five co-integrating vectors, is clearly rejected,
the data seem to some extent to be in conform-
ity with it. This is demonstrated by the fact
that the hypothesis on the spreads spanning the
co-integration space under the assumption of
five co-integrating vectors cannot be rejected.
Furthermore, the longer-term rates seem (0
»drive» the system as the co-integrating vec-
tors (spreads) cannot be excluded from the
equations for the [, 2, 3 and maybe even 6
month yields. This evidence is thus somewhat
inconclusive. The system has too many com-
mon trends, and since several of the longer-
term rates are weakly exogenous w.r.t. alpha
and beta, it seems that they together drive the
system. To find out about the dynamics of the
interest rate series we shall next take a closer
lock at the model with three co-integrating
vectors and try to identify the co-integration
space by testing structural hypotheses on it.
As an initial stage, significance measures of
each element of the three co-integrating vec-
tors and of the factor loadings are computed.
These measures are not necessarily very relia-
ble, and therefore this analysis is to be consid-
ered just as a {irst step in identifying the struc-
ture of the model (see Juselius 1993). Signifi-
cance measures for the variables in the system
can be obtained by testing the hypothesis f3; =
Ofori=1,..,pandj=1, .., r, where p is the
number of series and r is the number of co-in-
tegrating vectors. For each i the hypothesis
implies that variable X; does not enter the co-
integration space, and if it cannot be rejected,
that variable can be excluded from the long-
run relations. By doing this test for all possible
values of r, and for 7 =2, ..., r, by subtracting



the value for 7 ~1 from the value for # for
each variable, we get statistics for the signifi-
cance of each beta-coefficient in each co-inte-
grating vector. Analogously, by testing the hy-
pothesis o;=0fori=1,.,pandj=1,..,r
with different values of r and doing the same
subtraction operation, we get marginal signifi-
cance statistics for all the factor loadings. In
this case the hypothesis implies that the proc-
ess X; does not contain any information about
the long-run relations, i.e. it is a test for weak
exogeneity of X; w.r.t. beta. In both cases the
significance statistics follow asymptotically
the 2 (1) distribution. The ‘overall’ signifi-
cance statistics computed [or each variable
(g) and for each equation (Q,) for the cho-
sen co-integration rank, r, are asymptotically
%2 (#) distributed.

The beta and alpha matrices are given in Ta-
ble 3, along with the above mentioned margin-
al significance statistics (in parentheses for
each coelficient) and the overall significance
statistics Qgand Q. The only variable that can
be excluded from the co-integration space is
the twelve month vield for which Qp value is
below the 5% critical value; at the 10% level it
cannot be excluded, but it is clearly the ‘least
significant® of the six interest rates in the co-
integrating system. It is difficult to give any
clear interpretation for the co-integrating vec-
tors. In ; R, and R, are the most significant,
and the coefficients suggest that it might be
the spread between these rates. Similarly, the
second beta vector could be interpreted as the
spread between R; and Ry As for the third co-
integrating vector, all variables except the
twelve month rate seem to be significant, but
for the linear combination given by the coeffi-
cients one cannot easily find any intuitive
characterization. According to the weak exo-
geneity tests Q,, the equations for AR, AR,
and AR, do not contain information about the
long-run relations, i.e. they can be considered
the driving trends in the system of equations.
The marginal significance statistics indicate,
however, that the third co-integration relation
enters the equation for AR, In addition, the
first and third relation seem to enter the equa-
tions of the three shortest-term yields, whereas
the second relation is not sigaificant in any
equation. The conclusion is thus that presum-
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Table 3. Testirg for significance of § and ¢,

[B-mateix
Variable B, Ba B, Oy
R, 1.000 1.000 1.000
(16.38) (0.07y (13.80) 30.26
R, ~1.985 25.552 -1.758
(12.05) (4.89) {14.11) 31.05
Ry 0.006 -51.751 0.465
{0.00) (11.10) (11.58) 22,69
Ry 1.872 58.441 1.201
(5.87) (9.83) (12.01) 27.71
Ry ~0.867 -52.623 -2.278
(1.07) (4.93) (5.56) 11.56
Ry -0.025  19.692 1369
(0.00) (2.28) (4.58) 6.86
Constant -0.052 -2.625 ~-0.060
C-mafrix
Egnation o, oy Oy Gy
AR; 2409 -0.038 —4.065
4.1 {0.31) (12.46) 16.87
AR, 2035 -0.038  -2917
(4.76) {0.56) (11.49) 16.81
AR, 1.460 -0.016 —2.246
(3.60) (0.14) (8.60H 12.34
AR, 0.528 -0.023 -1.330
(0.71) (0.44) {4.07) 5.22
AR 0.422 —3.009 -0.871
{0.57) (0.10) (2.06) 2.73
AR, 0380 0003  -0.748
0.3 (0.01) (1.69) 2.21

Figures in parentheses follow asymptotically the %2 (£)
distribution and Qg and Q,, follow asymptotically the %2
(3) distribution. The ecritical values at the 5% leval are
3.84 ond 7.82, respectively.

ably only R,, can be omitted from the co-inte-
gration space and the two longest-term rates,
Ry and R, can be considered weakly exoge-
nous for the long-run parameters and therefore
the driving trends in the system.

Next the stationarity of different linear com-
binations of the rates will be examined under
the assumption of there being three co-inte-
grating vectors. In other words, we shall test
whether a given vector lies in the space
spanned by the three co-integrating vectors,
the columns of B. First of all, the presence of
the spreads in the co-integration space is an in-
teresting hypothesis because it may help us
see, which rates in particular are responsible
for the rejection of the expectations hypothe-

9
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Table 4. Testing structural hypotheses on the co-integra-

tion space.

Hypothesis df LR statistic
(1,-1,0,0.0,0, *y e sp(fy 3 6.11 (0.1
(1,0,-1,8,0,0,%' e sp(p) 3 6.25 (0.10)
(1,0,0,-1,0,0, ) e sp(f) 3 8.08  (0.04)
{1,0,0,0,-1,0,*) & sp() 3 10,15 (0.02)
(1,0,0,0,0,~1, % e sp(B) 3 11.86  (0.01)
B,=(1,-1,0,0,0,0,%),

B.=(1,0,~1,0,0,0, *) and

H B, =(1,0,0.-1.0,0,% 9 39.16  (0.00)
H2 B, =40,0,0,a,b,0,%) 8 42,76 (0.00)
H i =40,0,0,0,a,b, %) 8 40,32 (0.00)
H By =0.0,0,ab,c % 7 36.16  (0.00)
H By =(a,0,0,b,c.d, ) 6 770 (0.26)
H By={a,0,0,b,¢0 % 7 934  (0.23)
H :B;=(a,000b,c® 7 3190  (0.00)
HoPi=1{a,0,0,b,0,0,7) 8 3077 (0.00)
H By=4a,0,0,0,b,0,% 8 4023 (0.00)
HI%:B, ={a,0,0.0,0.b, %) 8 4135  (0.00)
HV:B=(1,0,0,-2,1,L% 9 1022 (0.33)

Figures in parentheses are significance levels. Asterisk *
is used to dencte that there are no restrictions on the con-
stant term.

sis. The results of these tests are presented in
Table 4, and each likelihood ratio (LR) statis-
tic follows asymptotically the 2 (df) distribu-
tion. The stationarity of the spreads between
R, and R,, and R; and R; cannot be rejected,
and also stationarity of the spread between R,
and R, is rather close to being accepted, while
the stationarity of other spreads is clearly re-
Jected at the 5% level,

Based on the results of the stationarity tests
for the spreads it seems natural to test whether
the first three spreads span the co-integration
space. This can be accomplished by estimating
the co-integrating vectors under the subse-
quent restrictions and forming the correspond-
ing LR test statistic. This hypothesis is clearly
rejected with the value of the LR statistic be-
ing 39.16 while the 5% critical value is 16.92.
In light of the stationarity tests of the spreads
it is conceivable that the rejection is due to
forcing the spread between R, and Ry to lie in
the co-integration space. Therefore we shall
moderate this hypothesis somewhat and pro-
ceed by testing more general hypotheses con-
cerning the presence of the longer-term rates
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in the third co-integrating vector. Throughout
it will be assumed that the first two spreads lie
in the co-integration space.

As can be seen from Table 4, hypotheses
that only two or three of R, R, and K;, enter
the third vector are strongly rejected. It seems
that at least one of the shorter-term yields has
to enter the vector too, and next we run the
same tests with the exception that &, is also al-
lowed to enter the third vector. The hypothesis
that R;. R;, Ry and R, enter the third vector
( EP) cannot be rejected since the value of the
test statistic 7.70 is well below the 5% critical
value of 12.59. The third vector can further be
simplified by excluding R,,; for H: 3, = (a, 0,
0, b, c, 0, *} the value of LR tests statistic be-
comes 9.34 with 5% critical value of 14.07.
The difference between the two %2 statistics,
1.64, is also insignificant at any reasonable
level, so that leaving R, out of the co-integrat-
ing space can be considered a harmless simpli-
fication. From Table 3 it is clear that any fur-
ther simplifications are out of the guestion.

The scaled estimate of the third co-integrat-
ing vector in the restricted model is (1.000,
0.000, 0.000, -1.891, 0.885, 0.000, 0.116),
which suggests testing the hypothesis By =
(1,0, 0, -2, 1, 0, *). If this hypothesis is ac-
cepted, the third co-integration relation can be
considered as the difference between R, and
the arithmetic average of R; and R, (plus the
constant equilibrium value). Testing this addi-
tional hypothesis yields the value of the LR
statistic of 10.22, so that the hypothesis cannot
be rejected (the critical value from %2 (9) dis-
tribution at the 5% level is 16.92). The con-
stant terms also deviate significantly from ze-
ro; the corresponding LR statistic under the
null of zero equilibrium values obtains value
28.12 and the critical value from x? (12} at the
5% level is 21.03.

Estimates of the co-integration and adjust-
ment spaces are given in Table 5. As the alpha
matrix indicates, the two yield spreads enter
the equations of the interest rates with nega-
tive signs as expected, L.e. if e.g. the spread be-
tween R; and R, is greater than the threshold
value 0.009, then this implies negative future
changes in the shorter-term yields. The situa-
tion is similar with the spread between R; and
R;. but the threshold value is 0.057. It is the



third co-integrating vector that poses more se-
rious problems in terms of interpretation. Ba-
sically it says that if R, is greater than the av-
erage of R, and Ry (plus the threshold value
0.019}, then the third co-integration relation
obtains a positive value. The rightmost col-
umn of ¢-matrix, on the other hand, tells that
this relation enters the equations for the three
shortest-term yields with a positive and the
equations for the three longest-term yields
with a negative coefficient. These two facts al-
low us infer that the third co-integrating vector
deals with the curvature of the yield curve in
the following way: when R; -0.019 > (R; +
Rg)i2 (the yield curve is »concaves), then R,
R, and R; tend to rise, while Ry, R, and R,
tend to lower, thus restoring the equilibrium
value of 0.019. When R; -0.019 < (R, + R,)/2
{the yield curve is »convex»), the mmplied
changes are the opposite. What the third vec-
tor does, is that it tends Lo keep the yield curve
linear.

3.3 Co-integration Analysis of Partial
Systens®

Because the expectations hypothesis that we
have as a benchmark should hold for any set of
yields, it seems natural to examine the term
structure also in subsets consisting of 2, 3, 4
and 5 interest rates. On the basis of the analy-
sis of the previous section it is conceivable
that the shorter-term yields fulfill the require-
mentis of the expectations hypothesis while the
movements of at least the 9 and 12 month
yields cannot be explained by it. Partial analy-
sis may give convincing evidence on this ob-
servation, Furthermore, analyzing partial sys-
tems is useful because it helps in assessing the
reliability of the tests. In the previous section
we could not reject the restrictions implied by
the expectations hypothesis assuming that
there are five co-integrating vectors among the
six interest rates. To what extent our finding

8 The term partial system’ is here used somewhat
laosely. We do not refer to a system that is partially mod-
elled in that only some of the variables appear as endog-
enous (see Johansen 1992} Instead models including
various subsets of the inferest rates are considered in iso-
lation, Le. in each case the rest of the rates are excluded
Srom the model altogether,
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Table 3, The restricted co-integration space.

B-matrix
Variable B, B, B
R, 1.000 1.000 ~0.500
R, -1.000 0.000 0.000
R; 0.000 ~1.000 .000
R, (.000 0.000 1.000
Ry 0.000 0.000 —0.500
R 0.000 0.000 0.000
Constant 0.009 0.057 -0.019

o-matrix
Equation o, oy 0ty
AR, -1.089 -0.315 (351
AR, 0.053 -0.811 0.229
QR_, ~0.610 ~0.040 0.420
AR‘ﬂ -0.824 ~{.775 -1.288
AR, -0.616 -0.383 ~-0.692
AR, -0.610 —0.035 -0.251

»too few» co-integrating vectors is caused by
low power of the tests, can be evaluated
through partial analysis.

Under expectations hypothesis, there should
always be p—1 co-integrating vectors among p
interest rates; i.e. one co-integrating vector be-
tween two rates, two among three rates etc.
Furthermore, the co-integration space should
be spanned by the spreads. Following Shea
(1992), test statistic for this zero-sum restric-
tion was in each case computed assuming that
the co-integration rank is p-1. regardless the
results of the trace and maximal eigenvalue
tests. Several partial systems consisting of 2,
3, 4 or 5 interest rates and each including R,
were considered.”? In all cases lag length of 2 is
sufficient as far as autocorrelation and normal-
ity are concerned; ARCH effects may, howev-
er, be a problem in some systems, especially
for the longer-term rates. The expectations hy-
pothesis cannot be rejected in any system con-
sisting of only two rates. Of the three-variable
systems only those that include neither Ry nor
R}, have co-inlegration rank of two. Of the
four-variable systems only the one consisting
of R;, R, R; and Ry has three co-integrating

¥ For brevity the detailed resuls are not given here,

but they are available fram the author.
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vectors, and none of the five-variable sysiems
has a co-integration rank of four. The system
excluding only R;, has three co-integrating
vectors and the system excluding only R, is
very close to having a co-integration rank of
three; the rest of the five-variable systems
have a co-integration rank of at most two. The
zero-swm restriction cannot be rejected at the
5% level in all except two systems; of the sub-
sets having p-1 co-integrating vectors it is,
however, rejected for systems consisting of
R;. R;and R, and R,, R;, R; and R, The con-
clusion from this partial analysis is thus that
the expectations hypothesis holds for at least
R;, R, and R;, and is close to being accepted
for the subset including R, in addition. More-
over, it is the relation between R; and Ry that
does not seem to be in accordance with expec-
tations hypothesis, since the zero-sum restric-
tion is always rejected in subset containing
both R; and R, In general, the twelve month
yield does not seem to be co-integrating be-
cause the co-integration rank always remains
the same once R;, is added to the system. Ry,
on the other hand, may be co-integrating be-
cause augmenting the system with it seems to
increase the co-integration rank in systems
consisting of R}, R; and Ry, and R}, R,, R; and
Ry. The results thus confirm the conclusions
obtained in the previous section.

3.4 Recursive Analysis

So far we have implicitly assumed that the
parameters of the estimated models are con-
stant in time. A standard method for evaluat-
ing the constancy of the parameters is to con-
sider the long-run parameters as given and test
for the constancy of the short-run and adjust-
ment parameters in an error-correction model.
Hansen and Johansen (1992) have, however,
suggested recursive estimation as a method for
examining the constancy of all the parameters
simultaneously or of the long-run parameters
while keeping the short-run dynamics fixed.
Recursive analysis is especially useful for de-
tecting non-constancy, when there is no prior
knowledge of structural breaks or time de-
pendencies in the parameters. The analysis
typically proceeds in three steps: First, the co-
integration rank tests can be done recursively.
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Second, based on the chosen rank we can test
whether the parameters of the co-integration
space have been constant through time, or
whether the same restrictions have been ful-
filled at each point in time. Finally, it may
sometimes even be interesting to see how the
values of certain single parameters have devel-
oped through time. Hansen and Johansen also
point out that the slope of the recursive trace
tests computed for different hypothetical val-
ues of the co-integration rank, 7, can be used
as an auxiliary tool in determining the true
rank # in the whole sample. This is based on
the result that the trace test as a function of
time is upward sloping for # < r while the test
statistics are approximately constant for 72 r.
For recursive analysis Hansen and Johansen
introduce two slightly different approaches,
one based on the »Z-representation» and the
other on the »R-representation» of the model.
The idea in the Z-representation is to re-esti-
mate all parameters at each point in time,
while in the R-representation the short-run pa-
rameters are first estimated from the whole
sample, and then the long-run parameters are
re-estimated recursively given the fixed short-
run dynamics. The difference between these
two approaches can best be illuminated by the
recursive trace test in both cases. In the Z-rep-
resentation we answer the question of which
co-integration rank would have been chosen,
had we only had observations from [ to f,
where t = Tp, ..., T, whereas with the R-repre-
sentation the relevant question is the constan-
cy of the co-integration rank given the full
sample estimates of the short-run dynamics.
We start the recursive analysis by examin-
ing the graphs of recursive trace statistics for
the complete system in Figure 1. The statistics
have been computed [rom both the Z- and R-
representation, and they have been scaled by
the critical values at the 5% level, which
means that values greater than unity imply re-
jection of the null hypothesis. The critical val-
ues have again been corrected for sample size
using the response surface estimates in Che-
ung and Lai (1993a). This implies that the crit-
ical values are not constant in time but they get
smaller the longer the sampling period is,
tending to the asymptotic values of Osterwald-
Lenum (1992). Thus the effect of this correc-
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Figure 1. Recursive trace tests for the complete system.

tion is at its greatest in the first few observa-
tions, when the sample is still very small. With
very few observations the estimates are not
likely to be very reliabie, so that we have com-
puted all recursive statistics in this section
from the beginning of 1989, thus leaving the
first two years out of the graphs. The upper-
most graph in each figure is the scaled recur-
sive trace statistic for the hypothesis r = 0, for
the one below that the null hypothesis is r < |
etc. Figure 1 shows that the co-integration
rank has not been stable over the sample peri-
od. The differences between the Z- and R-rep-
resentations seem to be almost negligible, al-
though the effect of short-run dynamics is less
pronounced in the R-representation, making
the graphs somewhat smoother. There is a
large jump in the values of all test statistics in
November 1991, which probably has to do
with the contemporary devaluation of the
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Figure 2. LR test for the constancy of the co-integration
space.

Markka. This suggests a large structural break,
since in December 1991 the co-integration
rank jumped from one to two according to
both graphs. The general conclusion is that the
co-integration rank has not been stable. In ad-
dition, we get some confirmation for the hy-
pothesis that there indeed are three co-inte-
grating vectors because toward the end of the
sample period the two topmost graphs seem to
be upward sloping, while the rest tend to be
constant!0.

It is also interesting to examine the stability
of the co-integration space. This can be ac-
complished by testing if the co-integration
space is spanned by some known vectors at
each point in time. Since the estimate from the
entire sample has the smallest sample varia-
tion, it is natural to take that as the known vec-
tors. Assuming that there are three co-integrat-
ing vectors, the likelihood ratio test statistics
are computed for that kind of a constancy hy-
pothesis, and the values of the statistics divid-
ed by the critical value at the 5% level are
plotted for both the Z- and R-representation in
Figure 2. The differences between the two
graphs are minor, and both indicate that the
parameters have not been constant over time,
The hypothesis of the co-integration space be-
ing spanned by the beta vectors in Table 3 is

0 The fact that the critical valwes here are not con-
stant in time fncreases the slopes of the graphs. The dif-
Sferences between these and those computed with constant
critical values are not remarkable, though.
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Figure 3. The scaled recursive trace statistics for the sys-
tem consisting of R,, K, and K.

accepted only after February or March 1991,
with the exception of autumn 1991 for the Z-
representation. As far as changes in institu-
tional conditions are concerned, the concur-
rent abolition of nearly all remaining foreign
exchange regulations seems a potential expla-
nation for the remarkable drop in the value of
LR statistic in the beginning of 1991. It must
be borne in mind, however, that the test is con-
ditional on there being three co-integrating
vectors in the entire sample. We also tested
whether the co-integration space has been
spanned by the restricted vectors in Table 3 at
each point in time. Naturally, the result is vir-
toally the same as in Figure 2, and so the fig-
ure is not presented.

It is also illuminating to study the behaviour
over time of the test statistics for the partial
systems. Of special interest is the system con-
sisting of the three shortest-term yields for
which the expectations hypothesis cannot be
rejected. Figure 3 depicts the recursive trace
statistics, and Figure 4 shows the time path of
the LR test statistic for the null hypothesis that
the spreads span the co-integration space
(scaled by their critical values at the 5% level)
for the system including R, R, and R;. All sta-
tistics have been computed from the R-repre-
sentation. Since December 1991 there seems
to have been two co-integrating vectors and
the zero-sum restriction implied by the expec-
tations hypothesis cannot be rejected in the
whole sample period. Also the topmost graph
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Figure 4. LR test statistic for the zero-sum restriction for
the system consisting of R;, R; and R;.

in the figure of the trace statistics is strongly
positively sloped while the other two graphs
are almost constant, thus confirming our find-
ing a co-integration rank of two.

All in all, the conclusion that can be drawn
from the above recursive analysis, is quite
clear. The co-integration rank has not been
stable over the sample period. According to
the results concerning the complete system
and partial models, there is a break in Decem-
ber 1991, and since then there are at least two
co-integrating vectors among the six interest
raies. The zero-sum restriction implied by the
expectations hypothesis cannot be rejected at
any point for the three-variable system, and
the restricted co-integration space for the en-
tire system is accepted at all points since De-
cember 1991. Thus it seems that the expecta-
tions hypothesis holds at the short end of the
maturity spectrum and the vectors of Table 4
span the co-integration space for the complete
system since December 1991, when, after the
devaloation, there appears to be a structural
break in the process generating the term struc-
ture.

4. Conclusion

The purpose of this study has been to empir-
ically examine the term structure of Finnish
HELIBOR interest rates with monthly data
from the period 1987:1-1993:5. As a bench-



mark hypothesis we had the classical expecta-
tions hypothesis. The methodology was based
on studying the time series properties of the
interest rates using methods developed in the
co-integration literature.

The expectations hypothesis implies that if
interest rates are J{1) processes, then each pair
of them should be co-integrated with a station-
ary spread, Pairwise modelling is, however,
somewhat restrictive, and recent develop-
ments in the theory of co-integrated time se-
ries enable us to model the entire yield curve
simultaneously. For any p interest rates the
implication of the expectations hypothesis is
then that there should be p-1 co-integrating
vectors, and the spreads should span the co-in-
tegrafion space.

With the muitivariate approach the results
are not very encouraging for the expectations
hypothesis. Among the six interest rates there
seemed to be only three co-integrating vectors,
In subsequent tests these could be identified as
the spreads between the two and one month
and three and cone month yields, and a third
vector that tends to keep the yield curve linear.
The twelve month rate was not co-integrating
and the nine month rate seemed to be the
»driving frends of the system. Several sub
models consisting of only a part of the yield
curve were also considered, and the conclu-
sion was that the expectations hypothesis can
be accepted for the three shortest-term yields
but not for larger subsets. The rather excep-
tional behaviour of the longest-term rate could
probably to some extent be explained by clear-
ly smaller trading volumes, especially at the
beginning of the sample period, but this issue
lies beyond the scope of this paper. It has,
however, turned out to be difficult to explain
the developments of long-term yields in other
countries as well (see e.g. Campbell and Shill-
er 1991),

In order to examine the stability of the mod-
el over time, recursive analysis was conduct-
ed. Tt revealed that the number of co-integrat-
ing vectors has not been constant. The param-
eters of the co-integration space have not been
stable either, but it seems that as long as the
co-integration rank has been three, the afore-
mentioned three vectors have spanned the co-
integration space. For the three shortest-term

Finnish Economic Papers 1/1995 — M., Lanne

rates there was a single structural break in De-
cember 1991, and since then the restrictions
implied by the expectations hypothesis cannot
be rejected for the short end of the yield curve.

It must be borne in mind when interpreting
the results that the sample period has been
very exceptional in the financial markets. Not
only have there been several fundamental
changes in the institutional circumstances, but
also heavy speculation and several realign-
ments in the foreign exchange markets pre-
sumably affected the determination of interest
rates. Although we attempted to take account
of these factors by using dummy variables,
their presence was bound to disturb the econo-
metric analysis. Another problem concerns the
limited information set that was used. With
explicit knowledge of the institutional ar-
rangements in the market, it would probably
have been possible to find an intuitive eco-
nomic rationale for the econometric results
whose interpretation now remains rather tech-
nical in nature. Considering the issue of mar-
ket microstructure by studying the actual
transactions data might result in a more satis-
factory description of the working of the mar-
ket.

The results obtained with US data very
much resemble ours. Hall et al. (1992), Shea
(1992) and Zhang (1993) all discovered that
the expectations hypothesis holds for the
shortest-term yields, whereas it could be re-
jected for the entire yield curve. Shifts in mon-
etary policy also seemed to have an effect on
the determination of US interest rates, and that
showed up as changes in the co-integration
space; Hall et al. concluded that for the peri-
ods when the Federal Reserve had a clear in-
terest rate target, the expectations hypothesis
could not be rejected. Later, however, Engsted
and Tanggaard (1994) found out that the shift
in monetary policy only had effected the short
end of the yield curve, but at the longer end
the co-integrating relations had been robust to
policy changes. Such shifts in monetary policy
might also here be an explanation for the in-
stablity results obtained in the recursive anal-
ysis,

The result that interest rates are /(1) proc-
esses can be considered a good approximation
and modelling device, but as was already
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pointed out in the Inroduction, this notion can-
not easily be given a meaningful economic in-
terpretation, because accepting it would lead
us to such assumptions concerning other eco-
nomic variables that do not coincide with ob-
served reality. Fortunately the framework of
integrated time series can be generalized. Al-
ready Shea (1991, 1992} brought up the issue
that interest rates indeed may be so called frac-
tionally integrated processes. Recently Che-
ung and Lai (1993b) have introduced the gen-
eralized concept of fractional co-integration
which might prove useful also in modelling
the term structure.

The present study can be extended in sever-
al ways. First, the model could be augmented
with variables such as inflation, exchange rate
and foreign interest rates, that are likely to af-
fect the term structure of Finnish interest rates.
This would not only give a more general
framework for analysis but aiso facilitate the
simultaneous test of e.g. the expectations hy-
pothesis and uncovered interest rate parity.
Second, throughout it has been assumed that
the term premia are constant. Their potential
non-constancy is one possible explanation for
the rejection of the expectations hypothesis,
and this aspect also deserves further research.
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